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SUMMARY 

Buffering capacities and membrane conductance to H + were measured in Acetobacter aceti ATCC 15973 and Gluconobacter oxydans ATCC 621 by a pulse 
technique. In both strains the buffeting capacity of intact cells was a significant proportion of the total buffering capacity, but the magnitude of the buffeting 
capacity varied between one species and another. Over the pH range studied, 4.02 to 8.15, Gluconobacter oxydans, which oxidizes sugars and alcohols to acids 
and accumulates them, showed lower values of buffering capacities and membrane conductance to protons than Acetobacter aceti, which oxidizes these substrates 
completely to CO2 and H20. 

INTRODUCION 

Bacterial adaptability has enabled industries to optimize 
environmental conditions in order to increase specific product 
formation. Most industrial fermentations have been conducted 
under acid conditions in order to avoid contamination and/or to 
improve industrial production [2,3,10,12]. On the other hand, 
basic scientific researchers have been interested in the mechan- 
isms that allow bacteria to survive and work under extreme 
conditions. One of these conditions is pH. Buffering capacity 
measuremenls may help us to understand how bacteria survive 
at different pH values. 

Zychlinsky and Matin [13] suggested that the cytoplasmic 
buffering power of Thiobacillus acidophilus might be part of 
the pH homeostatic mechanism of this acidophile. Krulwich 
et al. [4] observed significantly higher Bi (internal buffering 
capacity) values in alcalophilic bacteria than in neutrophilic 
species at hJigh external pH values. Maloney [6] measured 
buffering capacity and membrane proton conductance in the 
anaerobic bacterium Streptococcus (Lactococcus) lactis over 
the pH range 3.7-8.5. In a previous study, we showed that 
buffering capacity and membrane conductance to H + vary 
markedly from one strain to another [9]. These results 
focussed our attention on the available data on the buffering 
power and passive proton conductance of bacterial cells over 
a wide range of external pH values. 

We were interested in studying these parameters for acetic 
acid bacteria due to their industrial significance and the fact 
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that these bacteria are acid tolerant, they grow at pH as low 
as 4, with an optimum between pH 5 and 6. They can also 
grow at pH 7. They are Gram-negative or Gram-variable aero- 
bic bacteria which oxidize ethanol to acetic acid in neutral or 
acid media. Many carbohydrates and primary and secondary 
alcohols can also serve as energy sources, their oxidation 
characteristically resulting in the transient or permanent 
accumulation of partly oxidized organic products. Certain oxi- 
dative products of acetic acid bacteria are industrially 
important, for example: gluconic acid, which is used by the 
pharmaceutical industry; sorbose, which is used as a sus- 
pending agent for certain pharmaceuticals, and is an intermedi- 
ate in the manufacture of L-ascorbic acid (vitamin C). How- 
ever their major industrial use is in the manufacture of vinegar, 
by the acetification of ethanol-containing materials (e.g. 
wine, cider) [1,2,12]. 

The experiments reported here provide quantitative esti- 
mates of buffering capacity and membrane conductance to H + 
of two strains of acetic acid bacteria over a wide range of pH 
(4.02-8.15). We used the method in which the decay of an 
acid pulse is used for determination of both parameters [6,9]. 

MATERIALS AND METHODS 

Bacterial strains and growth conditions 
Acetobacter aceti subsp, aceti ATCC 15973 and Glucono- 

bacter oxydans subsp, suboxydans ATCC 621 were used in 
these experiments. Cells were grown aerobically, with vigor- 
ous shaking, to early stationary phase in a medium containing 
(per liter): yeast extract 5 g; mannitol 25 g and peptone of meat 
3 g. They were kept on the solid medium at 4 ~ and trans- 
ferred monthly [12]. 
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Chemicals 

Valinomycin and carbonic anhydrase were from Sigma 
Chemical Co., St Louis, MO, USA. All other chemicals were 
obtained from commercial sources. Valinomycin was used at 
a final concentration of 10 gM and added to cell suspensions 
as small volumes of concentrated stocks in acetone; final ace- 
tone concentrations did not exceed 0.2%. Carbonic anhydrase 
was prepared at 20 mg ml -~ in 300 mM KC1. 

Preparation o f  non-proliferating cell suspensions (NPC) 
Cells were harvested in the early stationary phase of growth 

and washed three times using 300 mM KCI. The washed cells 
were treated with 3 mM EDTA and resuspended in 300 mM 
KC1 [9]. 

Measurement of  cell protein 
Protein content was determined according to Lowry et 

a~. [5]. 

Measurement o f  buffering capacity and membrane H + conduc- 
tance 

Buffering capacity and membrane conductance to H + of 
these bacteria were measured by an acid-pulse technique, as 
described and discussed elsewhere [6-9,11]. Buffering power 
and membrane conductance to H + are presented as functions 
of external pH. The smooth curves that described behaviour of 
these parameters were obtained from a polynomic regression. 

RESULTS AND DISCUSSION 

Buffering capacity and membrane conductance to protons 
of non-proliferating cells of Aeetobacter aceti ATCC 15973 
were measured at pH values of 4.10-8.15. The pH range stud- 
ied for titrations of Gluconobacter oxydans ATCC 621 cells 
was 4.02-7.93. 

