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Acid-base response of bacterial suspensions
N Rius!, M Solé*? and JG Lorén*

Departament de Microbiologia i Parasitologia Sanitaries, Divisié de Ciéncies de la Salut, Universitat de Barcelona,
Barcelona, Spain

The response of suspensions of non-proliferating bacteria to external pH ranging from 3.6 to 9.9 was examined. The
acid-base response is affected by the number of viable cells in the suspensions and culture conditions (aerobiosis or
anaerobiosis) but not by culture time, composition of the culture medium or the age of suspensions. The results with
carbonylcyanide m-chlorophenylhydrazone-and N, N'- dicyclohexylcarbodiimide-treated cells indicated that passive
proton conductance and proton translocation by ATP could be involved in this response. pH profiles of suspensions

of 18 chemoheterotrophic Gram-negative and Gram-positive bacteria support the hypothesis that the proton gradient
generated by an alkali or an acid shift could be dissipated by bacteria with respiratory metabolism.
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Introduction olism: Aquaspirillum serpensATCC 11335, which is

; ; . icroaerophilic,Pseudomonas aerugino$2A0 1, Halo-
The mechanisms by which bacteria respond to external p : . e i
have not been well established. The requirement for a hig acterium haloblumCCM 2090 which is extremely halo

. = philic, two acetic acid bacteriafcetobacter acetsubsp
internal pH for growth has been used for many years i e, ’
the preservation of food from microbial spoilage. Acidic aceti ATCC 15973 andGluconobacter oxydansubsp

conditions are used to preserve cell suspensions from CoﬁyboxydansATCC 621, Alcaligenes faecalihTCC 19018

oo . . : .~ and Bacillus alcalophilusATCC 27647, which is alkalo-
tamination by undesirable microorganisms [2]. The ability hilic. Three bacter?a have fermentative metaboliZgmo-
O.f . .adapt to IO.W pH has been stressgd as a pote 1onas mobilissubspmobilis ATCC 29191,Enterococcus
tial problem in the design of food preservation regimes; !

[3,11,12] aeqalisAT_CC 19433 and a lactic aci_d bacteri_uhactp_—
Non-growing bacteria are important in biotechnology in bacillus acidophilusATCC 11506, which is acidophilic.

general, including processes based on the fermentation él;e other bacteria studied are all facultatively anaerobic:

. ; : cherichia coliATCC 10536, Salmonella typhimurium
food products [18]. Non-proliferating cell suspensions ar !
widely used for studying the synthesis and regulation o utton (ATCC 13311) Serratia marcescenfTCC 274,

. : erratia marcescen§&P (a non-pigmented mutant &.
secondary metabolites. They are also used for studying tf\arcescensATCC 274 [19], Proteus mirabilis NCTC

influence of environmental conditions upon uptake an . .
accumulation of heavy metals by microorganisms. It hass887,Aeromonas hydrophilaubsphydrophilaNCIB 9233,

been reported that the pH of non-proliferating cell suspenAE?ggyg)gggcus aureusTCC 9144 andBacillus subtilis
sions did not remain constant during experiments '
[14,16,29,31,32]. For example, Willianes al [32] and Sole

et al[29] reported that the pH of suspensions of non-proli- )
ferating cells ofSerratia marcescensapidly reached pH Materials and methods

values between 7.3 and 8.3, irrespective of the initial pH,

but we have not found any direct studies on pH change he organisms and growth conditions are listed in Table 1.

in cell suspensions. 2 . .
The aim of this work was to study the response of baC__UnIess noted otherwise, all the bacterial strains were grown

X : . in aerobiosis. Microorganisms were maintained as agar
terial suspensions to external pH ranging from 3.6 to 9.9 lope cultures stored gat°@ with a weekly transfer tog
and to determine the factors that influence such a respons ash medium
We compared the pH changes in non-proliferating cell sus- . : s .
pensions of 18 chemoheterotrophic Gram-negative an% The influence of the composition of the medium on the

i . - T y . H of suspensions was analysed $n marcescensells
Gram-positive bacteria which differ in metabolism, optimal grown in four different liquid media: (i) PYG medium [21];

pH for growth and buffering capacity. There are seven oin—(.. . ) .
. . ! . (i) trypticase soy broth (TSB; BBL, Cockeyswille, MD,
gately aerobic bacteria that have strictly respiratory metabUSA); (iil) nutrient broth (NB; Oxoid, Basingstoke, UK):

and (iv) a mineral salts medium (GLN), containing (per
liter distilled water): KHPQO, 8g; NH,CI, 1.28¢;
Correspondence: Dr JG LareDept Microbiologia i Parasitologia Sani- MgSQO,-7H,O, 0.5 g; Fe(N@;-9H,0, 0.02 g; NaCl, 0.5 g;
taries, Facultat de Farhoi, Avda Joan XXIII s/n, 08028 Barcelona, Spain lycerol, 8 ml. The pH was adjusted to 7.2 using 0.1 M
?Present address: Departament d’Enginyeria Minera i Recursos Naturalg, ! : h

