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A B S T R A C T   

L-Arabinonic acid is a five carbon sugar acid valuable for various potential applications. Based on previous 
observations that Gluconobacter oxydans 621H oxidizes L-arabinose in the periplasm by the membrane-bound 
glucose dehydrogenase GdhM yielding L-arabinonic acid, we tested its ability for production. In fed-batch 
shake flasks without pH control, 17.4 g/L L-arabinonic acid and 5.7 g/L L-arabino-1,4-lactone were obtained. 
A large fraction of L-arabinose remained unused since acidification of the medium prevented further substrate 
oxidation. In pH 6-controlled fed-batch bioreactors, up to 120 g/L L-arabinonic acid and 13 g/L L-arabino-1,4- 
lactone could be obtained with strain 621H (144 h). Constitutive overexpression of gdhM did not increase 
product titers and resulted in reduced biomass formation, yet the gdhM overexpression strain showed higher 
biomass-specific production (169 g/L/gcdw) compared to 621H (131 g/L/gcdw). The high combined product titer 
(133 g/L, 814 mM) makes G. oxydans a very promising host for high-level production of L-arabinonic acid.   

1. Introduction 

Arabinonic acid (arabonate) is a five carbon sugar acid (predicted 
pKa 3.39) that can serve a variety of purposes. In the patent literature, it 
is described that arabinonic acid or its lactone could be useful for elec
trolytic decarboxylation to produce erythrose and erythritol (Genders 
and Stapley, 2016; Stapley and Genders, 2016), for producing polymer 
variants for different applications (Ohsumi and Fujii, 2018; Van Es et al., 
2017; Weng et al., 2018), for composite cements and semiconductor 
processing materials (Lee, 2013; Yamazaki, 2007), for medical appli
cations (Okuda and Shimizu, 2016; Sanai and Tanaka, 2010), and for 
cosmetics (Kawasaki et al., 2005; Maaß et al., 2013). L-Arabinonic acid 
can also be used to produce L-1,2,4-butanetriol (Niu et al., 2003), which 
is a precursor of the propellant 1,2,4-butanetriol trinitrate, an important 
plasticizer for nitrate ester plasticized polyether and useful to improve 
mechanical properties and reliability of nitroglycerin (Pei et al., 2017). 

Arabinonic acid can be formed chemo-catalytically, e.g. by oxidation 
of arabinose on gold and palladium catalysts, by oxidation of trehalose 
with N-bromoacetamide in the presence of suitable rhodium catalysts, 
by oxidation of lactose with potassium iodate in the presence of suitable 
iridium catalysts, or by oxidation of glucose with silver(III) periodate in 

the presence of suitable ruthenium‑osmium catalysts (Correia et al., 
2019; Kusema et al., 2010; Sataraddi and Nandibewoor, 2013; Singh 
et al., 2014; Smolentseva et al., 2011). 

Enzymatically, arabinonic acid can be formed by arabinose-oxidizing 
enzymes from L-arabinose-metabolizing bacteria, which typically are 
intracellular dehydrogenases that use NAD(P)+ as a cofactor. Here, the 
carbon and energy source L-arabinose is oxidized to L-arabino-1,4- 
lactone, which then is hydrolyzed in a spontaneous reaction or by a 
lactonase to yield L-arabinonic acid (Dilworth et al., 1986; Duncan, 
1979; Johnsen et al., 2013; Mathias et al., 1989; Novick and Tyler, 1982; 
Seiboth and Metz, 2011; Watanabe et al., 2006a; Watanabe et al., 2006b; 
Weimberg, 1959; Weimberg and Doudoroff, 1955). For the microbial 
production of L-arabinonic acid from L-arabinose, selected L-arabinose 
dehydrogenases were tested in Saccharomyces cerevisiae. With L-arabi
nose/D-galactose 1-dehydrogenase AraDH from Rhizobium leguminosa
rum expressed in S. cerevisiae, a titer of 18 g/L L-arabinonic acid 
corresponding to a yield 86 of % was achieved within 118 h in a pH 5.5- 
controlled 0.5 L batch fermenter (Aro-Karkkainen et al., 2014). In an 
engineered Escherichia coli strain with inactivated L-arabinose meta
bolism, 43.9 g/L was achieved with 40 g/L L-arabinose within 36 h in a 
pH 7-controlled 5 L batch fermenter by expressing NAD(P)+-dependent 
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L-arabinose dehydrogenase AraDH from Azospirillum brasilense (Liu 
et al., 2014). 

