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Abstract 
Among industrially relevant microorganisms, the acetic acid bacterium Gluconobacter 

oxydans is valued for its ability to incompletely oxidize a vast number of carbohydrates stereo- 
and regio-specifically. Biotechnological production processes involving G. oxydans strains so 
far utilized exclusively constitutive target gene expression. Regulatable promoters used in 
G. oxydans suffered from low induction fold-changes and relatively high basal promoter activity 
already when not induced. This study aimed to establish regulatable promoter systems in 
G. oxydans that allow tuned target gene expression in an effector-dependent manner. For this 
purpose, expression plasmids were constructed to test four well-characterized heterologous 
regulator-promoter pairs in G. oxydans. Additionally, screenings were performed to identify 
regulatable endogenous G. oxydans promoters responding to a metabolite given as an 
external stimulus and suitable for controlled gene expression.  

When transferred into G. oxydans, the AraC-ParaBAD system from Escherichia coli 
MC4100 permitted tight repression of target gene expression in the absence of L-arabinose 
and up to 480-fold induction when maximally induced with L-arabinose. At inducer 
concentrations from 0.1 to 1% (w/v) L-arabinose, reporter gene expression from ParaBAD was 
highly tunable. Furthermore, L-arabinose was found to be oxidized to L-arabinonic acid by the 
membrane-bound glucose dehydrogenase GdhM, resulting in an acidification of the medium 
and pH-dependent loss of intracellular reporter protein activity. This loss could be 
circumvented by pH-controlled cultivation or use of the gdhM deletion strain BP.6. 

The oxidation product L-arabinonic acid is a valuable compound with potential use in 
various applications ranging from the production of pharmaceuticals to semi-conductor 
materials and composite cements. By using G. oxydans 621H, more than 120 g/L L-arabinonic 
acid could be produced from 160 g/L L-arabinose within 144 h in pH-controlled fed-batch 
cultivations. This high titer exceeded the ones previously reported for engineered E. coli or 
Saccharomyces cerevisiae strains more than threefold. Plasmid-based overexpression of 
gdhM to increase the enzyme activity did not improve the productivity possibly due to 
detrimental effects on the membrane integrity. 

Besides the AraC-ParaBAD system, the suitability of the transposon Tn10-based TetR-
Ptet system and of the LacI-PlacUV5 system, both originating from E. coli, was tested in 
G. oxydans. In contrast to AraC-ParaBAD, these inducible expression systems rely on target 
gene repression. The TetR-Ptet system outperformed the AraC-ParaBAD system, since in 
G. oxydans it showed extremely low basal expression and a concentration-dependent gradual 
increase of target gene expression upon induction with anhydrotetracycline. A maximal 
induction of up to 3,500-fold was obtained with 200 ng/mL anhydrotetracycline. Terminator 
sequences, plasmid backbone, antibiotic resistance gene, and the insertion of an additional 
known ribosome-binding site affected the performance of this system. In G. oxydans, only 
moderate inducible gene expression from PlacUV5 made this system the weakest of the 
regulator-promoter pairs tested in this work. Due to relatively high leakiness of non-induced 
PlacUV5, induction with 1 mM IPTG was only 40-fold. 

With the RhaSR-PrhaBAD system from E. coli, a regulator-promoter pair was found that 
– contrary to E. coli – allows L-rhamnose-dependent knockdown of gene expression in 
G. oxydans instead of induction. PrhaBAD was very strong in G. oxydans and activated by the 
presence of RhaS in the absence of L-rhamnose, while with increasing L-rhamnose 
concentrations the PrhaBAD activity was reduced by 92% in a RhaS-dependent manner. In 
contrast, expression from the RhaS-dependent promoter PrhaT was L-rhamnose-inducible in 
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G. oxydans as in E. coli. Since PrhaT was rather weak in G. oxydans, the induction was tunable 
up to 10-fold. This could be of advantage for expression of ‘difficult’ enzymes. 

In the DNA microarray-based genome-wide stimulon screenings for regulated 
endogenous promotors, transcription of GOX0532 and GOX0536 encoding ExbB and a 
ferrisiderophore receptor both likely involved in iron uptake were found to be increased 45-fold 
when exposed to 1% (w/v) citrate as stimulus. Supplementation of the growth medium with 
8 µM FeSO4 reduced the basal expression from both promoters und thereby increased 
induction ratios. Probably induced by iron-limitation through Fe3+-citrate chelation, expression 
from PGOX0532 and PGOX0536 could be upregulated >270-fold when 5 x 50 mM citrate was added 
to the medium in intervals of 1.5 h. ChAP-Seq experiments confirmed that the ferric uptake 
regulator Fur (GOX0771) binds to the promoter region PGOX0536. 

Beside these original studies, a review on expression systems and their applications 
in acetic acid bacteria (AAB) was published covering the years from 1985, when the first 
plasmids were used in AAB, up to the end of 2020. Screening of 6097 AAB-related publications 
revealed that expression plasmids have been reported for merely nine out of 49 AAB genera 
currently described, and six major expression plasmid lineages were identified. According to 
this AAB-related literature search, the AraC-ParaBAD and TetR-Ptet systems developed by us for 
G. oxydans are the first regulatable expression system with induction ratios >40-fold in this 
group of bacteria. They provide new options in future strain development and may be 
transferable to other AAB species.
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Zusammenfassung 
Das Essigsäurebakterium Gluconobacter oxydans wird unter den industriell 

relevanten Mikroorganismen für seine Fähigkeit geschätzt, eine Vielzahl von Kohlenhydraten 
stereo- und regiospezifisch unvollständig zu oxidieren. Bisherige biotechnologische Verfahren 
mit G. oxydans verwendeten für die zielgerichtete Genexpression ausschließlich konstitutive 
Promotoren. Die regulierbaren Promotoren, die in G. oxydans oder anderen 
Essigsäurebakterien untersucht wurden, zeigten eine sehr hohe Basalaktivität unter nicht 
induzierten Bedingungen, was zu einem geringen Induktionsverhältnis führte. Das Ziel dieser 
Doktorarbeit war es, ein regulierbares Promotorsystem in G. oxydans zu etablieren, dass die 
Expression ausgewählter Gene durch die Konzentration eines Induktors steuern kann. Zu 
diesem Zweck wurden vier bekannte und gut charakterisierte Regulator-Promotor-Paare in 
G. oxydans mit Hilfe von Expressionsplasmiden getestet. Außerdem wurde versucht, 
regulierbare endogene G. oxydans-Promotoren zu identifizieren, die auf die Zugabe eines 
Metaboliten als externen Stimulus reagieren und so für eine kontrollierte Genexpression 
geeignet sind. 

In G. oxydans getestet, ermöglichte das AraC-ParaBAD-System aus Escherichia coli 
MC4100 eine starke Repression der Transkription in Abwesenheit von L-Arabinose sowie eine 
bis zu 480-fach erhöhte Genexpression bei vollständiger Induktion mit L-Arabinose. Die 
Genexpression von ParaBAD war durch den Einsatz von Induktorkonzentrationen von 0,1-1% 
(w/v) L-Arabinose gut modulierbar. Außerdem wurde gezeigt, dass die Oxidation von 
L-Arabinose zu L-Arabinsäure durch die membrangebundene Glucose-Dehydrogenase GdhM 
zu einer Ansäuerung des Mediums und damit zu einem pH-abhängigen Verlust der 
Reporterproteinaktivität führte. In pH-kontrollierten Fermentationen oder durch die 
Verwendung des GdhM-Deletionsstamms BP.6 konnte dieser Verlust umgangen werden.  

Das Oxidationsprodukt L-Arabinsäure ist ein wertvoller Rohstoff, der in vielen 
Prozessen unter anderem bei der Herstellung bestimmter Pharmazeutika, Halbleiter-
materialien und Verbundzementen Anwendung findet. Durch die Verwendung von G. oxydans 
621H wurde in pH-kontrollierten Fed-Batch-Kultivierungen innerhalb von 144 Stunden mehr 
als 120 g/L L-Arabinsäure aus 160 g/L L-Arabinose hergestellt. Dieser hohe Titer übertraf die 
Titer, die zuvor für gentechnisch veränderte E. coli oder Saccharomyces cerevisiae berichtet 
wurden, um mehr als das Dreifache. Die Plasmid-basierte Überexpression von gdhM zur 
Erhöhung der Enzymaktivität führte, möglicherweise aufgrund nachteiliger Auswirkungen auf 
die Membranintegrität, zu keiner Verbesserung der Produktivität. 

Neben dem AraC-ParaBAD-System wurden mit dem Transposon Tn10-basiertem TetR-
Ptet-System und dem LacI-PlacUV5-System zwei weitere induzierbare Expressionssysteme aus 
E. coli in G. oxydans getestet. Im Gegensatz zu AraC-ParaBAD beruhen diese induzierbaren 
Expressionssysteme auf der Transkriptionsrepression von Zielgenen. Die Leistung des TetR-
Ptet-Systems übertraf die des AraC-ParaBAD-Systems. Unter nicht induzierten Bedingungen 
zeigte das TetR-Ptet-System eine sehr geringe basale Expression, die durch die Konzentration 
des Induktors graduell gesteigert werden konnte. Unter Verwendung von 200 ng/ml 
Anhydrotetracyclin wurde ein maximales Induktionsverhältnis von 3.500 ermittelt. 
Terminatorsequenzen, Wahl des Expressionsplasmids, Antibiotikaresistenzgen und die 
Insertion einer zusätzlichen, bekannten Ribosomenbindestelle beeinflussten die 
Leistungsfähigkeit dieses Systems. Die deutlich geringere Induzierbarkeit von PlacUV5 in 
G. oxydans hingegen machte dieses System zum schwächsten der hier getesteten Regulator-
Promotor-Paare. Aufgrund der hohen Basalaktivität wurde mit PlacUV5 nur eine 40-fache 
Induktion mit 1 mM IPTG erzielt.  
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Mit dem RhaSR-PrhaBAD-System von E. coli wurde ein Regulator-Promotor-Paar 
gefunden, das – im Gegensatz zu E. coli – einen L-Rhamnose-abhängigen Knockdown 
anstelle einer Induktion der Genexpression in G. oxydans ermöglichte. PrhaBAD führte in 
G. oxydans zu einer sehr starken Expression und wurde durch die Anwesenheit von RhaS in 
Abwesenheit von L-Rhamnose aktiviert. Mit steigender L-Rhamnose-Konzentration wurde die 
PrhaBAD-Aktivität RhaS-abhängig um bis zu 92% reduziert. Im Gegensatz dazu war die 
Expression des RhaS-abhängigen Permease-Promotors PrhaT in G. oxydans genauso wie in 
E. coli induzierbar. PrhaT zeigte in G. oxydans eine schwache Expressionsstärke, welche durch 
die L-Rhamnosekonzentration maximal 10-fach induziert werden konnte. Ein derartiger 
Promotor wäre möglicherweise für die Expression von „schwierigen“ Enzymen von Vorteil. 

In DNA-Microarray-basierten genomweiten Stimulon-Screenings auf regulierte 
endogene Promotoren wurde gezeigt, dass sich die Transkription der G. oxydans-Gene 
GOX0532 und GOX0536 um das 45-fache erhöhte, wenn dem Medium 1% (w/v) Citrat 
zugesetzt wurde. Die Gene GOX0532 und GOX0536 kodieren für ExbB und einen Eisen-
Siderophore Rezeptor, die beide wahrscheinlich an der Eisenaufnahme beteiligt sind. Die 
Supplementierung des Mediums mit 8 µM FeSO4 reduzierte die basale Expression beider 
Promotoren und erhöhte dadurch die Induktionsraten. Wahrscheinlich induziert durch 
Eisenlimitierung verursacht durch Citrate-Fe3+-Chelatierung, konnte die Expression von 
PGOX0532 und PGOX0536 >270-fach hochreguliert werden, wenn das Medium mit 5 x 50 mM Citrat 
in Intervallen von 1,5 Stunden versetzt wurden. ChAP-Seq Analysen bestätigten, dass der 
Transkriptionsfaktor Fur (ferric uptake regulator) (GOX0771) Promotorbereiche von PGOX0536 
bindet. 

Neben diesen Originalstudien wurde in einem Minireview ein Überblick über 
Expressionssysteme und ihre Anwendungen in Essigsäurebakterien veröffentlicht, der die 
Jahre von 1985, als die ersten Plasmide in Essigsäurebakterien verwendet wurden, bis Ende 
2020 umfasste. In 6.097 Veröffentlichungen zu Essigsäurebakterien wurde lediglich für neun 
von 49 beschriebenen Gattungen über die Verwendung von Expressionsplasmiden berichtet. 
Innerhalb der beschriebenen Expressionsplasmide wurden sechs Hauptplasmidlinien 
identifiziert. Gemäß der Literaturrecherche sind die für G. oxydans entwickelten Systeme 
AraC-ParaBAD und TetR-Ptet die ersten regulierbaren Expressionssystem in dieser 
Bakteriengruppe, die eine >40-fach Induktion erlauben. Sie bieten neue Optionen für die 
zukünftige Stammentwicklung von G. oxydans und können möglicherweise auf andere 
Essigsäurebakterien-Arten übertragen werden. 
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1 Introduction 

1.1 Gluconobacter oxydans  

The family of acetic acid bacteria (AAB) belongs to the α-subclass of Proteobacteria 

and currently comprises 50 genera, including the well-known and extensively studied genera 

Acetobacter, Gluconobacter, Gluconacetobacter, Acidiphilium, Komagataeibacter, 

Roseomonas, Asaia, Acidocella and Acidomonas (Yamada & Yukphan, 2008, NCBI 

Taxonomy Browser, November 2021). The Gram-negative Gluconobacter oxydans is a 

prominent member of the Acetobacteraceae family and used in industrial biotechnology. 

G. oxydans is strictly aerobic, rod-shaped and strives in environments that are rich in 

carbohydrates, such as rotten fruits, flowers and alcoholic beverages (Kersters et al. 2006). 

The bacterium is acidophilic with a pH optimum of 5-6 and its preferred growth temperature is 

25-30 °C. Cells are ellipsoidal to rod-shaped with a size of 0.5-0.8 x 0.9-4.2 μm but can develop 

enlarged irregular and filamentous cell forms,  e.g. when exposed to osmotic stress (Ley et al. 

1984, De Muynck et al. 2007, Zahid et al. 2015). G. oxydans was the first AAB to be fully 

sequenced (Prust et al. 2005). The genome of G. oxydans with a G+C content is 60.8 % 

comprises a circular chromosome of 2.7 Mb and five plasmids ranging from 2.7 to 163 kb. 

From the 2,664 predicted protein-coding open reading frames (ORFs), 1,877 ORFs were 

assigned to a specific function. Moreover, genome sequencing identified 103 transposase 

genes and 82 insertion sequences (IS), which might cause a genetic instability of G. oxydans 

(Kondo & Horinouchi, 1997, Prust et al. 2005). Additionally and most striking, 75 ORFs were 

annotated to encode putative oxidoreductases with unknown functions. 32 membrane-bound 

dehydrogenases (DHs) were predicted and substrate specificity of some of them has been 

elucidated, underlining the industrial potential of the bacterium (Deppenmeier et al. 2002, Prust 

et al. 2005, Mientus et al. 2017). Recently, the genome sequence of G. oxydans 621H was 

improved by combining Nanopore and Illumina sequencing (Kranz et al. 2017). 

1.1.1 Biotechnological relevance of G. oxydans 

G. oxydans has been used in biotechnological applications for more than 90 years, 

primarily because of its ability to rapidly and incompletely oxidize sugars, sugar alcohols and 

polyols stereo- and regiospecifically with its many membrane-bound DHs active in the 

periplasm (Gupta et al. 2001, Deppenmeier et al. 2002, Merfort et al. 2006). The location of 

these periplasmic enzymes pose the advantage that no uptake of substrates into the cytoplasm 

is required and that desired products often diffuse via porins in the outer membrane back into 

the medium where they accumulate in large quantities (Matsushita et al. 1994, Kulhánek, 1989, 

Chen, 2007). The most prominent process involving G. oxydans is the Reichstein-Grüssner 
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synthesis of vitamin C, where the chemically difficult conversion of D-sorbitol to L-sorbose is 

catalyzed by membrane-bound DHs of the bacterium (Pappenberger & Hohmann, 2014). 

Furthermore, G. oxydans is used for the synthesis of the pharmaceutical compound and skin 

tanning agent dihydroxyacetone through oxidation of glycerol as well as for the synthesis of 

6-amino-L-sorbose from 1-amino-D-sorbitol, which is a precursor of the anti-diabetic drug 

miglitol (Schedel, 2001, Deppenmeier et al. 2002, Gätgens et al. 2007,  Mamlouk & Gullo, 

2013). Moreover, G. oxydans and enzymes isolated from the bacterium are utilized as 

biosensors for sugars, alcohols and biological oxygen demand (Švitel et al. 2006, Kitova et al. 

2021). All in all, the functions of some oxidoreductases still remain to be elucidated, signifying 

that G. oxydans’ potential for biotechnological application has not been fully exploited yet. 

1.1.2 Carbon metabolism of G. oxydans 

Like all AAB, G. oxydans is known for its incomplete oxidation of carbohydrates. The 

preferred carbon- and energy sources of the chemoorganotrophic bacterium are in descending 

order D-mannitol, D-sorbitol, glycerol, D-fructose, and D-glucose (De Ley et al. 1984, Gupta et 

al. 2001, Kersters et al. 2006). In defined mineral salts medium G. oxydans grows poorly and 

reaches only very low biomass yields (Olijve & Kok, 1979, Raspor & Goranovič, 2008). The 

above mentioned substrates are primarily oxidized by one or more of the many DHs active in 

the periplasm that use pyrroloquinoline quinone (PQQ), PQQ plus cytochrome c, or flavin 

adenine dinucleotide (FAD) as prosthetic groups (Ameyama et al. 1987, Peters et al. 2013). 

The oxidation products such as aldehydes, ketones or organic acids are released into the 

environment where they accumulate near-quantitatively, often acidifying the habitat and 

making it more hostile for competing organisms (Olijve & Kok, 1979, Deppenmeier et al. 2002). 

Periplasmic oxidation is linked to the respiratory chain by ubiquinone (Q10), enabling transfer 

of electrons via terminal oxidases of the proton-pumping cytochrome bo3- and the non-proton 

pumping cytochrome bd-type from ubiquinol to oxygen (Richhardt et al. 2013). Interestingly, 

while the genes encoding a cytochrome bc1 complex and soluble cytochrome c were identified 

in the genome of G. oxydans, no gene encoding a cytochrome c oxidase was found. The 

electrochemical proton gradient across the cytoplasmic membrane drives ATP synthesis by 

two F1FO-type ATP synthases (Prust et al. 2005, Hanke et al. 2012). A metabolic flux analysis 

using 13C-labeled glucose showed that from the initially provided substrate only a small 

percentage enters the cell and is either completely oxidized to CO2 or utilized for anabolic 

reactions. For example 90% of the provided glucose is oxidized to gluconate and partially 

further to 2-ketogluconate in the periplasm and only 10% enters the cytoplasm. From these 

10%, cytoplasmic enzymes oxidize 91% again to gluconate and merely 9% is phosphorylated 

to glucose-6-phosphate. A part of the gluconate is phosphorylated to 6-phosphogluconate 

which enters, like the glucose-6-phosphate, the central carbon metabolism (Hanke et al. 2013). 
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This inefficient use of substrate explains the low biomass yield of 0.09 gcdw/gglucose for G. 

oxydans strain IFO3293 in comparison to e.g. Escherichia coli (0.49 gcdw/gglucose) and Bacillus 

subtilis (0.32 gcdw/gglucose) (Dauner et al. 2002, Soini et al. 2008, Krajewski et al. 2010, Richhardt 

et al. 2012). 

Central carbon metabolism of G. oxydans is characterized by the absence of a 

complete Embden-Meyerhof-Parnas pathway and tricarboxylic acid cycle (TCA). A key 

enzyme of glycolysis, phosphofructokinase, as well as succinyl-CoA-synthetase and succinate 

DH of the TCA are missing, forcing G. oxydans to oxidize sugars intracellularly primarily via 

the pentose-phosphate pathway (PPP) and the Entner-Doudoroff-pathway (EDP) (Fig. 1). 

Furthermore, G. oxydans unlike other members of the Acetobacteraceae family is not capable 

to utilize acetate as a carbon source because the genes encoding the isocitrate lyase and 

malate synthase of the glyoxylate shunt and the acetate kinase as well as the 

phosphotransacetylase are missing (Prust et al. 2005, Bringer & Bott, 2016). Comparison of 

deletion mutants lacking key enzymes of the EDP or PPP revealed that the main route for 

sugars entering the cytoplasmic catabolism is the PPP while the EDP appeared to be 

dispensable (Richhardt et al. 2012). Furthermore, due to the lack of the phosphofructokinase, 

fructose-6-phosphate derived from the PPP is isomerized again to glucose-6-phosphate, which 

reenters the oxidative PPP leading to a cyclic carbon flux (Hanke et al. 2013). A non-proton-

pumping NADH DH transfers electrons from EDP-derived NADH to the ubiquinone pool 

(Kersters & De Ley, 1968, Prust et al. 2005). Additionally, when required, a membrane-bound 

transhydrogenase transfer electrons from NADPH to NAD+ or NADH to NADP+. Oxidation of 

ubiquinol and transfer of respective electrons to oxygen is catalyzed by the above mentioned 

cytochrome bo3- and cytochrome bd-type terminal oxidases. Experiments to complete the TCA 

cycle by replacing the genes encoding cytoplasmic and membrane-bound glucose DH as well 

as pyruvate decarboxylase with heterologous genes encoding succinate DH, succinyl 

synthetase and a second type II NADH DH, all taken from other Acetobacteraceae, increased 

the biomass yield by 60% (Kiefler et al. 2017). Furthermore, recent studies suggest that 

excessive periplasmic substrate oxidation causes intracellular insufficient oxidation of reducing 

equivalents due to oxygen limitation leading to increased expression of the transhydrogenase 

and an alcohol DH. These enzymes enable the regeneration of NAD(P)+ by transferring 

electrons from NADPH to NAD+ and further to acetaldehyde derived from pyruvate 

decarboxylation to form ethanol. GoxR, the only representative of the fumarate-nitrate 

reduction regulator (FNR) family in G. oxydans, regulates this adaptation (Schweikert et al. 

2021).   
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Fig. 1 Scheme of central carbon metabolism of G. oxydans with the substrates glucose and mannitol. Grey marked 
reactions are missing in G. oxydans 621H. Modified from Richhardt et al. (2013) and Kiefler (2016). 
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1.2 Expression and promoter systems 

For basic research as well as biotechnological applications, it is often beneficial to 

fine-tune the expression of target genes for controlled protein production. Using tools that 

permit a regulation of gene expression supports objectives that range from low levels of 

expression for the adjustment of metabolic pathways to high-level protein synthesis at 

industrial scales (Brautaset et al. 2009). Furthermore, characterization of enzymes in regard 

to their substrates, products and mode of action benefits from overexpression of the 

corresponding genes to obtain large quantities of the proteins. While maximal protein synthesis 

is desired, overexpression may cause insoluble inclusion bodies containing aberrantly folded, 

inactive proteins. Therefore, protein overproduction often benefits from regulatable systems 

that enable controlled expression of target genes to achieve maximal target protein titers and 

avoid loss of protein due to inclusion bodies. Also transmembrane, periplasmic or secreted 

proteins may require gene expression to be carefully tuned to adjust it to the capacity of the 

translocation apparatus (Rosenberg, 1998, Mergulhão & Monteiro, 2004). Similarly, for the 

expression of genes whose products are toxic for the host, it is advisable to apply an 

expression system that allows tight control and fine-tuning of transcription. Moreover, 

metabolic burden caused by the synthesis of proteins that are not constantly needed can be 

circumvented when gene expression only starts at a desired time point, e.g. it can be beneficial 

to first acquire high cell titers in a fermentation process before the production phase is initiated 

(Saïda et al. 2006, Terpe, 2006). 

