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threshold needs to be considered when working with solu-
ble pH-buffers.
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Introduction

Gluconobacter oxydans, an acetic acid bacterium, is inter-
esting for various industrial applications, because it can 
partially oxidize a variety of sugars and alcohols. With 
d-glucose as substrate, Gluconobacter strains are able to 
produce d–gluconate (GA), 5–ketogluconate (5KGA), 2–
ketogluconate (2KGA) and 2, 5–diketogluconate (DKGA). 
d–gluconate and its salts are applied in several industries, 
e.g., in the textile and tanning sector and in the pharma-
ceutical, fodder, and concrete industries [21]. With a pro-
duction of 10,000 t/a, GA is one of the top-ten organic 
chemicals made from sugar [25]. To oxidize GA, G. oxy-
dans expresses two types of gluconate dehydrogenases: (1) 
quinoprotein glycerol (major) dehydrogenase for 5KGA 
production, and (2) flavoprotein for 2KGA production. 
The fermentation product 5KGA is a precursor for L(+)–
tartaric acid production. Moreover, 2KGA can further be 
converted to DKGA via the membrane-bound NADP-inde-
pendent 2KGA dehydrogenase in G. oxydans [20]. Subse-
quently, DKGA can be reduced to 2–keto–l–gulonate, e.g., 
with Corynebacterium species [45]. The product 2–keto–
l–gulonate is a precursor for the industrial production of 
ascorbic acid, commonly known as vitamin C.

The different membrane-bound dehydrogenases in G. 
oxydans possess different specific pH-optima. A pH-value 
of around 6 was found to be optimal for the membrane-
bound d-glucose dehydrogenase and the d–gluconate 
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dehydrogenase [1, 26, 42]. By contrast, 2–ketogluconate 
dehydrogenase showed the highest enzymatic activity at a 
pH-value of 4 [41]. In unbuffered cultivations of G. oxy-
dans, however, the efficient oxidation of d–glucose to glu-
conic acids leads to a strong drop in the pH-value below 
2.5, which clearly deviates from the optima for the 
dehydrogenases.

Although G. oxydans strains show optimal growth at 
pH-values between 5.5 and 6 [20], most strains are still 
able to grow at pH-values below 3.7. As shown by Olijve 
and Kok [30], G. oxydans 621H even grows in complex 
medium at a constant pH-value of 2.5. Yet, at pH-values 
below 3.5, the pentose phosphate pathway (PPP) in G. oxy-
dans is completely inhibited [30]. The PPP is one of the 
two main metabolic pathways in G. oxydans and is consid-
ered to be the most important route for the assimilation of 
sugars and polyols to CO2 and biomass [5]. Thus, an inacti-
vated PPP results in low biomass formation [30].

Since the pH-value has a considerable impact on cell 
growth and product formation of G. oxydans, the pH has 
to be controlled during fermentation. While pH-control in 
stirred bioreactors can easily be realized via titration [31], 
keeping a specific pH-value in small-scale cultivations 
is challenging. For pH-control in shake flasks, Weuster-
Botz et al. [48, 49] and Zou et al. [52] presented systems 
for adding pH-control agents. Here, the required equip-
ment, i.e., pH probes, storage vessels and pumps, makes 
these systems complex and impractical for high-throughput 
applications. Buchenauer et al. [9] and Funke et al. [14] 
proposed a microfluidic approach for the 48-well microtiter 
plate format to add pH-control agents with an accuracy of 
5 nL dispensed volume. Based on this concept, a commer-
cial device has been developed by m2p-labs (Baesweiler, 
Germany) offering 32 parallel, fully monitored bioreactors 
with two feeding options each. However, this device is also 
not suited for high-thoughput.

Commonly for shake flasks and MTPs a buffer reagent 
is added to the medium to keep the pH-value within a cer-
tain range during the cultivation [20, 35, 38, 44]. To pre-
vent a strong drift of the pH-values, these buffers are highly 
concentrated and, thus, result in high osmolalities of the 
fermentation medium [22, 24].

Often, shake flask cultivations of G. oxydans are buff-
ered with CaCO3 [6, 20]. Since CaCO3 is nearly insoluble 
in water, its suspended particles hinder analysis of opti-
cal density and scattered light measurements for biomass 
determination during cultivations [44, 51]. Furthermore, 
CaCO3 complicates the determination of dry cell weight 
(DCW). The application of soluble buffers could overcome 
these disadvantages.

In the search for soluble buffers, the inherent increase 
in osmolality of the fermentation medium has to be con-
sidered. This increase in osmolality causes osmotic stress, 

possibly inhibiting bacterial growth and product forma-
tion [7, 27]. Thus, the aim of this study is to investigate in 
detail the osmotic sensitivity of wildtype strains G. oxydans 
ATCC 621H and DSM 3504. Bacterial growth in various 
soluble buffer systems was characterized using the Res-
piration Activity MOnitoring System (RAMOS). Moreo-
ver, to investigate the effect of osmotic stress on the G. 
oxydans strains, defined amounts of salts (NaCl, KCl or 
MgSO4) were added to CaCO3-buffered medium before the 
cultivations.

Material and methods

Chemicals

Applied chemicals were obtained from Merck (Darmstadt, 
Germany), Sigma-Aldrich (Hamburg, Germany), Carl Roth 
(Karlsruhe, Germany) and Boehringer Mannheim (Man-
nheim, Germany).

Microorganisms

Experiments were conducted with G. oxydans wildtype 
strains ATCC 621H and DSM 3504 (equivalent to DSM 
2343). Both strains possess a natural resistance against 
cefoxitin. In contrast to strain DSM 3504, strain ATCC 
621H cannot produce DKGA due to the lack of the gene 
encoding the membrane-bound 2KGA dehydrogenase [40, 
47]. Strains were maintained in 15 % (w/v) glycerol cryo 
stocks at −80 °C.

Media and cultivation

Pre-cultures of G. oxydans DSM 3504 and ATCC 621H 
were grown in a complex mannitol medium containing 
80 g L−1 mannitol, 5 g L−1 yeast extract, 2.5 g L−1 MgSO4 
· 7H2O, 1 g L−1 KH2PO4 and 1 g L−1 (NH4)2SO4. Ten mil-
liliter of the complex mannitol medium and 10 µL cefoxitin 
(50 mg mL−1 stock solution) were inoculated with 1 mL of 
a cryo-stock culture in a 250 mL non-baffled shake flask. 
The cultivation was performed 15–17 h overnight at 30 °C, 
350 rpm shaking frequency and 50 mm shaking diameter.

Main cultivations of G. oxydans DSM 3504 and ATCC 
621H were conducted in complex glucose medium com-
posed of 40 g L−1 (222 mmol L−1) glucose, 5 g L−1 yeast 
extract, 2.5 g L−1 MgSO4 · 7H2O, 1 g L−1 KH2PO4 and 
1 g L−1 (NH4)2SO4. The pH-value was adjusted to 6 with 
KOH or HCl (1 M each). Buffer characterizations were 
performed using 0.22 mol L−1 of different soluble buffers 
and CaCO3 as reference (Table 1). To investigate the influ-
ence of osmotic stress on G. oxydans, varying amounts 
of NaCl, KCl or MgSO4 were added, respectively, to the 
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medium buffered with 0.22 mol L−1 CaCO3. All media 
were autoclaved for 21 min at 121 °C. Since CaCO3 is 
insoluble in the fermentation medium, the required amount 
was weighed and added directly into the shake flasks prior 
to their sterilization.