In contrast to the intracellular NAD(P)+-dependent oxidation of L- 
arabinose, the periplasmic oxidation of L-arabinose provides some ad
vantages. Substrate import into the cytoplasm and product export out of 
the cytoplasm, which both may limit the production efficiency, are not 
required. Periplasmic enzymes oxidizing sugars including arabinose to 
the corresponding aldonic acids occur in acetic acid bacteria (AAB), such 
as Gluconobacter oxydans (Matsutani and Yakushi, 2018; Peters et al., 
2013). G. oxydans is well-established in industry for oxidative bio
transformations of carbohydrates to produce e.g. L-sorbose, a precursor 
of vitamin C, dihydroxyacetone, a tanning agent, or 6-amino-L-sorbose, a 
precursor of the antidiabetic drug miglitol (Ameyama et al., 1981; Gupta 
et al., 2001; Hekmat et al., 2003; Saito et al., 1997; Tkac et al., 2001; 
Wang et al., 2016). This bacterium catalyzes the regio- and stereo
selective periplasmic oxidation of many substrates, including sugars and 
sugar alcohols, by membrane-bound dehydrogenases with subsequent 
release of the products into the medium via porins in the outer 

membrane (Mamlouk and Gullo, 2013; Mientus et al., 2017; Pappen
berger and Hohmann, 2014). 

In G. oxydans 621H, L-arabinose is oxidized in the periplasm by the 
membrane-bound glucose dehydrogenase GdhM (GOX0265) yielding L- 
arabinonic acid, while the activity of the cytosolic glucose dehydroge
nase GdhS (GOX2015) was not relevant for this reaction (Fricke et al., 
2020; Mientus et al., 2017; Peters et al., 2013). Recently, the ability of 
G. oxydans for conversion of lignocellulose-derived non-glucose sugars 
from corn stover, including 10 g/L L-arabinose, into the corresponding 
sugar acids in pH-controlled bioreactors was also reported (Yao et al., 
2017). 

In this study, we tested the ability of G. oxydans 621H to produce L- 
arabinonic acid at higher levels from pure L-arabinose stock. Control of 
the medium pH was crucial to achieve long-term formation of L-arabi
nonic acid, as it caused a strong acidification of the medium. Plasmid- 
based overexpression of gdhM, although having a negative impact on 
growth and robustness of the cells, improved the biomass-specific pro
duction parameters. Despite, the highest product titers were obtained 

Table 1 
Strains and plasmid used in this study.  

Strain Relevant characteristic(s) Ref./Source 

E. coli S17-1 ΔrecA, endA1, hsdR17, supE44, thi-1, tra+ Simon et al. (1983) 
G. oxydans 621H DSM 2343 DSMZ  

Plasmid 
pMM4a-mGDH expression of the membrane-bound glucose dehydrogenase gene  

(GOX0265, gdhM) from the constitutive alcohol dehydrogenase promoter Padh 

Mientus et al. (2017)  

Fig. 1. Shake flasks cultivations of G. oxydans 621H grown in D-mannitol medium with supplements of L-arabinose and one feed after 24 h (blue indicator). a) Growth 
according to OD600 and L-arabinose concentrations. b) pH values measured in the culture supernatants after 24 h and 48 h of cultivation. c, d) Concentrations of L- 
arabinonic acid and L-arabino-γ-1,4-lactone in culture supernatants. e) Carbon balance as stacked relative amounts (%) of the residual substrate L-arabinose and the 
two formed products L-arabinonic acid and its 1,4-lactone as determined at 48 h and calculated from the concentrations. For each condition, the total amount of the 
substrate L-arabinose supplied was set to 100%. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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with the G. oxydans 621H type strain without gdhM overexpression. In 
pH-controlled fed-batch bioreactors, 120 g/L L-arabinonic acid and 13 
g/L of its 1,4-lactone were accumulated, which more than tripled the 
product titers previously reported for E. coli and S. cerevisiae. 

