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“Science knows no country, because knowledge belongs to humanity, and is the torch 

which illuminates the world. Science is the highest personification of the nation because 

that nation will remain the first which carries the furthest the works of thought and 

intelligence. But if Science has no country, the scientist must keep in mind all that may 

work towards the glory of his country. In every great scientist will be found a great patriot.” 

 

Louis Pasteur 

 

(27 December 1822 - 28 September 1895, French) 

"Father of bacteriology" and "Father of microbiology" 

2022: the bicentenary of Louis Pasteur's birth 
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Summary  

This thesis deals with the oxidation of phosphite to phosphate by novel anaerobic bacteria 

and the biochemistry and energetics of this process. Phosphite (HPO3
2-) was much more 

widespread on the early Earth than today, and recent research discoveries show that 

phosphite may have played an essential role in the development of life. It can provide 

metabolic energy and can also form the phosphate backbone of membranes and nucleic 

acids in early life. 

The use of phosphite as a phosphorus source in microbes has been well described. The 

key enzyme phosphite dehydrogenase (PTDH) was discovered in Pseudomonas stutzeri 

strain WM88 and oxidizes phosphite to phosphate with NAD+ as an electron acceptor to 

form NADH (eq. 1). 

 

In the present thesis work, we isolated a new Gram-positive bacterium, Phosphitispora 

fastidiosa strain DYL19, that oxidizes phosphite as an electron source in its energy 

metabolism.  It also uses phosphite as an electron donor in CO2 reduction to cell material 

via the Wood-Ljungdahl pathway. This bacterium is specialized to use phosphite as its 

sole source of electrons for energy and carbon metabolism; no other organic or inorganic 

substrates are used.  

The biochemistry of phosphite oxidation in P. fastidiosa and another dissimilatory 

phosphite-oxidizing bacterium, Desulfotignum phosphitoxidans, was studied in detail.  

Both bacteria contain a novel type of enzyme that plays the key role in dissimilatory 
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phosphite oxidation, i.e., adenosine monophosphate (AMP)-dependent phosphite 

dehydrogenase (adp). These enzymes catalyze the phosphorylation of AMP with 

phosphite and NAD+, to form adenosine diphosphate (ADP) and NADH (eq. 2).  

                             

The AMP-dependent phosphite dehydrogenase of P. fastidiosa was heterologously 

overexpressed in Escherichia coli strains Rosetta Gami and SHuffle® T7. The enzyme of 

D. phosphitoxidans was found to be partially membrane-associated and could not be 

heterologously expressed yet. Both enzymes are highly oxygen-sensitive and show high 

affinity for phosphite and NAD+ as substrates. Both adps have molecular masses of 35.2 

kDa, and their primary structure resembles that of a nucleoside diphosphate sugar 

epimerase of Firmicutes bacterium.  

The chemolithoautotrophic metabolism of dissimilatory phosphite oxidation is extremely 

efficient and links energy and carbon metabolism directly through NADH. It may have 

been important in the early evolution of life when phosphite was readily available on Earth. 
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Zusammenfassung 

Die vorliegende Arbeit befasst sich mit der Oxidation von Phosphit zu Phosphat durch 

neuartige anaerobe Bakterien und der Biochemie und Energetik dieses Prozesses. 

Phosphit (HPO3
2-) war in der frühen Erdepoche viel weiter verbreitet als heute, und neue 

Untersuchungen zeigen, dass Phosphit eine wesentliche Rolle bei der Entwicklung des 

Lebens gespielt haben kann. Es kann Stoffwechselenergie liefern und in der frühen 

Phase der Entwicklung des Lebens den Phosphatanteil von Membranen und 

Nukleinsäuren gebildet haben. 

Die Nutzung von Phosphit als Phosphorquelle in Mikroben ist gut untersucht. Das 

Schlüsselenzym Phosphitdehydrogenase (PTDH), wurde in Pseudomonas stutzeri 

Stamm WM88 entdeckt. Es oxidiert Phosphit zu Phosphat mit NAD+ als 

Elektronenakzeptor, das zu NADH reduziert wird (Gl. 1). 

 

In der vorliegenden Arbeit wurde ein neues dissimilatorisches Phosphit-oxidierendes 

Gram-positives Bakterium, Phosphitispora fastidiosa Stamm DYL19 isoliert und 

charakterisiert, das Phosphit als Elektronendonor in seinem Energiestoffwechsel nutzt. 