To obtain an initial optical density of 0.1 in the main cul-
ture, the optical density at 600 nm (OD600) of the pre-cul-
ture was determined in a Genesys 20 photometer (Thermo 
Scientific, Dreieich, Germany), and the required volume 
of cell broth was calculated. The required volume was 
centrifuged (10,000×g, 5 min) in a sterile centrifugation 
tube and the supernatant was discarded. Subsequently, the 
cell pellet was re-suspended in the main culture medium. 
Aliquots of 10 mL inoculated medium were transferred to 
each flask and the cultivations performed at 30 °C, 350 rpm 
shaking frequency and 50 mm shaking diameter.

Measurement of respiration activity

Online-monitoring of the respiration activity was per-
formed with an in-house developed RAMOS device. 
RAMOS enables measurements of oxygen transfer rate 
(OTR), carbon dioxide transfer rate (CTR) and respiratory 
quotient (RQ) in eight parallel shake flasks [2]. Airflow of 
10 NmL min−1 per flasks, which is equal to the ventilation 
conditions in shake flasks sealed with a cotton plug [3], 
was adjusted with a thermal mass flow controller. Oxygen 

partial pressure and differential gas pressure were meas-
ured via sensors located in the headspace of each flask, 
enabling the calculation of OTR, CTR and RQ [4]. Com-
mercial versions of RAMOS are available from Kühner 
(Birsfelden, Switzerland) and Hitech Zang (Herzogenrath, 
Germany). For studying and characterizing microbial sys-
tems and optimizing the medium, this device has already 
been intensively used [32, 39, 44]. The experiments in this 
study were conducted at least twice, often up to four times 
and showed a good reproducibility with deviations of maxi-
mum 5 %.

Sampling and offline analysis

Multiple main cultivations—under identical culture con-
ditions as for the RAMOS device—were performed in 
parallel in non-baffled 250 mL-shake flasks. For offline 
analysis, one shake flask of a parallel identical cultivation 
was removed from the shaking tray at each sampling time 
point and was not used for culturing thereafter. The taken 
samples were used to measure the optical density (OD600), 
pH-value, osmolality, glucose and products (GA, 2KGA, 
5KGA, acetate).

The OD600 of the cell broth was determined with a 
Genesys 20 photometer (Thermo Scientific, Dreieich, Ger-
many) in semi-micro cuvettes (PS, Carl Roth, Karlsruhe, 
Germany) with 1 mL filling volume. Since CaCO3 is 

Table 1  Overview of the 
investigated buffer systems 
with their molecular structures, 
molecular weights and specific 
pKa valuesa

Buffer system Molecular structure M
[g mol-1]

pKa
(30°C) References

Lime CaCO3 100.09 6.33
(10.29) [13,16]

MES
(2-(N--morpholino)-
ethane sulphonic acid

195.2 6.1 [23]

PIPPS
(Piperazine-
1,4--bis(propanesulphonic 
acid

330.42 3.72
(7.9) [23]

Citric acid 192.13
3.13
4.75
6.4

[13,16]

Phthalic acid 204.22 4.02 [13,16]

DEPP
(1,4-diethylpiperazine 
acid)

142.24 4.46 
(8.61) [23]

pKa values above 6, which are 
not relevant for the employed 
pH-range, are indicated in 
brackets
a The specific pKa values 
at 30 °C were calculated as 
described in the references 
specified below
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almost insoluble in water, it had to be removed by adding 
acetic acid (15 % w/v) prior to OD600 measurement.

For the analysis of pH, osmolality, glucose and products 
(GA, 2KGA, 5KGA, acetate) in the supernatant, a sample 
volume of 1 mL was transferred into a 1.5 mL Eppendorf 
tube and centrifuged for 5 min at 10,000×g. The pH-value 
was measured with a pH 510 probe (Eutech Instruments, 
Nijkerk, Netherlands) and the osmolality with an Osmomat 
030 (Gonotek, Berlin, Germany). Glucose concentrations 
were quantified via an enzymatic assay (Boehringer Man-
nheim, Germany). The assay procedure was adapted to a 
96-well microtiter plate using only 10 % of the volumes, 
compared to what is specified by the manufacturer, reach-
ing a target volume of 300 µL. Absorbance at 340 nm was 
measured in a Synergy 4 plate reader (BioTek Instruments, 
Bad Friedrichshall, Germany). For product analysis, the 
supernatant was diluted with deionized water (1:4) and fil-
trated through a 0.2 µm PVDF filter (Carl Roth, Karlsruhe, 
Germany). Concentrations of gluconic acid (GA), 2-keto-
gluconic acid (2KGA), 5-keto-gluconic acid (5KGA) and 
acetate (HAc) were determined via HPLC. The different 
metabolites were quantified using an organic acid resin 
column (250 × 8) including a pre-column (CS-Chroma-
tographie Service, Langerwehe, Germany) at 80 °C. 1 mM 
H2SO4 was used as eluent at a flow rate of 0.8 mL min−1. 
The sample volume was 20 µL.

Calculation of osmolality, water activity and osmotic 
pressure

To quantify the total osmolality of the differently buffered 
main cultivation media, the osmolality of the basic complex 
medium was measured. Then, the increase in osmolality 
caused by the buffering agents in its different dissociation 
states was mathematically added according to the following 
calculation. The dissociation of a buffer in aqueous solution 
can be described by the following equilibrium:

where A− denotes the dissociated form and HA, the undis-
sociated form. The respective concentrations are given as:

Hereby, [HA + A−] corresponds to the total applied 
buffer concentration of 0.22 mol L−1. Assuming that pH 
buffering follows the equation of Henderson and Has-
selbalch (Eq. 3) [33]

The concentration of the different dissociation forms of 
the buffer can be obtained by inserting Eq. (2) into Eq. (3) 
and rearranging to

(1)A− + H+
⇄ HA

(2)[HA] + [A−] =
[

HA + A−]

.

(3)pH(t) = pKa − log
[HA](t)
[A−](t)

,

and

For each deprotonized molecule, one proton remains in 
the medium (Eq. 6)

The respective pKa value of the respective buffer at 
30 °C (see Table 1), the initial pH-value of 6 and the total 
buffer concentration [HA + A−] were inserted in Eqs. (4) 
and (5), and the initial osmolalities of the applied buffers 
were calculated as follows:

where ρmedium denotes the density of the fermentation 
medium assumed to be 1 kg L−1.

Water activities aW were calculated from measured 
osmolalities cT (osmol kg−1) and molal water concentration 
cW (55.51 mol kg−1) as follows:

Instead of water activity aW, the term “osmotic pressure” 
π is frequently used in literature. Osmotic pressure and 
water activity can be converted into each other with the fol-
lowing equation [18, 29]:

with the gas constant R (8.314 × 10−5 m3 bar mol−1 K−1), 
the temperature T (303 K) and the partial molal volume of 
water VW (1.8 × 10−5 m3 mol−1).

The Davey model

In 1989, Davey et al. [10] reported a model which describes 
the influence of water activity on the microbial growth:

In this study, the Davey model was converted to the fol-
lowing form for constant temperature T:

(4)[HA] =
[HA + A−] × 10(pKa−pH)

1 + 10(pKa−pH)

(5)[A−] =
[HA + A−]

1 + 10(pKa−pH)

(6)
[

A−]

=
[

H+]

(7)

Osmolalityinitial = Osmolalitybase medium,measured

+
[

H+]

+
[

A−]

+ [HA]
ρmedium

(8)aW =
1

1 + cT
cW

[−].