2. Material and methods 

2.1. Bacterial strains, plasmids, medium and shake flasks cultivations 

Strains and plasmids used in this study are listed in Table 1. 
G. oxydans was cultivated in D-mannitol medium containing 4% (w/v) D- 
mannitol, 5 g/L yeast extract, 1 g/L KH2PO4, 1 g/L (NH4)2SO4, 2.5 g/L 
MgSO4 x 7 H2O at 30 ◦C. As a precaution to prevent bacterial contam
ination, all media were routinely supplemented with 50 μg mL− 1 

cefoxitin. In cultivations of G. oxydans harboring plasmid pMM4a- 
mGDH, additionally 50 μg mL− 1 kanamycin was added to the medium 
(Mientus et al., 2017). For shake flask cultivations, cells were inoculated 
from pre-cultures to an initial optical density at 600 nm (OD600) of 0.3 
(UV-1800, Shimadzu), and grown in 500 mL shaking flasks with three 
baffles containing 60 mL D-mannitol medium. 

2.2. Quantification of L-arabinose, L-arabinonic acid and L-arabino-1,4- 
lactone 

For quantification of L-arabinose, L-arabinonic acid, and L-arabino- 
1,4-lactone by nuclear magnetic resonance (NMR) spectroscopy, su
pernatant samples were diluted in a 1:10 ratio with miliQ water. 
Furthermore, 10% (v/v) D2O was added to generate an NMR lock signal 
and 5 mM dimethyl sulfoxide (DMSO) as a reference for quantification of 
reactants. One-dimensional 1H NMR spectra were acquired with a 
Bruker AVANCE III HD 600 spectrometer equipped with a 5 mm HCN 
TCI cryo-probe operating at 599 MHz (14.1 Tesla). The 1H NMR data 
were obtained at 25 ◦C sample temperature and with the following 
acquisition parameters: presaturation time of 30 s for water suppressing, 
8 transients, 4800 Hz sweep width corresponding to 4 s of acquisition 
time and 38,362 time domain data points. Spectra were processed and 
analyzed using Bruker Topspin version 3.6.2. After Fourier trans
formation, zerofilling to 512 K data points and baseline correction, the 
nonoverlapping signals of L-arabinose, L-arabinonic acid and L-arabino- 
1,4-lactone were integrated. The concentration of the three compounds 
was calculated by using the 5 mM DMSO reference integral. 

2.3. Fed-batch in pH-controlled bioreactor cultivation conditions 

DASbox® mini-bioreactors were used for cultivations in D-mannitol 
medium. Bioreactors controlled by DASware software (Eppendorf) were 
used in combination with two 6-bladed Rushton-type impellers, pH- 
(EasyFerm Plus K8 120, Hamilton), O2-(InPro® 6800 series, Mettler- 
Toledo) and temperature-sensors. For the cultivations, 385 mL glass 
vessels were filled with 100 mL of 4% (w/v) D-mannitol medium and 
cells were grown at 30 ◦C from an initial OD600 of 0.3. Starting with 500 
rpm agitation frequency and a gas flow rate of 6 sL h− 1 purged directly 
into the medium, a three step cascade was applied to maintain the dis
solved oxygen tension ≥30%. Firstly, agitation was gradually increased 
to 1200 rpm. Secondly, the percentage of oxygen in the air supply was 
up-regulated to a maximum of 80% (v/v), and finally the air flow rate 
was automatically elevated. During the entire cultivation, pH 6 was 
maintained by automatic titration with a 3 M KOH solution. Samples for 
off-line monitoring of growth, substrate consumption and product for
mation were taken in intervals and treated as described above. Super
natants were stored at − 20 ◦C until the NMR analysis of substrates and 
products. For the calculations of biomass-specific product titers, a cor
relation factor of 0.32 g cell dry weight (cdw)/L for a culture with an 
OD600 of 1 was used (Richhardt et al., 2012). 