Es benutzt Phosphit auch als Elektronendonor bei der Reduktion von CO2 zu Zellmaterial 

über den Wood-Ljungdahl-Weg. Das Bakterium kann ausschließlich Phosphit als 

Elektronendonor im Energie- und im Baustoffwechsel nutzen; andere organische oder 

anorganische Substrate werden nicht genutzt.    

Die Biochemie der Phosphitoxidation in P. fastidiosa und einem anderen 

dissimilatorischen Phosphitoxidierer, Desulfotignum phosphitoxidans, wurde untersucht. 
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Beide Bakterien besitzen einen neuen Typ eines Enzyms, das eine Schlüsselrolle bei der 

dissimilatorischen Phosphitoxidation spielt, die Adenosinmonophosphat (AMP)-

abhängige Phosphitdehydrogenase (adp). Diese Enzyme koppeln die Phosphorylierung 

von AMP mit Phosphit zu Adenosindiphosphat (ADP) mit der Reduktion von NAD+ zu 

NADH (Gl. 2).  

                   

Die AMP-abhängige Phosphitdehydrogenase von P. fastidiosa wurde im Escherichia coli-

Stamm Rosetta Gami und SHuffle®T7 heterolog überexprimiert. Das Enzym von D. 

phosphitoxidans war teilweise membranassoziiert und konnte noch nicht heterolog 

exprimiert werden. Beide Enzyme sind sehr empfindlich gegenüber Sauerstoff und zeigen 

hohe Affinität gegenüber Phosphit und NAD+. Sie haben molekulare Massen von 35.2 

kDa, und ihre Primärstruktur ähnelt der einer Nukleosiddiphosphat Zuckerepimerase von 

Firmicutes bacterium.  

Der chemolithoautotrophe Stoffwechsel der dissimilatorischen Phosphitoxidation ist 

äußerst effizient und verbindet den Energie- und den Baustoffwechsel unmittelbar 

miteinander über das NADH. Er könnte möglicherweise in der frühen Evolution des 

Lebens eine Rolle gespielt haben, als Phosphit auf der Erde leicht verfügbar war. 
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CHAPTER 1 General Introduction 

Phosphorus compounds 

Phosphorus (P) is an essential nutrient for all forms of life. It is a structural element of 

deoxyribonucleic acid (DNA), ribonucleic acid (RNA), cell membranes, and bones. It is 

very reactive and does not exist as a single element on the earth. Pure phosphorus was 

produced by the alchemist Henning Brandt in Hamburg in 1669 from urine (Emsley 2000).  

Phosphate (PO4
3-) as the main phosphorus compound is exchanged between the 

biosphere, hydrosphere, and geosphere through phosphorus global movement. 

Phosphate minerals are primarily in sedimentary rocks, when phosphate rocks are eroded, 

phosphate salts are dissolved into the terrestrial and aquatic ecosystems, and there is a 

minor transfer of phosphate resources to oceans via riverine transport (Figure 1). A 

continuous import of the mineable phosphate pool is applied in inorganic or organic 

chemicals produce by industries, e.g., weapons and fertilizers. Phosphate fertilizer is very 

important in agriculture and sustainable development, the productivity of crops is regularly 

limited by phosphate fertilizer application. However, if a large amount of phosphate is 

released into the aquatic ecosystem it would trigger an explosion of algae or plankton. 

Microbes degrade the dead algae causing oxygen levels to decrease in the water, and 

fish and other species would die; this process is called eutrophication (Karl 2014).   

Recent research shows that organophosphorus compounds also contribute to the global 

phosphorus cycle. Organic phosphonates are produced by marine organisms and are 

degraded via methylphosphonate. The latter represents an important part of the oceanic 

phosphorus transformation and constitutes the essential source of methane in oxic 
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seawater (Metcalf et al. 2012). Organophosphorus compounds containing C-P linkages 

are widely applied in agriculture as fungicides since 1970s (Guest and Grant, 1991; 

Ternan et al, 1998).  

 

Figure 1. The global phosphorus cycle. Phosphate mineral are exposed into rivers and industrial 

processes, the produced fertilizers are applied in agriculture to produce crops. Crops are 

consumed by animals and human, the waste is assimilated by plants and microbes, then 

transported from river to ocean. The phosphorus compounds in ocean sediment contribute to 

form new phosphate mineral rocks.      
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Beyond phosphate, recently phosphite has been detected in aquatic ecosystems, like 

oceans, lakes, rivers and sewage treatment plants. Phosphite was more abundant in the 

Archean period and played perhaps a key role in the early evolution of life (Pasek et al. 