(9)π =
−RT ln aW

VW

[bar]

(10)ln µmax = C0 +
C1

T
+

C2

T2
+ C3aw + C4a

2
w

(11)
µmax = µm · e

− 1
2

(

aw,m−aw
daw

)2
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with

and

where μm denotes the maximal growth rate at the optimal 
water activity aw,m. The parameter daw describes the width 
of the fit curve. Equation (11) is easier to use than Eq. (10), 
because all parameters in Eq. (11) have physiochemical 
meanings.

Results and discussion

Buffer screening

Cultivations of G. oxydans ATCC 621H and DSM 3504 
were characterized and compared in unbuffered systems, 
CaCO3-buffered systems (reference), and the systems with 
soluble buffers. Important parameters, such as pH-value 
and optical density at the end of the fermentation were 
evaluated.

Depending on the applied buffer, cultivations of both G. 
oxydans strains showed significant differences in the oxy-
gen transfer rate (OTR), total oxygen consumption, final 
OD600 and pH-value (Fig. 1; Table 2). As Fig. 1a illustrates, 
the OTR curves of unbuffered, CaCO3-, MES- and PIPPS-
buffered cultivations for the ATCC 621H strain increase 
exponentially until a maximum OTR value is reached 
after about 5.5 h which implies non-limited exponential 
growth. At this time points the maximum OTR values are 
35 mmol L−1 h−1 (unbuffered), 45 mmol L−1 h−1 (CaCO3), 
49 mmol L−1 h−1 (MES) and 46 mmol L−1 h−1 (PIPPS). 
This time point of 5.5 h indicates a low residual glucose 
concentration which is attributed to oxidation of glucose to 
GA during the exponential growth phase (Figs. 2c, d, 3d, 
e).  

After reaching the maximum OTR-value the curve for 
the unbuffered cultivation of strain ATCC 621H drops 
down to zero (Fig. 1a). This can be explained by the low 
final pH-value of 2.58 (Table 2) that inhibits bacterial 
growth and metabolism. Accordingly, the final OD600 of 
2.11 was low (Table 2). Even though G. oxydans can gener-
ally grow at a pH-value as low as 2.5, the enzymes of the 
PPP are inhibited at pH-values below 3.5. This inactivated 
PPP leads to low productivity and a poor cell yield [30]. 
Since the pH-value during the cultivation is clearly below 

(12)aw,m =
−C3 · C4

2
,

(13)
µm = e

(

C0+
C1
T

+ C2
T2 −

C
2
3
·C4
4

)

,

(14)daw =
−C3 −

√
−2 · C4 · C4

2
− aw,m

the optimal pH-value of 6 for d-gluconate dehydrogenase 
[26, 42], GA is not oxidized to 2KGA. This is indicated 
by the completely ceased respiration activity after GA for-
mation at 5.5 h (Figs. 1a, 2c), which implies that there is 
no diauxic growth on a second substrate. In comparison 
to the buffered cultivations, the osmolality of 0.317 osmol 
kg−1 for the unbuffered medium is relatively low (Table 2). 
Therefore, the low pH-value and not the osmolality causes 
for inhibited growth and respiration activity of strain 
ATCC 621H in unbuffered media (Fig. 1a).

With the reference buffer CaCO3, the final pH-value 
of the strain ATCC 621H of 6.37 was slightly higher than 
the initial pH-value of 6 (Table 2). A final OD600 of 5.83 
was obtained (Table 2) which is likely overestimated due 
to remaining particles, though, pretreated with acetic acid. 
After the maximum was reached at 5.5 h, the OTR curve 
decreases to around 18 mmol L−1 h−1 (Fig. 1a). Subse-
quently, the OTR increases and stays constant at about 
22 mmol L−1 h−1 between 6 and 14 h. Afterwards, it 
decreases to zero at about 22 h, thereby indicating a clear 
diauxic growth phase on GA (Fig. 2f). As revealed by 
Fig. 2d, GA is oxidized to 2KGA and 5KGA in this sec-
ond oxidation phase. This diauxic growth shows that the 
pH-value of around 6 (Fig. 2f) is optimal for the GA dehy-
drogenase [26, 42]. Detailed information about the CaCO3 
buffered cultivation is given in the next section.

Using the soluble MES buffer, the OTR curve of strain 
ATCC 621H reaches a higher maximum at 5.5 h than that 
of the unbuffered cultivation (Fig. 1a), but then rapidly falls 
to zero like the unbuffered cultivation. There is no second 
oxidation phase. These results are supported by the final 
OD600 and pH-value (Table 2). The OD600 value of 1.88 
was even lower than that for of the unbuffered fermenta-
tion. The pH-value of 3.25 indicates that only insufficient 
buffering occured. Here, the pH-value could not be kept in 
the optimal range for G. oxydans of between 5.5 and 6 [20] 
although the pKa value of MES is 6.1 at 30 °C (Table 1). 
Even though it was expected that MES would be a good 
buffer, it was not. Reduced growth and product formation 
is presumably caused by the significantly higher osmolal-
ity of the MES-buffered medium than that of the CaCO3-
buffered systems (Table 2).

Respiration activities of MES- and PIPPS-buffered cul-
tivations during the first oxidation phase until 5.5 h were 
identical (Fig. 1a). In contrast to the OTR curve of the 
MES-buffered cultivation, the curve for the PIPPS-buffered 
cultivation does not drop to zero after glucose depletion 
(Figs. 1a, 3b, e). The OTR value decreases rapidly to a level 
of about 10 mmol L−1 h−1 at 6 h and subsequently slowly 
to zero until 30 h, thereby indicating a weak second oxi-
dation phase. Again, GA is oxidized to 2KGA and 5KGA 
during this second oxidation phase (Fig. 3e). Biomass for-
mation is almost equal to that of the unbuffered cultivation 
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(PIPPS: OD600,end = 2.16, unbuffered: OD600,end = 2.11) 
(Table 2). The pH-value decreases to 3.7, indicating a bet-
ter buffer performance of PIPPS than MES, even though in 
terms of the relevant pKa values (Table 1) of 3.72 and 6.1 
for PIPPS and MES, respectively, PIPPS should have been 
less suitable as a buffer than MES. The PIPPS-buffered 
cultivation shows higher 2KGA, 5KGA and biomass for-
mation (Fig. 3e, h), than the cultivation with MES buffer 
(Fig. 3d, g). Moreover, the higher osmolality of PIPPS 
(0.763 osmol kg−1) compared to that of MES-buffered 
medium (Table 2) points to higher osmotic stress for the 
bacteria. This, in turn, leads to the assumption that the use 
of PIPPS would reduce growth and productivity. However, 
the acquired data reveal the opposite.