3. Results and discussion 

3.1. L-Arabinonic acid formation in fed-batch shake flask is pH-limited 

In order to elucidate the potential of G. oxydans to form L-arabinonic 
acid at higher titers in one step from L-arabinose, strain 621H first was 
cultivated in shake flasks in D-mannitol medium supplemented with 10 
g/L, 40 g/L, and 80 g/L L-arabinose. Under all conditions, the strain 
grew very similar. Even with 80 g/L L-arabinose only a slight growth 
retardation was observed (Fig. 1a). After 24 h, equal volumes of 
different L-arabinose stock solutions prepared with D-mannitol-free 
medium were fed to obtain a supplement of 20 g/L, 40 g/L, and 80 g/L, 
respectively. For the control (0 g/L L-arabinose), equal volume of D- 
mannitol-free medium was added. The formation of L-arabinonic acid 
(pKa 3.39, https://hmdb.ca/metabolites/HMDB0000539) led to addi
tional acidification of the medium. The L-arabinose left at 24 h before 
feed and at 48 h indicated that L-arabinose consumption was strongly 
decreased below pH 3 or even disabled below pH 2.7 (Fig. 1a, b). The 
maximal L-arabinonic acid concentration was 17.4 g/L after 24 h with 
80 g/L L-arabinose (Fig. 1c). The NMR analysis also revealed L-arabino- 
1,4-lactone. The highest titer of 1,4-lactone was 5.7 g/L after 48 h with 
80 g/L L-arabinose (Fig. 1d). The somewhat lower L-arabinonic acid titer 
at 48 h compared to 24 h resulted from the 10 mL volume increase due to 
the feed at 24 h and some acid was likely converted in the acidic con
ditions to 1,4-lactone, since these levels were similar at 24 h and 48 h 
despite the volume increase. Based on the concentrations measured by 
NMR and the volume changes, the carbon balance sum of the final 
amounts of residual substrate and the two products corresponded 
approximately to 120%, 110% and 100% of the amount of substrate 
provided in total (Fig. 1e). This suggested that the metabolite levels were 
somewhat overestimated by NMR. Then, the data of the high L-arabinose 
condition (80 + 80 g/L) could indicate a carbon gap of 10% to 20% 
potentially resulting from nonspecific formation of unknown byproducts 
at higher L-arabinose or product titers. According to the NMR data, no 
signals suggesting further byproducts could be found. At 48 h, the molar 
sum of the two products corresponded to approximately 42%, 19%, and 
20% of the amount of 10 + 20 g/L, 40 + 40 g/L, and 80 + 80 g/L L- 
arabinose provided. 

For the L-arabinose/D-galactose 1-dehydrogenase AraDH from 
R. leguminosarum, the L-arabino-1,4-lactone was reported to be the stable 
oxidation product, which was assumed to open slowly at neutral pH to 
the linear form (Aro-Karkkainen et al., 2014). Vice versa, the 1,4-lactone 
can be formed from the linear form in acidic pH conditions (Aro-Kark
kainen et al., 2014). In case of the GdhM reaction, the 1,4-lactone is 
unlikely to be the direct oxidation product. Under the rapidly acidifying 
pH conditions in shake flasks, the 1,4-lactone would not open slowly. 
Therefore, the linear form is likely the direct oxidation product of the 
GdhM reaction since L-arabinonic acid was the most of the two com
pounds and the 1,4-lactone was formed rather from the linear form due 
to the acidic pH conditions. 

3.2. Production of L-arabinonic acid in pH-controlled fed-batch bioreactor 

Since the acidification below pH 3 limited further product formation, 

Table 2 
Total volumes of titrated 3 M KOH stock to maintain pH 6 in fed-batch bioreactor 
conditions with complex D-mannitol medium with resulting final concentrations 
of KOH calculated based on total medium volume changes (see Fig. 2a).  