2014, Figueroa et al. 2017). Phosphite is formed naturally by lightning and volcanic 

eruptions (Herschy et al. 2018); it is also produced in industry as a constituent of 

fertilizers and pesticides (Lovatt and Mikkelsen 2006). Treatment of crop seeds with 

phosphite fertilizers can increase their yield, and phosphite production is expanding 

gradually with its possible application in agriculture (Rossall et al. 2015). The phosphate 

is reduced to phosphine via phosphite and hypophosphite, this process has to proceed 

through steps of extremely low redox potential (Weast et al, 1988; Figure 2). 

 

Figure 2. Redox properties of phosphorus compounds at pH 7.0. 

Assimilatory phosphite oxidation and dissimilatory phosphite 

oxidation  

In phosphorus-deficient areas, some bacteria are able to utilize partially reduced 

phosphite, hypophosphite and organophosphonates as sources of phosphorus 

assimilation. This assimilatory phosphite oxidation (APO) was described for numerous 

microorganisms first in1953 (Adam and Conrad 1953). Later, a Pseudomonas strain was 

described which utilizes phosphite as a phosphorus source for growth (Casida 1960). An 
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NAD+-dependent phosphite dehydrogenase of this bacterium was enriched and 

characterized (Malacinski and Konetzka 1966, Malacinski and Konetzka 1967). For a 

Bacillus caldolyticus strain, also the use of further reduced inorganic phosphorus sources 

was reported, and this activity was attributed to a hypophosphite oxidase which oxidized 

both hypophosphite and phosphite to orthophosphate (Heinen and Lauwers 1974). 

Phosphite assimilation by an anaerobic bacterium was reported for a Bacillus strain 

(Foster et al. 1978). More detailed studies on the assimilation of reduced phosphorus 

compounds were carried out with Escherichia coli (Metcalf and Wanner 1991), 

Pseudomonas stutzeri strain WM 88 (Metcalf and Wolfe 1998), and Klebsiella 

aerogenes (Imazu et al. 1998). In these bacteria, oxidation of phosphite to phosphate is 

coupled to the reduction of NAD+. This NAD+-dependent phosphite dehydrogenase (PtdH) 

was heterologously expressed in E. coli, purified, and characterized in detail (Costas et 

al. 2001). Phosphite oxidation with NAD+ by this enzyme is an irreversible reaction due 

to the low redox potential of phosphite oxidation (E0
’= -690 mV) compared to that of the 

NAD+/NADH couple (-320 mV). This enzyme is specific for phosphite as electron donor 

and is related to D-hydroxyacid dehydrogenases. Three different mechanisms for this 

reaction have been discussed so far, of which two involve an initial nucleophilic attack of 

NAD+ on the phosphorus atom and subsequent hydride transfer. The third one includes 

a primary hydride transfer from phosphite to NAD+; this mechanism appears to be 

substantiated by kinetic data (Vrtis et al. 2001). Moreover, an alkaline phosphatase was 

described for E. coli which can also act as a phosphite-dependent hydrogenase (Yang 

and Metcalf 2004).   
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Phosphite could be also an excellent electron donor for microbial energy metabolism 

because electrons are released at a very low redox potential. In 2000, the first 

dissimilatorily phosphite-oxidizing bacterium, Desulfotignum phosphitoxidans strain FiPS-

3 was isolated from marine sediment (Schink and Friedrich 2000, Schink et al. 2002). 

It can oxidize phosphite to phosphate with simultaneous reduction of sulfate to sulfide, or 

with homoacetogenic reduction of CO2 to acetate. In this bacterium, the phosphite 

oxidation capacity appeared to be encoded by four genes (ptxD-ptdFCG) which could 

confer phosphite oxidation to a phosphite-negative acceptor bacterium (Simeonova et 

al. 2010). A further dissimilatorily phosphite-oxidizing bacterium, Phosphitispora 

fastidiosa strain DYL19, was isolated recently from anaerobic sludge of a sewage 

treatment plant; it is specialized to using only phosphite as electron donor and carbon 

dioxide as electron acceptor in its energy metabolism (Mao et al. 2021). Comparably high 

growth yields of these cultures with phosphite indicated that they can efficiently exploit 

the bioenergetic potential of phosphite oxidation. Dissimilatory phosphite oxidation has 

been described also for some anaerobic enrichment cultures (Figueroa et al. 2018, 

Ewens et al. 2021, Buckel 2001).  
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Aims of this thesis   

Prior to this thesis, only one dissimilatorily phosphite-oxidizing bacterium, Desulfotignum 

phosphitoxidans strain FIPS-3, was isolated in 2000, however, the mechanism of 

phosphite oxidation was still unclear. 