Expression of a gene or operon is initiated from a DNA sequence called promoter that 

is located upstream from the corresponding gene/operon. Promoter recognition by the RNA 

polymerase (RNAP) holoenzyme (RNAP + σ factor) and the initiation of transcription is the 

most frequently regulated step that modulates gene expression (Browning & Busby, 2004, 

Haugen et al. 2008). A promoter is characterized by a number of core elements that are 

recognized by the RNAP holoenzyme including: 

I) upstream (UP) element (–37 to –58), recognized by a C-terminal domain of 

the α-subunits of the RNAP holoenzyme (α2ββ’ωσ)   

II) –35 element (–35 to –30), recognized by domain 4 of the σ factor  

III) extended –10 element (–17 to –14), recognized by domain 3 of the σ factor 

IV) –10 element (–12 to –7), recognized by domain 2 of the σ factor 

V) discrimination region (–6 to –4), recognized by domain 1 of the σ factor 

VI) transcription start site (TSS, designated as +1), first nucleotide of the transcript  

Additionally, on the promoter or in close proximity of it there can be specific operator sequence 

motifs that are recognized and bound by transcription factors (TFs). Depending on the 

presence or absence of these operator sites and TFs, the respective gene downstream of the 

promoter is either constantly (constitutively) transcribed or transcription initiation requires a 
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change in TF-DNA binding caused by a conformational change of the TF due to a specific 

stimulus. The DNA-binding domain of bacterial TFs, often consisting of a helix-turn-helix motif, 

recognizes a specific 4-5 base pair (bp) DNA motif on the operator site. Given that such a motif 

occurs statistically every 45 bp, homodimerization or homooligomerization of TF proteins in 

combination with direct or inverted repeats within the operator is required to achieve regulatory 

specificity (Browning & Busby, 2016). TFs can be distinguished by their mode of regulation in 

repressors and activators. Repressors bind operator sites that often overlap with core promoter 

elements, thereby sterically hindering RNAP holoenzyme to interact with the promoter and 

initiate transcription. Alternatively, when a repressor multimer simultaneously binds sites 

located up- and downstream from the promotor, transcription may be repressed by DNA 

looping, which makes the core elements inaccessible for RNAP (Browning & Busby, 2004, 

Semsey et al. 2004, Swint-Kruse & Matthews, 2009). Activators usually assist RNAP 

holoenzyme in promoter binding through protein-protein interaction, thereby increasing 

transcription activity from the respective promoter. Activator binding sites are often located 

upstream from core elements, allowing activator interaction with the C-terminal domain of the 

α-subunits of the RNAP. Other activators bind sites slightly overlap with the –35 element and 

thereby assist the recruitment of the σ factor (Lee et al. 2012). Thirdly, activators may bind 

sites located in between the –10 and –35 elements. In these cases, the activated activator 

alters the non-optimal spacing between –10 and –35 regions to a spacing that enables binding  

of the RNA polymerase (Brown et al. 2003, Philips et al. 2015).  

1.2.1 Constitutive expression systems in G. oxydans  

The first expression plasmids for Gluconobacter were reported in 1985 (Fukaya et al. 

1985). Since then until the start of this thesis, 64 publications reported the construction of 

expression plasmids with the goal to express a specific gene (reviewed by Fricke et al. 2021a). 

From these expression plasmids, the pBBR1MCS derivatives based on the very small plasmid 

from Bordetella bronchiseptica were used most often and are considered as the major 

expression plasmid lineage in Gluconobacter (Fig. 2) (Antoine & Locht, 1992, Fricke et al. 

2021a).  
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Fig. 2 Time plot illustrating major lineages and diversity of expression plasmids and their origins of replication 
hitherto used in the AAB genus Gluconobacter according to the publications (o) in the WoSCC database. Modified 
from Fricke et al. (2021a). 

In earlier works strong promoters from E. coli and phage λ, such as PtufB, PL, Ptac and 

Plac, were applied for various purposes in G. oxydans. All these heterologous promoters were 

used for constitutive gene expression with E. coli PtufB, exhibiting the strongest expression in 

G. oxydans (Saito et al. 1997, Tonouchi et al. 2003). Later works focused on native G. oxydans 

promoters enabling stronger expression than previously obtained with heterologous pomoters. 

For example, promoter PtufB derived from the elongation factor TU gene from the G. oxydans 

strains 621H and H24 and Pgdh from the glucose DH gene led to higher target gene expression 

than E. coli PtufB (Merfort et al. 2006, Zhang et al. 2010, Hu et al. 2015). The variety of 

expression with different strength was increased when the promoters PGOX0384, PGOX0452 and 

PGOX0264 of the ribosomal protein S12, L13 and L35 genes were classified as weak, moderate 

and strong (Kallnik et al. 2010, Kallnik, 2012). Since then these promoters have been 

frequently used in multiple applications (Meyer et al. 2013, Kosciow et al. 2014, Kiefler et al. 

2015, Kosciow et al. 2016, Kiefler et al. 2017, Herweg et al. 2018, Siemen et al. 2018, Blank 

& Schweiger, 2018, Hoffmann et al. 2020, Battling et al. 2020). In search of strong promoters, 

PGOX0169 controlling expression of GOX0169 encoding a hypothetical transmembrane protein 

was identified and compared to PGOX0264, PGOX0452 and PtufB (G. oxydans 621H) by means of 

expressing a gene for a fluorescent reporter protein. According to biomass-specific 

fluorescence, the strength of these promoters decreased in the order PGOX0169, PGOX0264, PtufB 

(G. oxydans 621H), and P0452 (Shi et al. 2014, Yuan et al. 2016). 

1.2.2 Regulatable expression in G. oxydans and other acetic acid bacteria 

When this thesis started, only very few studies reported attempts to implement a 

regulatable expression system in G. oxydans or other AAB. To establish a functional 
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heterologous inducible expression system, besides the inducible promoter, the gene encoding 

the respective regulator needs to be expressed from the expression plasmid or the genome of 

the host. First experiments trying to control gene expression using E. coli Plac in G. oxydans 

showed very low gene (lacZ) expression when induced with IPTG in comparison to E. coli. 

Additonally, repression of Plac by LacI seemed to be impaired, leading to high leakiness in the 

absence of an inducer (Condon et al.1991, Kallnik et al. 2010). Similar results were obtained 

for the AAB Komagataeibacter xylinus using the fluorescent protein mRFP as reporter. Also in 

this case high basal expression levels under non-induced conditions and low induction fold 

changes were reported (Liu et al. 2020). In Komagataeibacter rhaeticus iGEM, induction of 

gene expression was tested with the TetR-Ptet and LuxR-Plux systems using the same reporter 

as for K. xylinus. Due to the high leakiness of non-induced Ptet, very low (~1.5-fold) induction 

ratios were reported. Furthermore, N-acyl homoserine-lactone (AHL)-induced expression from 

Plux was very strong, but due to high basal expression also exhibited low induction ratios (3−5-

fold). K. rhaeticus iGEM naturally produces and secretes cellulose, which forms 

interconnected pellicles around the cell. Interestingly, higher induced mRFP expression and 

lower leakiness was observed when inducibility of the LuxR-Plux system was tested with cells 

encased in cellulose pellicles (Florea et al. 2016). Furthermore, controlled gene expression 

with the LuxR-Plux and AraC-ParaBAD system was investigated in the AAB K. xylinus, 

K. rhaeticus iGEM, and Gluconacetobacter hansenii. For all three strains, with the LuxR-Plux 

regulator-promoter pair fluorescence intensities increased 26−36-fold upon AHL-

supplementation. Similar to the TetR-Ptet and LacI-Plac systems, ParaBAD suffered from leaky 

expression in the absence of inducer, resulting in low induction ratios (5−11-fold) (Teh et al. 

2019). In summary, only few regulatable expression systems with low to moderate induction 

ratios were successfully established for AAB when this PhD thesis was started. 

1.2.3 The LacI-Plac system from Escherichia coli 

The lac operon from E. coli and the inducibility of its transcription from Plac has been 

studied intensively for more than 60 years (Jacob & Monod, 1961). It enables the bacterium to 

sense lactose and rapidly adapt its metabolism towards the utilization of the disaccharide. The 

LacI-PlacI system is schematically illustrated in Figure 3a. The lac operon consists of three 

structural genes, lacZ, lacY and lacA encoding a β-galactosidase, a lactose permease and 

transacetylase, respectively. LacZ cleaves lactose, consisting of galactose and glucose linked 

by a β-1,4 O-glycosidic bond, into the monosaccharides for further metabolization; LacY is a 

secondary transporter for the uptake of lactose using the proton gradient across the 

cytoplasmic membrane as driving force; LacA catalyzes the transfers of an acetyl group from 

acetyl coenzyme A to the 6-hydroxyl group of the galactosides. Upstream of Plac and in the 

same orientation as the operon, lacI encoding the repressor LacI is expressed constitutively 
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from PlacI. Repression of the operon is mediated by LacI that binds three different operator sites 

within the promoter region (O1, O2, O3). O1 is centered around +11, partially overlapping with 

the TSS, while O2 and O3 are located 401 bp downstream and 92 bp upstream from O1 

overlapping with the lacZ and lacI coding regions, respectively (Reznikoff, 1992, Müller-Hill, 

1998). Besides the cleavage of the disaccharide, LacZ isomerizes lactose to allolactose (β-1,6 

linkage), which is bound by LacI and initiates a conformational change of the repressor that 

causes its release from the DNA and allows initiation of transcription. As an analogon of 

allolactose, isopropyl β-D-1-thiogalactopyranoside (IPTG) can also induce Plac-derived gene 

expression.  Furthermore, because in contrast to allolactose IPTG is not metabolized by the 

cells, inducer concentrations do not decrease during cultivations (Jacob & Monod, 1961, 

Hansen et al. 1998, reviewed by Santillán & Mackey, 2008). The LacI tetramer is composed 

of two functional homodimers that can each bind one operator site. Thus, one tetramer can 

bind two operator sites simultaneously (Kania & Brown, 1976). For repression, binding to the 

O1 site is required as binding of O2 or O3 alone has close to no effect on expression of the lac 

operon in E. coli. LacI bound only to O1 reduces expression 18-fold, while O1 and O2 or O1 

and O3 bound cooperatively decreases expression 700- and 440-fold, respectively, and overall 

increases stability of DNA binding by LacI. With all three operator sites bound by LacI, a 

repression level of 1300-fold can be reached. This strong cooperative effect in repression is 

partly caused by DNA looping mediated by the LacI tetramer (Oehler et al. 1990). Besides LacI 

repression, the lac operon is regulated by catabolite repression. Controlled by the glucose-

specific phosphoenolpyruvate:carbohydrate phosphotransferase system (PTS), the 

intracellular cyclic adenosine monophosphate (cAMP) concentration increases when 

extracellular glucose becomes scarce. cAMP binding by the cAMP receptor protein (CRP), 

also known as CAP (catabolite activator protein), initiates a conformational change that 

enables the protein to bind a CRP-binding motif located upstream from Plac. By doing so, CRP-

cAMP interacts with the α-subunit of the RNAP, thereby assisting transcription initiation from 

the promoter (Reznikoff, 1992). In G. oxydans, EIIB and EIIC of the PTS are missing and the 

function of EI, HPr, EIIA, and HPr kinase is unclear (Prust et al. 2005). 

The promoter PlacUV5 used in this work differs from wild-type Plac by two point mutation 

in the –10 element, making the promoter independent of activator proteins and increasing its 

efficiency of RNAP recruitment (Silverstone et al. 1970, Studier & Moffatt, 1986, Noel & 

Reznikoff, 2000). In G. oxydans, it is not very likely that other catabolites interfere with gene 

regulation from Plac through CRP, as the only member the CRP/FNR superfamily of 

transcriptional regulators, GoxR, belongs to the FNR and not the CRP protein family (Prust et 

al. 2005, Schweikert et al. 2021). 

 



10 
 

 
Fig. 3 Schematic illustration of the regulatory mechanisms of the regulator-promoter pairs LacI-Plac (a) from E. coli 
and TetR-Ptet from transposon Tn10 (b). Repression of Plac is abolished when allolactose derived from isomerization 
of lactose by LacZ interacts with the repressor LacI. For de-repression of Ptet by TetR, tetracycline (Tc) (or its less 
toxic analogon anhydrotetracycline) needs to interact with TetR, thereby enabling tetA expression and efflux of Tc. 
TetR-Ptet mechanism modified from Grkovic et al. (2002).  

 

1.2.4 The TetR-Ptet system from Escherichia coli transposon Tn10 

The TetR-Ptet system conveys the resistance towards the antibiotic tetracycline. 

Although known from many different bacteria, TetR-Ptet from transposon Tn10 has been best 

characterized (Grkovic et al. 2002). Since even low expression of tetA encoding a proton-

dependent antiporter for the antibiotic is disadvantageous for bacteria in the absence of 

tetracycline, a highly sensitive inducible expression system evolved for tetA (McMurry et al. 

1980, Nguyen et al. 1989). Tetracycline diffuses across the membrane and binds as a complex 

with Mg2+ the repressor TetR, causing the protein to release its operator sites within the tetA 

promoter Ptet, thereby rapidly inducing tetA expression (Fig. 3b). Two operator sites (tetO1 and 

tetO2) are located 11 bp apart from one another with tetO1 covering 19 bp between the –10 

and –35 regions and tetO2 overlapping with the TSS of tetA. Facing the opposite direction, two 

promoters that overlap with Ptet negatively autoregulate expression of tetR (reviewed by 

Bertram & Hillen, 2008). TetR dimers bind both operators noncooperatively leading in case of 

tetO1 to the inhibition of both, tetA and tetR expression. TetR occupying tetO2 primarily 

downregulates expression of tetA for the reason that one of the two tetR promoters remains 

almost completely active (Meier et al.1988). Both operator sites vary in their sequence resulting 

in a higher affinity of TetR for tetO2 ensuring that no excessive amount of TetA is synthesized 

(Kleinschmidt et al. 1991). The often-used analogon of tetracycline, anhydrotetracycline, binds 



11 
 

TetR approximately 35-fold stronger while exhibiting a reduced antibiotic activity (Fig. 3b) 

(Degenkolb et al. 1991, Oliva et al. 1992, Terpe, 2006). 

1.2.5 The AraC-ParaBAD system from Escherichia coli 

Different from Plac and Ptet, transcription of the araBAD operon from the promoter 

ParaBAD is regulated by a TF (AraC) that is involved in both repression and activation of gene 

expression (Dunn & Schleif, 1984, Hahn et al. 1984, Guzman et al. 1995). The E. coli operon 

araBAD encodes enzymes necessary for the conversion of the five-carbon sugar L-arabinose 

that can be found as a constituent of some plant cell walls to D-xylulose-5-phosphate, which 

enters the PPP (Gross & Englesberg, 1959). In E. coli efficient transcription of araBAD only 

takes place when L-arabinose is present and the concentration of the preferred carbon source 

glucose is low, as expression from the promoter is also activated by CRP-cAMP the same way 

as previously described for Plac. In the absence of the ParaBAD-inducer L-arabinose, a dimer of 

AraC binds two promoter sites called I1 and O2, thereby looping the intervening 194 bp of DNA 

and repressing transcription from ParaBAD. Binding of L-arabinose to AraC causes a 

conformational change with the consequence that one subunit releases the distal O2 site and 

instead binds the I2 site that is located in close proximity of I1. By doing so, AraC assists RNAP 

in promoter binding and stimulates the transition from the closed to the open RNAP-DNA 

complex necessary for transcription (Fig. 4a) (reviewed by Schleif, 2010). Besides controlling 

ParaBAD-derived expression, AraC also negatively autoregulates its own expression from the 

divergently orientated promoter PC through binding of the O1 site that is overlapping with core 

elements of PC (Hahn & Schleif, 1983, Harmer et al. 2001). In E. coli L-arabinose enters the 

cell via two transport systems, the low-affinity, high capacity proton-symporter AraE and the 

high-affinity, low capacity ABC transporter AraFGH. Expression of both transport systems is 

also controlled by the AraC-L-arabinose complex (Kolodrubetz & Schleif, 1981, Horazdovsky 

& Hogg, 1989). AraC-ParaBAD is frequently applied for heterologous inducible expression as it 

combines high level of target gene expression with tight regulation of protein synthesis using 

the inexpensive inducer L-arabinose (Terpe, 2006). 

 



12 
 

 

Fig. 4 Schematic illustration of the regulatory mechanisms of the E. coli regulator-promoter pairs AraC-ParaBAD (a) 
and RhaSR-PrhaBAD (b). The regulator AraC represses transcription from ParaBAD in the absence of L-arabinose 
through DNA looping and activates transcription when bound to L-arabinose. From the two regulators RhaS and 
RhaR, only RhaS activates transcription from PrhaBAD and PrhaT in the presence of L-rhamnose. Bound to 
L-rhamnose, RhaR increases expression of the rhaSR operon. Modified from Schleif (2010) and Egan & Schleif 
(1993).  

 

1.2.6 The RhaSR-PrhaBAD system from Escherichia coli 

The regulator-promoter system RhaSR-PrhaBAD exhibits many similarities to AraC-

ParaBAD. Based on the utilization of L-rhamnose, the E. coli rhaBAD operon encoding enzymes 

required for the degradation of the sugar in the rather uncommon L-conformation is induced 

when L-rhamnose is present und glucose concentrations are low. Unlike all other expression 

systems discussed before, PrhaBAD involves two regulators, RhaR and RhaS, both belonging to 

the AraC/XylS family of regulators. The genes rhaR and rhaS are transcribed as polycistronic 

mRNA from the promoter PrhaSR and are located adjacent to PrhaBAD in divergent orientation 

(Fig. 4b). In the presence of L-rhamnose, a homodimer of RhaR activates transcription from 

PrhaSR, increasing its own and rhaS expression. Dimeric RhaS in turn induces transcription from 

PrhaBAD once L-rhamnose is bound (Power, 1967, Tobin & Schleif, 1987, Egan & Schleif, 1993). 

Interestingly, binding of L-rhamnose effects RhaR and RhaS differently. While RhaR cannot 

effectively recruit RNAP for transcription without L-rhamnose, DNA binding of RhaS is 

hampered in the absence of the inducer (Kolin et al. 2008). Besides PrhaBAD, expression from 

the promoter PrhaT with rhaT encoding a L-rhamnose-proton symporter in the cytoplasmic 

membrane is activated by RhaS (Vía et al. 1996). All RhaS and RhaR binding sites consist of 

two half-sites of 17 bp. For RhaS, two half-sites are located within PrhaBAD (rhaI1 and rhaI2) and 
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two within PrhaT (rhaI5 and rhaI6). The two RhaR half-sites within PrhaSR are termed rhaI3 and 

rhaI4. In E. coli expression from PrhaBAD, PrhaT and PrhaSR is also activated by CRP-cAMP when 

glucose concentrations are low (Egan & Schleif, 1993, Vía et al. 1996, Holcroft & Egan, 2000).  

1.3 Aims of this thesis 

G. oxydans has been used since the 1930s for various industrial applications due to 

its exceptional ability to incompletely oxidize carbohydrates in the periplasm. In spite of this 

long-standing experience, applications requiring target gene expression made only use of 

promoters conveying constitutive gene expression. All attempts in G. oxydans or other AAB to 

control gene expression in an inducer-dependent manner suffered from high basal expression 

under non-induced conditions and thus relative low fold-changes upon induction. Synthesis of 

desired enzymes for industrial applications at a defined time point as well as for basic research 

and metabolic engineering approaches including tight control of metabolic pathways could 

benefit from regulatable expression systems. This work aimed to establish regulatable 

expression systems for G. oxydans 621H. For that purpose, well-known regulatable 

expression systems from E. coli such as the AraC-ParaBAD, TetR-Ptet, LacI-Plac and RhaSR-

PrhaBAD systems should be tested in G. oxydans. By means of expressing different reporter 

genes, the performance of these heterologous regulator-promoter pairs should be studied 

using pBBR1MCS-based plasmids and in selected cases also with genomically integrated 

expression systems. Another aim was the identification of endogenous G. oxydans promoters 

that respond to stimulating effector molecules by altering the expression of the corresponding 

target gene upon supplementation. Once such promoters and their respective regulators have 

been identified, they would not only expand the scarce knowledge of regulatory networks in 

G. oxydans, but could also allow regulation of target gene expression in a G. oxydans strain 

that is not classified as a genetically modified organism (GMO). 
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2 Results: 

 

2.1 A tunable L-arabinose-inducible expression plasmid for the acetic 

acid bacterium Gluconobacter oxydans 
 
Fricke, P. M., Link, T., Gätgens, J., Sonntag, C., Otto, M., Bott, M., & Polen, T. (2020). A 

tunable L-arabinose-inducible expression plasmid for the acetic acid bacterium Gluconobacter 

oxydans. Applied Microbiology and Biotechnology 104:9267–9282.  
 

doi:10.1007/s00253-020–10905-4 

 

Author’s contributions: 

PMF and TL selected the reporters and constructed the plasmids. PMF carried out all growth 

experiments to test strains with and without plasmids and performed the data analysis. JG 

performed the GC-TOF-MS experiments and analyzed the data. PMF and CS performed the 

FACS analysis and analyzed the data. PMF and MO performed the DASbox cultivations. TP 

designed and supervised the study. PMF, MB, and TP wrote the manuscript. All authors read 

and approved the final manuscript. 

 

Overall contribution PF: 75% 
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2.2 Production of L-arabinonic acid from renewable L-arabinose by the 

acetic acid bacterium Gluconobacter oxydans 
 

Fricke, P. M., Hartmann, R., Wirtz, A., Bott, M., & Polen, T. Production of L-arabinonic acid 

from renewable L-arabinose by the acetic acid bacterium Gluconobacter oxydans. Submitted 
to Bioresource Technology. 
 

 

Authors’ contributions: 

PMF carried out the production experiments and analyzed the data. RH and AW performed 

the metabolite analysis. TP designed and supervised the study. PMF, MB and TP wrote and 

revised the manuscript. All authors read and approved the final version. 

 

Overall contribution PF: 85% 
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Abstract 

L-Arabinonic acid is a five carbon sugar acid valuable for various potential applications. 

Based on previous observations that the acetic acid bacterium Gluconobacter oxydans 

oxidizes L-arabinose in the periplasm by the membrane-bound glucose dehydrogenase 

yielding L-arabinonic acid, we tested the ability of G. oxydans for high-level L-arabinonic acid 

production. In fed-batch shake flasks without pH control, maximal product titers of 17.4 g/L 

L-arabinonic acid and 5.7 g/L L-arabino-1,4-lactone were obtained, yet a large fraction of 

L-arabinose remained unused. Strong acidification of the growth medium prevented further 

substrate oxidation. In contrast, in pH 6-controlled fed-batch bioreactors, up to 120 g/L 

L-arabinonic acid and 13 g/L of its 1,4-lactone could be obtained with strain 621H after 144 h. 

This combined high product titer (133 g/L or 814 mM) with a space-time yield of 1.08 g/L/h 

triples the titers reported before with Saccharomyces cerevisiae and Escherichia coli and 

makes G. oxydans a very promising host for high-level production of L-arabinonic acid. 

 

  



37 
 

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 electrolytic decarboxylation to produce erythrose and erythritol 

(Genders and Stapley 2016; Stapley and Genders 2016; Stapley et al. 2011), for producing 

polymer variants for different applications (Ohsumi and Fujii 2018; Okawa and Nishijima 2014; 

Van Es et al. 2017; Weng et al. 2018), for composite cements and semiconductor processing 

materials (Lee 2013; Yamazaki 2007), for medical applications (Okuda and Shimizu 2016; 

Sanai and Tanaka 2010; Sanai et al. 2007), and for cosmetics (Hasebe and Yamada 2005; 

Iwasaki et al. 2004; 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; Singh et al. 

2014; Smolentseva et al. 2011).(Kusema et al. 2010; Sataraddi and Nandibewoor 2013).  

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 with 

Saccharomyces cerevisiae. With the L-arabinose / D-galactose 1-dehydrogenase AraDH from 

Rhizobium leguminosarum expressed in S. cerevisiae, a titer of 18 g/L L-arabinonic acid 

corresponding to a yield 86% was achieved within 118 h in a pH 5.5-controlled 0.5 L batch 

fermenter (Aro-Karkkainen et al. 2014). In an engineered E. coli strain with an inactivated 

L-arabinose metabolism, an L-arabinonic acid titer of 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 the NAD(P)+-

dependent 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 advantages. Substrate import into the 

cytoplasm and product export out of the cytoplasm, which may limit the production efficiency, 
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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 biotransformations 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 

stereoselective 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; 

Pappenberger and Hohmann 2014).  

For G. oxydans 621H, L-arabinose was shown to be oxidized in the periplasm by the 

membrane-bound glucose dehydrogenase GdhM (GOX0265) yielding L-arabinonic acid, while 

the cytosolic glucose dehydrogenase GdhS (GOX2015) appeared to be negligible for this 

reaction (Fricke et al. 2020; Mientus et al. 2017; Peters et al. 2013). Recently, the potential of 

G. oxydans for complete conversion of lignocellulose-derived non-glucose sugars into 

corresponding sugar acids was reported. A fast and complete conversion of the non-glucose 

sugars from corn stover, including 10 g/L L-arabinose, into the corresponding sugar acids was 

observed in pH-controlled bioreactors (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-arabinonic 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 production parameters. The highest 

product titers were obtained 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-1 yeast extract, 1 g L-1 KH2PO4, 

1 g L-1 (NH4)2SO4, 2.5 g L-1 MgSO4 x 7 H2O at 30°C and 180 rpm. As a precaution to prevent 

bacterial contamination, 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 
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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-arabinolacton 

For quantification of L-arabinose, L-arabinonic acid, and L-arabino-1,4-lactone by 

nuclear magnetic resonance (NMR) spectroscopy, supernatant 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 seconds for water suppressing, 8 transients, 4800 Hz sweep width 

corresponding to 4 seconds of acquisition time and 38362 time domain data points. Spectra 

were processed and analyzed using Bruker Topspin version 3.6.2. After Fourier 

transformation, zerofilling to 512K 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 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 dissolved 

oxygen tension ≥30%. Firstly, agitation was gradually increased to 1,200 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 formation were taken in intervals and treated as described 

above. Supernatants were stored at -20 °C until the NMR analysis of substrates and products. 

