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SUMMARY 

While the ability of lactobacilli to catabolize pyruvate to a variety of industrially important catabolites is 
well known, the mechanisms which regulate pyruvate distribution among alternative catabolic pathways is 
unclear. This paper demonstrates that environmental acidity regulates the catabolic activites of Lactobacillus 
plantarum cells in chemostat cultures. L. plantarum cells grown in medium containing 100 mM exogenous 
pyruvate, diverted pyruvate away from lactate to acetoin. Pyruvate uptake and acetoin generation increased 
under acidic conditions; on a molar basis, pyruvate utilization increased twice as fast as acetoin production, 
reflecting the 2:1 stoichiometry of pyruvate incorporation into acetoin. Lactate production increased under 
alkaline conditions when glucose was fermented to provide endogenous pyruvate. Acetate was formed only at 
pH 7.5 and 8.0, although acetoin production decreased at elevated pH values. These data indicate that L. 
plantarum adjusts to changes in environmental pH by altering its distribution of pyruvate among various 
catabolites. 

INTRODUCTION 

Pyruvate is the central intermediate in fermenta- 
tive metabolism. The spectrum of industrially im- 
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portant catabolites produced by lactobacilli de- 
pends on how pyruvate is catabolized [17]. 
Homofermentative bacteria convert at least 85% of 
pyruvate formed from glucose catabolism to lactic 
acid [18]. This fermentation balance can be shifted 
to a heterofermentative pattern by varying medium 
compositions [9], culturing cells at low growth rates 
[7,32] and by exposing cells to oxygen [29]. 

In Lactobacillus plantarum, the major product of 
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exogenous pyruvate catabolism is acetoin [10,16, 
22]. Acetoin is formed through the condensation of 
2 molecules of pyruvate to alpha-acetolactate which 
is subsequently decarboxylated to acetoin [16] (Fig. 
1). The optimal pH for alpha-acetolactate and ace- 
toin formation is 5.5 in L. casei [1]. Citrate, which is 
cleaved to acetate and a molecule of oxaloacetate 
that is decarboxylated to pyruvate, also stimulates 
acetoin and diacetyl production [10,16]. During fed- 
batch fermentations at pH 5.3, there are periods 
when pyruvate is quantitatively converted to ace- 
toin. pH also influences the catabolism of endoge- 
nous pyruvate by homofermentative Lactobacillus 
bulgar&us [27]. Under alkaline conditions, pyruvate 
is diverted from lactate to acetate, formate and eth- 
anol through the pyruvate-formate lyase pathway 
[11]. 

The objective of this study was to determine the 
regulatory influence of pH on pyruvate catabolism 
by Lactobacillus plantarum grown in continuous 
culture; a technique that controls variables such as 
growth rates [26], substrate concentrations [32] and 
cell density [33] which all influence catabolite pro- 
duction, but are impossible to control in batch cul- 
ture [24]. We also report that homofermentative ca- 
tabolism of glucose is regulated in response to 
environmental acidity. 
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Fig. l. Pathways for the catabolism of pyruvate in Lactobacillus 
plantarum. 

MATERIALS AND METHODS 

Strain 
L. plantarum ATCC 8014, obtained from the 

American Type Culture Collection (Rockville, Ma- 
ryland), was maintained in Lactobacillus MRS agar 
slants (Difco Laboratories, Detroit, Michigan) at 
4~ and transferred monthly. 

Culture Medium 
The medium used was a modification of Craig 

and Snell [4] designated CS-T and consisted of (per 
liter of distilled water): KzHPO4, 600 rag; KHzPO4, 
600 mg; MgSO47H20, 200 rag; MnSO44HaO, 20 
rag; FeSO~7H20, 10 rag; NaC1, 10 rag; Tween 80, 5 
ml; Yeast Extract, 10 g. Pyruvate and glucose were 
sterilized separately and added to final concentra- 
tions of either 100 mM pyruvate plus 5 mM glucose 
[the glucose was added to provide energy for pyru- 
vate transport (Tsau and Montville, Abs. Ann. 
Mtg. ASM, p. 267, 1988)] for studies on exogenous 
pyruvate; or 15 mM glucose to provide gtycolytical- 
ly- generated endogenous pyruvate. All chemicals 
were from Sigma Chemical Company (St. Louis, 
MO), except the yeast extract which was from Difco 
Laboratories (Detroit, MI). 