In contrast to CaCO3-, MES- and PIPPS-buffered cul-
tivations, the cultivations with citrate showed a consid-
erably different respiration behavior (Fig. 1a). A longer 
lag phase, followed by an exponential increase in the 
OTR (app. 3–12 h) can be observed. A maximum OTR 
value of 33 mmol L−1 h−1 is reached at 12 h. After glu-
cose depletion (12 h), the OTR curve drops to a value of 
18 mmol L−1 h−1 similar to the CaCO3-buffered cultivation 
(Figs. 1a, 2b, d, 3c, f). Subsequently, a second oxidation 
phase occurs, characterized by the further oxidation of GA 
to 2KGA and 5KGA (Fig. 3c, f). Using citrate as buffer, a 
final OD600 of 2.63 (Table 2) was obtained. Consequently, 
the biomass formation was 25 % higher than that of the 
unbuffered cultivation. The pH-value at the end of the 

Table 2  Comparison of optical densities (OD600) and pH-values at the end of fermentations in complex medium with 0.22 M glucose with and 
without utilization of different buffer (0.22 M) componentsa

a  Mean values of duplicate cultures are shown. The duplicates differ less than 5 %
b  Remaining carbonate was removed by adding acetic acid (15 % w/v)
c  Osmolalities were calculated using Eq. (3)

Buffer component G. oxydans ATCC 621H G. oxydans DSM 3504 Initial osmolality measured 
(osmol kg−1)

Initial osmolality calculated 
(osmol kg−1)c

OD600,end [−] pHend [−] OD600,end [−] pHend [−]

unbuffered 2.11 2.58 2.78 2.29 0.317 ± 0.008 –

CaCO3 5.83b 6.37 Not measured 5.29 0.328 0.317

MES 1.88 3.25 5.38 2.71 0.654 0.624

PIPPS 2.16 3.7 3.3 3.48 0.763 0.739

DEPP 1.09 3.96 2.4 3.9 0.718 0.734

Phthalate 1.24 4.41 2.53 4.38 0.938 0.958

Citrate 2.63 4.79 – – 0.962 1.027

Fig. 1  Oxygen transfer rate 
and total oxygen consumption 
during the growth of Glucono-
bacter oxydans ATCC 621H 
(a, c) and DSM 3504 (b, d) 
in complex glucose medium 
(main ingredients: 40 g L−1 
glucose, 5 g L−1 yeast extract) 
with different buffer systems 
(0.22 mol L−1). Cultivation 
conditions: 30 °C, initial pH 6, 
250 mL non-baffled shake flasks 
with 10 mL filling volume, 
350 rpm shaking frequency, 
50 mm shaking diameter

a b

dc
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fermentation reached 4.79 (Table 2), which is close to the 
optimal range for growth and production. Consequently, 
the buffer performance of citrate is the best compared to 
the other soluble buffers. Nevertheless, the growth and res-
piration activity are clearly time-delayed. This time-delay, 
presumably indicating an inhibition, may be caused by the 
high osmolality of 0.962 osmol kg−1 in citrate containing 

medium (Table 2). A more detailed description of the 
observed respiration behavior and the underlying metabo-
lism for MES, PIPPS and citrate-buffered cultivations of G. 
oxydans ATCC 621H will be given below.

It is noteworthy that no exponential growth for G. oxy-
dans ATCC 621H (Fig. 1a) is observed in the phthalate-
buffered system and the final OD600 is low (1.24, Table 2). 

Fig. 2  Unbuffered (a, c, e) and 
CaCO3 buffered (b, d, f) culture 
of G. oxydans ATCC 621H 
in complex glucose medium 
(main ingredients: 40 g L−1 
glucose, 5 g L−1 yeast extract). 
Cultivation conditions: 30 °C, 
initial pH 6, 250 mL non-
baffled shake flasks with 10 mL 
filling volume, 350 rpm shaking 
frequency, 50 mm shaking 
diameter

a b

dc

e f

Fig. 3  MES (a, d, g), PIPPS (b, 
e, h) and citrate (c, f, i) buffered 
culture of G. oxydans ATCC 
621H in complex glucose 
medium (main ingredients: 
40 g L−1 glucose, 5 g L−1 yeast 
extract). Cultivation conditions: 
30 °C, initial pH 6, 250 mL 
non-baffled shake flasks with 
10 mL filling volume, 350 rpm 
shaking frequency, 50 mm shak-
ing diameter
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A maximum OTR-value of only 6 mmol L−1 h−1 is 
reached. Even though, the final pH-value of 4.41 (Table 2) 
is relatively high, the offline measurements indicate a very 
low GA formation (data not shown). Further analyses of 
the phthalate-buffered medium revealed a high osmotic 
stress (osmolality = 0.938 osmol kg−1), thus, indicating 
inhibited bacterial growth and productivity. It has to be 
concluded that phthalate is not a good buffer for Glucono-
bacter species.

For unknown reason, the respiration activity for DEPP-
buffered cultivations was found to be very low (data 
not shown) although the physiochemical parameters of 
the DEPP buffer are very similar to those of PIPPS. The 
measured osmolality was 0.718 osmol kg−1 and, thus, in 
the range of PIPPS. In addition, the pKa value for DEPP 
(4.46) is more suitable for the desired pH-range between 
4 and 6 than the pKa for PIPPS (3.72) (Table 1). Accord-
ing to its insufficient performance, DEPP was not further 
investigated.

All aforementioned buffers were also tested for the 
cultivation of G. oxydans DSM 3504 (Fig. 1b). The OTR 
curves of unbuffered, CaCO3-, MES- and PIPPS-buffered 
cultivations of the DSM 3504 strain increase exponentially 
until a maximum OTR-value is reached at 6 h (Fig. 1b). 
This implies an unlimited exponential growth of this strain. 
Maximum OTR-values of 50 mmol L−1 h−1 (unbuffered), 
52 mmol L−1 h−1 (CaCO3), 53 mmol L−1 h−1 (MES), and 
48 mmol L−1 h−1 (PIPPS) are observed. The citrate-buff-
ered cultivation of DSM 3405 is time-delayed compared 
to strain ATCC 621H and attains its maximum OTR value 
after 18 h (Fig. 1b).

In contrast to strain ATCC 621H (Fig. 1a), the OTR 
curve of the unbuffered cultivation of strain DSM 3504 
(Fig. 1b) does not decrease to zero after the OTR maxi-
mum is reached at 6 h. Instead, the OTR curve plummets 
to a value of around 5 mmol L−1 h−1 and then steadily 
decreases to zero at 30 h indicating a weak, prolonged sec-
ond oxidation phase of GA. Thus, strain DSM 3504 seems 
to be more acid-tolerant than strain ATCC 621H. This is 
supported by a lower final pH-value of 2.29 measured for 
the unbuffered cultivation of strain DSM 3504 compared 
to a final pH-value of 2.58 for the unbuffered cultivation 
of strain ATCC 621H (Table 2). A significant second oxi-
dation phase can also be observed for CaCO3-, MES-, 
PIPPS- and citrate-buffered cultivation of DSM 3504. In 
comparison to strain ATCC 621H, the second oxidation 
phases in CaCO3-, PIPPS- and citrate-buffered cultivations 
of strain DSM 3504 (Fig. 1a, b) were more pronounced, as 
indicated by the higher OTR signals (Fig. 1b). With respect 
to the second oxidation phase of the MES-buffered sys-
tem, both strains of G. oxydans differ strongly from one 
another. Strain DSM 3504 depicts a sharp second oxidation 
phase unlike that of ATCC 621H which was completely 

missing. Compared to strain ATCC 621H, the respira-
tion activity of the phthalate-buffered cultivation of strain 
DSM 3504 is increased as well. However, the phthalate 
buffer is not as effective as the other tested buffers, since 
respiration is inhibited and a maximum OTR value of only 
23 mmol L−1 h−1 is obtained (Fig. 1b).

In general, strain DSM 3504 has a higher biomass for-
mation and productivity than the strain ATCC 621H, which 
is indicated by the altogether higher respiration activities 
(Fig. 1a, b), higher final OD600-values and lower final pH-
values (Table 2). Therefore, the tolerance of strain DSM 
3504 to soluble buffers is higher than that of strain ATCC 
621H. Since the OTRs of both G. oxydans strains were 
highest in CaCO3-buffered cultivations, this buffer was the 
most suitable one. Using the OTR signals measured in the 
respective exponential phases up to 6 h, the specific maxi-
mum growth rates for both strains were calculated. Interest-
ingly, G. oxydans DSM 3504 grew slower (0.49 h−1) than 
G. oxydans ATCC 621H (0.6 h−1).