For the calculations of biomass-specific product titers, a correlation 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 shake flasks using simple fed-batch mode is pH-limited 
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It has already been shown that G. oxydans 621H can oxidize L-arabinose to 

L-arabinonic acid by the membrane-bound glucose dehydrogenase GdhM (GOX0265), while 

the cytosolic glucose dehydrogenase GdhS (GOX2015) appeared not relevant for this 

conversion (Fricke et al. 2020; Mientus et al. 2017; Peters et al. 2013). In order to elucidate 

the potential of G. oxydans to form L-arabinonic acid at higher titers from renewable 

L-arabinose, in first experiments the 621H strain was cultivated in D-mannitol medium 

supplemented with 10 g/L, 40 g/L, and 80 g/L L-arabinose. After 24 h, a feed of 20 g/L, 40 g/L, 

and 80 g/L L-arabinose were added using a 50% (w/v) L-arabinose stock solution. Under all 

conditions, the cells grew very similar as in cultures without L-arabinose supplement. With 

80 g/L L-arabinose only a slight growth retardation was observed, demonstrating that the strain 

is able to grow in the presence of higher L-arabinose concentrations (Fig. 1a). The remaining 

L-arabinose titers after 24 h before feed and after 48 h indicated that L-arabinose consumption 

was decreased or even disabled at pH values below 2.7 (Fig. 1a, b). Without a pH control in 

the shake flasks, the formation of L-arabinonic acid with a pKa of 3.39 

(https://hmdb.ca/metabolites/HMDB0000539) led to a strong acidification of the medium. 

When grown with initially 10 g/L L-arabinose and fed with 20 g/L L-arabinose after 24 h, the pH 

was 2.8 (24 h) and finally 2.7 (48 h). Only in this condition the L-arabinonic acid titer further 

increased in the fed-phase after 24 h. In contrast, in the cultures with 40 g/L and 80 g/L 

L-arabinose exhibiting pH values close below 2.7, the product titer of L-arabinonic acid showed 

no further increase after 24 h despite the substrate feed (Fig. 1c). The maximal L-arabinonic 

acid concentration was 17.4 g/L after 24 h in the cultures with 80 g/L arabinose. The NMR 

analysis also revealed the presence of L-arabino-1,4-lactone (Fig. 2). The highest titer of the 

1,4-lactone was up to 5.7 g/L after 48 h in the cultures with 80 g/L arabinose (Fig. 1d). The 

somewhat lower L-arabinonic acid titers at 48 h compared to the 24 h value resulted from the 

10 mL volume increase due to the feed at 24 h and some acid was likely converted in this 

acidic conditions to its 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 L-arabinonic acid titers. However, according to the NMR data no signals 

suggesting further compounds formed as nonspecific byproducts could be found. At the end 

of the cultivation (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. 
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For the D-galactose 1-dehydrogenase annotated in R. leguminosarum and later termed 

L-arabinose / D-galactose 1-dehydrogenase AraDH, the L-arabino-1,4-lactone was reported to 

be the stable oxidation product, which was assumed to then open slowly at neutral pH to the 

linear form L-arabonate (Aro-Karkkainen et al. 2014). Vice versa, the 1,4-lactone can be 

formed from the linear form in acidic pH conditions, which we also observed with L-arabinonic 

acid standard in pH 3 (Fig. 2), and which was reported before (Aro-Karkkainen et al. 2014). In 

case of GdhM from G. oxydans, the 1,4-lactone is unlikely to be the direct oxidation product of 

the reaction. In the acidic pH conditions of the shake flasks, the 1,4-lactone would not open 

slowly to the linear form. Therefore, the linear form is likely the direct oxidation product of the 

GdhM reaction since L-arabinonic acid was the most of the two products in the acidic pH 

conditions and even increased between 24 h and 48 h in the condition with 10+20 g/L 

L-arabinose at pH 2.8 to 2.7, yet now below pH 2.7 likely due to the pH-sensitivity of GdhM. 

The 1,4-lactone was formed rather due to the acidic pH conditions from the linear form. 

 

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

 As the strong acidification of the medium below pH 2.7 prevented further 

arabinose oxidation, we next tested L-arabinonic acid production in pH-controlled fed-batch 

experiments using mannitol medium. pH 6 was reported be optimal for the membrane-bound 

glucose DH GdhM (Matsushita et al. 1994). Besides G. oxydans 621H, we also tested a 

derivative transformed with plasmid pMM4a-mGDH for constitutive expression of the 

membrane-bound glucose dehydrogenase gene gdhM (Mientus et al. 2017). In pH-controlled 

bioreactors, strain 621H and strain 621H / pMM4a-mGDH were grown in D-mannitol medium 

initially supplemented with 40 g/L and 80 g/L L-arabinose. Every 24 h, stock solution with 

L-arabinose dissolved in D-mannitol-free complex medium was fed to add another 40 g/L or 

80 g/L of substrate (corresponding to the initial culture volume). The feed and the KOH titration 

for keeping the pH at 6 increased the culture volume despite some volume reduction by taking 

samples for analysis. Overall, due to increased base titration in the cultures with 80 g/L 

L-arabinose (Table 2), their final culture volume were higher than that of the cultures with 40 g/L 

L-arabinose (Fig. 3a). As expected for pH-controlled conditions, at the end of the exponential 

phase strain 621H reached an almost two-fold higher final OD600 after 24 h with both 40 g/L 

(OD600 = 7.0 ± 0.3) and 80 g/L L-arabinose (OD600 = 7.5 ± 0.3) in D-mannitol medium compared 

to the shake flask cultivations without pH control (Fig. 3b). In contrast, after 24 h strain 

621H / pMM4a-mGDH reached a much lower OD600 of 4.8 ± 0.3 with 40 g/L L-arabinose and 

only 2.3 with 80 g/L L-arabinose. This indicated that the overexpression of gdhM and possibly 

the presence of kanamycin in the medium were detrimental for growth. Kanamycin or the 

presence of its resistance cassette cause a strong change of the cell morphology of 

G. oxydans, suggesting a kind of stress to the cells (Fricke et al. 2021b). Apparently, the 
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constitutive overproduction of the membrane-bound GdhM protein in combination with the use 

of kanamycin was detrimental for cell membrane integrity under osmotic stress conditions. In 

fact, even without L-arabinose and base titration, we observed differences to the plasmid-free 

621H strain when handling the pre-cultures of the pMM4a-mGDH-carrying strain. Notably, 

sedimentation of the cells by centrifugation was more difficult and the obtained cell pellets were 

much more loose and slimy compared to the 621H reference strain. In this context and as 

described above, we frequently observed lower initial OD600 values than expected by 

calculation when inoculating new cultures from resuspended pre-culture pellets suggesting 

some extent of cell lysis. In the future, conditionally timed and tuned overexpression of gdhM 

could possibly avoid these detrimental effects. Recently, two systems became available for 

tunable induction of target gene expression in G. oxydans (Fricke et al. 2020; Fricke et al. 

2021). 

When 40 g/L L-arabinose was supplemented, it was always almost fully consumed 

within 24 h by both strains, while the 80 g/L feed resulted in higher levels of residual substrate 

at the end of day 3 and later (Fig. 3c). These residual substrate levels in the later stage (≥72 h) 

were much higher in the cultures of the gdhM overexpression strain. Since even with 80 g/L 

substrate there were no relevant residual L-arabinose titers 24 h after a feed until the end of 

day 2 (48 h), the much lower biomass (OD600) of the gdhM overexpression strain per se was 

not limiting the L-arabinose oxidation in the first 48 h of the fermentation. Rather, some cell 

instability and/or (osmotic) stress sensitivity of the gdhM overexpression strain was likely 

limiting the L-arabinose oxidation from 48 h onward and strain 621H without pMM4a-mGDH 

and with a higher biomass (OD600) finally outperformed the sensitive gdhM overexpression 

strain with respect to the absolute product titers. Generally, for both strains the product titers 

were higher with 80 g/L compared to 40 g/L L-arabinose feed (Fig. 3d, e). In the 80 g/L 

condition, the gdhM overexpression strain produced a much higher 1,4-lactone level with 

transiently up to 54 g/L. Since the medium was pH 6-controlled, the much higher transient 

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 feed condition 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 titrations and the third substrate 

feeding. The 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 decreasing residual titers after 72 h, the L-arabinonic 

acid titer is expected to increase accordingly if L-arabinose is oxidized and if additionally the 

1,4-lactone is assumed to open slowly, yet the L-arabinonic acid titer did not increase further. 
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Thus, the data suggested a loss of substrate or product by nonspecific conversion at higher 

titers. Balancing the sum of the final amounts of residual 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 in the 80 g/L feed conditions while in the 40 g/L conditions 

the carbon gap was only 4% (Fig. 3f). In the NMR analysis, we did not observe any new signals 

indicating a nonspecific byproduct. If the carbon gap resulted from nonspecific conversion of 

L-arabinose, an optimized L-arabinose feeding strategy avoiding too high substrate titers 

should increase the product formation and reduce the carbon gap. In summary, at the end of 

the cultivation, the highest combined product titers of L-arabinonic acid plus its 1,4-lactone 

obtained in pH-controlled bioreactor conditions 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 results showed that 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 the valuable five carbon sugar acid L-arabinonic acid from 

renewable L-arabinose. Uptake of substrate into the cell and export of product out of the cell 

is not required in this case. Since G. oxydans apparently cannot use L-arabinose as a carbon 

source, inactivation of genes involved in its catabolism to intermediates of the central carbon 

metabolism is also not required. Without further strain optimization and process improvements, 

up to 133 g/L L-arabinonic acid and its 1,4-lactone were produced in pH-controlled fed-batch 

bioreactors. This titer is more than three-fold above those reported for the engineered 

S. cerevisiae and E. coli strains described before. The biomass-specific L-arabinonic acid 

production of the two G. oxydans strain tested indicated that additional expression of the gdhM 

has the potential to further increase the space-time yields, yet it seems that gdhM 

overexpression needs to be timed and balanced to avoid detrimental effects on growth and 

cell physiology and/or stability as observed in this study when gdhM was constitutively 

expressed. Together with an optimized L-arabinose feeding strategy and further process 

optimizations, a further increase in L-arabinonic acid titers and production rates should be 

achievable with G. oxydans. 
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TABLES 
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 constitutive expression of the membrane-bound 
glucose DH gene (GOX0265, gdhM) 

(Mientus et al. 2017) 

 
 
 
 
 
 
Table 2. Calculated concentrations of KOH resulting from base stock titration to maintain 

pH 6 in bioreactor conditions with complex D-mannitol medium. 
 

Strain and L-arabinose feed KOH (mM) 
after 144 h 

621H +4% (w/v) 1016 
621H +8% (w/v) 1156 
621H / pMM4a-mGDH +4% (w/v) 837 
621H / pMM4a-mGDH +8% (w/v) 1119 
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FIGURE LEGENDS 

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--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%. 
 
 
Fig. 2. Representative expansions of 599 MHz 1H NMR spectra and colored area indication of 
signals used for quantification of L-arabinonic acid, its 1,4-lactone and L-arabinose. The signals 
in samples (A) used for metabolite quantification were selected based on specific 
nonoverlapping 1H signals obtained with reference samples of L-arabinose (B) using signal 1 
(py-H-β1, fu-H-β1 and fu-H-α1), signal 2 (py-H-α1), and signal 3 (py-H-α2), of L-arabinonic acid 
(C) using signal 4 (H-1), and of the 1,4-lactone (D) using signal 5 (H-3) and 6 (H-2). The 
chemical shift of the L-arabinonic acid H-1 signal (4) used for the quantification was pH 
dependent. Sample (D) was a mixture of L-arabinonic acid standard and the 1,4-lactone formed 
at pH 3. py: pyranose; fu: furanose 
 
 
Fig. 3. 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 indicators), 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. For L-arabinose, the largely overlapping 
data points at a time were somewhat shifted for better visibility. 
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2.1 On the way toward regulatable expression systems in acetic acid 

bacteria: target gene expression and use cases 
 

Fricke, P. M., Klemm, A., Bott, M., & Polen, T. (2021). On the way toward regulatable 

expression systems in acetic acid bacteria: target gene expression and use cases. Applied 
Microbiology and Biotechnology 105:3423–3456. 
 
doi:10.1007/s00253-021-11269-z 
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2.2 Highly tunable TetR-dependent target gene expression in the acetic 

acid bacterium Gluconobacter oxydans 
 
Fricke, P. M., Lürkens, M., Hünnefeld, M., J., Sonntag, C., Bott, M., Davari, M. D. & Polen, 
T. (2021). Highly tunable TetR-dependent target gene expression in the acetic acid bacterium 

Gluconobacter oxydans. Applied Microbiology and Biotechnology 105: 6835–6852. 
 

doi:10.1007/s00253-021-11473-x 

 

Author’s contributions: 

PMF constructed the plasmids, carried out the growth experiments and analyzed the data. 

PMF and CS performed the FACS analysis and analyzed the data. PMF and MH obtained the 

microscopic images. ML and MDD conducted the computational simulations. TP designed and 

supervised the study. PMF, ML, MDD, MB and TP wrote and revised the manuscript. All 

authors read and approved the final version. 
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2.3 The L-rhamnose-dependent regulator RhaS and its target promoters 

expand the toolkit for regulatable gene expression in the acetic acid 

bacterium Gluconobacter oxydans 
 

Fricke P.M., Gries M., Mürköster M., Sonntag C., Gätgens J., Bott M., Polen T. The 

L-rhamnose-dependent regulator RhaS and its target promoters expand the toolkit for 

regulatable gene expression in the acetic acid bacterium Gluconobacter oxydans. Manuscript 

in preparation. 

 
 
Author’s contributions: 
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the data. PMF and CS performed the FACS analysis and analyzed the data. JG performed the 

GC-TOF-MS experiments and analyzed the data. TP designed and supervised the study. PMF 

and TP wrote the manuscript.  
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Abstract 
For inducible target gene expression in the acetic acid bacterium (AAB) Gluconobacter 

oxydans only recently the first plasmids became available that enable AraC- and TetR-

dependent induction. In this study we showed that the L-rhamnose-dependent RhaS regulator 

from Escherichia coli and its target promoters could also be used in G. oxydans as an 

alternative for regulatable target gene expression. Interestingly, in contrast to the 

responsiveness in E. coli, the apparent strong activity of the RhaS-regulated promoter PrhaBAD 

was surprisingly gradually decreased in G. oxydans with increasing L-rhamnose 

concentrations down to only 10% residual reporter expression, while in the absence of 

L-rhamnose RhaS increased the apparent PrhaBAD activity. The RhaS-dependent repression of 

PrhaBAD and of a two-fold stronger synthetic promoter variant thereof containing another RhaS 

binding site (PrhaBAD(+RhaS-BS)) was largely tunable between only 0.3% and 0% (w/v) L-rhamnose. 

Therefore, the RhaS-PrhaBAD and the RhaS-PrhaBAD(+RhaS-BS) system derived from E. coli 

represent sensitive and, for the first time, effector-dependent down-regulatable expression 

systems in G. oxydans. In contrast to PrhaBAD, the E. coli promoter PrhaT was almost inactive in 

the absence of rhaS. In the presence of rhaS, the non-induced PrhaT activity was very weak 

and the induced PrhaT activity was weak to moderate and inducible up to a 10-fold induction. 

Therefore, the RhaS-PrhaT system from E. coli could be a suitable alternative for expression of 

difficult enzymes and membrane proteins at lower levels. Like PrhaT, PrhaSR appeared positively 

auto-regulated by RhaS which was increased with L-rhamnose. In summary, the interplay of 

the L-rhamnose-dependent RhaS protein from E. coli and its target promoters PrhaBAD, PrhaT, 

and PrhaSR offer very interesting characteristics potentially usable for repressible and inducible 

gene expression in basic and applied research including combinatorial metabolic engineering 

approaches in G. oxydans and possibly in other AAB. 

 

Key Points 

 E. coli PrhaBAD was strong with a reversed RhaS-dependent responsiveness in G. oxydans. 

 E. coli PrhaT was very weak in G. oxydans and gradually inducible up to 10-fold induction. 

 RhaS-Prha systems open up new opportunities for dynamic gene expression regulation.  
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Introduction 
In biotechnological applications and basic research, timed production of proteins in 

bacterial cell culture for various purposes by inducible or regulatable expression of target 

genes is a standard method well established in many bacteria except in acetic acid bacteria 

(see, for example, {Chen, 2012 #1}{Connell, 2001 #2}{Dilworth, 2018 #3}{Evans, 2015 

#4}{Forstner, 2007 #5}{Gruber, 2015 #6}{Parachin, 2012 #7}{Schnappinger, 2014 #8}{Terpe, 

2006 #9}{Valero, 2012 #10}. Members of the acetic acid bacteria (AAB) family 

(Acetobacteraceae) are interesting Gram-negative microorganisms that can be exploited to 

produce food and beverage, industrial chemicals, and biomaterials. For a long time, in AAB 

only constitutive target gene expression was applied and in a very few studies only weakly 

regulatable target gene expression were achieved (reviewed in {Fricke, 2021 #11}. The 

transfer and full functionality as well as tunability of well-known heterologous regulatable 

expression systems was demonstrated in AAB only recently for the AraC and TetR systems 

from Escherichia coli and hitherto only for the AAB Gluconobacter oxydans {Fricke, 2020 

#12}{Fricke, 2021 #13}, while in the AAB Komagataeibacter and Gluconacetobacter both 

systems turned out to be very leaky on alternative plasmid constructs in the absence of inducer 

{Florea, 2016 #14}{Teh, 2019 #15}. Besides, in K. rhaeticus, Ga. xylinus and Ga. hansenii, an 

N-acyl homoserine lactone-inducible LuxR-Plux system exhibited condition-dependent 

induction only up to 36-fold, yet an apparent more robust tightness and induction of 

fluorescence reporter expression when cells were encased in pellicles {Florea, 2016 #14}{Teh, 

2019 #15}. LacI-dependent systems from Escherichia coli have also been found to always 

exhibit some non-induced basal reporter expression in AAB and thus low induction fold-

changes only up to 40-fold, or inhomogeneous induction {Condon, 1991 #17}{Fricke, 2021 

#13}{Liu, 2020 #16}. Protein-DNA binding simulations by computational modeling of LacI, 

TetR, and AraC with DNA predicted a decreased DNA binding of LacI when pH is below 6 

while DNA binding of TetR and AraC was predicted to be increased {Fricke, 2021 #13}. 

Although it has not yet been shown experimentally, pH-dependent decreased DNA binding 

could cause the leakiness of the LacI-dependent systems hitherto tested in AAB. Therefore, 

the leakiness of LacI from neutralophilic E. coli was also discussed to be related to the internal 

pH in AAB species, which appears to be maintained to different extents during growth and 

depending on the acidic growth conditions. Besides LacI, the leakiness of other heterologous 

repressor-based systems tested and still leaky in AAB may also be related to the internal pH. 

For acidophilic bacteria such as AAB, the intracellular pH is considered to be maintained 

between 6 and 7, while neutralophilic bacteria such as E. coli are considered to maintain pH 7 

to 8 {Baker-Austin, 2007 #19}{Krulwich, 1998 #20}. Despite pH maintenance mechanisms, the 

intracellular pH of the AAB Acetobacter aceti was reported to change from 5.8 to 3.9 already 

during growth when the medium pH acidified from 6.2 to 3.5 {Menzel, 1985 #18}. Furthermore, 
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expression data obtained with the pH-sensitive fluorescence reporter protein mNeonGreen 

suggested that also in G. oxydans the typical intracellular pH is not maintained during 

exponential growth in conditions initially set to pH 5 or pH 4, while this was not observed when 

grown in the standard condition initially set to pH 6 {Fricke, 2021 #13}. Recently, the pH-

sensitive green fluorescent protein pHluorin2’ was introduced to monitor and estimate the 

intracellular pH of K. europaeus and revealed a decrease from 6.3 to 4.7 already during cell 

growth {Ishii, 2021 #40}. The study also showed that the DNA-binding leucine-responsive 

regulatory protein Lrp from acetic acid bacteria is stable and functions at a wide range of 

intracellular pH levels. However, to better understand the pH-dependent binding of regulators 

to DNA and to possibly improve the expression performance of heterologous regulatable 

expression systems so far leaky in AAB species and their growth conditions, more protein-

DNA interaction data and intracellular pH data of AAB strains in various growth conditions are 

required. 

The AAB G. oxydans harbors the beneficial ability of regio- and stereoselective 

incomplete oxidation of a variety of sugars, sugar alcohols and other substrates in the 

periplasm by membrane-bound dehydrogenases (mDHs) and release of resulting products 

into the cultivation medium {Mamlouk, 2013 #21}{Mientus, 2017 #22}{Pappenberger, 2014 

#23}. Therefore, G. oxydans is industrially used for oxidative biotransformations of 

carbohydrates to produce e. g. the tanning lotion additive dihydroxyacetone, the vitamin C 

precursor L-sorbose, and 6-amino-L-sorbose used for production of the antidiabetic drug 

miglitol {Ameyama, 1981 #24}{Gupta, 2001 #25}{Hekmat, 2003 #26}{Saito, 1997 #27}{Tkac, 

2001 #28}{Wang, 2016 #29}. In G. oxydans, the derivatives of the pBBR1MCS plasmid family 

obtained from the endogenous plasmid pBBR1 isolated from Bordetella bronchiseptica are the 

most successful shuttle vectors for recombinant target gene expression {Antoine, 1992 

#30}{Kovach, 1994 #32}{Kovach, 1995 #31}. Among the pBBR1MCS derivatives, 

pBBR1MCS-2 conferring kanamycin resistance and pBBR1MCS-5 conferring gentamicin 

resistance are by far the most used in G. oxydans (reviewed in {Fricke, 2021 #11}. Both 

plasmid backbones recently enabled full functionality and thus transfer of the AraC- and TetR-

dependent systems from E. coli to G. oxydans 621H, yet the use of pBBR1MCS-2 resulted in 

abnormal cell morphology due to kanamycin and in reduced expression performance of the 

TetR-Ptet system {Fricke, 2020 #12}{Fricke, 2021 #13}. Therefore, in G. oxydans plasmid 

backbone pBBR1MCS-5 with gentamicin is likely to be the choice over pBBR1MCS-2. 

Due to our recent success in demonstrating for the first time fully functional regulatable 

expressions systems in G. oxydans (AraC-ParaBAD and TetR-Ptet) by using the plasmid 

pBBR1MCS-5, we wanted to test another heterologous system with pBBR1MCS-5 to provide 

and establish a further alternative for regulatable target gene expression in G. oxydans. To this 

end, we chose the L-rhamnose-dependent RhaSR system from E. coli {Baldoma, 1990 
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#33}{Egan, 1993 #34}{Egan, 1994 #35}{Via, 1996 #36}{Bhende, 1999 #37}{Wickstrum, 2010 

#38}. Compared to the AraC, TetR, and LacI systems from E. coli, the RhaRS system offers 

special features that could be particularly interesting and useful for applications in G. oxydans 

or AAB in general (Fig. S1).  

 
Fig. S1 The region of the PrhaBAD promoter between the PrhaT and rhaBAD genes illustrating 

the regulatory mode of action by the RhaR and RhaS regulator proteins in E. coli 
according to Egan & Schleif (1993) and VÍa et al. (1996). 

 

 

Firstly, the system comprises not only one, but two transcriptional regulators both 

responding to L-rhamnose. Namely, the RhaR and RhaS protein encoded in the rhaSR operon 

expressed from the promoter PrhaSR. In E. coli, basal expression from PrhaSR is positively auto-

regulated in the presence of L-rhamnose by RhaR resulting in increased expression of the 

rhaSR operon and in turn PrhaSR is negatively auto-regulated by RhaS since RhaS is able to 

bind to the RhaR binding site at PrhaSR. Secondly, the regulator RhaS furthermore targets two 

different promoters, namely PrhaBAD and PrhaT. PrhaBAD drives transcription of the structural 

rhaBAD genes encoding the L-rhamnose catabolic enzymes rhamnulose kinase, L-rhamnose 

isomerase and rhamnulose-1-phosphate aldolase. PrhaT drives transcription of rhaT encoding 

the L-rhamnose transport system. RhaS activates transcription from PrhaBAD and PrhaT in the 

presence of L-rhamnose. Furthermore, in E. coli the L-rhamnose metabolism is under 

catabolite repression by glucose, which is overcome by the binding of the cAMP receptor 

protein (CRP) to consensus recognition sequences found in all three Prha promoters and 

interaction of CRP with RhaS and RhaR. In G. oxydans CRP is absent since the predicted 

CRP gene (GOX0974 / GOX_RS06010) turned out to encode an iron-sulfur cluster protein 

termed GoxR, an FNR-type transcriptional regulator of genes involved in respiration and redox 

metabolism {Schweikert, 2021 #39}. Overall, it seemed very interesting to analyze if and how 

RhaS, RhaR, and the promoters PrhaBAD, PrhaT, and PrhaSR perform and could be useful for 

regulatable recombinant gene expression in G. oxydans. 