Escola Universitaa Politecnica de Manresa, Universitat Potitéca de aOH before the medium Was autoclaved. T.he.mﬂuence
Catalunya, Spain of cultural conditions (aerobiosis and anaerobiosis) on pH

Received 2 June 1998; accepted 6 August 1998 was determined in cells grown on PYG and GLN only.

acterial strains and growth conditions
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66 Table 1 Bacterial species used and their growth conditions were diluted in 0.85% NacCl (0.15 M) solution and CFU

‘ _ were counted after 48 h of incubatidd. halobiumsuspen-
Organism Temp“C) ’\éed'um sions were diluted in 4 M NaCl and plates were incubated
[Ref] for 5 days.

Aquaspirillum serpen®\TCC 11335 27 MPSS [8] .
Pseudomonas aerugino§A0 1 37 TSB Measurement of cell protein _
Halobacterium halobiunCCM 2090 37 M [10] Protein content was determined according to Lowtyal
Acetobacter acetATCC 15073 27 MYP [23] [13].
Gluconobacter oxydan8TCC 621 27 MYP [23]
Alcaligenes faecaliATCC 19018 37 NB .
Escherichia coliATCC 10536 37 TSB Chemicals and enzymes
Salmonella typhimuriunMutton 37 TSB Carbonylcyanidem-chlorophenylhydrazone (CCCP) and
Serratia marcescendTCC 274 37 PYG [21] N, N'-dicyclohexy! carbodiimide (DCCD) were from Merck
Serratia marcescenSP 37 PYG [21] -
Proteus mirabilisNCTC 5887 37 TSB (Darmstadt, Germany). CCCP was used at a final concen-
Aeromonas hydrophil&lCIB 9233 27 TSB tration of 0.5 mM and DCCD at 5 mM. These agents were
Zymomonas mobiliATCC 29191 27 SM [30] added to cell suspensions as small volumes of concentrated
Etiphy'ococcufs am??r?&%ﬂ“g‘é g; %E stocks in acetone; the final acetone concentration did not
e e ATeC 6633 > NB exceed 0.2%. Carbonic anhydrase was from Sigma Chemi-
Bacillus alcalophilusATCC 27647 30 HA [5] cal Co (St Louis, MO, USA) and was prepared at 20 mg
Lactobacillus acidophilusATCC 11506 37 MRS [15] ml~t in 0.15 M NaCl.

T_SB: Trypticase Soy Broth_(BBL, Becton D_ickinso_n and Co, Copkeys— Preparation of non-proliferating cell suspensions
ville, MD, USA); NB: Nutrient Broth (Oxoid, Unipath Ltd, Basing- (NPCS)

toke, UK). .
stoke, UK) Whatever the culture conditions, cells were harvested at the

end of the exponential phase of growth (20 h in aerobiosis,
Bacteria were grown under anaerobic conditions in the Gasinless otherwise stated, and 4 days in anaerobiosis) and
Pak anaerobic system (BBL, Becton Dickinson and Co). washed three times in 0.15 M NaCl. NPCSHhfhalobium

were prepared in 4 M NaCl and samples were kept in the
Enumeration dark for the time required for collection of data.
Culturable cells (CFU) were counted in triplicate by stan- To test the effect of viability of cell suspensions on pH,
dard plate count procedures on the media and at the ten$. marcescensuspensions were heated for 15 min in boil-
perature used for growth (Table 1). Bacterial suspensionsg water, cooled, and used for the experiments.
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Figure 1 pH profiles of NPCS of (aj5. marcescenATCC 274 and (b)S. marcescen&P.
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To study the effect of carbonic anhydrase on the pH ofabove 6.8, an initial pH adjustment was done before rec-
cell suspensions, 2 ml of freshly prepared carbonic anhyderding. In these cases, additions of aliquots of 1 M NaOH
rase solution was added inmediately before the assay. or 1 M HCI sterile solutions were made until the desired