The integral under the OTR curve depicts the total oxy-
gen consumption during cultivation and is illustrated in 
Fig. 1c, d. Glucose oxidation can be stoichiometrically 
evaluated by means of the total oxygen consumption. For 
each oxidation step, the required amount of oxygen is 
0.5 mol O2 per mol of oxidized compound. Taking into 
account the initial glucose concentration of 222 mmol L−1 
the required oxygen amount for 100 % d–gluconate forma-
tion is 111 and 222 mmol L−1 for the two aforementioned 
keto-gluconates, respectively. The total measured oxygen 
consumption of about 120 mmol L−1 at 6 h for cultivations 
of both strains with CaCO3, MES, and PIPPS reveals that 
glucose is completely oxidized to GA. The excess of ca. 
10 mmol L−1 measured oxygen consumption presumably 
originated from biomass formation on yeast extract.

Taking the total oxygen consumption at the end of 
fermentation as a measure for productivity, it becomes 
clear, that the CaCO3-buffered systems (ATCC 621H: 
399 mmol L−1; DSM 3504: 415 mmol L−1) have the high-
est biomass formation and the highest amount of oxidation 
products. For strain ATCC 621H, citrate (309 mmol L−1) 
or PIPPS (249 mmol L−1) can be a feasible buffer alterna-
tive to CaCO3. Moreover, in the cultivations of strain DSM 
3504, PIPPS (340 mmol L−1) or MES (312 mmol L−1) 
are viable options. Nevertheless, CaCO3 is the best buffer 
system in terms of biomass formation and oxygen con-
sumption. The main reason for this phenomenon might 
be that CaCO3 remains in the solid state in the absence of 
acids. Thus, with CaCO3, the osmotic pressure acting on 
the microorganisms remains constantly low. By contrast, 
soluble buffers increase the osmolality and, therefore, the 
osmotic pressure which might adversely affect the micro-
organisms. Thus, osmolalities of the cultivation media 
were measured and calculated (Table 2). The calculated 
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osmolalities are in good agreement with the empirical val-
ues. Since osmolalities remained nearly constant during 
the fermentations (data not shown), the measured initial 
osmolalities were assumed to be constant for the whole 
cultivation: By adding soluble buffers the osmolalities of 
the media increased by 100–200 % compared to those of 
the unbuffered or CaCO3-buffered media. The influence 
of higher osmolalities on G. oxydans will be discussed in 
detail below.

Comparison of unbuffered and CaCO3-buffered cultivation 
of G. oxydans ATCC 621H

To gain a better understanding of the occurring phenom-
ena during cultivation of G. oxydans ATCC 621H with the 
investigated buffer systems, offline samples were taken dur-
ing cultivation and analyzed with respect to metabolite con-
centrations, pH-, and OD600-values. The results for unbuff-
ered and CaCO3-buffered (reference buffer) fermentations 
of G. oxydans 621H are illustrated in Fig. 2. The courses 
of OTR and CTR curves of unbuffered cultivation (Fig. 2a) 
reveal a strong oxidation phase during the first 6 h of culti-
vation, since the CTR is significantly lower than the OTR. 
At this time point, the pH-value drops below 3 (Fig. 2e), 
thereby stopping the oxidation processes as well as biomass 
formation. Only a small amount of the generated GA was 
oxidized to keto-gluconates (Fig. 2c). Metabolite formation 
yielded 31 g L−1 GA, 6 g L−1 2KGA, 6 g L−1 5KGA and 
2.5 g L−1 acetate (HAc), while 6 g L−1 d-glucose remained 
unoxidized.

Throughout the whole CaCO3-buffered cultivation the 
OTR and CTR level was clearly higher (Fig. 2b) than for 
the unbuffered one (Fig. 2a), revealing a higher respira-
tion activity and productivity. The pH-value of the CaCO3-
buffered cultivation decreased only to 4.5 within 5 h before 
rising again to a final pH-value of 6.37 (Fig. 2f). This pH-
range offers highly improved bacterial growth conditions 
in comparison to the unbuffered cultivation. At 5 h, the 
maximum OTR of 49 mmol L−1 h−1 is reached, indicat-
ing glucose depletion due to its complete oxidation to GA 
(Fig. 2d) and biomass formation (Fig. 2f). The strikingly 
high CTR in the CaCO3-buffered system (Fig. 2b) is caused 
by the release of CO2 from the buffer. In the presence of 
acids, the buffer CaCO3 partly dissociates to Ca2+ and 
carbonic acid resulting in CO2 which gasses out. Conse-
quently, the illustrated CTR curve in Fig. 2b shows a mix-
ture of acid formation and respiration activity. After 5 h, the 
pH-value slightly increases, while GA is consumed, indi-
cated by its decreasing concentration from 45 to 6 g L−1 
(Fig. 2d). Within this second oxidation phase (5–24 h), 
16.8 g L−1 2KGA, 12.6 g L−1 5KGA and 2.7 g L−1 HAc 
are formed. Ultimately, the cultivation of G. oxydans 
ATCC 621H in CaCO3-buffered medium allows for higher 

biomass and product formation compared to the unbuffered 
cultivation.

Cultivation of sp. G. oxydans ATCC 621H in soluble 
buffers MES, PIPPS and citrate

As mentioned before, the respiration activity of G. oxy-
dans 621H depends on the applied soluble buffer (com-
pare Fig. 3a–c). During cultivations with MES, PIPPS and 
citrate buffers, d-glucose is completely oxidized after 6 h 
(MES and PIPPS) and 16 h (citrate) (Fig. 3d–f). The final 
pH-values were found to be 3.25 (MES), 3.7 (PIPPS) and 
4.78 (citrate) at the end of the respective time points of 6 
and 16 h. These values remained constant until the end of 
fermentations (Fig. 3g–i). It is hypothesized that the differ-
ent respiration activities are attributed to the different pH 
profiles. The existence and length of the second oxidation 
phase correlates with the final pH-value. For cultivation 
with MES the lowest pH-value was measured and no sec-
ond oxidation phase could be detected (Fig. 3a), whereas 
PIPPS- and citrate-buffered cultivations showed higher pH-
values and a second oxidation phase (Fig. 3b, c).

In the MES-buffered culture, GA was only barely further 
oxidized which is in good agreement with the OTR curve 
dropping to zero after glucose depletion (Fig. 3a, d). Con-
sequently, the GA concentration of 44 g L−1 stays constant 
and only small amounts of keto-gluconates (4.35 g L−1 
2KGA, 2.79 g L−1 5KGA) are formed (Fig. 3d). Moreover, 
0.17 g L−1 acetate was produced. The pH-value decreased 
below 3.5 (Fig. 3g), resulting in an inhibited PPP and lead-
ing to low biomass formation similar to that of the unbuff-
ered cultivation (Fig. 2e).

On PIPPS-buffered medium (Fig. 3b, e, h), G. oxy-
dans 621H further oxidized GA from a concentration of 
44 g L−1 to a final concentration of 5.19 g L−1 after 30 h. 
Accordingly, compared to the MES-buffered cultivation, 
the production of 5KGA and 2KGA was more than 7-fold 
(21.17 g L−1) and 4-fold (19.94 g L−1), respectively. The 
oxidation of GA to 2KGA and 5KGA (Fig. 3e) in the sec-
ond oxidation phase is also visible in the consistent decline 
of the OTR curve from ca. 10 mmol L−1 h−1 at 6 h to zero 
at 30 h (Fig. 3b). Acetate in a concentration of 0.6 g L−1 
was formed (Fig. 3e), which is 24 % compared to that of 
the unbuffered fermentation (Fig. 2c). Biomass formation 
in PIPPS-buffered cultivation (OD600 = 2.16) was almost 
equal to that of the unbuffered cultivation (OD600 = 2.11) 
(Figs. 2e, 3h; Table 2).