We found with pBBR1MCS-5-based mNeonGreen (mNG) reporter plasmids that in 

G. oxydans the promoter PrhaBAD surprisingly was regulated differently compared to E. coli. In 
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the absence of L-rhamnose, RhaS increased the expression from PrhaBAD. Additionally, 

increased rhaS expression using different promoters increased mNG expression from PrhaBAD, 

thus the apparent strength of PrhaBAD was dependent from the RhaS level. In the presence of 

L-rhamnose, RhaS repressed the expression from PrhaBAD down to only 7% to 10% residual 

plasmid-based mNG reporter activity. The RhaS-dependent repression of PrhaBAD was largely 

tunable by L-rhamnose between 0% and only 0.3% (w/v). In contrast to PrhaBAD, the very similar 

promoter PrhaT was activated by RhaS, tunable, and rather weak in G. oxydans. The promoter 

PrhaSR alone appeared also rather weak in G. oxydans, yet in the presence of the rhaS gene 

PrhaSR appeared to be very strong indicating a positive auto-regulation of PrhaSR by RhaS in the 

absence of RhaR. Together, the effects and properties of the L-rhamnose-dependent RhaS 

protein from E. coli and the promoters PrhaBAD, PrhaT, and PrhaSR in G. oxydans offer very 

interesting characteristics usable for regulated gene expression in basic and applied research 

including combinatorial metabolic engineering approaches. 

 

Materials and Methods 
Bacterial strains, plasmids, media and growth conditions 

Bacterial strains and plasmids used in this study and their relevant characteristics are 

listed in Table 1. G. oxydans cells were routinely cultivated in D-mannitol complex medium 

containing 40 g L-1 D-mannitol, 5 g L-1 yeast extract, 1 g L-1 KH2PO4, 1 g L-1 (NH4)2SO4, and 

2.5 g L-1 MgSO4 x 7 H2O at 30°C. The initial pH of the medium was set to 6 by the addition of 

KOH (5 M stock). Because G. oxydans possesses a natural resistance toward cefoxitin, 

50 µg mL-1 of the antibiotic was routinely added to the medium as a precaution to prevent 

bacterial contaminations. Stock solution of cefoxitin (50 mg mL-1) and D-mannitol (200 g L-1) 

were sterile-filtered and added to autoclaved medium. Unless stated otherwise, for shake flask 

cultivations cells from 10 mL overnight pre-cultures were used to inoculate 50 mL D-mannitol 

medium in 500 mL shaking flasks with three baffles to an initial optical density at 600 nm 

(OD600) of 0.3 (UV-1800, Shimadzu). All shake flasks cultures were grown on a rotary shaker 

at an agitation speed of 180 rpm. G. oxydans cells harboring pBBR1MCS-5-based plasmids 

were supplemented with 10 µg mL-1 gentamicin {Kovach, 1994 #32}. Escherichia coli strains 

were cultivated at 37 °C and 160 rpm in lysogeny broth (LB) medium. Medium of E. coli 

carrying pBBR1MCS-5-based plasmids was supplemented with 10 µg mL-1 gentamicin. E. coli 

S17-1 was used as donor strain to transform G. oxydans by conjugation {Kiefler, 2017 #41}. 

Competent E. coli S17-1 were made and transformed by CaCl2 procedure as described 

{Hanahan, 1983 #42}. 

Recombinant DNA work 
All DNA oligonucleotides used in this study were obtained from Eurofins Genomics 

and are listed in Table S1. All enzymes required for recombinant DNA work were purchased 
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from Thermo Scientific. Polymerase chain reaction (PCR) used for DNA manipulation and 

plasmid verification followed standard protocols as described {Sambrook, 1989 #43}. For 

amplification of DNA fragments Q5 DNA polymerases were utilized as recommended by the 

manufacturer (New England Biolabs). All reporter plasmids were constructed in a one-step 

isothermal Gibson assembly (50°C, 1 h) by integrating amplified DNA fragments in the 

restricted broad-host vector pBBR1MCS-5 {Gibson, 2009 #44}. All DNA modifications to create 

desired plasmids were conducted in E. coli S17-1. For plasmid isolation a QIAprep spin 

miniprep kit (Qiagen) was used according to the manufacturer’s protocol. Correctness of 

plasmid inserts were checked by DNA sequencing (Eurofins MWG). 

Construction of plasmids 
In this study, all plasmids were constructed using the empty vector pBBR1MCS-5-

TgdhM-MCS-T0028 that we created previously for the TetR-Ptet system as described {Fricke, 2021 

#13}. The terminator sequences of GOX0265 (TgdhM) and GOX0028 (T0028) flank the multiple 

cloning site (MCS) to reduce potential interferences caused by genetic elements on the 

plasmid backbone. Unless stated otherwise, pBBR1MCS-5-TgdhM-MCS-T0028 was restricted for 

insert integration with the restriction endonucleases XbaI and EcoRI. Furthermore, in all 

constructs using the promoter PrhaBAD, PrhaSR, PrhaT, PGOX0264 or PGOX0452 to express the reporter 

gene mNeonGreen (mNG), upstream from mNG the ribosome binding site (RBS) AGGAGA 

was placed downstream from the naturally occurring RBS of the respective promoter region. 

This RBS was already shown to be functional and strong in G. oxydans {Fricke, 2020 

#12}{Fricke, 2021 #13}. 

For construction of plasmid pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG, two DNA 

fragments were inserted in pBBR1MCS-5-TgdhM-MCS-T0028: a 2112 bp DNA fragment with 

rhaSR-PrhaSR-PrhaBAD-RBS amplified with primer pair PF1/PF2 from the genome of E. coli LJ110 

and a 806 bp DNA fragment with mNG-TBBa_B1002 amplified with the primer pair PF3/PF4 from 

pBBR1MCS-5-araC-PBAD-mNG {Fricke, 2020 #12}. The second DNA fragment inserted the 

terminator BBa_B1002 from the iGEM parts library directly downstream from the reporter gene 

mNG. 

The plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG lacking rhaR was constructed by 

amplification of a 2021 bp DNA fragment from pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG with 

primer pair PF5/PF4 obtaining fragment rhaS-PrhaSR-PrhaBAD-RBS-mNG-TBBa_B1002 and 

subsequent integration of this fragment into pBBR1MCS-5-TgdhM-MCS-T0028. 

To construct the plasmid pBBR1MCS-5-rhaR-PrhaSR-PrhaBAD-mNG lacking rhaS, the 

primer pairs PF1/PF6 and PF7/PF4 were used to amplify a 969 bp DNA fragment containing 

rhaR and a 1128 bp DNA fragment containing PrhaSR-PrhaBAD-RBS-mNG-TBBa_B1002. Again, 

plasmid pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG was used as a PCR template. Due to the 

design of the primers, rhaS, being the first gene of the rhaSR operon, was deleted in such a 
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way that the first and last three codons of rhaS remained in frame in the plasmid, thereby in 

principle maintaining the original operon structure. 

To construct the plasmid pBBR1MCS-5-PrhaSR-PrhaBAD-mNG lacking the whole rhaSR 

operon, a 1121 bp DNA fragment comprising of PrhaSR-PrhaBAD-RBS-mNG-TBBa_B1002 was 

generated with primer pair PF8/PF4 from pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG and 

integrated in pBBR1MCS-5-TgdhM-MCS-T0028. 

The plasmid pBBR1MCS-5-rhaS-PGOX0264-PrhaBAD-mNG was assembled from three 

DNA fragments: The first fragment (943 bp) contained rhaS and was amplified with primer pair 

PF5/PF9 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. The second fragment (537 bp) 

contained RBS-PGOX0264 and was amplified with primer pair PF10/PF11 from the genome of 

G. oxydans 621H. The third fragment (998 bp) contained PrhaBAD-RBS-mNG-TBBa_B1002 and was 

amplified with primer pair PF12/PF4 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. 

Similarly, plasmid pBBR1MCS-5-rhaS-PGOX0452-PrhaBAD-mNG was constructed from 

three DNA fragments: Again, the first fragment (943 bp) contained rhaS and was amplified with 

primer pair PF5/PF9 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. The second fragment 

(450 bp) contained RBS-PGOX0452 and was amplified with primer pair PF13/PF14 from the 

genome of G. oxydans 621H. The third fragment (999 bp) contained PrhaBAD-RBS-mNG-

TBBa_B1002 and was amplified with primer pair PF15/PF4 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-

mNG. 

The plasmid pBBR1MCS-5-mNG-PrhaSR-PGOX0264-rhaS was created from the DNA 

fragment TBBa_B1002-mNG-RBS-PrhaBAD (993 bp) amplified with primer pair PF16/PF17 from 

pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG and fragment PGOX0264-RBS-rhaS (1338 bp) amplified 

with primer pair PF18/PF19 from pBBR1MCS-5-rhaS-PGOX0264-PrhaBAD-mNG. 

Similarly, plasmid pBBR1MCS-5-mNG-PrhaSR-PGOX0452-rhaS was generated from DNA 

fragment TBBa_B1002-mNG-RBS-PrhaBAD (997 bp) amplified with primer pair PF16/PF20 from 

template pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG and from DNA fragment PGOX0452-RBS-rhaS 

(1305 bp) amplified with primer pair PF21/PF19 from template pBBR1MCS-5-rhaS-PGOX0452-

PrhaBAD-mNG. 

Plasmid pBBR1MCS-5-mNG-PrhaSR was constructed with DNA fragment TBBa_B1002-

mNG (815 bp) amplified with primer pair PF16/PF22 and DNA fragment RBS-PrhaSR-PrhaBAD 

amplified with primer pair PF23/PF24, both fragments generated from plasmid pBBR1MCS-5-

rhaS-PrhaSR-PrhaBAD-mNG as PCR template. In the resulting construct pBBR1MCS-5-mNG-

PrhaSR, the PrhaBAD region directly neighborly located to PrhaSR was included to keep the native 

DNA region upstream from PrhaSR. 

For construction of plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG 

containing an additional RhaS-binding site (RhaS-BS) directly downstream from the -10 region 

of PrhaBAD, a DNA fragment (933 bp) consisting of (RhaS-BS)-RBS-mNG-TBBa_B1002 was amplified 
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with primer pair PF25/PF4 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG and integrated into the 

EcoRI-restricted plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. 

Plasmid pBBR1MCS-5-PrhaT-mNG was constructed with the DNA fragments PrhaT-

RBS (334 bp) generated with primer pair PF26/PF27 from the genome of E. coli LJ110 and 

fragment mNG-TBBa_B1002 (806 bp) generated with primer pair PF28/PF4 from plasmid 

pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. 

To construct plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG, two DNA fragments were 

used. The first DNA fragment contained rhaS-PrhaSR (1124 bp) amplified with primer pair 

PF5/PF29 from pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. The second DNA fragment contained 

PrhaT-RBS-mNG-TBBa_B1002 (1085 bp) amplified with primer pair PF30/PF4 from pBBR1MCS-5-

PrhaT-mNG. 

Measurements of fluorescence protein 
The regulation and relative strength of the promoters on constructed plasmids was 

monitored in G. oxydans by means of expressing mNeonGreen (mNG) encoding the 

fluorescent reporter protein mNG {Shaner, 2013 #45}. For analysis of mNG expression with 

various promoters, G. oxydans test cultures were supplemented with L-rhamnose (w/v) at 

indicated concentrations using a 40% (w/v) stock solution. Equal volumes of medium were 

added to non-supplemented reference cultures. Throughout the cultivation, growth (OD600) and 

fluorescence emission were monitored in intervals using a spectrophotometer (UV-1800, 

Shimadzu) and an Infinite M1000 PRO Tecan reader (ex 504 nm / em 517 nm, ex/em 

bandwidth 5 nm, infinite M1000 PRO Tecan). For microscale BioLector cultivations, overnight 

starter cultures were used to inoculate 800 µL batches of D-mannitol medium in 48-well 

Flowerplates® (m2p-labs) to an initial OD600 of 0.3. Sealed with disposable foil (m2p-labs), 

plates were cultivated for 24 h at 1200 rpm, 85% humidity and 30 °C while growth was 

monitored in each well according to backscatter light intensities (A620 nm) and fluorescence 

emission (ex 510 nm / em 532 nm). For backscatter signal amplification gain 20 was applied. 

Signal amplification of fluorescence emission varied (gain 40 - 70) and is indicated in the figure 

legends. All BioLector data shown in a diagram were measured in the same run of a growth 

experiment. 

Cell flow cytometer analysis 
For single cell analysis, a FACSAriaTM cell sorter controlled by FACSDiva 8.0.3 

software (BD Biosciences) was used to analyze the mNG reporter protein signals in 

G. oxydans 621H harboring either plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG or 

pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG. The FACS was operated with a 70 µm nozzle and run 

with a sheath pressure of 70 psi. The forward scatter (FSC) and side scatter (SSC) were 

recorded as small-angle scatter and orthogonal scatter, respectively, by means of a 488 nm 

solid blue laser beam. For analysis, only particles/events above a 200 a.u. for FSC-H and 
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300 a.u. for SSC-H as the thresholds were considered. mNG fluorescence emission was 

detected from the SSC through the combination of a 502 nm long-pass and 530/30 nm band-

pass filter. Prior to data acquisition, the FSC-H vs. SSC-H plot was employed to gate the 

population and to exclude signals originating from cell debris or electronic noise. In a second 

and third gating step, from the resulting population, the SSC-H signal was plotted against the 

SSC-W signal and this population was subsequently gated in a FSC-H vs. FSC-W plot to 

exclude doublets. From this resulting singlet population, 100,000 events were recorded at a 

rate of <10,000 events/s for fluorescence data acquisition. For data analysis and visualization 

of all gated events (n=100,000) FlowJo 10.7.2 for Windows (FlowJo, LLC) was applied. 

L-Rhamnose biotransformation test assay and GC-TOF-MS analysis 
G. oxydans cells were grown to an OD600 of 1.3, centrifuged (4000 x g, 5 min) and 

washed twice with 50 mM phosphate buffer (pH 6). After the second washing step, cells were 

resuspended in biotransformation buffer (6.6 g L-1 Na2HPO4, 3 g L-1 KH2PO4, 1 g L-1 NH4Cl, 

0.5 g L-1 NaCl, 0.49 g L-1 MgSO4, 0.02 g L-1 CaCl2) supplemented with 2% (w/v) L-rhamnose 

and incubated for 24 h at 30 °C and 200 rpm. Then, the cells were removed from the buffer 

(4000 x g, 5 min) and the supernatant was used for analysis by gas chromatography (Agilent 

6890N, Agilent Technologies) coupled to a Waters Micromass GCT Premier high-resolution 

time-of-flight mass spectrometer (Waters). Sample handling for derivatization, GC-TOF-MS 

operation, and peak identification were carried out as described {Paczia, 2012 #46}. As a 

control, samples from biotransformation buffer with L-rhamnose and without cells as well as 

biotransformation buffer without L-rhamnose yet with cells were prepared. 

Total DNA extraction, library preparation, Illumina sequencing, and data analysis 
Total DNA was purified from a culture aliquot using a NucleoSpin Microbial DNA Mini 

kit (MACHEREY–NAGEL). DNA concentrations were measured using a Qubit 2.0 fluorometer 

(Thermo Fisher Scientific). Illumina sequencing and data analysis of the indicated PrhaBAD DNA 

sample was carried out as described {Fricke, 2021 #13}. For the read mapping, the improved 

genome sequence from G. oxydans 621H and the indicated PrhaBAD plasmid sequence were 

used {Kranz, 2017 #47}. 

 

Results 
L-Rhamnose does not affect growth and is barely oxidized by G. oxydans 

In the present study, we tested L-rhamnose-inducible E. coli promoters in G. oxydans 

621H using the plasmid backbone pBBR1MCS-5 to expand the growing genetic toolbox for 

gene expression in AAB by another regulatory system as an alternative to AraC-ParaBAD and 

TetR-Ptet in G. oxydans. Similarly to AraC-ParaBAD and its effector L-arabinose, the RhaSR-

PrhaBAD system from E. coli responds to the abundant monosaccharide rhamnose in the 

uncommon L conformation. In E. coli, L-rhamnose needs to enter the cell to interact with the 
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regulators RhaR and RhaS {Tobin, 1987 #48}. In contrast to L-arabinose, for more than 90% 

of the strains in the genus Gluconobacter no acid formation from L-rhamnose has been 

reported {Kersters, 1990 #51}. G. oxydans 621H whole-cell enzyme activity assays using the 

artificial electron acceptor DCPIP also revealed no detectable mDH activity with L-rhamnose 

as substrate {Peters, 2013 #49}. To further check if G. oxydans 621H could possibly consume 

or convert L-rhamnose to a product, we carried out biotransformation assays and GC-TOF-MS 

analysis. According to the results, no substantial conversion or consumption of L-rhamnose 

was observed since no new peaks other than the L-rhamnose peaks were detected in 24 h 

samples, and the areas of GC peaks assigned to L-rhamnose were very similar for both after 

24 h and 0 h samples (Fig. S2). Hence, if at all, L-rhamnose is degraded or converted by strain 

621H so slowly that the effector is hardly diminished during potential applications. 

 

 
Fig. S2 Chromatograms of GC-TOF-MS analysis of L-rhamnose oxidation by G. oxydans 

621H. Cell suspensions with an OD600 of 1.3 were incubated for 24 h at 30°C and 
200 rpm in biotransformation buffer supplemented with 2% (w/v) L-rhamnose. Then 
cell-free culture supernatant was prepared for GC-TOF-MS analysis.  

 

To check if L-rhamnose as the effector of the RhaSR-system somehow affects the 

growth of G. oxydans 621H, we added L-rhamnose to the medium. With 1% (w/v) L-rhamnose 

instead of D-mannitol, there was no growth of G. oxydans 621H and the initial start OD600 of 

0.04 did not change within 24 h (Fig. 1). In 4% (w/v) D-mannitol medium supplemented with 

1% (w/v) L-rhamnose, the strain 621H grew very similar compared to the D-mannitol reference 

medium and reached a similar final OD600. Therefore, up to 1% (w/v) there was no negative 

effect of L-rhamnose on the growth of G. oxydans 621H. 
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Fig. 1 Growth of G. oxydans 621H with L-rhamnose  
 
Growth of G. oxydans 621H in shake flask with 4% (w/v) D-mannitol reference medium, 
reference medium supplemented with 1% (w/v) L-rhamnose, and medium containing 1% (w/v) 
L-rhamnose instead of 4% (w/v) D-mannitol. The data represent mean values of two biological 
replicates. 
 
 

In G. oxydans PrhaBAD from E. coli is repressed in the presence of L-rhamnose 
 A special feature of the L-rhamnose-inducible PrhaBAD system from E. coli is the 

involvement of two transcriptional regulators. In E. coli, RhaS activates transcription from 

PrhaBAD in the presence of a suitable inducer while RhaR auto-regulates the PrhaSR promoter for 

transcription of the rhaSR operon itself, which affects the resulting RhaS level making PrhaBAD 

highly inducible {Egan, 1993 #34}{Egan, 1994 #35}{Kelly, 2016 #50}. First, we tested the 

inducibility of PrhaBAD in G. oxydans by constructing a pBBR1MCS-5-based plasmid placing the 

required elements in the same order as present in E. coli, thus the rhaSR operon under control 

of its native promoter PrhaSR in divergent orientation to PrhaBAD. The fluorescent reporter 

mNeonGreen (mNG) was used to measure PrhaBAD-derived expression. On the plasmid, the 

elements rhaSR-PrhaSR-PrhaBAD-mNG were flanked by three terminators, TgdhM downstream from 

rhaR and TBBa_B1002 and TGOX0028 downstream from mNG. Furthermore, downstream from the 

native ribosome binding site (RBS) present within PrhaBAD the RBS 5’-AGGAGA was inserted 

upstream from mNG. This RBS upstream from mNG is strong in G. oxydans and was also 

used in the regulatable AraC-ParaBAD and TetR-Ptet expression systems {Fricke, 2020 

#12}{Fricke, 2021 #13}. The inducibility of the resulting plasmid pBBR1MCS-5-rhaSR-PrhaSR-

PrhaBAD-mNG was tested in G. oxydans 621H with 1% L-rhamnose. Overnight pre-cultures were 

split to inoculate main cultures with D-mannitol medium either without or supplemented with 

1% L-rhamnose. Growth and mNG fluorescence was monitored in a BioLector. As expected 

from the previous growth test in shake flasks, also all microscale cultures exhibited similar 

growth regardless of L-rhamnose supplementation (Fig. 2a). With and without L-rhamnose, in 

both conditions the growth medium was acidified to pH 4.3 (24 h) also suggesting no relevant 
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oxidation of L-rhamnose to a corresponding acid. However, surprisingly and contrary to our 

expectation, the mNG fluorescence of the cultures without L-rhamnose strongly increased 

during growth and peaked approximately 6 h after inoculation when cells entered the stationary 

phase (Fig. 2b). Contrary, in cultures with L-rhamnose only a slight increase of mNG 

fluorescence was observed corresponding to approximately 28% of the mNG signals of the 

non-supplemented cultures. Thus, in G. oxydans mNG expression from PrhaBAD appeared to be 

repressed in the presence of L-rhamnose suggesting that the responsiveness of the RhaSR-

PrhaBAD system is vice versa compared to E. coli. According to the mNG fluorescence in the 

absence of L-rhamnose, PrhaBAD appeared to be very strong in G. oxydans. 

To verify the expected and regular responsiveness of the plasmid-based RhaSR-

PrhaBAD system, it was tested in E. coli S17-1. As expected, in LB medium supplemented with 

1% (w/v) L-rhamnose, the mNG fluorescence of induced E. coli cultures was approximately 

2200-fold higher compared to the mNG signals in the non-induced reference cultures (data not 

shown). This clearly demonstrated that all the required elements of the RhaSR-PrhaBAD system 

on the plasmid were fully functional and that the system showed the regular responsiveness 

in E. coli. To further verify that the reversed responsiveness of RhaSR-PrhaBAD was observed 

in G. oxydans 621H carrying the intended plasmid without mutations possibly acquired during 

growth, cells of an induced culture were harvested at the end of the cultivation (24 h) for 

isolation of total DNA and Illumina sequencing. In the read data analysis 99.48% of the reads 

mapped to the mNG expression plasmid with rhaSR-PrhaSR-PrhaBAD-mNG (1011-fold coverage), 

the updated reference sequences of the G. oxydans 621H genome (88-fold coverage), and 

the 5 endogenous plasmids {Kranz, 2017 #47}. Thus, the sequencing results excluded 

undesired contaminations in the culture and mutations on the plasmid, thereby verified that the 

PrhaBAD-derived mNG expression was indeed expressed and repressed in G. oxydans 621H 

carrying the plasmid pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG. 

 

RhaS is responsible for the regulation of PrhaBAD 
To analyze whether RhaS and/or RhaR, or an endogenous G. oxydans protein is 

responsible for the reversed responsiveness of the RhaSR-PrhaBAD system, we constructed 

derivatives of the expression plasmid lacking in-frame a substantial part of either rhaS, rhaR 

or both, yet keeping all the elements upstream and downstream from rhaS and rhaR (Fig. 2c). 

G. oxydans clones carrying one of the three described plasmid derivatives of pBBR1MCS-5-

rhaSR-PrhaSR-PrhaBAD-mNG were grown in D-mannitol medium without and with 1% (w/v) 

L-rhamnose and cultivated in a BioLector to monitor growth and mNG fluorescence. 

Regardless of the plasmid derivative, all G. oxydans cultures exhibited similar growth with and 

without L-rhamnose (Fig. 2d). The differences in mNG signals without and with L-rhamnose 

clearly indicated that RhaS alone is either directly or indirectly responsible for the regulation of 
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PrhaBAD. All cultured clones with the plasmid lacking rhaS exhibited a moderate maximal mNG 

fluorescence after ~6 h (220-228 a.u.) regardless of L-rhamnose supplementation (Fig. 2e). 

Similarly unchanged, yet almost 50% higher was the mNG fluorescence with the plasmid 

lacking both rhaSR, suggesting a little negative effect of RhaR on PrhaBAD activity regardless of 

L-rhamnose. Here, the mNG signals of all cultured clones also peaked at 6 h (314-338 a.u.). 

With the plasmid lacking only rhaR, expression from PrhaBAD was strongly reduced in the 

presence of L-rhamnose suggesting that RhaS repressed PrhaBAD-derived mNG expression. 