Strain and L-arabinose feed 3 M KOH 
(mL) 

mM KOH 
after 144 h 

621H +4% 62 ± 0.5 1016 ± 8 
621H +8% 77 ± 15 1156 ± 140 
621H/pMM4a-mGDH +4% 47 ± 5 837 ± 64 
621H/pMM4a-mGDH +8% 72 ± 0 1119 ± 0  
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we next tested production in pH-controlled bioreactors. pH 6 was re
ported to be optimal for GdhM (Matsushita et al., 1994). Besides 
G. oxydans 621H, we also tested strain 621H transformed with plasmid 
pMM4a-mGDH for constitutive overexpression of the gdhM gene 
(Mientus et al., 2017). Both strains were grown in pH 6 D-mannitol 
medium initially supplemented with 40 g/L and 80 g/L L-arabinose. 
Every 24 h, L-arabinose dissolved in D-mannitol-free medium was fed to 
add another 40 g/L or 80 g/L (corresponding to the initial culture vol
ume). KOH titrations for maintaining pH 6 and feed volumes increased 
the culture volumes despite taking samples. Overall, due to higher base 
consumption in the 80 g/L conditions (Table 2), their final culture 
volumes were higher than that of the 40 g/L conditions (Fig. 2a). As 
expected for pH-controlled conditions, strain 621H reached an almost 
two-fold higher maximal OD600 at the end of the exponential growth in 
both conditions 40 g/L (OD600 = 7.0 ± 0.3) and 80 g/L (OD600 = 7.5 ±
0.3) compared to shake flasks without pH control (Fig. 2b). In contrast to 
621H, biomass formations of strain 621H/pMM4a-mGDH were much 
lower with both 40 g/L (OD600 4.8 ± 0.3) and 80 g/L (OD600 only 2.3). 
This indicated that constitutive overexpression of gdhM and possibly 
kanamycin in the medium were detrimental for growth. In E. coli, 
detrimental effects of membrane protein overexpression have been 
attributed to a limiting Sec translocon capacity having a severe impact 
on the cell envelope and the cytoplasmic proteome (Wagner et al., 
2007). Accumulation of cytoplasmic aggregates containing the overex
pressed membrane protein as well as chaperones, proteases, many 
essential cytoplasmic proteins, and many precursors of periplasmic and 
outer membrane proteins were found. Also, levels of respiratory chain 
complexes in the cytoplasmic membrane were strongly reduced, 
resulting in inefficient ATP production in E. coli (Wagner et al., 2007). 
Presumably, in G. oxydans similar effects are caused by saturation of the 
Sec translocon, which mediates both translocation of secretory proteins 
across and integration of membrane proteins into the cytoplasmic 
membrane. Furthermore, kanamycin causes abnormal cell morphology 
suggesting stress to G. oxydans (Fricke et al., 2021b). Both, constitutive 
overproduction of membrane-bound GdhM protein in combination with 
use of kanamycin seems to be detrimental, especially under osmotic 
stress conditions. In fact, even without high levels of L-arabinose and 
KOH from base titration, we observed notable differences when 
handling the plasmid-free 621H strain and 621H/pMM4a-mGDH. For 
the overexpression strain, sedimentation of the cells by centrifugation 
was difficult and cell pellets were much more loose and slimy than for 
plasmid-free 621H. In this context, we frequently observed lower initial 
OD600 values than expected by calculation when inoculating new cul
tures from resuspended pre-culture pellets, which suggested some extent 
of cell lysis of the overexpression strain. As in E. coli, conditionally timed 
and tuned overexpression of a membrane protein could avoid detri
mental effects and improve biomass and functional membrane protein 
formation (Wagner et al., 2008). Recently, two systems became avail
able for tunable induction of target gene expression in G. oxydans (Fricke 
et al., 2021a; Fricke et al., 2021b). 