As mentioned before, the citrate-buffered G. oxydans 
ATCC 621H cultivation showed a time delay in respira-
tion activity. A slightly higher OD600 of 2.31 is reached 
in comparison to the PIPPS- and MES-buffered sys-
tems (Fig. 3g–i, respectively). Almost no acetate was 
formed during the citrate-buffered growth. Gluconic 
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acid is oxidized to a residual amount of 4.19 g L−1 
(21 mmol L−1) (Fig. 3f), indicating the formation of keto-
gluconates. Since the citrate peak in HPLC analysis over-
lapped those for keto-gluconates, these concentrations 
could not be measured. The keto-gluconate formation 
becomes particularly clear when considering the molar 
oxygen balance (Fig. 1c). The total oxygen consumption 
for citrate-buffered cultivation is 310 mmol L−1 (Fig. 1c). 
If one disregards cell growth, the complete oxidation of 
222 mmol L−1 glucose to an equimolar concentration of 
GA would in theory yield a total oxygen consumption 
of 111 mmol L−1. Given the fact that 21 mmol L−1 GA 
remained unoxidized, only 201 mmol L−1 of GA were 
converted by G. oxydans. This would theoretically yield 
a total oxygen consumption of 100 mmol L−1. Therefore, 
the oxidation of glucose to keto-gluconates requires a 
total oxygen consumption of 211 mmol L−1. A dry cell 
weight of 0.62 g L−1 was derived from the final OD600 
value of 2.31 and the empirical correlation according to 
a previous work of Richhardt et al. [37]. The respective 
molar cell concentration of G. oxydans 621H cells was 
calculated from the formula C5H8.9NO1.9 [31]; it can be 
estimated from this that 10 mmol L−1 O2 was needed for 
biomass formation. Consequently, only 221 mmol L−1 
oxygen consumption are stoichiometrically explain-
able, while around 100 mmol L−1 consumed oxygen 
cannot be explained by direct oxidation of glucose, GA 
and by biomass formation. Most likely, citrate was used 
as an additional substrate in the incomplete citrate cycle 
which is indicated by the conspicuously high CTR values 
(max. 18 mmol L−1 h−1) (Fig. 3c). In G. oxydans, CO2 is 
usually formed by four metabolic steps: in the PPP dur-
ing decarboxylation of 6-phosphogluconate to ribulose-
5-posphate, at the end of the Entner–Doudoroff pathway 
during conversion of pyruvate to acetaldehyde or Acetyl-
CoA, and in the incomplete citrate cycle during conver-
sion of isocitrate to 2-oxoglutarate, and decarboxylation 
of 2-oxoglutarate and glutamine to succinyl-CoA. The cit-
rate cycle in G. oxydans is incomplete, since it lacks the 
succinate dehydrogenase and the succinyl-CoA-synthase 
[17, 31, 43]. Thus, adding citrate apparently led to an 
enhanced activity of the incomplete citrate cycle and the 
release of 2 moles of CO2 per mole of citrate. The formed 
CO2 gassed out and resulted in the increase in the CTR 
values (Fig. 3c). NADH that was additionally formed in 
the incomplete citrate cycle was oxidized in the respira-
tory chain, causing the 100 mmol L−1 excess in oxygen 
consumption. This is illustrated by the equal CTR and 
OTR in the cultivation phase after 13 h (Fig. 3c). Since 
citrate is obviously not inert, this buffer was not further 
investigated.

To summarize, cultivations buffered with soluble com-
ponents showed significantly less formation of biomass and 

product as well as lower respiration activity compared to 
the reference system with CaCO3 buffer. Two major rea-
sons for this phenomenon could be identified: (1) the pH-
value could not be stabilized in the optimal range of 5.5–6, 
and (2) osmolality strongly increased because of the higher 
amounts of soluble buffer compounds. To understand the 
superior performance of CaCO3 as a buffer, the pKa and 
pH-values have to be taken into account to determine and 
evaluate the osmotic pressure.

Determination of osmotic sensitivity by addition of salts 
to CaCO3-buffered cultivations

To investigate the influence of the osmotic pressure on 
G. oxydans 621H and DSM 3504, NaCl (Fig. 4), MgSO4 
(Fig. 5) or KCl (Online Resource 1) were added to the 
CaCO3-buffered (0.22 mol L−1) medium to achieve a 
defined increase of osmolality. Respiration activities were 
monitored using the RAMOS device.

In these experiments, NaCl concentrations were var-
ied from 0 to 25 g L−1 resulting in osmolalities between 
0.33 osmol kg−1 (plain medium) and 1.19 osmol kg−1 
(Fig. 4). It could be observed that for both strains an 
increasing NaCl concentration leads to decreasing maxi-
mum OTR values (Fig. 4a, b). Furthermore, these OTR 
maxima were found to be shifted with time with increasing 
NaCl concentrations. The total oxygen consumed (Fig. 4c, 
d) until the maximum OTR was reached decreases as well. 
For the osmolality of 1.19 osmol kg−1 (25 g L−1 NaCl), no 
distinct OTR peak could be detected within the cultivation 
time (Fig. 4a, b). Consequently, the oxidation of d-glu-
cose was slowed down and became more incomplete with 
increasing amounts of salts and, thus, at higher osmotic 
pressures.

Upon comparing the cultivations of strain ATCC 
621H with that of DSM 3504, the decrease in the maxi-
mum OTR values was more pronounced for strain ATCC 
621H (Fig. 4a, b). Thus, G. oxydans ATCC 621H reacts 
more sensitively to higher osmotic stress than G. oxy-
dans DSM 3504. Increasing NaCl concentrations greatly 
affected the second oxidation phase (Fig. 4a, b). Already a 
NaCl concentration of 5 g L−1 led to a strong delay and 
decrease in the OTR curve for the second oxidation phase. 
For concentrations above 5 g L−1, almost no second oxida-
tion phase could be observed. The same phenomena were 
observed for both strains when adding KCl instead of NaCl 
(Online Resource 1).

Results for the variation of MgSO4 concentration in 
the CaCO3-buffered system are illustrated in Fig. 5. The 
concentration of MgSO4 · 7 H2O was varied from 2.5 to 
150 g L−1 (0.33–1.08 osmol kg−1), thereby achieving 
osmolalities between 0.33 osmol kg−1 (plain medium) and 
1.08 osmol kg−1. Again, increasing salt concentrations and, 



595J Ind Microbiol Biotechnol (2015) 42:585–600 

1 3

thus, higher osmolalities result in delayed and decreased 
OTR maxima. Interestingly, with MgSO4 · 7 H2O strain 
ATCC 621H seems to tolerate the increased osmolality 
better than strain DSM 3504. This is demonstrated by the 
comparably narrow time shift of the OTR maxima (Fig. 5a) 
and the distinct diauxic behavior even at higher osmolali-
ties up to around 1 osmol kg−1 (150 g L−1 MgSO4 · 7 H2O) 
for strain ATCC 621H. In contrast, strain DSM 3504 shows 
more time-shifted OTR maxima and a diminished second 
oxidation phase (Fig. 5b). The differences between the two 
strains within the two oxidation phases become prominent 

when the total oxygen consumptions are compared to each 
other (Fig. 5c, d): G. oxydans ATCC 621H consumes about 
120 mmol L−1 oxygen within the first 6–9 h of cultivation, 
whereas the strain DSM 3504 needs 5–12 h. This amount 
of 120 mmol L−1 consumed oxygen implies the total oxi-
dation of D-glucose (222 mmol L−1) to GA. Additionally, 
the slope of the curve of total oxygen consumption in the 
second oxidation phase of strain DSM 3504 is lower with 
increasing salt concentration (Fig. 5d), demonstrating a 
slower conversion of GA. Within 22 h, strain DSM 3504 
could not completely oxidize the GA which is indicated 