Interestingly, compared to the plasmid pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG with both 

regulator genes, the lack of rhaR increased expression from PrhaBAD in the absence of 

L-rhamnose by ~20% from 431 a.u. to 513 a.u. and reduced expression from PrhaBAD with 

1% (w/v) L-rhamnose by ~23% from 122 a.u. to 94 a.u.. Furthermore, when compared to cells 

with plasmid pBBR1MCS-5-PrhaSR-PrhaBAD-mNG lacking both regulators, it appeared that the 

presence of rhaS increased PrhaBAD-derived mNG expression also in the absence of 

L-rhamnose. This suggested that in G. oxydans the regulator RhaS is not only involved in 

repression of PrhaBAD when L-rhamnose is present, but is also involved in transcriptional 

activation of PrhaBAD in the absence of L-rhamnose (Fig. 2e). 
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Fig. 2 pBBR1MCS-5-based expression plasmids and analysis of the regulation of the 

RhaSR-PrhaBAD system from E. coli in G. oxydans 621H. 
(a) Growth according to backscatter and (b) absolute mNG fluorescence of G. oxydans 
carrying plasmid pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG grown in D-mannitol medium 
without and with 1% (w/v) L-rhamnose in microscale (BioLector). (c) Schematic illustration of 
the plasmid variants with reporter gene mNG to test L-rhamnose-dependent regulation of 
PrhaBAD expression in the presence and absence of RhaS and RhaR. TgdhM: terminator 
sequence of gdhM (GOX0265); T0028: terminator sequence of GOX0028. The RBS 5’-
AGGAGA was inserted in the 3’ region of PrhaBAD upstream from mNG. (d) Growth according 
to backscatter and (e) absolute mNG fluorescence of G. oxydans carrying either plasmid 
pBBR1MCS-5-rhaSR-PrhaSR-PrhaBAD-mNG, or a plasmid lacking either rhaR, or rhaS, or both 
rhaSR. Cells were grown in microscale (BioLector) in D-mannitol medium without and with 
1% (w/v) L-rhamnose. All data represent mean values and standard deviation from two 
biological replicates (clones) with three technical replicates each. BioLector settings: 
backscatter gain 20, fluorescence gain 50. 
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Without L-rhamnose, strength of rhaS expression affected the activated apparent 
strength of PrhaBAD 

 The mNG expression obtained from PrhaBAD with the previous plasmid derivatives 

either lacking rhaS or not suggested that in G. oxydans RhaS activates PrhaBAD in the absence 

of L-rhamnose. If so, the apparent strength of PrhaBAD could partially be tuned by the rhaS 

expression strength. To test this and the resulting down-regulation of PrhaBAD-derived mNG 

expression from the different resulting levels in the presence of L-rhamnose, we constructed 

derivatives of pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG expressing rhaS constitutively either 

from the G. oxydans promoter PGOX0264 or PGOX0452 (Fig. 3a). PGOX0264 and PGOX0452 have been 

shown previously to be a strong and a moderate promoter in G. oxydans {Kallnik, 2010 #52}. 

With the resulting plasmids pBBR1MCS-5-rhaS-PGOX0264-PrhaBAD-mNG and pBBR1MCS-5-

rhaS-PGOX0452-PrhaBAD-mNG, the mNG expression were compared to that with pBBR1MCS-5-

rhaS-PrhaSR-PrhaBAD-mNG in microscale BioLector cultivations (Fig. 3b). Without L-rhamnose, 

constitutive expression of rhaS from strong PGOX0264 reduced PrhaBAD-derived mNG expression 

by more than half and from this level mNG expression was further reduced by half when 

expressing rhaS from the moderate PGOX0452 (Fig. 3c). Thus, expression of rhaS from its native 

promoter PrhaSR led to the highest mNG signals (514 a.u. after ~7 h) in the absence of 

L-rhamnose, suggesting either PrhaSR is extremely strong in G. oxydans or is positively auto-

regulated by RhaS. In the presence of 1% (w/v) L-rhamnose, the strong mNG expression 

obtained with rhaS-PrhaSR-PrhaBAD-mNG in the absence of L-rhamnose was reduced to 

approximately 18% (from 514 a.u. to 90 a.u.). The mNG expression obtained with rhaS-

PGOX0264-PrhaBAD-mNG and with rhaS-PGOX0452-PrhaBAD-mNG were reduced to 23% (from 212 a.u. 

to 48 a.u.) and 32% (from 95 a.u. to 30 a.u.), respectively, by 1% (w/v) L-rhamnose. Despite 

the absence of L-rhamnose, the mNG fluorescence obtained with pBBR1MCS-5-rhaS-

PGOX0452-PrhaBAD-mNG (95 a.u.) only reached approximately the same level as the mNG 

fluorescence obtained with pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG in the presence of 

L-rhamnose (90 a.u.). This also indicated that the apparent strength of PrhaSR is very high 

compared to PGOX0452 and PGOX0264.   
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Fig. 3 PrhaBAD-derived mNG expression in dependence of rhaS expression strength and 

presence of L-rhamnose. 
 
(a) Schematic illustration of the plasmid variants for constitutive expression of rhaS from the 
strong and moderate G. oxydans promoter PGOX0264 and PGOX0452. TgdhM: terminator sequence 
of gdhM (GOX0265); TGOX0028: terminator sequence of GOX0028. RBS: 5’-AGGAGA inserted 
in the 3’ region of PrhaBAD upstream from mNG. (b) Growth according to backscatter and 
absolute mNG fluorescence (c) of G. oxydans 621H carrying either plasmid pBBR1MCS-5-
rhaS-PrhaSR-PrhaBAD-mNG, or pBBR1MCS-5-rhaS-PGOX0264-PrhaBAD-mNG, or pBBR1MCS-5-
rhaS-PGOX0452-PrhaBAD-mNG. Repression of mNG expression from PrhaBAD was tested with 
1% (w/v) L-rhamnose. Data represent mean values and standard deviation from two biological 
replicates (clones) with three technical replicates each. BioLector settings: backscatter 
gain 20, fluorescence gain 50. 
 

PrhaSR is rather weak in G. oxydans yet activated in the presence of rhaS and further with 
L-rhamnose 

In E. coli, RhaS negatively auto-regulates expression of the rhaSR operon by 

competing with RhaR for the same binding site in the PrhaSR region. While RhaR bound to the 

promoter increases CRP-dependent transcription activation from PrhaSR, RhaS inhibits CRP-

promoter interaction and thereby reduces transcription from PrhaSR {Wickstrum, 2010 #38}. 

Since in G. oxydans CRP is absent and the apparent strength of PrhaSR appeared to be high in 

the presence of rhaS as concluded from RhaS-dependent PrhaBAD-derived mNG fluorescence 

(Fig. 2), we also wanted to analyze the influence of the rhaS expression strength on PrhaSR 

activity by PrhaSR-derived mNG expression. Therefore, we created plasmids with mNG under 

control of PrhaSR and either lacking rhaS or with rhaS under the control of PGOX0452 or PGOX0264, 

and cultivated the respective G. oxydans strains in a BioLector (Fig. 4a, b). In the absence of 
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L-rhamnose, moderate PGOX0452-derived rhaS expression resulted in a similar mNG expression 

from PrhaSR as without rhaS, while the stronger PGOX0264-derived rhaS expression resulted in a 

higher mNG expression from PrhaSR and thus suggesting a positive effect of RhaS on PrhaSR 

activity (Fig. 4c, d). In the presence of L-rhamnose, mNG expression from PrhaSR was always 

increased with rhaS while there was no effect by L-rhamnose when rhaS was absent. With 

moderate rhaS expression in G. oxydans harboring pBBR1MCS-5-mNG-PrhaSR-PGOX0452-rhaS, 

the mNG fluorescence increased ~2.5-fold from 74 a.u. to 189 a.u. with 1% (w/v) L-rhamnose. 

This L-rhamnose-dependent increase was less pronounced with rhaS under control of the 

stronger PGOX0264 where RhaS levels are expected to be higher. Here, the mNG fluorescence 

increased only 1.3-fold from 144 a.u. to 187 a.u. (Fig. 4d). Together, in contrast to PrhaBAD which 

is repressed in G. oxydans by RhaS and L-rhamnose, PrhaSR is activated in G. oxydans by 

RhaS and is further activated by RhaS in the presence of L-rhamnose. 

 

 
Fig. 4 PrhaSR-derived mNG expression in dependence of rhaS expression strength and 

presence of L-rhamnose. 
 
(a) Schematic illustration of pBBR1MCS-5-derived plasmid variants with insert mNG-PrhaSR-
PGOX0264-rhaS, mNG-PrhaSR-PGOX0452-rhaS or mNG-PrhaSR. (b) Growth according to backscatter 
of G. oxydans 621H carrying plasmid pBBR1MCS-5-mNG-PrhaSR-PGOX0264-rhaS, pBBR1MCS-
5-mNG-PrhaSR-PGOX0452-rhaS, or pBBR1MCS-5-mNG-PrhaSR in microscale BioLector 
cultivations. Absolute fluorescence of G. oxydans 621H with (c) plasmid pBBR1MCS-5-mNG-
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PrhaSR-PGOX0264-rhaS and with (d) pBBR1MCS-5-mNG-PrhaSR-PGOX0452-rhaS, both graphs with 
G. oxydans 621H carrying pBBR1MCS-5-mNG-PrhaSR lacking rhaS. L-Rhamnose was 
supplemented with 0.3% or 1% (w/v). Data represent mean values and standard deviation from 
two biological replicates with two and three technical replicates each. BioLector settings: 
backscatter gain 20, fluorescence gain 70. 
 
 
Repression of PrhaBAD was tunable by low L-rhamnose concentrations and homogeneous 

 Since from all tested variants the plasmid lacking rhaR and with rhaS under control 

of the auto-regulated PrhaSR exhibited the highest PrhaBAD activity in the absence of L-rhamnose, 

the construct pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG was analyzed further in regard to 

repression of the mNG expression. The tunability of repression and residual mNG expression 

was tested in D-mannitol medium with 0.3%, 1% and 3% (w/v) L-rhamnose in a BioLector 

(Fig. 5a, b). Compared to non-supplemented cultures, the mNG fluorescence of cells grown 

with 0.3% (w/v) L-rhamnose was strongly reduced after ~7 h to 25% residual mNG expression 

(225 a.u. vs. 55 a.u.). This indicated that the RhaS-PrhaBAD system is very sensitive and already 

low L-rhamnose concentrations should enable a tuning of reduced target gene expression. 

Supplementation with 1% and 3% (w/v) L-rhamnose reduced mNG fluorescence further 

representing 17% (38 a.u.) and 15% (34 a.u.) residual mNG expression, respectively. This 

suggested that already 1% (w/v) L-rhamnose is sufficient to reach almost maximal possible 

repression of PrhaBAD when using the plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. 

The sensitivity of PrhaBAD-derived expression toward relatively low L-rhamnose 

concentration was also observed in scale-up cultivations in shake flask. When grown in 50 mL 

D-mannitol medium supplemented with 0.25% or 1% (w/v) L-rhamnose, the mNG fluorescence 

was already highly reduced in the presence of 0.25% (w/v) L-rhamnose (from 3,267 a.u. to 

783 a.u. after 9 h) representing 24% residual mNG expression (Fig. 5c, d). In shake flask 

cultures with 1% (w/v) L-rhamnose, the mNG fluorescence was reduced to 553 a.u., again 

representing 17% residual mNG expression. 

Flow cytometer analysis (FACS) was used to analyze the repression of PrhaBAD-

derived mNG expression on the single cell level. In the absence of L-rhamnose, 7 h after 

inoculation 95.5% of all measured cells showed strong mNG fluorescence (~100,000 a.u.) 

representing a very high population homogeneity. With 1% (w/v) L-rhamnose, 96.4% of all 

measured cells showed a strongly reduced fluorescence (~11,000 a.u.) also representing a 

very high population homogeneity (Fig. 5e). Thus, the results of the FACS analysis suggested 

approximately 11% residual mNG expression in the presence of 1% (w/v) L-rhamnose. 
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Fig. 5 RhaS-dependent repression of PrhaBAD in G. oxydans in the presence of 

L-rhamnose. 
 
(a) Growth according to backscatter and (b) absolute mNG fluorescence in G. oxydans 621H 
with plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG in microscale BioLector cultivations 
without or with L-rhamnose (w/v) as indicated. BioLector settings: backscatter gain 20, 
fluorescence gain 40. (c) Growth (OD600) and (d) absolute mNG fluorescence in G. oxydans 
621H with plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG in shake flask cultivations without 
and with L-rhamnose (w/v) as indicated. mNG fluorescence was measured in a Tecan reader 
(gain 60). Data represent mean values and standard deviation from two biological replicates 
with three technical replicates each. (e) FACS analysis of G. oxydans 621H with plasmid 
pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG or empty vector pBBR1MCS-5 as a control (MCS-5). 
Cells were grown in shake flasks with D-mannitol medium without and with 1% (w/v) 
L-rhamnose. FACS analysis was performed 7 h after inoculation/induction. Total counts per 
sample represent 100,000 events. 
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Additional RhaS binding site downstream from the -10 region increased PrhaBAD-derived 
expression almost two-fold and expanded the dynamic range of repression 

The results described above demonstrated that with plasmid pBBR1MCS-5-rhaS-

PrhaSR-PrhaBAD-mNG a strong PrhaBAD-derived target gene expression could be achieved. This 

strong expression was repressible by only 1% (w/v) L-rhamnose down to approximately 11% 

(FACS measurements) or 17% (BioLector and Tecan reader measurements) residual mNG 

expression which could be reduced a little more by higher L-rhamnose concentrations. 

However, to possibly increase repression of PrhaBAD and thereby further reduce residual PrhaBAD-

derived expression by RhaS already with lower L-rhamnose concentrations, we constructed 

and tested a plasmid with an additional RhaS binding site (+RhaS-BS) directly downstream 

from the -10 region of PrhaBAD. Additional binding of the RhaS-L-rhamnose complex should 

contribute to repression of PrhaBAD. It was also interesting to know the effect this RhaS-BS on 

the PrhaBAD activity in the absence of L-rhamnose. 

We used pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG as the parental plasmid and created 

a copy of the 50 bp region comprising the native RhaS-BS present within PrhaBAD. This copy 

was inserted between the -10 region and the annotated E. coli transcription start site of PrhaBAD. 

The resulting plasmid was termed pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG (Fig. 6a-c). 

The mNG expression in G. oxydans with plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-

mNG containing +RhaS-BS was compared to G. oxydans with pBBR1MCS-5-rhaS-PrhaSR-

PrhaBAD-mNG containing the parental PrhaBAD. Grown in D-mannitol medium without and with 

1% (w/v) L-rhamnose, both strains showed comparable growth independent of the plasmids or 

L-rhamnose supplementation (Fig. 6d). Interestingly, in the absence of L-rhamnose, the 

maximal mNG fluorescence with the plasmid carrying +RhaS-BS almost doubled (405 a.u.) 

compared to the parental plasmid (225 a.u.). This indicated additional activation of PrhaBAD by 

RhaS in the absence of L-rhamnose (Fig. 6e). However, the levels of the absolute mNG 

expression in the presence of 1% (w/v) L-rhamnose were very similar for both constructs. Thus, 

+RhaS-BS did not decrease the absolute level of residual target gene expression in the 

presence of L-rhamnose, yet the relative residual expression level was decreased to 11% by 

+RhaS-BS due to the higher expression strength in the absence of L-rhamnose (parental: 

225 a.u. vs. 38 a.u. representing 17%; +RhaS-BS: 405 a.u. vs. 45 a.u. representing 11%). 
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Fig. 6 Insertion of additional RhaS binding site downstream from -10 region increases 

apparent PrhaBAD promoter strength. 
 
(a) Map of plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG. (b) Schematic illustration of the 
pBBR1MCS-5 inserts rhaS-PrhaSR-PrhaBAD-mNG and its variant rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG 
harboring an additional RhaS binding site directly downstream from the -10 region, all flanked 
by terminators. (c) DNA sequence details of fragment rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG with 
RhaS and RhaR binding sites as well as terminator sequences adjacent to rhaS and mNG. 
The promoter elements are given according to the literature {Egan, 1993 #34}. (d) Growth 
according to backscatter and (e) absolute mNG fluorescence of G. oxydans 621H carrying 
either plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD-mNG (PrhaBAD) or pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD(+RhaS-BS)-mNG (PrhaBAD(+RhaS-BS)) in the absence and in the presence of 1% (w/v) 
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L-rhamnose in microscale BioLector cultivations. Data represent mean values and standard 
deviation from two biological replicates with three technical replicates each. BioLector settings: 
backscatter gain 20, fluorescence gain 40. 
 

For PrhaBAD(+RhaS-BS), the tunability of repression was tested with 0.05%, 0.1%, 0.2%, 

0.3%, 1%, and 3% (w/v) L-rhamnose (Fig. 7a-d). With 1% and 3% (w/v), the reduction of the 

mNG fluorescence was very similar from 405 a.u. to 43 a.u. and 41 a.u., respectively, 

indicating that PrhaBAD(+RhaS-BS) like PrhaBAD is almost maximally repressed by 1% (w/v) 

L-rhamnose. For both concentrations, the calculated residual mNG expression from 

PrhaBAD(+RhaS-BS) was 11% and 10%, respectively. With 0.3% (w/v) L-rhamnose, the residual 

mNG fluorescence was 17% (405 a.u. vs. 69 a.u.). With 0.05% (w/v) L-rhamnose, the mNG 

fluorescence was reduced approximately by half (from 406 a.u. to 197 a.u.) underlining the 

high sensitivity and tunability of the two PrhaBAD promoters. Plotting the relative PrhaBAD- and 

PrhaBAD(+RhaS-BS)-derived mNG expression against the L-rhamnose concentrations illustrates the 

sensitive responsiveness of both promoters toward already low L-rhamnose concentrations 

(Fig. 8). While repression of both promoters exhibited similar sensitivity, non-repressed 

PrhaBAD(+RhaS-BS) was two-fold stronger than PrhaBAD. In scaled-up shake flask cultivations with 

0.25% and 1% (w/v) L-rhamnose, PrhaBAD(+RhaS-BS) showed a similar repression performance as 

in microscale BioLector conditions. After 9 h of growth, the maximal mNG fluorescence of the 

non-supplemented condition (5,833 a.u.) was reduced to 1,060 a.u. and 600 a.u. by 0.25% 

and 1% (w/v) L-rhamnose (Fig. 7e, f). This reduction represented 18% and 10% residual mNG 

expression. 
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Fig. 7 Tunability of the RhaS-PrhaBAD(+RhaS-BS) system in G. oxydans 621H. 
 
(a, c) Growth according to backscatter and (b, d) absolute mNG fluorescence of G. oxydans 
carrying plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG in BioLector cultivations. L-
rhamnose was supplemented in concentrations ranging from 0.05% to 3% (w/v). All data 
represent mean values and standard deviation from two biological replicates with three 
technical replicates each. BioLector settings: backscatter gain 20, fluorescence gain 40. 
(e) Growth and (f) absolute mNG fluorescence in shake flasks. The mNG fluorescence was 
measured in a Tecan reader (gain 60). 
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Fig. 8 Comparison of the relative PrhaBAD and PrhaBAD(+RhaS-BS) promoter activity. 
 
The maximal mNG fluorescence of G. oxydans 621H carrying either plasmid pBBR1MCS-5-
rhaS-PrhaSR-PrhaBAD-mNG or pBBR1MCS-5-rhaS-PrhaSR-PrhaBAD(+RhaS-BS)-mNG in response to 
different L-rhamnose concentrations was used to calculate the relative promoter activities. The 
maximal PrhaBAD(+RhaS-BS) activity in the absence of L-rhamnose was set to 100%. 
 
 
Promoter PrhaT is weak and inducible in G. oxydans 
 As mentioned above, in E. coli RhaS also targets the promoter PrhaT of the L-rhamnose 

permease gene. Similar to PrhaBAD, PrhaT contains two regulatory elements, one for RhaS and 

one for CRP binding and activation. Contrary to PrhaBAD, the RhaS-BS on PrhaT is differently 

composed and slightly shifted so that the binding site does not overlap with the -35 element of 

PrhaT {Via, 1996 #36}{Wickstrum, 2010 #38}. To test whether these differences affect the 

regulation of PrhaT by RhaS in G. oxydans, we constructed reporter plasmid pBBR1MCS-5-

rhaS-PrhaSR-PrhaT-mNG. As a control, plasmid pBBR1MCS-5-PrhaSR-PrhaT-mNG lacking rhaS 

was also constructed (Fig. 9). 
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Fig. 9 Reporter plasmids with PrhaT and sequence details. 

(a) Map of plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG with the fluorescence reporter gene 
mNeonGreen (mNG) under control of the L-rhamnose permease promoter PrhaT with the 
adjacent rhaS gene, all flanked by the terminators TgdhM, TBBa_B1002 and TGOX0028. (b) Schematic 
illustration of the pBBR1MCS-5 inserts rhaS-PrhaSR-PrhaT-mNG and its variant PrhaT-mNG 
lacking rhaS-PrhaSR. (c) DNA sequence details with RhaS and RhaR binding sites and 
terminator sequences downstream from rhaS and mNG. PrhaT promoter elements are given 
according to {Via, 1996 #36}. 
 
 

In microscale BioLector cultivations, G. oxydans cells with pBBR1MCS-5-rhaS-PrhaSR-

PrhaT-mNG or pBBR1MCS-5-PrhaT-mNG also showed very similar growth independent of the 

plasmid or L-rhamnose (Fig. 10a). Interestingly and different to PrhaBAD in G. oxydans, with PrhaT 

the mNG expression was induced by L-rhamnose. The supplementation of 1% (w/v) 

L-rhamnose increased PrhaT-derived mNG fluorescence ~7.5-fold (from 36 a.u. to 266 a.u.) 

after ~8 h of growth/induction. Together with the absolute mNG fluorescence values, this 

indicates a weak or moderate strength of PrhaT in G. oxydans (Fig. 10b). Almost no mNG 

fluorescence was observed with plasmid pBBR1MCS-5-PrhaT-mNG lacking rhaS. Thus, on the 

one hand PrhaT was apparently not active in G. oxydans without RhaS and an endogenous 

G. oxydans protein did not interfere. On the other hand, RhaS activated PrhaT already in the 

absence of L-rhamnose since with plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG a low basal 

mNG fluorescence was observed in the absence of L-rhamnose exceeding the extremely low 
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mNG signals when rhaS was absent (Fig. 10b). It should be noted that due to the relatively 

weak expression from PrhaT compared to PrhaBAD in these BioLector cultivations the 

fluorescence signals were monitored with gain 70 instead of 40. 

The tunability of PrhaT induction was tested with L-rhamnose concentrations ranging 

from 0.25% to 4% (w/v). Again, growth of G. oxydans cells with pBBR1MCS-5-rhaS-PrhaSR-

PrhaT-mNG was not affected differently (Fig. 10c). The PrhaT-derived mNG expression increased 

gradually in an inducer-dependent manner (Fig. 10d). With 4% (w/v) L-rhamnose the induction 

was 9.2-fold (36 a.u. vs. 330 a.u.). With 0.25% (w/v) already half of the induction compared to 

4% (w/v) was reached showing that the weak to moderate PrhaT-derived mNG expression could 

be nicely tuned by low L-rhamnose concentrations (Fig. 10e). The low expression strength from 

PrhaT and its tunability could be of particular interest for (membrane) proteins difficult to express. 

The homogeneity of PrhaT induction was analyzed by FACS using cells harvested after 

7 h of growth in D-mannitol medium without or with 1% (w/v) L-rhamnose (Fig. 10f). In the 

absence of L-rhamnose, 97.4% of all measured cells with pBBR1MCS-5-rhaS-PrhaSR-PrhaT-

mNG showed relatively low fluorescence signals (~1,000 a.u.). In the presence of 1% (w/v) 

L-rhamnose, 96.9% of the population showed about 10-fold higher mNG fluorescence signals 

(~10,000 a.u.). We also tested the inducible PrhaT-derived mNG expression in scaled-up shake 

flask conditions with 0.3% and 1% (w/v) L-rhamnose. In all conditions, the G. oxydans cells 

with pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG exhibited very similar growth (Fig. 10g). The mNG 

expression was similarly induced as in the microscale BioLector cultivations (Fig. 10h). The 

maximal mNG fluorescence was reached after 9 h of growth and represented 4-fold and 6-fold 

induction with 0.3% (50 a.u. vs. 210 a.u.) and 1% (w/v) L-rhamnose (50 a.u. vs. 297 a.u.), 

respectively. 
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Fig. 10 Performance of the RhaS-PrhaT system in G. oxydans 621H. 
 
(a) Growth according to backscatter and (b) absolute mNG fluorescence of G. oxydans 621H 
carrying plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG or pBBR1MCS-5-PrhaT-mNG lacking 
rhaS-PrhaSR in microscale BioLector cultivations without and with 1% (w/v) L-rhamnose. 
(c) Growth (backscatter) and (d) absolute mNG fluorescence of G. oxydans 621H carrying 
plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG in microscale BioLector cultivations with L-
rhamnose concentrations from 0.25% to 4% (w/v) as indicated. BioLector settings: backscatter 
gain 20, fluorescence gain 70. (e) Correlation between the relative n-fold PrhaT activity in 
G. oxydans 621H carrying plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG and the L-rhamnose 
concentrations. The maximal mNG fluorescence in the absence of L-rhamnose was set to 1. 
(f) FACS analysis of G. oxydans 621H carrying plasmid pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG 
or empty vector pBBR1MCS-5 (MCS-5) as a control. Cells were grown in shake flasks with D-
mannitol medium without and with 1% (w/v) L-rhamnose. FACS analysis was performed 7 h 
after inoculation/induction. Total counts per sample represent 100,000 events. (g) Growth 
(OD600) and (h) L-rhamnose-induced mNG fluorescence of G. oxydans 621H carrying plasmid 
pBBR1MCS-5-rhaS-PrhaSR-PrhaT-mNG in shake flask cultivations. The mNG fluorescence was 
measured in a Tecan reader (gain 60). All data represent mean values and standard deviation 
from two biological replicates with three technical replicates each. 
 