Continuous Culture Conditions 
A computer-controlled chemostat (Queue Sys- 

tems, 'Mouse,' Parkersburg, West Virginia) with an 
800 ml working volume was inoculated with 250 ml 
of an overnight culture which had been centrifuged 
and suspended in 10 ml of 0.9% saline. The chemo- 
stat was maintained at 35~ dissolved 02 at 0% (by 
a continuous overlay of nitrogen), and 250 rpm in a 
batch mode until the culture reached mid-exponen- 
tial phase. Continuous feeding of fresh medium was 
then initiated at a dilution rate of 0.20 h-1. The 
culture pH was controlled automatically by the ad- 
dition of 0.5 N HC1 or 0.5 N NaOH. 

Analytical Methods 
Samples were drawn when the chemostat reached 

steady state (i.e. after 5 residence times) at each pH 
value. Steady state was confirmed by the chemical 
analysis of at least three samples taken four hours 



m 
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apart. All values reported here are the average of 
three steady state values which differed by < 10%. 
Cell dry weights were estimated by the method of 
Koch [19]. End-product and residual pyruvate con- 
centrations were determined by high pressure liquid 
chromatography [25]. In some instances, lactate 
concentrations were also determined enzymatically 
by following the increase in NAD absorption at 340 
rim. (Sigma Chemical CO). Chemostat effluents 
were tested for residual glucose using Diastix re- 
agent strips (Miles Laboratories, Elkhart, IN) to 
verify glucose-limitation. 

RESULTS AND DISCUSSION 

Homofermentative bacteria catabolize glucose to 
pyruvate via the Embden-Meyerhoff-Parnas path- 
way [12]. The pyruvate is then reduced to lactate 
with the concomitant oxidation of N A D H  formed 
earlier in the pathway. When NAD-linked LDH 
(nLDH) is suppressed, homolactic microbes grow 
slowly. Therefore, LDH must be considered a key 
enzyme in energy production. In lactic streptococci 
and some lactobacilli, lactate is formed via a fruc- 
tose-l,6-diphosphate activated, allosteric, nLDH 
[7,12,32]. In L. plantarum, nLDH is not allosteric 
[14] and is therefore not activated by fructose-l,6- 
diphosphate. L. plantarum can, however, as demon- 
strated below, produce diverse catabolic products. 

Regulation of exogenous pyruvate catabolism 
In the presence of 100 mM pyruvate and 5 mM 

glucose, L. plantarum 8014 reached a maximum for 
cell yield and lactate production at pH 5.5. (Fig. 2). 
This value is similar the optimum in pH-controlled 
fermentors [23]. Lactate formation is generally pro- 
portional to cell mass [22], perhaps because lactate 
excretion increases the membrane potential [30,31] 
contributing to the energy available for cell growth. 
Specific growth rates and cell yields are decreased 
when the lactate gradient is decreased [26]. Thus, 
while the chemostat cultures were presented with 
the same amount of substrate at all pH values, there 
was more energy available for biomass synthesis at 
pH 5.5. 
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Fig. 2. The influence of environmental pH on production of cell 
dry weight (cdw) and lactate by L. plantarum 8014 grown in 
CS-T medium containing 100 mM pyruvate and 5 mM glucose 

at a dilution rate of 0.20 h -1 in a chemostat. 

The uptake of  pyruvate by L. plantarum 8014 is 
subjected to carbon catabolite repression, but ener- 
gized by small quantities of glucose (Tsau and 
Montville, Abs. Ann. Mtg. ASM, p. 267, 1988). 
Low glucose concentrations also stimulate the con- 
comitant production of acetoin from pyruvate [3]. 
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Fig. 3. The influence of environmental pH on pyruvate utiliza- 
tion and acetoin formation by L. plantarum 8014 grown in CS-T 
medium containing 100 mM pyruvate and 5 mM glucose at a 

dilution rate of 0.20 h - 1 in a chemostat. 
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Glucose-dependent pyruvate transport and subse- 
quent acetoin formation appear linked [5,10] by a 
mechanism currently under study in our laboratory. 
In the present experiments there was a linear rela- 
tionship (r = 0.97) between pyruvate uptake and 
pH (Fig. 3). Under acidic condtions, more pyruvate 
entered the cell. This increase was most likely 
caused by two effects. Under acidic conditions, the 
greater ratio of protonated pyruvic acid to its ion- 
ized form, would increase pyruvate transport by fa- 
cilitated diffusion. In addition, the transmembrane 
pH gradient would become higher with decreases in 