In this thesis, I tried to expand the diversity of known phosphite-oxidizing bacteria as an 

indicator of the importance of phosphite oxidation in nature.  

To elucidate the biochemistry of microbial dissimilatory phosphite oxidation, the 

phosphite-oxidizing enzymes of Desulfotignum phosphitoxidans and the newly isolated 

Phosphitispora fastidiosa were to be characterized through enzyme assays, native gel 

activity staining methods, and heterologous expression. These efforts led to the 

identification of a novel enzyme, an adenosine monophosphate (AMP)-dependent 

phosphite dehydrogenase.  

The physiology of anaerobic phosphite oxidation and the importance of the novel 

adenosine monophosphate (AMP)-dependent phosphite dehydrogenase in the energy 

metabolism of phosphite-oxidizing bacteria was to be analyzed by quantitative growth and 

substrate transformation experiments.  
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Abstract 

A new strictly anaerobic bacterium, strain DYL19T, was enriched and isolated with 

phosphite as sole electron donor and CO2 as single carbon source and electron acceptor 

from anaerobic sewage sludge of the sewage treatment plant in Constance, Germany. It 

is a Gram-positive, spore-forming, slightly curved, rod-shaped bacterium which oxidizes 

phosphite to phosphate while reducing CO2 to biomass and small amounts of acetate. 

Optimal growth is observed at 30°C, pH 7.2, with a doubling time of three days. Beyond 

phosphite, no further inorganic or organic electron donor can be used, and no other 

electron acceptor than CO2 is reduced. Sulfate inhibits growth with phosphite and CO2. 

The G+C content is 45.95 mol%, and dimethylmenaquinone-7 is the only quinone 

detectable in the cells. On the basis of 16S rRNA gene sequence analysis and other 

chemotaxonomic properties, strain DYL19T is described as type strain of a new genus 

and species, Phosphitispora fastidiosa gen. nov. sp. nov.  

Introduction 

Phosphorus is the eleventh most abundant element in the Earth’s crust and plays a key 

role in all life forms. The most common phosphorus compound in nature is phosphate, 

but phosphite, hypophosphite and phosphine also can be detected in small amounts 

(Pasek et al. 2014, Figueroa et al. 2018). In living cells, phosphate esters such as ATP, 

ADP, AMP, DNA, RNA, and phospholipids play key roles in energy metabolism and cell 

matter synthesis. Due to its importance in living cells and the limited availability of 

dissolved phosphate in natural environments, phosphate is often the limiting factor for 

plant growth, e.g., for growth of aquatic plants in freshwater lakes (Schink 2005). 

Phosphate fertilizers help to overcome phosphate limitation in agriculture to secure 
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human food production and to support sustainable development, but it also causes 

environmental pollution and eutrophication of inland waters. More recently, phosphite 

fertilizers are being developed and may help to replace phosphate fertilizers because 

phosphites are better soluble than phosphates, and phosphite is more readily absorbed 

into plant tissues than phosphate (Lovatt and Mikkelsen 2016). Phosphites as 

biostimulants can increase the economics of farms (Rossall et al. 2016) and can improve 

nitrogen fixation efficiency and crop yield, thus reducing leaching and potential damage 

to the environment. 

Geochemical evidence suggests that phosphite was abundant on the primitive Earth 

(Pasek et al. 2013). Therefore, the study of microbial phosphite metabolism is of 

significance to our understanding of the early evolution of life on Earth. Sources of 

reduced phosphorus compounds include phosphide minerals such as schreibersite 

(Fe,Ni)3P, lightning-strokes, and geothermal fluids. Numerous bacteria can use phosphite 

as phosphorus source in the synthesis of cell material, e.g., Pseudomonas stutzeri strain 

WM88 (Metcalf and Wolfe 1998). Oxidation of reduced phosphorus compounds such as 

phosphite (HPO3
2-) to phosphate (HPO4

2-) releases electrons at an unusually low redox 

potential (E0´= −650 mV). Hence, phosphite is a very potent electron source, but so far 

only very few bacteria can use it in their energy metabolism. Desulfotignum 

phosphitoxidans strain FIPS-3 was described first to oxidize phosphite as an electron 

donor in its energy metabolism; it was isolated from marine sediment in Venice, Italy 

(Schink and Friedrich 2000, Schink et al. 2002). More recently, a phosphite-oxidizing 

enrichment culture from a wastewater treatment plant was reported (Figueroa and 
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Coates 2017). In the present paper, we describe a novel phosphite-oxidizing bacterium, 

Phosphitispora fastidiosa strain DYL19T.  