The effect of CCCP and DCCD on the external pH of pH was attained. All experiments were performed two or
cell suspensions was determined in cell suspensions permgwee times, except foB. marcescenstrains which were
abilized with EDTA (applied as sodium salt). Cells washedperformed five to seven times, and the reported data are
three times in 0.15 M NaCl were centrifuged, resuspendedneans of replicate samples.
in 20 ml of 0.15 M NacCl, and placed in a reciprocal shaker
maintained at 37C, and EDTA (3 mM final concentration, Potassium, phosphate and OD at 260 nm and
pH 6.2) was added. Five min later, the cells were diluted280 nm of the supernatant phases
10-fold with the same medium that was used to prepardt desired intervals, 10 ml of bacterial suspensions were
them and centrifuged at room temperature. The pellet wasemoved and centrifuged at 6080g for 10 min (Kontron
resuspended in 0.15 M NaCl. CCCP or DCCD was addedentrikon T-124 with an A-8.24 rotor), samples of super-
to bacterial suspensions inmediately after the desired initiahatant were filtered twice through Sartorius 022 pore
pH was attained. Controls were prepared following thesize filters. The residual solution was kept in sterile tubes
same procedure but omitting the CCCP and DCCD. Therat 4°C until use. The amount of potassium ions was deter-
was no difference in pH profiles between the suspensionsiined by air-acetylene flame atomic absorption spectropho-
permeabilized with EDTA and those without EDTA treat- tometry (AAS), with a Varian model AA875 spectrophoto-

ment. meter, under the conditions recommended by the
instrument manufacturer. The phosphate content of the
Measurement of extracellular pH profiles supernatant phase was determined following the Phosphat

External pH was measured with an Orion pH meter (SAAguamerck 8046 Kit (Merck). OD at 260 nm and 280 nm
720), equipped with a combined glass electrode (ROSSvere measured with a Kontron Uvikon 810 spectrophoto-
81-03 sc). An Omniscribe recorder, series D5000, wasneter.
employed.
Experiments were conducted on 60-ml samples of cel . .
suspensions in 100-ml glass bottles, which were magne’uj-?esuItS and discussion
cally stirred at room temperature. The pH of such suspenFigure 1 shows the evolution of the external pHSfmar-
sions was between 6.4—6.8. Changes in external pH wergescensuspensions. The final pH of these suspensions was
recorded for 20-24 h. between 7.3 and 7.8. The pH of suspensions with an initial
When assays were performed at an initial pH below opH above 7.0 decreased during the first 2 h and then
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Figure 2 (a) Influence of the number of viable cells 8f marcescensn the external pH of NPCS after an acid shift. (b) Comparative survival of the
NPCS ofS. marcescenATCC 274. -A— 1.2 E9; £1- 5.2 E8; @8- 5.0 E7;—X~ 3.0 E6;% 2.2 E4; <>— 2.2 E2.
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Table 2 Amount of potassium ions and phosphate and OD at 260 nm and 280 nm of supernatant plfasesmcescenATCC 274 suspensions at
initial pH values of 3.9 and 7.1

Time pH K* PG}~ oD
(h) (ppm) (ppm)
260 nm 280 nm
0 3.9+0.1 6.4+ 0.3 5.7+ 0.7 0.092+ 0.025 0.04% 0.055
2 5.1+0.1 4.6+ 0.2 7.8+0.1 0.224+ 0.015 0.15G 0.067
6 6.2+ 0.4 4.6+ 0.2 9.2+ 1.5 0.424+ 0.251 0.35H 0.269
24 7.2+£0.2 6.4+ 0.3 17.9+1.3 1.150+ 0.277 0.813: 0.203
0 7.1+0.2 4.1+0.2 1.8+04 0.196+ 0.053 0.198& 0.075
2 6.5+ 0.0 5.5+ 0.3 5.1+ 0.7 0.353t 0.127 0.346t 0.100
6 6.8+£0.1 4.6+ 0.2 7.6+ 0.6 0.536+ 0.124 0.48C 0.146
24 7.4+ 0.2 5.5+ 0.3 16.9+ 5.3 1.249+ 0.571 0.94G£ 0.470

increased slowly. The pH of acidic suspensions increased 9
rapidly during the first 6 h and then increased slowdy.
marcescenATCC 274 andS. marcescen§&P, a nonpig-
mented mutant o5. marcescenATCC 274 [19], showed
similar pH curves indicating that prodigiosin was not 8- CARBONIC ANHYDRASE
involved in external pH changes of cell suspensions.