external pH. 
L. plantarum 8014 also regulated acetoin produc- 

tion in response to environmental pH (Fig. 3). Ace- 
toin formation was highest at pH 4.5-5.5, with a 
near linear decline at higher pH values. This is simi- 
lar to results from pH-controlled fermentors [23] 
and test tube cultures [2,3], where acetoin synthesis 
is greatest at 5.0. The slope of the acetoin formation 
line (Fig. 3) was one half the slope of the pyruvate 
uptake line reflecting the reaction's stoichiometry. 
High levels of intracellular pyruvate may be re- 
quired for acetoin formation [13]. The partially pu- 
rified alpha-acetolactate from Leuconostoc cremoris 
is allosteric with at least 2 binding sites for pyru- 
vate, inhibited by several products of glucose me- 
tabolism, but stimulated by low levels of glucose 
and its intermediates [3]. Its optimal pH is between 
5 and 6. The formation of acetoin from alpha-ace- 
tolactate by L. casei has a similar pH optimum [1]. 
At the lower pH range, lactic acid bacteria produce 
more neutral compounds like acetoin, but the 
broad optimum for nLDH synthesis insures a ho- 
molactic fermentation under acidic conditions [27]. 

Regulation of endogenous pyruvate catabolism 
In contrast to L. bulgaricus NLS-4 which, at neu- 

tral pH, shifts end products from lactate to a mix- 
ture of lactate, formate, acetate, and ethanol [27], L. 
plantarum 8014 made an increasing amount of lac- 
tate at higher pH values (Fig. 4). This discrepancy 
can be explained by comparing the organisms' pH 
optima for nLDH activities. It is 6.5 for L. bulgar- 
icus but between 7.0 and 8.5 for L. plantarum 
[6,8,21]. 
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Fig. 4. The influence of environmental pH on lactate production 
by L. plantarum 8014 grown in CS-T medium containing 15 mM 

glucose at a dilution rate of 0.20 h- 1 in a chemostat. 

Acetoin production decreased with increasing pH 
(Fig. 5). This is similar to other lactic acid bacteria 
[3]. At more alkaline pH values, the acetoin-form- 
ing enzymes have to compete for intracellular pyru- 
vate with pyruvate-formate lyase [21]. No acetate 
was detected at pH range _<7.0. Acetate was pro- 
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Fig. 5. The influence of  env i ronmen ta l  pH  on acetoin and  acetate  

p roduc t ion  by L. plantarum 8014 g rown in CS-T m e d i u m  con- 

ta in ing  !5 m M  glucose at  a d i lu t ion  rate of 0.20 h -  1 in a chemo-  
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d u c e d  at  p H  7.5 a n d  8.0 at  levels  o f  27.8 m M  and  

28.6 m M  respec t ive ly  (Fig.  5). L a c t a t e  c o n c e n t r a -  

t ions  also c o n t i n u e d  to  inc rease  (Fig.  4). T h e  h igh  

p H  o p t i m a  fo r  n L D H  ac t iv i ty  c o m b i n e d  wi th  the 

a lka l ine  o p t i m a  o f  the e n z y m e s  i n v o l v e d  in the  

p h o s p h o r o c l a s t i c  split:  p y r u v a t e - f o r m a t e  lyase re- 

ac t i on  [20], p h o s p h o t r a n s a c e t y l a s e  [15] a n d  ace ta te  

k inase  [28] exp la in  w h y  L. plantarum m a k e s  m o r e  

ac id  at  the  expense  o f  neu t r a l  c o m p o u n d  in re- 

sponse  to  a lka l ine  cond i t i ons .  

T h e  resul ts  p r e s e n t e d  here  s h o w  tha t  the  ' h o m o -  

lac t ic '  m e t a b o l i s m  o f  L. plantarum is n o t  invar i ab le .  

T h e  use o f  c o n t i n u o u s  cu l tu re  enab l ed  us to d e m o n -  

s t ra te  t ha t  c o n s i d e r a b l e  quan t i t i e s  o f  ace to in  can  be 

m a d e  by g r o w i n g  cu l tu res  a n d  t h a t  ace ta t e  can  be  

p r o d u c e d  u n d e r  a n a e r o b i c  c o n d i t i o n s  i f  the  envi-  

r o n m e n t  is a lka l ine .  T h e  abi l i ty  to shif t  b e t w e e n  the  

p r o d u c t i o n  o f  neu t r a l  and  ac id ic  c o m p o u n d s  m a y  

he lp  L. plantarurn m a i n t a i n  p H  homeos t a s i s .  
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