 

 



 

140 
 

 

Declarations 
 
Authors' contributions 
PMF and MG constructed the plasmids, carried out the growth experiments and analyzed the 
data. PMF and CS performed the FACS analysis and analyzed the data. JG performed the 
GC-TOF-MS experiments and analyzed the data. TP designed and supervised the study. PMF 
and TP wrote the manuscript.  
 
Funding 
We are grateful to the Federal Ministry of Education and Research (BMBF) for financial support 
of the project IMPRES (031B0370B). The funding organization did not influence the design of 
the study or collection, analysis, and interpretation of data, or writing the manuscript. 
 
Conflicts of interest/Competing interests 
The authors declare that they have no conflict of interest. 
 
Ethical statement 
This article does not contain any studies with human participants or animals performed by any 
of the authors. 
 
 
 
  



 

141 
 

 
TABLES 
Table 1 Strains and plasmids used or constructed in this study. 

Strain Relevant characteristics Reference / Source 
E. coli S17-1 ΔrecA, endA1, hsdR17, supE44, thi-1, tra+ {Simon, 1983 #} 

G. oxydans 621H DSM 2343 DSMZ 

Plasmid   

pBBR1MCS-5 Derivative of pBBR1MCS; GmR {Kovach, 1995 #31} 

pBBR1MCS-5-TgdhM-MCS-
T0028 

Derivative of pBBR1MCS-5 with terminator 
sequences of GOX0265 (TgdhM) and GOX0028 
(TGOX0028) flanking the multiple cloning site 

{Fricke, 2021 #13} 

pBBR1MCS-5-rhaSR-PrhaSR-
PrhaBAD-mNG 

Derivative of pBBR1MCS-5-TgdhM-MCS-T0028 
with DNA fragment rhaSR-PrhaSR-PrhaBAD from 
E. coli with L-rhamnose-regulated promoter 
PrhaBAD controlling fluorescent reporter gene 
mNG expression 

This work 

pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG 

Derivative of pBBR1MCS-5-rhaSR-PrhaSR-
PrhaBAD-mNG lacking regulator gene rhaR 

This work 

pBBR1MCS-5-rhaR-PrhaSR-
PrhaBAD-mNG 

Derivative of pBBR1MCS-5-rhaSR-PrhaSR-
PrhaBAD-mNG lacking regulator gene rhaS 

This work 

pBBR1MCS-5-PrhaSR-PrhaBAD-
mNG 

Derivative of pBBR1MCS-5-rhaSR-PrhaSR-
PrhaBAD-mNG lacking operon rhaSR 

This work 

pBBR1MCS-5-rhaS-PGOX0264-
PrhaBAD-mNG 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with rhaS constitutively 
expressed from strong promoter PGOX0264 

This work 

pBBR1MCS-5-rhaS-PGOX0452-
PrhaBAD-mNG 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with rhaS constitutively 
expressed from moderate promoter PGOX0452 

This work 

pBBR1MCS-5-mNG-PrhaSR-
PGOX0264-rhaS 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with mNG expressed from PrhaSR 
and, in opposite direction, rhaS constitutively 
expressed from strong promoter PGOX0264 

This work 

pBBR1MCS-5-mNG-PrhaSR-
PGOX0452-rhaS 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with mNG expressed from PrhaSR 
and, in opposite direction, rhaS constitutively 
expressed from moderate promoter PGOX0452 

This work 

pBBR1MCS-5-mNG-PrhaSR Derivative of pBBR1MCS-5-mNG-PrhaSR-
PGOX0264-rhaS lacking PGOX0264-rhaS 

This work 

pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD(+RhaS-BS)-mNG 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with an additional copy of the 
RhaS-binding site (RhaS-BS) in PrhaBAD 

This work 

pBBR1MCS-5-rhaS-PrhaSR-
PrhaT-mNG 

Derivative of pBBR1MCS-5-rhaS-PrhaSR-
PrhaBAD-mNG with PrhaT controlling mNG 
expression 

This work 

pBBR1MCS-5-PrhaT-mNG Derivative of pBBR1MCS-5-rhaS-PrhaSR-PrhaT-
mNG lacking regulator gene rhaS 

This work 
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3 Discussion 

The AAB G. oxydans is well-known among industrially relevant microorganisms due 

to its ability to incompletely oxidize a wide range of carbohydrates stereo- and regioselectively. 

For this reason, G. oxydans has been used since the 1930s in various applications of which 

the synthesis of L-sorbose, a precursor for vitamin C production, is the most prominent one. 

Despite this long-time experience, hitherto no regulatable, low-cost, tight, and strongly 

inducible expression system has been reported in the literature for G. oxydans. Moreover, also 

in the other most frequently used and studied AAB genera Komagataeibacter, Acetobacter, 

Gluconacetobacter, and Acidiphilium only one inducible expression system with low to 

moderate induction ratios has been reported (Teh et al. 2019, reviewed in Fricke et al. 2021a). 

Therefore, in this work the regulator-promoter pairs AraC-ParaBAD, TetR-Ptet, LacI-PlacUV5, as well 

as RhaSR-PrhaBAD were tested and could successfully be used to establish pBBR1MCS-5-

based plasmid expression systems in G. oxydans 621H, which form the basis of a well-

characterized, comprehensive genetic toolkit that enables controlled target gene expression in 

G. oxydans and possibly other AAB. Furthermore, the genome of G. oxydans was screened 

for regulatable promoters by global transcriptome analyses in stimulon-response experiments 

and two promising candidates, PGOX0536 and PGOX0532, were found that might be usable for 

controlled target gene expression in G. oxydans strains classified as non-GMOs. 

3.1  The AraC-ParaBAD system in G. oxydans 

The regulator-promoter pair AraC-ParaBAD from E. coli K12 MC4100 performed very 

well in G. oxydans as it combined strong L-arabinose-inducible and tunable target gene 

expression with very low basal expression in the absence of L-arabinose, leading to up to 

480-fold induction ratios. Many regulatable expression systems, such as the TetR-Ptet and 

LacI-Plac, systems, are based on promoter repression and release of specific promoter target 

sequences depending on the presence of the effector molecule of corresponding 

transcriptional regulator. However, in the AraC-ParaBAD system, apo-AraC acts as a repressor 

of ParaBAD by binding operator sites in the absence of L-arabinose and looping the DNA, thereby 

preventing transcription. Being also involved in transcription activation, the AraC-L-arabinose 

complex unloops promoter DNA and stimulates ParaBAD-driven expression, thus sensing 

L-arabinose in the environment (Soisson et al. 1997, Schleif, 2010). Besides AraC-dependent 

regulation, transcription from the promoter ParaBAD in E. coli is also activated by the cAMP 

receptor protein (CRP) in the absence of a preferred carbon and energy source through 

opening of the DNA loop and enabling either RNA polymerase binding or the transition from 

the closed to the open complex (Lobell & Schleif, 1991, Schleif, 2010). There is only one 
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regulator termed GoxR (GOX0974) encoded in the genome of G. oxydans that belongs to the 

CRP/fumarate-nitrate reduction regulator (FNR) superfamily of proteins. GoxR is a member of 

the FNR subfamily and not a cAMP-binding protein, making the AraC-ParaBAD system 

independent of CRP-based catabolite repression in G. oxydans (Schweikert et al. 2021). 

Furthermore, the conducted experiments with the plasmid pBBR1MCS-5-ParaBAD-mNG lacking 

araC demonstrated that in G. oxydans transcription from ParaBAD without AraC does not take 

place and induction of ParaBAD by L-arabinose specifically requires AraC and no G. oxydans 

protein interferes. This indicated that E. coli AraC interacts with G. oxydans RNAP for 

transcription activation. Interestingly, since no expression of mNG with G. oxydans harboring 

pBBR1MCS-5-ParaBAD-mNG could be detected, AraC is not needed for repression of ParaBAD in 

G. oxydans. Nevertheless, it cannot be ruled out that endogenous G. oxydans proteins with a 

lower affinity for the ParaBAD promoter than AraC are involved in promoter repression when 

plasmids are used that are lacking araC. 

Previous studies on the implementation of the E. coli AraC-ParaBAD system in the AAB 

Gluconacetobacter xylinus 700178, Gluconacetobacter hansenii 53582, and 

Komagataeibacter rhaeticus reported 5- to 12-fold induction upon the supplementation of 4% 

L-arabinose. In spite of strong reporter gene expression in induced cultures, only low induction 

ratios were achieved due to high basal expression in the absence of L-arabinose (Teh et al. 

2019). The reasons for the leakiness of ParaBAD-controlled expression in these AAB are 

unknown. In contrast to G. oxydans where ParaBAD is inactive without AraC and thus does not 

require repression by AraC in the non-induced condition, ParaBAD could be active in 

Komagataeibacter and Gluconacetobacter without AraC and thus does require repression by 

AraC in the absence of the inducer. Possibly, the regulator AraC may not bind to the operator 

DNA as strongly in these AAB as required for full repression. 

 While in E. coli expression from ParaBAD is fully induced with 0.2% L-arabinose 

(Guzman et al. 1995), much higher L-arabinose concentrations of 1% were required for 

maximal target gene expression in G. oxydans carrying plasmid pBBR1MCS-5-araC-ParaBAD-

mNG. The fact that effector concentrations up to 4% were also required for full induction in 

K. xylinus, Ga. hansenii, and K. rhaeticus reflects an altered inducer responsiveness of the 

AraC-ParaBAD system in G. oxydans and AAB in general. Possibly, like for G. oxydans, 

L-arabinose is metabolized by these AAB, thereby reducing the actual effector concentration 

in the cells. For G. oxydans, previous studies and GC-TOF-MS analysis conducted in this work 

showed that the membrane-bound glucose dehydrogenase (GdhM) oxidized L-arabinose to 

L-arabinonic acid (Mientus et al. 2017). Surprisingly, using the multi-deletion strain BP.6, which 

lacks GdhM and is therefore incapable of L-arabinose oxidation, did not alter the inducer 

responsiveness of the system when compared to strain 621H. Based on these results, it seems 

unlikely that effector degradation was responsible for the poor performance of the AraC-ParaBAD 
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system in other AAB than G. oxydans. Possibly the need for higher effector concentrations for 

fully induced ParaBAD-derived expression in G. oxydans and other AAB was rather caused by 

an inefficient uptake of L-arabinose into the cells. The fact that in the case of the aromatic 

inducer molecule anhydrotetracycline of the TetR-Ptet system, which passes membranes by 

diffusion, similar concentrations were required in G. oxydans and E. coli supports the 

assumption that the uptake of effectors that cannot cross the membrane by diffusion is 

responsible for different sensitivities. Little is known about sugar uptake in G. oxydans in 

general and no L-arabinose transporter has been described in literature or annotated in the 

genome (Prust et al. 2005). Searching for a potential L-arabinose transporter in G. oxydans 

with the amino acid sequence of the E. coli L-arabinose transporter AraE using BLASTP 

revealed three proteins of which two are annotated as galactose-proton symporters 

(GOX0808: 56% identity; GOX1971: 46% identity) and one as a sugar-proton symporter 

(GOX0649: 51% identity). No data on these transporters concerning substrate-specificity or 

physiological function are available. Hence, it can only be assumed that at least one of them 

is promiscuous and imports L-arabinose in small quantities as a side reaction. Trying to 

increase effector uptake in G. oxydans by co-expressing E. coli araE together with araC from 

the araC promoter PC did not improve the responsiveness of the AraC-ParaBAD system towards 

lower effector concentrations. On the contrary, ParaBAD-derived mNG expression even 

decreased with this construct. While the reasons for this result remain unclear, it can be 

hypothesized that co-expression of araC and araE destabilized the mRNA due to the longer 

transcripts, thereby reducing AraC activator protein abundance with the consequence of less 

ParaBAD-derived mNG expression. Nevertheless, overall the obtained results proved the 

functionality and potential of the AraC-ParaBAD system in G. oxydans and possibly also other 

AAB. 

3.2 L-Arabinonic acid production with G. oxydans 

In this study, it was shown that G. oxydans bears the potential to be an excellent 

producer of the valuable compound L-arabinonic acid by oxidation of L-arabinose with the 

membrane-bound glucose DH GdhM. Already without strain and process optimization, 

G. oxydans 621H grown in pH-controlled fed-batch bioreactors with complex D-mannitol 

medium and repeated 8% (w/v) L-arabinose feeding produced 133 g/L (801 mM) L-arabinonic 

acid in 144 h. In previous studies, it was reported that expression of the L-arabinose/ 

D-galactose 1-dehydrogenase AraDH from Rhizobium leguminosarum in Saccharomyces 

cerevisiae resulted in 18 g/L L-arabinonic acid from L-arabinose within 118 h (Aro-Kärkkäinen 

et al. 2014). This product titer was increased with an engineered E. coli strain characterized 

by an inactivated L-arabinose metabolism. Here the expression of the L-arabinose 

dehydrogenase AraDH from Azospirillum brasilense led to an L-arabinonic acid titer of 43.9 g/L 
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in 36 h (Liu et al. 2014). While with G. oxydans 621H the previously reported product titers 

were tripled, productivity of G. oxydans overexpressing plasmid-borne gdhM did not meet the 

expectations. Constitutive gdhM expression from plasmid pMM4a resulted in reduced growth 

and presumably increased sensitivity towards stress. The plasmid pMM4a conveys resistance 

towards the antibiotic kanamycin for selection. Our previous study showed that the use of 

plasmid pBBR1MCS-2 also encoding kanamycin resistance correlated with abnormal cell 

morphology in G. oxydans (Fricke et al. 2021b). Therefore, it might be that selection for pMM4a 

maintenance with kanamycin in combination with the constitutive overexpression of gdhM was 

detrimental for cell membrane integrity under the osmotic stress conditions caused by the base 

titration for pH maintenance and the high L-arabinose and L-arabinonic acid concentrations. 

The plasmid pBBR1MCS-5 could be a valuable alternative for pMM4a as it uses gentamicin 

for selection and was shown not to effect cell morphology of plasmid-harboring strains. 

Moreover, it is very likely that in an optimized process, e.g. with adapted feeding strategies 

and timely regulated and tuned expression of gdhM, the L-arabinonic acid titer and productivity 

could be further increased.  

3.3  The TetR-Ptet system in G. oxydans 

With the pBBR1MCS-5-based regulator-promoter pair TetR-Ptet, an inducible 

expression system was found for G. oxydans that even outperformed the previously presented 

AraC-ParaBAD system. Based on the E. coli transposon Tn10, expression from the promoter Ptet 

was barely detectable in the absence of the effector anhydrotetracycline (ATc) and very strong 

when fully induced. The expression strength of target genes controlled by Ptet could be tuned 

over a wide range of induction ratios by adapting the ATc concentration. Due to the extremely 

low basal expression in the absence of ATc and Ptet being a very strong promoter in 

G. oxydans, induction ratios of more than 3,500-fold were obtained. These results demonstrate 

that regulatable expression systems that solely rely on heterologous repressor proteins that 

dissociate from the promoter after binding their respective effector can perform very well in 

G. oxydans. 

In previous studies, the TetR-Ptet system was tested for controlled target gene 

expression in the AAB K. rhaeticus iGEM using the fluorescent protein mRFP1 as a reporter 

(Florea et al. 2016). Here the system was characterized by an overall moderate expression, a 

high basal expression in the absence of ATc, and induction ratios <2 when 1 µg mL-1 ATc was 

added to the cultures. The reasons for the high leakiness are unclear. In all tests conducted in 

our study with the TetR-Ptet system in G. oxydans under no circumstances strong basal 

expression was observed, independent of the plasmid backbone, the use of terminators, or the 

pH of the medium. When compared, a striking difference in the composition of the constructs 

used in K. rhaeticus iGEM and in G. oxydans was noticed. While in the G. oxydans plasmid 
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tetR and Ptet were organized as on transposon Tn10 with tetR being controlled by PtetR and 

divergently oriented toward Ptet, in the K. rhaeticus iGEM plasmid tetR was expressed from the 

promoter PJ23118 or PlacI upstream and in the same orientation as Ptet with two terminators 

between tetR and Ptet. Furthermore, the promoter Ptet in K. rhaeticus iGEM contained two 

copies of the operator sequence tetO2 being 6 bp apart, whereas within Ptet of Tn10 two slightly 

different operator sites (tetO1 and tetO2) are located 11 bp apart (Florea et al. 2016). For 

G. oxydans, it was shown that minor differences in DNA sequence, such as a single base pair 

exchange between the ribosome binding site and the start codon of ParaBAD or the insertion of 

a recognition site for a restriction endonuclease between the stop codon and the adjacent 

downstream terminator, or even both, affected the overall performance of the expression 

system (Fricke et al. 2020). Assuming that the terminators placed downstream from tetR were 

effective in preventing potential read-through in K. rhaeticus iGEM, a low expression of tetR 

and/or an inefficient binding of TetR to its operator sites might be responsible for the inability 

to repress Ptet in K. rhaeticus iGEM.  

Since 2006, most publications on Gluconobacter reporting recombinant gene 

expression have used broad-host-range pBBR1MCS-based plasmids, making it the major 

expression plasmid lineage used in this genus. Plasmids pBBR1MCS-2 and pBBR1MCS-5 

were the  most popular representatives, being used in 25 and 27 studies, respectively (Fricke 

et al. 2021a). They harbor the genes neoR/kanR and aacC1 that confer resistance against 

kanamycin and gentamicin, respectively. In case of neoR/kanR, transcription of this gene could 

lead to antisense transcripts to the mRNA of the target gene (here mNeonGreen) due to the 

orientation of the resistance cassette (Kovach et al. 1995). In our study we showed that the 

TetR-Ptet system performed much worse in pBBR1MCS-2- than in pBBR1MCS-5-based 

plasmids. While repression of Ptet was not affected by the plasmid backbone, reporter gene 

expression in induced cells was almost reduced by half in the pBBR1MCS-2-based plasmid. 

Furthermore, unlike with the pBBR1MCS-5 derivative, G. oxydans harboring pBBR1MCS-2-

based plasmids exhibited an unusual elongated cell morphology. It is unclear whether the 

abnormal morphology was caused by the supplemented kanamycin or the 

neomycin/kanamycin 3’-phosphotransferase activity conveying the resistance. For 

G. oxydans, it was shown that osmotic stress, caused for example by high concentrations of 

sucrose or glycerol, may cause involution forms which are characterized by enlarged swollen 

cells, long filamentous cells, or other abnormal morphologies (Ohrem & Voß, 1996, De Muynck 

et al. 2007, Zahid et al. 2015). Furthermore, sublethal concentrations of the aminoglycoside 

amikacin led to cell elongations in E. coli, possibly due to the inability to properly assemble the 

Z ring (Possoz et al. 2007). Since the applied kanamycin concentrations certainly do not cause 

osmotic stress, the exact reasons for the anomalous cell morphology or the worse performance 

of expression plasmids with kanamycin resistance remain to be elucidated. Therefore, in G. 
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oxydans the pBBR1MCS-5 derivative with gentamicin resistance should always be the first 

choice for expression plasmids. 

3.4 The LacI-PlacUV5 system in G. oxydans 

Our studies showed that in G. oxydans 621H the LacI-PlacUV5 system from E. coli BL21 

suffered from leaky expression in the absence of IPTG. Additionally, in comparison with the 

promoters ParaBAD or Ptet, PlacUV5 reached only moderate expression levels when fully induced, 

resulting in merely 40-fold maximal induction ratios. A previous study already reported that 

expression from E. coli Plac was rather weak in G. oxydans 621H, probably due to inefficient 

recognition of the promoter by the G. oxydans RNAP (Kallnik et al. 2010). Our study showed 

that PlacUV5, differing from Plac by three base pair changes of which two are at positions −9 and 

−8, is equally weak in G. oxydans than the parental promoter Plac (Hirschel et al. 1980).  

Even though Plac is the most used heterologous promoter in AAB, only three studies 

previously reported the use of IPTG-induced gene expression from Plac or one of its derivatives 

in AAB (reviewed in Fricke et al. 2021a). The first study reported a 4-6-fold induction of lacZ 

expression in G. oxydans, pointing out that induced activity was less than 5% compared to 

fully induced levels in E. coli and that repression of Plac was highly leaky in the absence of 

IPTG (Condon et al. 1991). The other two studies describing IPTG-induced expression from 

Plac or one of its derivatives in Komagataeibacter xylinus and Acetobacter orleanensis did not 

present data on the basal expression in the absence of IPTG (Bugala et al. 2016, Liu et al. 

2020). Therefore no general rule on leakiness of Plac in AAB can be derived from these studies.  

To exclude the possibility that endogenous proteins of G. oxydans interfered with 

PlacUV5-derived expression, we constructed and tested a plasmid lacking PlacI-lacI. The 

experiment showed that the inducibility of PlacUV5 solely depended on the derepression by LacI. 

Interestingly, the lack of PlacI-lacI drastically reduced expression strength from PlacUV5. Different 

from most regulator genes and their target promoters, lacI is located directly upstream of PlacUV5 

and transcribed in the same direction as the lac operon. Thus, the obtained results suggested 

that read-through from PlacI-lacI contributed to the expression of PlacUV5-mNG. To circumvent 

potential read-through from PlacI, a plasmid was constructed placing PlacI-lacI in the opposite 

orientation toward PlacUV5-mNG. Contrary to the expectation, this modification did not alter 

induced mNG expression and even increased leakiness of PlacUV5, thereby reducing induction 

ratios by ~50%. Horowitz & Platt (1982) determined in in vitro transcription experiments mRNA 

species using a DNA construct as a template on which the trp promoter is placed upstream of 

lacI-Plac-lacZ. Besides two mRNA species resulting from transcription initiated from the two 

promoters until the end of the template, a third mRNA was identified that was the product of 

Ptrp promoted transcription and termination between the stop codon of lacI and Plac. Despite 

little resemblance of the DNA sequence where the transcription was terminated to classic 
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terminator structures, this site was found to clearly function as a terminator preventing read-

through from PlacI-lacI. Furthermore, it was reported that the site exhibits homology to the 

atypical, factor-dependent termination sites rrnB tL and trp t’ that were shown to respond to the 

elongation factor NusA (Greenblatt et al. 1980, Kingston & Chamberlin, 1981, Platt, 1981, 

Horowitz & Platt, 1982). In the genome of G. oxydans, GOX1580 is annotated as nusA and 

the encoded protein shows 44% sequence identity to E. coli NusA (Prust et al. 2005). It is not 

clear whether the putative terminator site between lacI and PlacUV5 requires NusA for 

termination or whether G. oxydans NusA is capable to recognize the secondary mRNA 

termination structure described by Horowitz & Platt (1982). Since the tests with inverted PlacI-

lacI conducted in this work did not reduce basal expression from PlacUV5 in G. oxydans, it is 

unlikely that failed transcription termination between lacI and PlacUV5 caused the high leakiness. 

It appeared more probable that insufficient repression of PlacUV5 by LacI is responsible for the 

high basal expression from the promoter in the absence of IPTG. One possible reason might 

be a reduced ability of LacI to bind the operator sites at lower pH as suggested by 

computational protein-DNA binding simulations (Fricke et al. 2021b). When the AraC-ParaBAD 

system was tested, it was shown that the oxidation of the inducer L-arabinose to L-arabinonic 

acid strongly acidified the medium and resulted in drastically decreased intracellular reporter 

activity. This loss of activity could be regained when cells were transferred into fresh medium 

of pH 6, indicating that the intracellular pH was affected by the acidification of the medium 

(Fricke et al. 2020). During growth, the pH of the routinely used D-mannitol medium initially set 

to 6 drops to pH 4.6-4.7 independent of the supplementation of IPTG (Fricke et al. 2021b). 

Whether cytoplasmic pH and as a result LacI-dependent repression of PlacUV5 are affected by 

this acidification is not known.  

For functionality of the lac operon in E. coli, some basal expression from Plac is 

required as LacZ, encoded by the first gene of the operon, catalyzes the reaction that produces 

the inducer molecule allolactose from lactose. The second gene of the operon, lacY, codes for 

a lactose permease, which contributes to the dynamic process of Plac induction. For E. coli it 

was shown that although the allolactose-analogon IPTG can pass the cell membrane 

independently of LacY at higher concentrations, at lower concentrations the lactose permease 

is the main route to enter the cell (Jensen et al. 1993, Marbach & Bettenbrock, 2012, 

Fernández-Castané et al. 2012). In G. oxydans, ~3 mM IPTG were required for full induction 

of PlacUV5-derived expression. A protein BLAST search with LacY in the proteome of G. oxydans 

revealed a homologous protein with 33% identity annotated as DHA2 family efflux MFS 

transporter permease subunit. It is unknown whether this protein transports IPTG into the cell. 