Fig. 4  Influence of the initial 
osmotic pressure on the oxygen 
transfer rate and on the total 
oxygen consumption during 
the growth of Gluconobacter 
oxydans ATCC 621H (a, c) and 
DSM 3504 (b, d) in complex 
glucose medium (main ingre-
dients: 40 g L−1 glucose, 5 g 
L−1 yeast extract) with varying 
NaCl concentrations and CaCO3 
(0.22 mol L−1). Cultivation 
conditions: 30 °C, 250 mL non-
baffled shake flasks with 10 mL 
filling volume, 350 rpm shaking 
frequency, 50 mm shaking 
diameter

a b

dc

Fig. 5  Influence of the initial 
osmotic pressure on the oxygen 
transfer rate and on the total 
oxygen consumption during 
the growth of Gluconobacter 
oxydans ATCC 621H (a, c) and 
DSM 3504 (b, d) in com-
plex glucose medium (main 
ingredients: 40 g L−1 glucose, 
5 g L−1 yeast extract) with 
varying MgSO4 (heptahydrate) 
concentrations and CaCO3 
(0.22 mol L−1). Cultivation 
conditions: 30 °C, 250 mL non-
baffled shake flasks with 10 mL 
filling volume, 350 rpm shaking 
frequency, 50 mm shaking 
diameter

a

c

b

d
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by the still increasing oxygen consumption (Fig. 5d). By 
contrast, strain ATCC 621H totally converts GA within the 
same time at osmolalities of up to 0.8 osmol kg−1 (95 g L−1 
MgSO4 · 7 H2O) (Fig. 5c).

By contrast with NaCl and KCl, MgSO4 is not an inert 
salt, since its ion Mg2+ is known as a complexing ion for 
enzymes and, thus, enhances their activity [8, 12]. Conse-
quently, the absence of MgSO4 led to reduced respiration 
activity, exemplary investigated for the growth of strain 
DSM 3504 (data not shown).

Growth of G. oxydans as a function of water activity

Figure 6 summarizes the cultivations for buffer screening 
(see Figs. 1, 2, 3) and with varying salt concentrations (see 
Figs. 4, 5, and KCl) for both strains with respect to the ini-
tial osmolality and the corresponding water activity. The 
specific maximum growth rates µmax, the times of the first 

OTR peak, and the total oxygen consumption until 18 h 
after the first OTR peak had been reached are depicted. As 
Figs. 4 and 5 show, the differences in the OTR curves are 
especially striking during the second oxidation phase, that 
means after the first OTR peak. Consequently, the oxygen 
consumption after reaching the first OTR peak was used as 
evaluation parameter. Since cultivations were stopped mini-
mum 18 h after the first OTR peak, the same time period 
was chosen, enabling the direct comparison of both strains.

There are clear trends. Decreasing osmolality, thus 
increasing water activity, resulted in increasing maximum 
specific growth rates (µmax), decreasing times until the first 
OTR peak was attained, and increasing total oxygen con-
sumptions up to 18 h after the first OTR peak had been 
reached for G. oxydans ATCC 621H (Fig. 6a, c, e) and 
DSM 3504 (Fig. 6b, d, f). Maximum specific growth rates 
µmax were fitted according to the modified Davey model 
(Eq. 11) as illustrated in Fig. 6a, b (dashed lines). The data 

a b

c d

e f

Fig. 6  Influence of the initial osmotic pressure or water activity on 
the maximum specific growth rate µmax, time to the 1st OTR peak, 
and on the total oxygen consumption until 18 h after 1st OTR peak 
for Gluconobacter oxydans ATCC 621H (a, c, e) and DSM 3504 (b, 
d, f) in complex glucose medium (main ingredients: 40 g L−1 glu-
cose, 5 g L−1 yeast extract) with CaCO3 (0.22 mol L−1). 30 °C, 
250 mL non-baffled shake flasks with 10 mL filling volume, 350 rpm 
shaking frequency, 50 mm shaking diameter. The dashed lines sym-

bolize fits according to the modified Davey model (Eq. 11) (a, b), 
quadratic polynomial (c, d) and linear (e, f) approximations and for 
data illustrated above. Quadratic polynomials are: ATCC 621H, 
tthe first peak = 10.86 aw

2 − 7.04 aw + 7 with R2 = 0.96; DSM 3504. 
tthe first peak = 20.96 aw

2 − 17.16 aw + 7.47 with R2 = 0.54. Linear 
approximations are: ATCC 621H, O2,consumed = −308.5 aw + 389.5 
with R2 = 0.62; DSM 3504. O2,consumed = −308.1 aw + 388.7 with 
R2 = 0.61
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for the times until reaching the first peak of the OTR curve 
were approximated with a quadratic polynomial as illus-
trated in Fig. 6c, d. Water activities lower than 0.990 led to 
reduced growth rates and longer times until the first peak 
was attained. Data sets for total oxygen consumption until 
18 h after the first peak could be linearly approximated 
(Fig. 6e, f, dashed lines). With decreasing water activities, 
the total oxygen consumption decreased, indicating that the 
oxidations of formed GA to 2KGA or 5KGA and the sub-
sequent oxidation of 2KGA to DKGA in DSM 3504 were 
inhibited as well.

The results in Fig. 6a, c for the growth of G. oxydans 
ATCC 621H show, that the reduction of water activity by 
adding buffers, led to slightly higher maximal specific 
growth rates and shorter times until the first OTR peaks 
were reached, when compared to the salt variation experi-
ments. One reason might be a higher toxicity of NaCl, KCl 
and MgSO4 compared to the investigated buffers. This phe-
nomenon should be investigated in a future study.

The results in Fig. 6 demonstrate a high osmotic sen-
sitivity of G. oxydans ATCC 621H and DSM 3504. The 
considerably reduced growth characteristics at water 
activities of below 0.99 are in good agreement with the 
lower osmotic resistance of the bacteria in comparison to 
yeasts, for example. While yeasts can grow in media with 
water activities as low as 0.85, bacteria tolerate only water 
activities that are higher than 0.9 [7]. In 1976, Sterne et al. 
[46] investigated the influence of osmotic pressure on the 
growth of the fungi Phytophthora cinnamomi by variation 
of NaCl, KCl and MgSO4 concentrations, amongst others. 
The experiments in this study were conducted with a water 
activity in the range of 0.995 (osmotic pressure in the range 
of 7 bar) to 0.98 (28 bar). Optimal growth of P. cinnam-
omi occurred at an osmotic pressure of 7 bar. Growth was 
reduced by 50 % at a water activity aw of ca. 0.9935 (9 bar) 
adjusted with NaCl or KCl. If the osmotic pressure was 
adjusted with MgSO4, growth of P. cinnamomi was already 
50 % at aw = 0.997 (4 bar). Interestingly, the two G. oxy-
dans strains investigated here exhibited a higher osmotic 
tolerance than the fungi P. cinnamomi, which contradicts to 
Brown [7], who stated higher osmotic tolerances of fungi in 
comparison to bacteria. Sterne et al. stated that NaCl, KCl 
and MgSO4 influence growth only by altering the osmotic 
pressure. In the current study, this could be confirmed for 
G. oxydans. Comparable results were obtained by Woods 
and Duniway [50] who showed the influence of osmotic 
pressure on Phytophthora cryptogea and Fusarium mon-
iliforme when using NaCl, KCl and MgSO4 to increase the 
osmotic pressure. Gao et al. [15] cited inhibitory effects on 
the growth of G. oxydans WSH-003 when osmotic pres-
sure was increased due to high concentrations of 2-keto-
gulonic acid (>140 g L−1). Furthermore, an early study by 
Mori et al. [28] reported the inhibitory effect of increasing 