Data presented here and elsewhere [4,6,11,13] show that 
the internal and ceil-surface buffering capacities of bacteria 
vary markedly between one species and another. Our results 
also confirm the common belief that the external buffering 
capacity (Bo) was a significant proportion of the total buffer- 
ing capacity (Bt). Figure 1 summarizes measurements of Bo 
and Bt as a function of pH for each strain studied. The individ- 
ual estimates of the internal buffering capacity (Bi) are not 
shown; instead, they were calculated as the difference between 
the two smooth curves that described the behaviour of Bo and 
Bt. As Bi almost certainly reflects the presence of proteins, 
nucleic acids and other molecules with phosphate, carboxyl 
and amino groups, it is important to obtain reproducible values 
of this magnitude to carry out Bi determinations under strictly 
controlled growth conditions. 

A. aceti exhibited a maximum value of Bi of 290 nmol H + 
per pH unit per mg of protein at pH 4.70 and a minimum 
value of 12 nmol H + per pH unit per mg of protein at pH 8.15. 
Over this pH range there was a considerable change in Bi with 
a marked tendency to increase as pH became more acidic. The 
maximum Bi value was 24-fold greater than the minimum 
value. A similar tendency has been noted by others, who have 
measured Bi over this same range for S. lactis [6], S. marces- 

cens [9] and in the pH range from 4 to 6 for E. coli, B. acido- 
caldarius and B. stearothermophilus [4]. As noted by 
Maloney [6], Bi of some bacteria can be calculated accurately 
by an empirical formula, over a specific pH range. We report 
the following empirical formula: Bi = (-51.5) pH + 407, to 
calculate Bi of G. oxydans as a function of external pH, over 
the pH range from 4 to 7. Thus, as pH fell from 7 to 4, Bi 
rose 4.3-fold, from 46.5 to 201 nmol H + per pH unit per mg 
of protein. These acetic bacteria exhibited lower Bi values than 
those reported for E. coli [4] and for S. marcescens [9] over 
the same pH range. 

Passive proton conductance of these acetic bacteria, like S. 
marcescens [9], was sensitive to proton concentration at the 
external surface as well as buffering capacity over the pH 
range studied (Fig. 2). The value of membrane conductance 
determines the rate at which H + leaks inward, and the balance 
between Cm, the value of the proton-motive gradient, and the 
rate of outward pumping will determine whether a bacterial 
cell can sustain an appropriate pH gradient under acid or alka- 
line conditions. A. aceti membrane conductance values were 
0.45-1.88 nmol H+/s per pH unit per mg protein over the pH 
range studied (data from smooth curve that described behav- 
iour of CHm). These values were comparable to those found for 
S. marcescens GP [9], over the same pH range. G. oxydans 
presented a different smooth curve that described behaviour 
of CHIn. H + conductance increased as pH became more acidic, 
with a maximum of 1.56 nmol H+/s per pH unit per mg protein 
at pH 4.02 and a minimum of 0.40 nmol H+/s per pH unit per 
mg protein at pH 7.58. Between pH from 7 to 4 we can calcu- 
late membrane conductance to protons for G. oxydans by the 
empirical formula CHm = ( -  0.38) pH + 3.06. Thus, as pH fell 
from 7 to 4, passive membrane conductance to protons rose 
3.8-fold, from 0.4 to 1.54 nmol H+/s per pH unit per mg pro- 
tein. Passive proton conductance of G. oxydans was 75% that 
of A. aceti, over the acidic range of pH. 

These results show that buffering capacities and membrane 
conductance to protons of G. oxydans ATCC 621 were lower 
than in A. aceti ATCC 15973. Acetobacter and Gluconobacter 
are known for their direct oxidative capacity on sugars, alco- 
hols and steroids [1]. These bacteria share the abilities to form 
acids by incomplete oxidation of sugars or alcohols and to 
excrete these acids, either transiently or into the medium as 
non-utilizable end products. They are distinguishable by their 
acid tolerance [12]. Acetobacter and Gluconobacter produce 
alcohol dehydrogenase, glucose dehydrogenase and other 
polyol dehydrogenases, which contain a prosthetic group, 
methoxatine or pyrrolquinoline quinone (PQQ). The enzymes 
are located on the outer membrane and they catalyze the oxi- 
dation of ethanol, glycerol, or glucose to the respective acids. 
In these reactions, the electrons are supplied by the electron 
transport chain, and the protons are extruded into the per- 
iptasmic space. Methoxatine can also reach the nutrient 
medium and can be found in vinegar. The production of acetic 
acid from ethanol is high with Acetobacter strains whereas the 
oxidative and ketogenic activities are high in Gluconobacter 
and weak in Acetobacter. Only Acetobacter oxidizes acetic 
acid and lactic acid to CO2 and H20. Over the pH range 4.5- 
5, in which maximum production of acid takes place, Bo of 
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Fig. 1. Bo, Bt and Bi values for (A) A. aceti ATCC 15973 and (B) G. oxydans ATCC 621 over a range of external pH values. Bo and Bt 
values were determined as described in the text. Symbols represent data from independent experiments. 
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Fig. 2. Membrane conductance to H + of (A) A. aceti ATCC 15973 and (B) G. oxydans ATCC 621. 
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both bacteria were comparable (data from smooth curves) but 

Gluconobacter  presented lower Bi values than Acetobacter.  

Although the physiological meaning of Bi is not known, our 
results suggest that buffering power and membrane conduc- 

tance to protons of  bacteria that accumulate acids because they 
lack the oxidative capacity to convert acetic and lactic acids 

to CO2 and H20, are lower than in bacteria with complete 
oxidative metabolism. 
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