Since it is annotated as an efflux pump, it seems not very likely that it is involved in the uptake 

of IPTG. Hence, the lack of a transporter that also imports IPTG is likely the reason for the high 

inducer concentrations required for full induction in G. oxydans. Alternatively, the possibility 
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cannot be excluded that in G. oxydans IPTG is altered by one or more enzymes. For example, 

it was shown that IPTG is acetylated by LacA, converting the effector to 6-O-acetyl-β-D-

thiogalactopyranoside, which does not induce transcription from Plac (Herzenberg, 1961). A 

biotransformation experiment with IPTG as previously performed with L-arabinose could help 

to determine if this molecule is metabolized by G. oxydans (Fricke et al. 2020). 

3.5  The RhaS-PrhaBAD system in G. oxydans  

The regulatable promoters PrhaBAD and PrhaT from E. coli turned out to be suitable 

candidates to further expand the expression toolbox available for G. oxydans 621H and 

potentially other AAB. With PrhaBAD, the first promoter for G. oxydans was found that allows the 

controlled down-regulation of target gene expression by gradually increasing the effector 

concentration. In plasmid-based assays with pBBR1MCS-5 derivatives, the otherwise very 

strong mNG expression from PrhaBAD could be dimmed as desired to a minimum of 

approximately 8% residual expression by increasing the L-rhamnose concentration up to 3% 

(w/v) compared to the non-supplemented reference culture. In doing so, the RhaS-PrhaBAD 

system exhibited a reverse responsiveness in G. oxydans compared to E. coli where PrhaBAD-

driven expression is induced by L-rhamnose. Interestingly, for the E. coli promoter PrhaT no 

reverse responsiveness towards L-rhamnose was observed in G. oxydans. PrhaT-driven 

expression was inducible reaching low expression levels with 4% L-rhamnose resulting in a 

maximal induction ratio of only 9.2-fold.  

RhaR and RhaS both belong to the AraC/XylS family of transcriptional regulators 

(Tobin & Schleif, 1987). Within this protein family most regulators interact with the C-terminal 

domain (CTD) of the α-subunit of the RNAP to activate transcription (reviewed in Ebright & 

Busby, 1995). Also for RhaSR-PrhaBAD it was shown that deletion of the α-CTD in combination 

with a truncated PrhaBAD promoter that permitted only RhaS activation reduced expression 180-

fold in E. coli, suggesting a direct interaction of RhaS and the α-subunit of the RNAP (Holcroft 

& Egan, 2000). Nevertheless, some members of the AraC/XylS family may also activate 

transcription through interaction of the regulators with the sigma 70 factor (σ70) subunit RpoD 

of the RNAP. This mode of activation is often indicated by overlapping regulator binding sites 

and –35 elements (Lonetto et al. 1998, Bhende & Egan, 2000). Within PrhaBAD 4 bp of the RhaS 

binding site overlap with the –35 hexamer of the promoter. Among the family of σ70 transcription 

factors, the C-terminus is highly conserved as it contains DNA-binding domains and well-

defined functional regions (Hakimi et al. 2000, reviewed in Paget, 2015). In alanine substitution 

experiments, it was shown that D241 and D250 of RhaS and K593 and R599 of σ70 are likely 

interacting residues required for RhaS-dependent activation of PrhaBAD (Bhende & Egan, 2000, 

Wickstrum & Egan, 2004). Since RhaS-PrhaBAD showed a reverse responsiveness in 
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G. oxydans and E. coli, the C-terminal regions of the σ70 factors were compared in an amino 

acid sequence alignment (Fig. 1). 

 

 
Fig. 1  Amino acid sequence alignment of the sigma factors σ70 from G. oxydans 621H and E. coli K12. Regions 

containing amino acid residues suggested to be involved in –10 and –35 promoter element recognition are 
marked in blue (Kelly et al. 2018). Amino acid residues K593 and R599 required for interaction with RhaS 
in E. coli are highlighted in red (Bhende & Egan, 2000, Wickstrum & Egan, 2004). 

While the entire σ70 amino acid sequence of G. oxydans exhibited only 49% identity 

when compared to σ70 of E. coli K12, primarily due to little similarities at the N-terminus, the 

C-terminal region shared 84% identity with E. coli σ70. Overall the C-terminal regions of the σ70 

factors differed merely in few amino acids, of which only two were found in the regions likely 

involved in –10 and –35 recognition (Fig. 1). In both cases, an arginine in E. coli σ70 was 

replaced by a lysine in G. oxydans σ70. Interestingly, the amino acids R599 involved in –35 
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K593 R599

G.o.621H 208  SEEDDTAEDENEEGEGDQQEGSGLSLSALEEKLKPEILARFEAIEP-----LYHKLR-KL  261

E.c.K12  126  GINQVQCSVAEYPEAITYLLEQYDRVEAEEARLSDLI------TGFVDPNA---------  170

E.c.K12    7  SQLKLLVTRGKEQGYLTYAEVNDHLPEDIVDSDQIEDIIQMINDMGIQVMEEAPDADDLM  66

G.o.621H 148  GRDEMIGGLCESPLTIRAIISWHERLKDGEMLLRDIVDLEASQGGGPDPEAVEGEEGDEA  207

              G +++   + E P  I  ++  ++R++  E  L D++       G  DP A         

G.o.621H  28  AAVKRLIAKGRERGHITFDELNAVLPQDQMSSEQIEDVMAALSEMGIQVIENEDQDEAEA  87

G.o.621H  88  PAEKEAEGDGEEAEGPQGGNVDAEAASRTDDPVRMYLREMGSVELLSREGEIAIAKRIEA  147

              + +K L+ +G+E+G++T+ E+N  LP+D + S+QIED++  +++MGIQV+E     +   

               AE  A+ D  EA      +V++E   RT DPVRMY+REMG+VELL+REGEI IAKRIE 

E.c.K12   67  LAENTADEDAAEAAAQVLSSVESEIG-RTTDPVRMYMREMGTVELLTREGEIDIAKRIED  125

               + R      G  H+   E+  +     L  + +Q  L   + + LV  +++ + ++   

G.o.621H 322  EGRMMRLA-ESCKISRDDFLIKYRSRELDPTWLDSISALPGKGWKNLTTKHMDQLRNLRG  380

                E+D A      G    QE         EE    +      +I+P      + +LR + 

G.o.621H 262  QIKRIEALTGGEDHSDKSEQTYEKLRHELVSLVEQVHLHNNRIEELVAQIKMQVQKLNNV  321

E.c.K12  171  --EEDLAPTATHVGSELSQEDLDDDEDEDEEDGDDDSADDDNSIDPELAREKFAELRAQY  228

G.o.621H 381  EIAALSHETGLPVGEFRRVYATISRGERDSTRAKKEMIEANLRLVISIAKKYTNRGLQFL  440

              ++  +  ETGL + + + +   +S GE  + RAKKEM+EANLRLVISIAKKYTNRGLQFL

E.c.K12  343  KLQQIEEETGLTIEQVKDINRRMSIGEAKARRAKKEMVEANLRLVISIAKKYTNRGLQFL  402

G.o.621H 441  DLIQEGNIGLMKAVDKFEYRRGYKFSTYATWWIRQAITRSIADQAKTIRIPVHMIETINK  500

E.c.K12  229  VVTRDTIKAKGRSHATAQEEILK-----LSEVFKQFRLVPKQFDYLVNSMRVMMDRVRTQ  283

E.c.K12  284  ERLIMKLCVEQCKMPKKNFITLFTGNETSDTWFNAAIAM-NKPWSEKLHDVSEEVHRALQ  342

E.c.K12  403  DLIQEGNIGLMKAVDKFEYRRGYKFSTYATWWIRQAITRSIADQARTIRIPVHMIETINK  462

              DLIQEGNIGLMKAVDKFEYRRGYKFSTYATWWIRQAITRSIADQA+TIRIPVHMIETINK

              E  +M+L  E CK+ + +F+  +   E   TW ++  A+  K W        +++     

E.c.K12  463  LNRISRQMLQEMGREPTPEELAERMLMPEDKIRKVLKIAKEPISMETPIGDDEDSHLGDF  522

              L R SRQML E+GREP PEELAE++ MP +K+RKVLKIAKEPIS+ETPIGD+EDSHLGDF

E.c.K12  583  TRERIRQIEA ALRKL HPSRSEVLRSFLDD  613K R

E.c.K12  523  IEDTTLELPLDSATTESLRAATHDVLAGLTAREAKVLRMRFGIDMNTDYTLEEVGKQFDV  582

G.o.621H 621  TRERIRQIEA ALRKL HPSRSRKLRSFLDD  651K K

G.o.621H 561  IEDKTAVIPLDAAIQTNLREATTRVLASLTPREERVLRMRFGIGMNTDHTLEEVGQQFNV  620

              TRERIRQIEAKALRKL+HPSRS  LRSFLDD

              IED T  +PLD+A   +LR AT  VLA LT RE +VLRMRFGI MNTD+TLEEVG+QF+V

G.o.621H 501  LVRTSRQMLHEIGREPAPEELAEKLGMPLEKVRKVLKIAKEPISLETPIGDEEDSHLGDF  560
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recognition and also needed for RhaS interaction in E. coli was exchanged by K537 in 

G. oxydans. It is unclear whether this or other amino acid substitutions are responsible for the 

reversed responsiveness of RhaS in G. oxydans. In spite of their similarity as amino acids with 

cationic side chains, it cannot be excluded that the R599/K537 exchange caused the reverse 

effect on the protein interaction. Moreover, it should be noted that the –35 element within 

promoter PrhaT, which is L-rhamnose-inducible in G. oxydans and E. coli, does not overlap with 

the RhaS binding site (Vía et al. 1996). Possibly the slightly different organization of these 

promoter elements is responsible for the inducibility of PrhaT and repression of PrhaBAD in 

G. oxydans.  

GC-TOF-MS analysis performed in this study showed that no substantial 

metabolization of L-rhamnose occurs in G. oxydans. It is unknown how L-rhamnose enters the 

cell. A BLAST search with the amino acid sequence of RhaT in the proteome of G. oxydans 

did not reveal homologous transporters that may import the effector. The fact that even as low 

concentrations as 0.05% L-rhamnose reduced expression from PrhaBAD by half, may be an 

indication that the effector uptake is not a bottle neck of this expression system. 

In this study it was shown that in G. oxydans RhaS activated expression from PrhaBAD 

in the absence of L-rhamnose and repressed expression when L-rhamnose was present. This 

indicated that in G. oxydans, RhaS supports transcription activation without L-rhamnose likely 

through DNA binding and interaction with RNAP but also decreases transcription by reducing 

RNAP binding, e.g. by altering the DNA structure once L-rhamnose is bound. Furthermore, 

L-rhamnose-bound RhaS stimulated its own expression from the PrhaSR promoter. In E. coli, 

RhaR is required for strong expression of the rhaSR operon. It is known that in E. coli also 

RhaS binds the RhaR binding site within PrhaSR, leading to lower transcription levels of the 

rhaSR operon than RhaR. This was explained by the fact that RhaR enables CRP to interact 

with RNAP whereas RhaS prevents CRP to efficiently coactivate RNAP for transcription. In the 

absence of CRP, which is given in G. oxydans, both regulators activate transcription of the 

rhaSR operon to the same level (Wickstrum et al. 2010). Kolin et al. (2008) observed that 

RhaS, different than RhaR, requires L-rhamnose to effectively bind operator sites within PrhaBAD 

while RhaS interaction with RNAP is not affected by L-rhamnose binding. Perhaps in 

G. oxydans, RhaS exhibits some affinity for the RhaS binding site within PrhaBAD also in the 

absence of L-rhamnose thereby lightly promoting expression from PrhaBAD. Bound to 

L-rhamnose, the affinity of RhaS for the respective operator sites highly increases causing a 

RhaS dimer to simultaneously bind RhaR binding sites within PrhaSR thereby looping the DNA 

in the PrhaSR-PrhaBAD region and making PrhaBAD inaccessible for transcription. 

No improved repression was observed when an additional RhaS binding site was 

inserted directly downstream from the –10 region and upstream from the transcription start of 

PrhaBAD. It is unlcear and was not tested if RhaS binds to this additional binding site in 
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G. oxydans. Due to the promoter modification, expression from PrhaBAD(+RhaS-BS) almost doubled 

in the absence of L-rhamnose. Since the inserted second RhaS binding site contained 

promoter elements of PrhaBAD (upstream element, 4 bp of –35 element), it may be that 

unintentionally a second promoter was created that contributed to transcription of mNG, 

thereby overall increasing reporter gene expression. Due to the fact that the degree of 

repression in the presence of L-rhamnose was maintained and non-repressed expression 

doubled, the range of PrhaBAD-driven expression levels increased by the modification.  

All in all, the exact mechanisms involved in the reversed regulation of PrhaBAD by RhaS 

in G. oxydans remain unclear. Nevertheless, with the RhaS-PrhaBAD/PrhaT system, the repertoire 

of genetic tools available for G. oxydans was expanded by two regulatable promoters: Firstly, 

a promoter that allows the effector concentration-dependent knock-down of target genes. 

Secondly, a weak inducible promoter whose expression is controlled by the same effector 

molecule. These promoters, alone or in combination with others, could find use in industrial 

applications or basic research involving G. oxydans or other AAB. 

3.6  Endogenous regulatable expression system 

In this study, endogenous promoters from G. oxydans were identified that responded 

to the supplementation of a chemical substance by substantially increasing gene transcription. 

When tested on pBBR1MCS-5-based plasmids, expression from the promoters PGOX0532 and 

PGOX0536 induced by high concentrations of citrate (>50 mM) could be tuned by varying the 

effector concentration and reached induction ratios up to more than 430-fold. Also, genomically 

integrated copies of the promoters were citrate-inducible with up to 100-fold induction ratios. 

Therefore, the promoters PGOX0532 and PGOX0536 may form the basis of the first G. oxydans 

expression strain that enables controlled target gene expression but is not classified as a GMO. 

Based on the fact that the genes GOX0532 and GOX0536 encode proteins involved in the 

uptake of iron-loaded siderophores, it was assumed that both promoters were induced by iron 

limitation caused by the addition of the iron-chelating citrate. This hypothesis was supported 

by the observation that the supplementation of iron ions to the medium substantially reduced 

the otherwise relatively high basal expression from PGOX0532 and PGOX0536.  

Citrate-chelated iron, also known as dinuclear ferric citrate, is taken up by E. coli 

through the ferric citrate uptake system, of which FecA is a TonB-dependent transporter in the 

outer membrane (reviewed by Braun, 2003). In E. coli, expression of tonB is activated upon 

iron-depletion (Hantke, 1981). Even though a homologue to the extracytoplasmic sigma factor 

(ECF) FecI responsible for regulation of genes encoding proteins of the ferric citrate uptake 

system could be identified when G. oxydans was sequenced, it is unlikely that the bacterium 

uses this system as not all required genes were found in the genome (Prust et al. 2005). 
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In most Gram-negative bacteria, the global regulator Fur (ferric uptake regulator) is 

responsible for iron homeostasis (reviewed in Fillat, 2014, Sarvan et al. 2018). Therefore, it 

was expected that the protein encoded by GOX0771, annotated as fur, which exhibits 37% 

sequence identity with E. coli Fur in a protein BLAST search, controls expression from PGOX0532 

and PGOX0536 (Prust et al. 2005). In E. coli, Fur preferably binds promoter sites composed of 

3-4 repeats of the motif GATAAT with 2 hexamers in the forward orientation separated by a 

single base pair from 1-2 hexamers in the reverse orientation (f-f-x-r or f-f-x-r-r) called Fur box 

(Escolar et al. 1998, Lavrrar & McIntosh, 2003). Also the putative promoters of the citrate-

upregulated genes GOX0532 and GOX0536 contained potential Fur-binding sites in the f-f-x-

r-r conformation. These consensus sequences within PGOX0532 and PGOX0536 were located 38 bp 

and 130 bp upstream from the start codon of GOX0532 and GOX0536, respectively. 

Nevertheless, a prediction about the mode of regulation is difficult as for both promoters the 

transcription start side and core elements, such as –10 or –35 sites, are unknown. 

In spite of various attempts, deletion of GOX0771 did not succeed, suggesting that 

the gene could be essential for survival of G. oxydans. While for several bacterial species fur 

gene knockout mutants were obtained, in other species fur was described as an essential gene 

(Pasqua et al. 2017). Interestingly, due to the inability to create fur deletion mutants in 

Pseudomonas putida and Pseudomonas aeruginosa, the regulator was considered to be 

essential for many years (Venturi et al. 1995, Barton et al. 1996). This paradigm was changed 

when Pasqua et al. (2017) demonstrated that conditional fur knockout mutants of 

P. aeruginosa were unable to form colonies on solid media but that Fur was not essential for 

growth in liquid media. All attempts to delete fur in G. oxydans by homologous recombination 

using the plasmid pKOS6b-ΔGOX0771 conducted in this work used mannitol agar plates 

containing 5-fluorocytosine for selection. Possibly the inability of G. oxydans ΔGOX0771 

mutants to grow on solid media could explain why no deletion mutants were obtained and 

selection in liquid media might allow deletion of fur also in G. oxydans. 

To determine the role of GOX0771 for the regulation of PGOX0532- and PGOX0536-driven 

expression, in vivo Fur binding sites were searched in the genome of G. oxydans using ChAP-

Seq. For that purpose, different plasmids were constructed with the aim to replace fur with a 

modified gene encoding a Fur variant with a Strep-tag in the genome of G. oxydans. Since no 

strain with tagged Fur encoded from its original locus could be obtained, ChAP-Seq analysis 

was performed with a C-terminally tagged Fur protein whose gene was integrated in intergenic 

region 3 (igr3) (Battling et al. 2020). Under the applied conditions, the promoter region of  

PGOX0536 was enriched with Strep-tagged Fur and a Fur-binding motif resembling the Fur box 

described for E. coli was identified (Escolar et al. 1998). The promoter region of PGOX0532 was 

not enriched by ChAP-Seq.   
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Sarvan et al. (2019) compared the ability of untagged and N-terminally tagged Fur to 

bind the metal ion required for regulation in Campylobacter jejuni. They found that untagged 

Fur incorporated metal ions with a higher efficiency. Moreover, C. jejuni Fur without a Strep-

tag was able to bind DNA with higher affinity than tagged Fur, all in all indicating that an N-

terminal tag is detrimental for the activity of the regulator in C. jejuni (Sarvan et al. 2019). 

Possibly a restricted functionality explains the inability to obtain a G. oxydans strain encoding 

an N-terminally tagged Fur protein. Therefore, in this study all ChAP-Seq experiments were 

conducted with a C-terminally tagged Fur variant encoded at a different locus in the genome 

than the native fur gene.  

Overall, considerably less binding sites were found in the ChAP-Seq experiment than 

expected for a global transcription factor such as Fur. Since the native fur gene at its original 

locus remained together with modified fur gene inserted into the genome at the igr3 locus, 

tagged and untagged Fur proteins competed for the same DNA-binding sites. Furthermore, 

tagged and untagged Fur monomers may have formed heterodimers, which in case of an 

impaired tagged Fur variant might have weakened DNA-binding of the dimer thereby resulting 

in a reduced enrichment of Fur-regulated promoters. Trying to delete the fur in the G. oxydans 

strain containing the fur copy encoding the tagged Fur variant failed, suggesting that the tagged 

Fur protein could not compensate the native Fur. Further experiments are required to verify 

Fur-dependent regulation of PGOX0532 through binding of the predicted Fur boxes within the 

promoter in the presence of iron ions. 

3.7 Conclusions and outlook 

In this study the collection of promoters available for target gene expression in the 

AAB G. oxydans 621H was expanded by the first regulatable promoters that allow dynamic 

external control of gene expression through the addition of specific effector molecules. Six 

tunable expression systems were established for G. oxydans, of which five systems enabled 

very strong (TetR-Ptet), strong (AraC-ParaBAD, Fur-PGOX0532/6), moderate (LacI-PlacUV5) and weak 

(RhaS-PrhaT) induction of the target gene, whereas one system caused repression of the target 

gene in an effector-dependent manner (RhaS-PrhaBAD). Four systems responded to low-cost 

effector molecules, such as sugars (L-arabinose, L-rhamnose) or a carboxylic acid (citrate), 

one to an antibiotic derivative (ATc), and one to a sugar derivative (IPTG). Five systems were 

based on well-characterized expression system from other bacteria (TetR-Ptet, AraC-ParaBAD, 

LacI-PlacUV5, RhaS-PrhaBAD, RhaS-PrhaT), one system responding differently than in its native 

host (RhaS-PrhaBAD), whereas one system exclusively required endogenous, so far not 

characterized regulatory elements from G. oxydans to be fully functional (Fur-PGOX0532/6). Three 

of the established expression systems were successfully published (AraC-ParaBAD, TetR-Ptet, 
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LacI-PlacUV5), for two systems (RhaS-PrhaBAD, RhaS-PrhaT) a manuscript is in preparation, and 

one system (Fur-PGOX0532/6) still requires experimental work for completion.  

However, the established regulatable expression systems in G. oxydans bear the 

potential for improvements. For example, when compared to their use in E. coli, the AraC-

ParaBAD- and LacI-PlacUV5-systems require relative high effector concentrations to achieve 

maximal effects on target gene expression in G. oxydans. The TetR-Ptet system and its 

diffusible inducer anhydrotetracycline needed similar inducer concentrations for full induction 

in E. coli and G. oxydans. This indicated that an inefficient uptake of L-arabinose and IPTG 

might limit intracellular effector concentrations. Plasmid-encoded co-expression of araE and 

araC, with araE encoding an L-arabinose transporter, did not improve the sensitivity of the 

AraC-ParaBAD system in G. oxydans (Fricke et al. 2020). Trying to genomically express the 

genes araE and lacY encoding an L-arabinose and lactose permease, respectively, using 

promoters of different strength might help to create G. oxydans strains with an improved 

effector uptake and higher responsiveness towards low effector concentrations.  

In case of the AraC-ParaBAD system, Tang et al. (2008) engineered the regulator AraC 

in such a way that it solely responded to D-arabinose instead of L-arabinose. Using E. coli as 

host, FACS-mediated screening was used to identify AraC mutants with randomized binding 

pocket residues that activated transcription only in response to D-arabinose (Tang et al. 2008). 

Using this modified AraC in G. oxydans would prevent the oxidation of L-arabinose and the 

corresponding acidification of the medium, thereby circumventing the need for a ΔgdhM strain 

or pH-controlled fermentations (Fricke et al. 2020). 

A major drawback of the LacI-PlacUV5 system in G. oxydans is the relatively high basal 

expression in the absence of an inducer. The amino acid sequence of the regulator LacI 

contains 27 codons that exhibit a considerably lower frequency in G. oxydans than in E. coli 

including six codons with only 0.8% usage in G. oxydans vs. 15% usage frequency in E. coli. 

Therefore, a lacI gene codon-optimized for G. oxydans might increase abundance of functional 

LacI and thereby improve repression of PlacUV5 promoted transcription. 

The inability to obtain G. oxydans strains lacking the gene GOX0771 encoding the 

regulator Fur suggested that the protein is essential for survival of the bacterium. However, it 

might be that the applied conditions prevented a successful deletion of GOX0771. Possibly, 

GOX0771 could be placed under the control of a regulatable promoter, such as Ptet or PrhaBAD, 

at its original locus in the genome of G. oxydans. Different effector concentration could be 

tested with such a strain to determine how a conditional downregulation of fur expression would 

affect viability of G. oxydans. Furthermore, strong plasmid-based mNG expression from the 

promoters PGOX0532 and PGOX0536 in G. oxydans ΔGOX0771 in medium supplemented with iron 

would demonstrate the regulatory role of Fur for PGOX0532/6 promoted expression. The predicted 

Fur binding sites within PGOX0532 and PGOX0536 strongly indicate that both promoters are 
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controlled by the regulator Fur. However, in ChAP-Seq experiments only the expected Fur box 

within PGOX0536 could be enriched. Modifying the experimental set-up by applying different iron 

concentration that are maintained during the entire process might be needed to find optimal 

conditions to also enrich PGOX0532. 

Last but not least, the new established regulatable expression systems should be 

tested in basic research and for relevant applications involving G. oxydans. The above 

described conditional expression of genome-encoded GOX0771 might be suitable to 

investigate the Fur regulon in G. oxydans. Furthermore, plasmid-based regulatable 

overexpression of gdhM using ParaBAD or Ptet possibly allows to improve L-arabinonic acid 

production by G. oxydans.  
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5 Appendix 

5.1 Endogenous promoters enabling tunable citrate-dependent target 

gene expression in the acetic acid bacterium Gluconobacter 

oxydans.  
 

As a part of this thesis, endogenous G. oxydans regulator-promoter pairs were 

searched that permit controlled expression of target genes in an effector-dependent manner. 