In 40 g/L condition, L-arabinose was always almost fully consumed 
within 24 h by both strains, while in 80 g/L condition higher levels of 
residual substrate at the end of day 3 and later were found (Fig. 2c). 
These residual substrate levels in the later stage (≥72 h) were much 

(caption on next column) 

Fig. 2. Fed-batch DASbox fermentation of G. oxydans 621H without and with 
plasmid pMM4a-mGDH grown in D-mannitol medium supplemented and fed 
with L-arabinose as indicated. a) Initial culture volume (100 mL) and volume 
increase over time due to fed every 24 h (blue arrows and dotted line in
dicators), withdrawal of samples, and base titration for pH 6 maintenance. b) 
Biomass formation according to OD600. c, d, e) Concentrations of L-arabinose, L- 
arabinonic acid, and L-arabino-1,4-lactone according to NMR analysis. Data are 
based on two independent biological replicates for each strain. In Fig. 1c, 
overlapping data points at a time were somewhat shifted for better visibility. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 
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higher for the gdhM overexpression strain. Since even with 80 g/L 
substrate there was no residual L-arabinose titer 24 h after a feed until 
the end of day 2 (48 h), the much lower biomass (OD600) of the gdhM 
overexpression strain was not per se limiting L-arabinose oxidation. 
Rather, some cell instability and/or (osmotic) stress sensitivity of the 
gdhM overexpression strain was likely limiting L-arabinose oxidation 
from 48 h onward and plasmid-free 621H with a higher biomass finally 
outperformed the sensitive overexpression strain with respect to abso
lute product titers. Generally, for both strains the product titers were 
higher with 80 g/L compared to 40 g/L feed (Fig. 2d, e). In 80 g/L 
condition, the gdhM overexpression strain produced a transiently much 
higher 1,4-lactone level (54 g/L). Since pH 6 was maintained, the 
transiently much higher levels of the 1,4-lactone should have resulted 
from the open acid form by a lactonizing enzyme activity either released 
from the more sensitive cells of the overexpression strain upon partial 
cell lysis or due to increased metabolite exchange through the impaired 
cell membrane. These 1,4-lactone titers peaking from day 2 to 3 in the 
80 g/L condition then continuously decreased until the end of the 
fermentation. For the gdhM overexpression strain, this decrease cannot 
be explained alone by increasing culture volumes caused by base titra
tions and the third substrate feeding. Slow opening of the lactone at 
close-to-neutral pH could only be effective if the assumed lactonizing 
activity became more and more inactive. Moreover, in view of the L- 
arabinose consumption indicated by residual titers still decreasing after 
72 h, the L-arabinonic acid titer is expected to increase accordingly if L- 
arabinose is still oxidized and if additionally the 1,4-lactone is assumed 
to open slowly, yet the L-arabinonic acid titer did not. Therefore, the 
data suggested a loss of substrate or products at higher titers by 
nonspecific conversions. Balancing the sum of the final amounts of re
sidual L-arabinose substrate and the two products in comparison to the L- 
arabinose supplied in total revealed a carbon gap of approximately 20% 
for both strains for the 80 g/L condition while for 40 g/L the carbon gap 
was only 4% (Fig. 2f). In the NMR analysis, again no signals indicating 
another byproduct were found. If the carbon gap resulted from 
nonspecific conversion of L-arabinose, an optimized feeding avoiding 
too high substrate titers should increase product formation and reduce 
the carbon gap. The highest combined absolute product titers of L-ara
binonic acid plus its 1,4-lactone obtained was approximately 133 g/L for 
strain 621H, while the gdhM overexpression strain showed a higher 
biomass-specific production (169 g/L/gcdw) compared to strain 621H 
(131 g/L/gcdw). 

4. Conclusion 

The endogenous capability of G. oxydans to oxidize L-arabinose in the 
periplasm by the membrane-bound glucose dehydrogenase GdhM is 
highly suitable for one-step production of L-arabinonic acid from L- 
arabinose. Already without strain optimization and further process im
provements, the product titer obtained was more than three-fold above 
the titers reported for engineered S. cerevisiae and E. coli. The biomass- 
specific product titer of the G. oxydans strains indicated that addi
tional expression of gdhM can increase space-time yield. Together with 
an optimized L-arabinose feeding strategy and process optimizations, 
further increase in product titer and production rate should be achiev
able with G. oxydans. 
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