We attempted to identify the factors that may affect the
pH of bacterial suspensions. We first studied the effect of
cellular viability on pH changes. Whe®. marcescensus- CONTROL
pensions were subjected to a heat-shock, no cells could be
cultured, and the pH of these suspensions did not change
after 24 h of incubation (data not shown). Similar obser-
vations were reported by Margsiet al [16] with Pseudo- +
monassp suspensions. Q_s i

Figure 2a shows that the extent of external pH change
was influenced by the number of viable cells in the suspen-
sion. S. marcescensuspensions with 5.2 10° CFU mi?
and 1.2x 10° CFU ml?, at an initial pH of 4.1, reached 5
a pH of 6.4 and 7.0 respectively. The pH of NPCS with
5 x 10" CFU mi? or less did not change more than one pH
unit after 48 h of incubation. We also found a significant
increase in the number of viable cells when suspensions 4 |
were prepared with 2.2 10* CFU mI? or less (Figure 2b).

No contamination was observed in any case.

In order to rule out the influence of cell lysis on pH
changes we measured the amount of potassium ions and
phosphate in the supernatant phase of bacterial suspensions f f i ! ’

at initial pH values of 3.9 and 7.1. We also measured OD 0 4 8 12 16 20 24
of the supernatants at 260 nm and 280 nm. As shown in )
Table 2, pH is not directly mediated by potassium or phos- time (h)

phate releaged .by .Ce” lysis. OD a.t 260. nm and. 280 rm%igureS Effect of carbonic anhydrase on the external pH response of
increased with time in both suspensions, irrespective of th&pcs ofs. marcescenATCC 274.

initial pH.
Since physiological state can affect pH, the effect of the
age of the culture on the external pH of NPCS was studiedcarbonic anhydrase, presented the same pH evolution. After
Experiments were carried out by preparing suspensions ¢f0 h of incubation the pH of cell suspensions treated with
S. marcescen&TCC 274 with 6- and 20-h-old cells in carbonic anhydrase was not significantly different (0.24 pH
0.15M NaCl solution (2. 10° CFU mi?). The pH of units higher) than pH of non-treated suspensions.
these suspensions was adjusted to 6.0. After 48 h, the pH On the basis of our results, we conducted all experiments
of all suspensions was 7.8. This indicates that the age ofith NPCS prepared from 20-h-old cultures, with
cells did not influence the pH of cell suspensions. 2x10° CFU mI, and no carbonic anhydrase was added.
Catalysis by the carbonate/G@quilibration with car- It has been shown that several polypeptides were induced
bonic anhydrase at a final concentration of 0.67 mg*ml in E. coli during starvation and that starvation protein syn-
did not influence the pH of cell suspensions (Figure 3).thesis began within minutes of the start of starvation and
During the first 4 h, both suspensions, with and withoutlasted for 2—4 h [17]. NPCS db. marcescenATCC 274
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in 0.15 M NaCl solution were prepared and stored 0, 13tontrol suspensions was 7.7 with a minimum pH of 7.2
and 20 h at 38. Then pH was adjusted to 5.5. After 24 h after 2 h of incubation.
at room temperature, the pH of these suspensions was 7.4, Suspensions treated with DCCD exhibited similar behav-
7.6 and 7.5, respectively. These results suggested that staour to CCCP-treated cells. The pH of suspensions exposed
vation protein synthesis was not involved in external pHto DCCD increased from 4 to 6 in 4 h and then reached
6.5 after 14 h of incubation. The pH of basic suspensions

changes of bacterial suspensions.

The experiments shown in Figure 4 compare the behawdecreased from 8.7 to 6.1 in 3 h and then increased slowly
iour of control and CCCP- or DCCD-treated bacteria cellsto 6.6.
at about pH 4 and 9. The presence of CCCP, a pro- These results suggested that passive proton conductance
tonophore, had a marked effect on pH modification. Theand proton translocation by ATP were involved in the
pH of acidic suspensions increased rapidly and reached anodification of external pH of NPCS.
equilibrium at pH 5.6 after 12 min due to CCCP. The pH The treatment with CCCP or DCCD did not affect the
of control suspensions was 7.5 after 24 h of incubation. Awiability of bacteria; the CFU mt of cell suspensions at
an initial pH 9.1, pH of CCCP-treated cells decreased tahe end of each experiment was the initial CFUal 10%.