osmotic pressure due to increased substrate concentrations 
during the cultivation of G. xydans ATCC 621H. Growth 
rate and product formation rate decreased as osmotic pres-
sure increased, which is perfectly concordant with the 
results presented in this work. However, water activities 
were not mentioned in the latter two publications. Because 
of the membrane permeability to water and impermeabil-
ity to most solutes, living cells are affected by changes in 
the total solute concentration in the surrounding medium, 
which inherently means a change in osmotic pressure. A 
detailed study regarding the responses of Escherichia coli 
(E. coli) to osmolarity in a range of 0.1–3 osmol L−1 was 
presented by Record et al. [36]. In this cited study, optimal 
growth rates were obtained at 0.28 osmol L−1. To compare 
the results of our study with those of Record et al. it was 
assumed that the density of the medium is equal to that 
of water (1 kg L−1). Thereby, the osmolarity (osmol L−1) 
is equal to the osmolality (osmol kg−1). The herein deter-
mined optimum osmolality for G. oxydans of approxi-
mately, 0.4 osmol kg−1 is slightly higher than the optimum 
for E. coli (0.28 osmol kg−1). Escherichia coli reacts to 
increasing osmolarity (>1 osmol L−1) by releasing free 
cytoplasmic water. Thus, the concentration of cytoplasmic 
solutes increases, resulting in strongly reduced growth of E. 
coli. After addition of the osmoprotectant glycerine betaine 
(1 mol L−1), free cytoplasmic water was increased. Further-
more, the E. coli growth rate increased almost twofold. In 
further studies, the applicability of such an osmoprotectant 
for the cultivation of G. oxydans could be investigated.

In Fig. 7 the impact of water activity on normalized 
growth rate is shown for G. oxydans ATCC 621H and 
DSM 3504 in comparison to several other microorgan-
isms. The plotted curves are fits according to the modi-
fied Davey model as given by Eq. (11). The correspond-
ing fitting parameters are given in Table 3. As illustrated, 
the two investigated strains G. oxydans ATCC 621H and 
DSM 3504 possess a low-osmotic tolerance, when com-
pared to other, mostly bacterial, strains. Only the fungi 
Phytophtora cinnamomi grown on minimal medium with 
NaCl as osmoticum [46] is more osmotic-sensitive than 
the two G. oxydans strains, even though these strains 
have the same optimum of the maximal specific growth 
rate at a water activity of 0.995. This is indicated by the 
stronger drop of the curve for the P. cinnamomi in com-
parison to the curves of G. oxydans 621H and DSM 
3504. Escherichia coli grown on minimal medium with 
NaCl as osmoticum, as reported by Record et al. [36], is 
equally osmotic-sensitive, compared to both G. oxydans 
strains. By contrast, when E. coli was cultivated on rich 
medium, it showed an increased osmotic tolerance indi-
cated by the decrease of the minimal water activity for 
growth from 0.973 to 0.95 (see Fig. 7). In 1978 Prior [34] 
described the dependency of the specific growth rates of 
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Pseudomonas fluorescens on water activities when glyc-
erol or NaCl were used as osmotica. These experimental 
data were approximated with the Davey model and are 
illustrated in Fig. 7. It becomes clear, that, if NaCl was 
used as osmoticum, P. fluorescens responds more sensi-
tive in comparison to growth on media with varying glyc-
erol amounts. Corynebacterium glutamicum possesses an 
optimal specific growth rate at a water activity of 0.9983 
and growths up to a water activity of 0.96, as reported by 
Guillouet and Engasser [19]. The most osmotic-tolerant 
microorganisms illustrated in Fig. 7 are Microbacterium 
thermosphactum [10], Staphylococcus aureus [11] and 
Staphylococcus xylosus [10] with optimal specific growth 

rates at water activities of 0.984, 0.985 and 0.972, respec-
tively. Summarizing, G. oxydans ATCC 621H and DSM 
3504 show a comparably high osmotic sensitivity under 
the applied experimental conditions with NaCl, KCL and 
MgSO4 as osmotica. Presumably, the application of other 
osmotica or the change of the medium composition could 
increase Gluconobacters osmotic tolerance, as shown for 
E. coli and P. fluorescens (Fig. 7).

Conclusion

The activity of enzymes oxidizing d-glucose to gluconic 
acids is pH-dependent. Thus, a suitable buffer is neces-
sary to stabilize the pH-value during cultivations of G. 
oxydans on glucose to enable process development and 
optimization in shake flasks. Calcium carbonate (CaCO3), 
the commonly used buffer for cultivations of G. oxydans, 
is not convenient for laboratory-scale screening processes. 
Since screening often relies on optical measurements and 
determination of dry cell weight, the insolubility of CaCO3 
often hinders the analysis. Soluble buffers would solve 
this problem, but their application is strongly limited by 
the high osmotic sensitivity of G. oxydans ATCC 621H 
and DSM 3504 in comparison to other microorganisms of 
industrial interest. Even though only PIPPS was found to 
be a partially adequate alternative to the commonly used 
CaCO3 buffer, it caused reduced cell growth and reduced 
respiration activity.

To improve growth and respiration activity, one option 
would be to reduce the medium osmolality, e.g., by decreas-
ing the substrate and buffer concentration to 0.055 mol L−1 

Fig. 7  Influence of water activ-
ity on the normalized maximal 
specific growth rates of different 
microorganisms fitted with the 
modified Davey model (Eq. 11). 
The maximal specific growth 
rates were normalized against 
the maximal growth rate at the 
optimal water activity according 
to the Davey model. The data 
for G. oxydans ATCC 621H and 
DSM 3504 are obtained from 
Fig. 6a, b. The parameters of the 
Davey model for the different 
microorganisms are given in 
Table 3

Table 3  Parameters of the modified Davey model (Eq. 11) for vari-
ous microorganisms characterizing their osmotic sensitivity

Microbial strain Fit parameters References

µm (h−1) aw,m daw

G. oxydans ATCC 621H 0.45 0.995 0.009 This work (Fig. 6a)

G. oxydans DSM 3504 0.67 0.996 0.009 This work (Fig. 6b)

S. xylosus 1.1 0.972 0.058 [10]

S. aureus 1.44 0.985 0.043 [11]

M. thermosphactum 0.65 0.984 0.021 [10]

C. glutamicum 0.76 0.997 0.019 [19]

E. coli (rich medium) 2.3 0.997 0.023 [36]

E. coli (minimal 
medium)

0.98 0.995 0.009 [36]

P. fluorescens (glycerol) 0.39 0.998 0.02 [34]

P. fluorescens (NaCl) 0.4 0.998 0.015 [34]

P. cinnamomi 0.027 0.997 0.009 [46]
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glucose and 0.11 mol L−1 PIPPS. However, this option 
would lead to an undesirable reduction in productivity.

In essence, this study clearly points out that the osmotic 
sensitivity of G. oxydans has to be considered if high con-
centrations of substrate or soluble buffers are to be applied. 
It is important that osmolality values of >0.5 osmol kg−1 
should not be exceeded to achieve optimal growth and 
product formation.
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