Two inducible G. oxydans promoters as well as the corresponding regulator were identified 

and characterized experimentally. While the research on an endogenous regulatable 

expression system for G. oxydans is ongoing, the results presented here will form the core of 

a manuscript that is in preparation. 

 

In their natural habitat bacteria are confronted with a fast-changing environment that 

often requires rapid phenotype adaptation to cope with fluctuations in nutrients, toxins, 

temperature or pH-level. This adaptation is usually driven by transcription factors (TF) that 

respond to particular changes by altering gene expression as required. In case of nutrients or 

toxins, a TF binds a specific effector molecule which triggers a conformational change that 

alters its affinity for particular promoter sites, thereby activating, deactivating, repressing or 

derepressing transcription of the corresponding gene or operon. To identify endogenous 

regulated promoters in G. oxydans, the mRNA level of 2,687 genes was analyzed in reaction 

to various substances supplemented to the medium using microarray technology. Giving a 

1-2 h pulse of a potential effector in a 1 or 2% (w/v) concentration, the effect of L-arabinose, 

D-ribose, glycerol, cefoxitin (G. oxydans possesses a natural resistance towards the antibiotic), 

citrate, iso-citrate, α-ketoglutarate, and malate on the transcriptome of G. oxydans 621H was 

tested. Due to the fact that G. oxydans rapidly oxidizes many carbohydrates in the periplasm, 

which might alter a potential effector molecule before it enters the cytoplasm, not only 

G. oxydans 621H but also G. oxydans BP.9, lacking nine prominent dehydrogenases active in 

the periplasm, was used for these experiments (Peters et al. 2013). From all compounds 

tested, only high concentrations of citrate led to a strong change in mRNA level with a ratio of 

supplemented vs. non-supplemented >10.  

Promoters PGOX0532 and PGOX0536 respond to high citrate concentrations 

Transcription levels of the genes GOX0532 and GOX0536 were 46- and 45-fold 

elevated, when G. oxydans 621H was exposed to medium containing 1% (w/v) (~50 mM) 

citrate for 2 h. The gene GOX0532 clusters with GOX0531 and GOX0530 with GOX0532 being 
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the first gene of the operon and showing the strongest increase in transcription upon citrate 

supplementation (Fig. 1a, b). GOX0536 is located in close proximity of GOX0532 but 

transcribes as monocistronic mRNA. The GOX0532-0 operon encodes the proteins ExbB, 

ExbD and TonB and GOX0536 a hydroxamate-type ferrisiderophore receptor (Prust et al. 

2005). In Gram-negative bacteria, ExbB, ExbD and TonB form a complex that transfers energy 

derived from the proton motive force at the cytoplasmic membrane to outer membrane 

transporter proteins of scarce nutrients. The ExbD-ExbB-TonB transfer system is illustrated in 

Figure 1c. Synthesized in a ratio of 7:2:1 for ExbB:ExbD:TonB and anchored in the cytoplasmic 

membrane, the complex enables TonB-dependent transporters the energy-dependent uptake 

of substrates that are either too large to pass non-specific porin channels in the outer 

membrane or require a high-affinity transport system (Ahmer et al. 1995, Higgs et al. 2002, 

Pramanik et al. 2010). Such substrates may be iron-loaded siderophores, vitamin B12, or 

different carbohydrates (reviewed by Schauer et al. 2008). The ferrisiderophore receptor 

encoded by GOX0536 is likely a TonB-dependent transporter of iron-loaded siderophores. 

 

 
Fig.  1  Elevated expression of the genes GOX0532 and GOX0536 in G. oxydans 621H 

incubated in medium supplemented with citrate and putative binding sites of the ferric 
uptake regulator. 
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(a) Organization of the operon GOX0532-0 and monocistronic GOX0536 with adjacent genes 
in the genome of G. oxydans. Underneath encoded proteins according to annotation and ratio 
of mRNA levels (in brackets) when exposed to a 2 h pulse of 50 mM citrate (pH 6 by KOH) 
determined by microarray analysis. (b) Microarray analysis of G. oxydans exposed to 50 mM 
citrate in a MA plot showing log2 of the red/green fluorescence intensity ratios (M) vs. the 
average log2 intensity of both channels. Signals of genes GOX0531, GOX0532 and GOX0536 
are highlighted and labeled. (c) ExbD-ExbB-TonB energy transfer system (adapted from Celia 
et al. 2020). Energy derived from the proton gradient at the cytoplasmic membrane is 
transferred via ExbD-ExbB-TonB to TonB-dependent receptors at the outer membrane for the 
uptake of scarce compounds such as iron siderophores. (d) Predicted Fur binding sites in the 
putative promoter regions of the genes GOX0532 and GOX0536 resembling Fur binding sites 
in E. coli. 

Citrate is a known chelator of Fe3+. During the incubation of G. oxydans with 50 mM 

citrate, probably the iron accessibility was reduced which in turn induced adaptational 

processes in genome. Iron homeostasis in most Gram-negative bacteria is regulated by the 

TF Fur (ferric uptake regulator) that acts primarily as a repressor upon binding of iron (reviewed 

by Fillat, 2014). However, it has been shown that dimeric Fur-Fe2+ may also activate gene 

expression or apo-Fur may repress transcription (Bagg & Neilands, 1987, Ernst et al. 2005, 

Teixidó et al. 2011, Fillat, 2014). Genome sequencing of G. oxydans confirmed the presence 

of a E. coli Fur homolog encoded by GOX0771 exhibiting in a protein BLAST search 38% 

sequence identity with Fur from E. coli K12 (Prust et al. 2005).  

Fur likely transcription factor for PGOX0532 and PGOX0536  

Multiple attempts conducted during this work trying to delete GOX0771 in order to 

investigate the role of Fur in G. oxydans failed, suggesting that the regulator is essential for 

survival of the bacterium. Promoters regulated by Fur often contain a ~19 bp palindromic 

consensus sequence also known as a FUR-box that is bound by iron-loaded FUR for the 

repression of gene transcription in the presence of iron. The FUR-box is characterized by a 

minimum of three repeats of the hexameric motif 5’-GATAAT-3’. These can be slightly 

imperfect and the third motif has often a reverse orientation and is separated by a single base 

pair from the first two hexamers (Escolar et al 1998, Fillat 2014, Seo et al 2014). Scanning the 

putative promoter regions for potential Fur binding sites using 300 bp upstream of the 

respective start codons of GOX0532 and GOX0536, so called Fur-boxes were identified that 

resemble Fur-boxes of other bacteria (Fig. 1d) (reviewed by Filat, 2014). These potential Fur-

boxes within PGOX0532 and PGOX0536 are located 38 bp and 120 bp upstream from the start 

codons of GOX0532 and GOX0536, respectively. Since for both genes the transcription start 

sites are unknown, no prediction on the mode of regulation could be made. To verify these 

Fur-binding motives on PGOX0532 and PGOX0536 by chromatin affinity purification DNA sequencing 

(ChAP-Seq), attempts were made to genomically modify GOX0771 to obtain N- or C-terminally 

Strep-tagged Fur as a gene product. Similar to the deletion of GOX0771, no G. oxydans strain 

with a modified GOX0771 gene and tagged Fur could be generated. As an alternative, a copy 
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of modified GOX0771 encoding C-terminally tagged Fur and expressed from its native 

promoter was genomically integrated in the known and previously used intergenic region 3 

(igr3) between GOX0038 and GOX0039 (Battling et al. 2020). A G. oxydans strain with 

modified GOX0771 encoding N-terminally tagged Fur in igr3 could until now not be obtained.  

Maintaining high iron concentrations (>300 µM) during cultivation and protein 

purification, ChAP-Seq analysis with C-terminally tagged Fur encoded from modified 

GOX0771 integrated in igr3 confirmed the putative Fur-binding site within PGOX0536. Next to 

PGOX0536, binding sites within the promoters of the genes GOX1246 and GOX0641 were 

enriched (Tab. 1). GOX1246 and GOX0641 encode TonB-dependent and ferrisiderophore 

receptors, respectively. Within PGOX0532 no Fur box was enriched by ChAP-Seq. Surprisingly, 

among others within the putative promoter of GOX1191, encoding bacterioferritin, no potential 

Fur box was identified. Bacterioferritin is involved in iron storage and positively activated by 

iron-loaded Fur e.g. in Pseudomonas aeruginosa (Wilderman et al. 2004). 

 

Table 1 ChAP-Seq analysis with C-terminally tagged Fur integrated in intergenic region 3 

Genes and annotated proteins with potential Fur-DNA binding sites obtained by ChAP-Seq 
with G. oxydans 621H containing a copy of modified GOX0771 encoding C-terminally tagged 
Fur integrated in intergenic region 3 (Battling et al. 2020). Genes were ranked according to the 
peak coverage. Binding sequences were identified using E. coli Fur box 
5‘-GATAATGATAATCATTATC-3‘ for comparison and the MASTMEME motif search tool 
(Bailey & Gribskov, 1998) (Fillat, 2014). 

Rank Gene Annotation Fur-binding motif sequence (5‘→3‘) 
1 GOX0536 ferrisiderophore receptor  

(hydroxamate-type) 
GCTAATGAGAATCATTTGCATTAAC 

2 GOX1191 bacterioferritin  

3 GOX2731 pGOX4, transposase  

4 GOX1246 TonB-dependent receptor GAGAATGAGAATCTTTCGCAATGTT 

5 GOX2588 pGOX1  

6 GOX2584 pGOX1, hypothetical protein  

7 GOX2714 pGOX4, transposase  

8 GOX0641 ferrisiderophore receptor 
(hydroxamate-type) 

GAGAATAATTATCATTCGC 

9 GOX2718 pGOX4, transposase  

10 GOX2097 sorbitol-dehydrogenase  

(small subunit) 
 

11 GOX2699 pGOX3, hypothetical protein  

12 GOX0442 hypothetical protein  
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Performance of PGOX0532/6 with enzyme reporter UidA  

In preliminary experiments, the plasmids pBBR1MCS-2-PGOX0532-uidA and 

pBBR1MCS-2-PGOX0536-uidA were constructed by fusing 300 bp upstream from GOX0532 and 

GOX0536 to the gene uidA, which encodes the reporter enzyme β-D-glucuronidase, and 

integrated into the multiple cloning site of pBBRMCS-2. The transcription terminator sequence 

TgdhM taken from the gene GOX0265 and proven to be effective in G. oxydans was placed 

downstream of uidA. Grown in shake flasks with D-mannitol complex medium and induced by 

50 mM citrate upon inoculation, uidA expression from both promoter was determined by Miller 

assay (Miller, 1992). Measuring enzyme activity after 3 and 4 h showed that uidA expression 

from PGOX0536 was considerably higher than from PGOX0532 (Fig. 2b). For PGOX0532 and PGOX0536, 

UidA activity in induced cultures was with 17,800 Miller units (MU) and 2268,900 MU 

approximately 9- and 4-fold higher than in non-induced cultures (PGOX0532: 2,000 MU, PGOX0536: 

550,300 MU). Overall, induction fold-ratios were significantly reduced due to the strong basal 

expression of both promoters in the absence of citrate.  

 
Fig.  2  pBBR1MCS-5-based expression plasmids and analysis of the inducibility of PGOX0532/6 

by citrate using uidA as reporter. 

(a) Schematic illustration of the plasmid inserts PGOX0532-uidA and PGOX0536-uidA with terminator 
sequence TgdhM derived from gdhM (GOX0265) (b) Inducibility of PGOX0532 and PGOX0536 in 
G. oxydans 621H carrying plasmid pBBR1MCS-2-PGOX0536-uidA or pBBR1MCS-2-PGOX0536-
uidA. Grown in shake flasks with 4% D-mannitol medium, uidA expression was induced upon 
inoculation with 50 mM citrate and determined 4 and 3 h after induction as β-D-glucuronidase 
activity shown in Miller units (MU). 

Performance of PGOX0532/6 with fluorescent reporter mNeonGreen 

For continuous determination of reporter gene expression in microscale BioLector 

cultivations, plasmids encoding the fluorescence reporter protein mNeonGreen (mNG) were 
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constructed. Additionally, to avoid undesired side-effects such as an abnormal cell morphology 

resulting from the pBBR1MCS-2 plasmid backbone, PGOX0532 and PGOX0536 were integrated into 

the pBBR1MCS-5 plasmid, which was shown to not have these effects on the morphology 

(Fricke et al. 2021b). Furthermore, on the pBBR1MCS-5-based plasmids PGOX0532-mNG and 

PGOX0536-mNG were flanked on both sides by terminator sequences to create transcriptional 

barriers between the genetic elements within the inserts and the plasmid backbone. A 

schematic illustration of the pBBR1MCS-5 inserts is given in Figure 3a. The terminators TgdhM 

and TGOX0028 are DNA sequences derived from the genes GOX0265 and GOX0028, 

respectively, while terminator TBBa_B1002 was taken from the iGEM parts library.   

Since both promoters exhibited high basal expression in the absence of citrate, it was 

tested whether the supplementation of the medium with iron ions would reduce leakiness. 

Basal expression significantly decreased when the medium was supplemented with iron 

sulfate (Fe(II)SO4), supporting the hypothesis that citrate did induce expression from PGOX0532 

and PGOX0536 through iron limitation (data not shown). Furthermore, different induction 

strategies were tested. Grown in D-mannitol medium, the effect of 50-250 mM citrate 

supplemented in intervals of 1.5 h up to 5 times on PGOX0532/6 promoted expression in 

G. oxydans was tested by means of mNG expression. Now routinely cultivated in medium 

supplemented with 4-8 µM Fe(II)SO4 for reduced basal expression, best induction ratios were 

obtained when 5 x 50 mM citrate was added in intervals (Fig. 3b, c).  
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Fig.  3 pBBR1MCS-5-based expression plasmids and analysis of the inducibility of PGOX0532/6 

by citrate using mNG as reporter. 

Performance of citrate-inducible promoters PGOX0532 and PGOX0536 in G. oxydans 621H. Growth 
according to backscatter and absolute mNG fluorescence of G. oxydans carrying plasmid 
pBBR1MCS-5-PGOX0532-mNG (b) or pBBR1MCS-5-PGOX0536-mNG (c) in citrate-induced and 
non-induced condition in microscale BioLector cultivations. Grown in D-mannitol medium 
supplemented with 8 µM Fe(II)SO4, reporter gene expression was induced by adding 1 x, 2 x, 
3 x or 5 x 50 mM citrate in 1.5 h intervals from pH-neutral 2 M stock solution. BioLector settings: 
backscatter gain 4, fluorescence gain 8. Data represent mean values and standard deviation 
from two biological replicates with three technical replicates each. 

 

Overall, increasing citrate concentrations in the medium of G. oxydans harboring 

pBBR1MCS-5-PGOX0532/6-mNG led to stronger mNG expression and high induction ratios when 

compared to non-supplemented cultures. Additionally, the lag growth phase of cultures 

prolonged with higher citrate concentrations (Fig. 3b, c). Moreover, backscatter signals 

indicated considerably higher final cell densities of citrate supplemented cultures compared to 

non-supplemented reference cultures. For example, the addition of 3 x 50 mM citrate increased 

backscatter values from ~24 to ~37 a.u. after 24 h. Trying to verify the final backscatter values 

by photometer, only a slightly higher optical density of maximal 10% of induced vs. non-
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induced cultures was observed. Hence, it can be assumed that the backscatter values higher 

than those of the reference without citrate posed an artifact. Therefore, in this work only 

absolute but no biomass-specific fluorescence is presented.  

For both promoters, basal expression in the absence of supplemented citrate was 

barely detectable. The strongest fluorescence values with 21 a.u. after 24 h for G. oxydans 

carrying pBBR1MCS-5-PGOX053-mNG and 65 a.u. after 18 h for G. oxydans carrying 

pBBR1MCS-5-PGOX0536-mNG were obtained when culture were supplemented with 5 x 50 mM 

citrate (Fig. 3b, c). At this time point, highest induction ratios for G. oxydans with the PGOX0532- 

(433-fold) and PGOX0536-plasmid (291-fold) were obtained. However, due to the severely 

retarded growth, the induction strategy using 5 x 50 mM citrate seemed not expedient. Since 

growth of G. oxydans in medium supplemented with 3 x 50 mM citrate was less impaired but 

cultures still exhibited strong mNG expression (PGOX0532: 20 a.u. after 20 h; PGOX0536: 48 a.u. 

after 9 h) and high induction ratios (PGOX0532: 378-fold; PGOX0536: 264-fold), the addition of 3 x 

50 mM citrate seemed the preferable induction strategy. All induction ratios obtained with 

G. oxydans carrying pBBR1MCS-5-PGOX0532-mNG or pBBR1MCS-5-PGOX0536-mNG are 

summarized in table 2.  

 

Table 2 Citrate-dependent induction fold changes of PGOX0532/6 in pBBR1MCS-5-based 
expression plasmids. 

Citrate-dependent induction fold changes calculated from mNG fluorescence signals in G. 
oxydans 621H carrying plasmid pBBR1MCS-5-PGOX0532-mNG or pBBR1MCS-5-PGOX0536-mNG. 
Citrate was added to BioLector cultivations in intervals of 1.5 h. In brackets the time after 
inoculation is given when maximal induction fold changes were measured.  

Citrate  

(1.5 h intervals) 

PGOX0532-

mNG 

PGOX0536- 

mNG 

1 x 50 mM 72 (10 h) 10 (6 h) 

2 x 50 mM 258 (15 h) 71 (8 h) 

3 x 50 mM 378 (20 h) 101 (9 h) 

5 x 50 mM 433 (24 h) 274 (18 h) 

 

Using a flow cytometer, the citrate inducibility of PGOX0536 in G. oxydans harboring 

pBBR1MCS-5-PGOX0536-mNG was tested on single cell level. Grown in shake flask, induced 

and uninduced cells exhibited a high population homogeneity 7 h after inoculation (Fig. 4). 

Approximately 97% of all cells in non-induced and citrate-supplemented cultures showed low 

fluorescence (~1,000 a.u.) and high fluorescence (10,000 a.u.), respectively.  
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Fig.  4 Citrate-dependent induction of PGOX0536 in G. oxydans on single cell level. 

FACS analysis of G. oxydans 621H carrying plasmid pBBR1MCS-5-PGOX0536-mNG or for 
reference empty vector pBBR1MCS-5 (MCS-5). Grown in shake flasks with D-mannitol 
medium supplemented with 4 µM Fe(II)SO4 mNG expression was induced by the addition of 5 
x 50 mM citrate in intervals of 1.5 h. Empty vector control cultures were also supplemented 
with 5 x 50 mM citrate. FACS analysis was performed 7 h after inoculation. Total counts per 
sample represent 100.000 events. 

 

Regulation of genomically integrated PGOX0532 and PGOX0536 

To create a non-GMO (genetically modified organism) G. oxydans strain that enables 

induced target gene expression from the promoters PGOX0532 and PGOX0536 and grows 

independent of antibiotics for plasmid selection, PGOX0532 and PGOX0536 were integrated into the 

genome of G. oxydans 621H in the same intergenic region igr3 described above (Battling et 

al. 2020). For markerless genome integration, the plasmid pKOS6b with E. coli codA was used 

as described by Kostner et al. (2013). To avoid interference with adjacent genes or genetic 

elements of igr3, the DNA sequences inserted contained the same three terminator sequences 

flanking the inserts as on the plasmids pBBR1MCS-5-PGOX0532-mNG and pBBR1MCS-5-

PGOX0536-mNG. For proof of principle, induced mNG expression from both genomically 

integrated promoters was tested by supplementing the modified G. oxydans strains with up to 

3 x 50 mM citrate. Due to the reduced copy number per cell of genomically expressed mNG in 

comparison to plasmid-based constructs, detection of fluorescence signals required stronger 

amplification than with plasmid encoded promoter-reporter pairs. Furthermore, a BioLector of 

a different generation was used, making a direct comparison with the previously shown 

plasmid-based system difficult.  

Expressing genome encoded mNG from PGOX0532 and PGOX0536 in the created 

G. oxydans strains, a fairly similar growth profile was observed than in the above presented 

tests with expression plasmids. According to backscatter values, increased citrate 
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concentrations prolonged the lag growth phase of the cells with in case of 3 x 50 mM citrate 

resulting in the strongest effect (Fig. 5a, b).  

 

Fig.  5 Inducibility of genomically integrated PGOX0532/6 by citrate using mNG as reporter. 

Citrate-inducible mNG expression in the G. oxydans strains igr3::PGOX0532-mNG and 
igr3::PGOX0536-mNG. Growth according to backscatter and absolute mNG fluorescence of 
G. oxydans 621H with PGOX0532-mNG (a) or PGOX0536-mNG (b) genomically integrated in 
intergenic region igr3 (Battling et al. 2020). Using microscale BioLector cultivations, cells were 
grown in D-mannitol medium supplemented with 8 µM Fe(II)SO4. Upon inoculation reporter 
gene expression was induced by adding 1 x, 2 x or 3 x 50 mM citrate in 1.5 h intervals from 
pH-neutral 2 M stock solution. BioLector settings: backscatter gain 20, fluorescence gain 100. 
Data represent mean values and standard deviation from three biological replicates with three 
technical replicates each. 

 

First supplemented with 50 mM citrate 1.5 h after inoculation, fluorescence signals in 

G. oxydans igr3::PGOX0532-mNG and G. oxydans igr3::PGOX0536-mNG were only detectable 

approximately 4-5 h after induction (Fig. 5a, b). For G. oxydans igr3::PGOX0532-mNG the highest 

induction fold-changes of 81±3 were obtained with 3 x 50 mM citrate at the end of the 

experiment after 24 h. While in uninduced cultures fluorescence was barely detectable, in 

induced cultures values of ~82 a.u. were measured. The data indicate that the maximum had 

not been reached at that point. Supplementing with 1 x 50 and 2 x 50 mM citrate led to maximal 

fluorescence of ~37 a.u. and ~78 a.u. with calculated induction fold-change of 37±4 after 14 h 

and 78±2 after 21 h, respectively (Fig. 5a, b).    
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In the case of G. oxydans igr3::PGOX0536-mNG, basal expression in uninduced cultures 

was too low to detect of mNG fluorescence (Fig. 5a, b). Therefore, for calculation of induction 

fold-changes values were set to 1. In cultures with G. oxydans igr3::PGOX0536-mNG, multiple 

additions of 50 mM citrate did not result in an increased mNG expression. Inducing with 1 x 50 

and 2 x 50 mM citrate both led to 103 a.u. and a 103-fold increase in fluorescence, with the 

difference that with a single supplementation, fluorescence signals peaked after 8 h while with 

two supplementations similar intensities were reached only after 14 h. Adding 3 x 50 mM citrate 

reduced induction fold-changes in cultures with G. oxydans igr3::PGOX0536-mNG again. Hence, 

after 21 h maximal fold-changes of 75±12 were calculated. All induction ratios of genome 

encoded and citrate-induced mNG expression in the G. oxydans strains igr3::PGOX0532-mNG 

and igr3::PGOX0536-mNG are summarized in table 3. 

 

Table 3 Citrate-dependent induction fold changes of genomically integrated PGOX0532/6  

Citrate-dependent induction fold changes calculated from mNG fluorescence signals in the 
G. oxydans strains igr3::PGOX0532-mNG and igr3::PGOX0536-mNG. Both strain were created by 
genomically integrating TgdhM-PGOX0532-mNG-TBBa-B1002-TGOX0028 or TgdhM-PGOX0536-mNG-TBBa-

B1002-TGOX0028 in intergenic region igr3 (Battling et al. 2020). Citrate was added to BioLector 
cultivations in intervals of 1.5 h. In brackets the time after inoculation is given when maximal 
induction fold changes were measured.  

Citrate  

(1.5 h intervals) 

PGOX0532-

mNG (igr3) 

PGOX0536- 

mNG (igr3) 

1 x 50 mM 37±4 (14 h) 103±22 (8 h) 

2 x 50 mM 78±2 (21 h) 103±23 (14 h) 

3 x 50 mM 81±3 (24 h)  75±12 (21 h) 

 

The regulatable endogenous promoters PGOX0532 and PGOX0536 may form the basis of 

an industrial G. oxydans strain that combines inducible gene expression with a non-GMO 

classification. The experiments conducted in this work showed that both promoters combine 

low basal expression in iron supplemented medium with strong controlled target gene 

expression and high induction fold changes when fully induced with citrate. Since the high 

citrate concentrations required for strong target gene expression impaired growth, it needs to 

be evaluated whether increased expression can compensate for the strong retardation of 

growth in citrate-supplemented cultures. Furthermore, it is very likely that both promoters are 

induced due to an iron limitation in the medium caused by the high citrate concentrations and 

therefore regulated by the global TF Fur encoded by GOX0771. Using a regulatable expression 

system that depends on a global TF poses the risk of interfering with other fundamental 

regulatory networks of the cell. The inability to delete fur in G. oxydans might indicate that the 

TF plays a key role in very basic mechanisms needed for survival of the bacterium. 
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Nonetheless, in spite of the questionable feasibility of this endogenous expression system, this 

research shed some light on an essential regulon of G. oxydans that so far has not been 

investigated. 
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