6.5 in 1 h and then increased slowly to 7.1. Final pH of
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Figure 5 Effect of the composition of the medium and the culture conditions on the kinetics of the pH cha®gmancescen&TCC 274 suspensions.
(a) Cells were grown in a complex (PYG) or a minimal (GLN) bacteriological medium aerobically. (b) NPCS prepared with cells grown in complex

medium (PYG). (c) NPCS from cultures in minimal medium (GLN).
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Figure 6 pH profiles of suspensions of (&luconobacter oxydansubspsuboxydan®\TCC 621, (b)Zymomonas mobilisubspmobilis ATCC 29191,
(c) Enterococcus faecalidTCC 19433 and (d)Lactobacillus acidophiluATCC 11506.

the response of NPCS. SuspensionS.aiharcescengrown  Oxoid) and trypticase soy broth (TSB; BBL), complex bac-
aerobically in four different media showed the same behavteriological media which contain no sugar or glucose,
iour. Figure 5a shows pH evolution of NPCS from cells respectively (data not shown). However culture conditions,
grown in complex (PYG) and minimal (GLN) media, both aerobic or anaerobic, did affect the pH evolution of bac-
media containing glycerol as carbon source. Similar result¢erial suspensions. The pH of NPCS 8f marcescens

were obtained with cells grown in nutrient broth (NB; grown in complex media under anaerobic conditions
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increased more slowly than the pH of NPCS from aerobica fermentative type of metabolism and the rest being facul-
cultures (Figure 5b). The final pH of both suspensionstatively anaerobic. Two types of pH response were
was 7.5. observed. One type consisted of either no change, or a pH
The effect of culture conditions was significantly higher modification by about one unit. The three obligately fer-
when cells were grown in minimal medium (Figure 5c). mentative bacteria studied a@ oxydanshowed this type
The pH of suspensions prepared with cells grown undeof response (Figure 6).
anaerobic conditions increased about one pH unit. Z. mobilis E. faecalisandL. acidophilusare obligately
These results indicate that the metabolic activity of cellsfermentative bacteria. It has been reported that fermentative
can modify the external pH of non-proliferating cells organisms exhibit a greater range of intracellular pH JpH
extruding and uptaking protons. To confirm this, we studiedover which growth will occur than do organisms which
the pH changes of NPCS of 18 chemoheterotrophic bacteriaave a respiratory mode of metabolism. Initially, the grow-
prepared with cells grown under aerobic conditions.ing fermentative cells have a pH gradient of 0.8-1.0, alka-
Included are Gram-negative and Gram-positive bacteridjne inside, which causes the acids to accumulate inside
seven of which are obligately aerobic possessing a strictlgells and reduces the intracellular pth spite of the fact
respiratory type of metabolism, and three of which possesthat the pH falls, cells continue to grow [1,4,7,28]. Thus
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Figure 8 pH profiles of suspensions of (&alobacterium halobiunCCM 2090. (b)Staphylococcus aureUSTCC 9144, (c)Bacillus subtilisATCC
6633 and (d)Bacillus alcalophilusATCC 27647.
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these organisms can adapt to the environmental conséype of metabolism. Obligately fermentative bacteria and
guences of their metabolism. Lactobacilli can lower theirG. oxydans well adapted to acidic conditions, slightly
internal pH to 4.4-4.8 and survive well at an external pHmodified the pH of their suspensions.
of 3.5 [6,17]. Our results showed that the obligately fer-
mentative bacteria studied al oxydanswhich oxidises K led
sugars and alcohols to acids and accumulates them, céofF nowledgements
survive acidic conditions at or near 100% viability for at We are specially grateful to Cole¢cicEspaola de Cul-
least 24 h. The pH of alkaline suspensions of these bacteriivos Tipo (CECT) for providing samples of bacteria. We
decreased to a value near neutrality, suggesting that thayiank Serveis Cientifico-Tmics de la Universitat de Barce-
do not tolerate basic conditions. lona for technical assistance. We are grateful to Robin
The second kind of pH response consisted of a rapid oRycroft for expert criticism during the preparation of this
moderate initial pH change followed by a slow change asnanuscript.
shown forS. marcescengrigure 1). Figure 7 shows the
pH changes of suspensionsAfserpensP. aeruginosaA.
acetj A. faecalis A. hydrophilaand theEnterobacteriaceae References
studied other tha. marcescen®ata presented here show 1
that the external pH of suspensions of non-proliferating
bacteria changed in 24 h, irrespective of the initial pH of
the medium. Our results agree well with those reported for
P. aeruginosaand S. marcescenfl6,25,29].
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