Methods and results 

Enrichment, isolation and cultivations 

Strain DYL19T was enriched and isolated from digesting anaerobic sewage sludge 

obtained from the municipal wastewater treatment plant in Constance, Germany. 

Enrichment cultures contained 10 mM sodium phosphite as sole electron source in anoxic, 

bicarbonate-buffered, sulfide-reduced freshwater mineral medium under an oxygen-free 

mixture of N2/CO2 (80/20) (Widdel and Bak 1992). 2.5 g NaHCO3 per l, 1 mM Na2S x 9 

H2O, 1 ml trace element solution SL-10 (Widdel et al. 1983), 1 ml selenite-tungstate 

(Tschech and Pfennig 1984) and 1 ml seven-vitamin solution (Pfennig 1978) were 

added from concentrated stock solutions after cooling. The initial pH of the medium was 

adjusted to 7.2. Cultivation was performed in 100 ml and 1 l glass bottles with butyl rubber 

stoppers under N2/CO2 (80:20; v/v) gas atmosphere in the dark at 30°C. Pure cultures 

were obtained by repeated agar (1%) shake dilutions (Widdel and Bak 1992) and 

repeated pasteurization. Purity was checked by phase contrast light microscopy 

(Axiophot, Zeiss, Germany, with internal size calibration) after growth with 10 mM 

phosphite in the presence and absence of a mix of 10 mM glucose plus 10 mM fumarate 

and 0.05% (w/v) yeast extract. Pure cultures were transferred every 3 weeks and stored 

in liquid medium at 4ºC. Photographs were taken using the agar slide technique (Pfennig 

and Wagener 1986). Gram-staining was performed using a staining kit (Difco 

Laboratories) according to the manufacturer’s instructions, and confirmed by the KOH 

test (Gregersen 1978). Spore formation was checked microscopically after growth in the 
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presence of 1 mM MnSO4, and by testing growth after repeated pasteurization at 80ºC 

for 20 min. 

Utilization of various carbon sources at 10 mM concentration was tested in freshwater 

medium. Reduction of nitrate (10 mM) and sulfate (10 mM) was checked via nitrite and 

sulfide formation.  Nitrate or nitrite were analysed with commercial test strips (Quantofix, 

Macherey-Nagel). Sulfide was quantified by the method described by Cline (Cline 1969). 

All tests were conducted independently in duplicates. 

Growth was monitored by measuring the optical density at 600 nm wavelength in a 

cuvette photometer (Spectrophotometer Jenway 6300) or in a tube photometer (M107, 

Camspec Analytical Instruments Ltd., Leeds, UK). Phosphite and phosphate were 

separated by HPLC on a RezexTM RHM-Monosaccharide H+ (8%) column, 300/7.8 mm 

(Phenomenex, Aschaffenburg, Germany) as described previously (Müller et al. 2015, 

Patil et al. 2017). Phosphite and phosphate eluted after 9.2 min and 10.4 min, 

respectively, with 30 mM sulfuric acid as eluent at 0.6 ml per min flow rate at 40°C, and 

were detected by optical diffraction (refractive index detector RID-10A, Shimadzu, Munich, 

Germany).  With the same method, acetate eluted after 16.8 min and sulfate after 7.6 min. 

Chromatograms were recorded and their analysis performed with the Lab Solutions 

software (Shimadzu, Munich, Germany). 

Hydrogen formation was analysed with a high-sensitivity gas chromatograph Peak 

Performer 1 (PEAK laboratories, California, USA) equipped with a reducing compound 

photometer (RCP), with N2 as carrier gas.  

The mol% G+C content was analysed by HPLC with DNA isolated from 2 g of wet cell 

biomass (Marmur 1961, Mesbah et al. 1989) by the Identification Service of DSMZ (IS-
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DSMZ) (Braunschweig, Germany). Fatty acid methyl esters (FAME) were analysed with 

about 40 mg of freeze-dried cells grown with 10 mM phosphite at 30°C and harvested in 

the late stationary phase. The fatty acid methyl ester (FAME) mixtures were separated 

using the Sherlock Microbial Identification System (MIS) (MIDI, Microbial ID, Newark, DE 

19711 U.S.A.) consisting of an Agilent model 6890N gas chromatograph fitted with a 5% 

phenyl-methyl silicone capillary column (0.2 mm x 25 m), a flame ionization detector, an 

Agilent model 7683A automatic sampler, and a HP-computer with MIDI database 

(Hewlett-Packard Co., Palo Alto, California, U.S.A.). Peaks were integrated automatically 

and fatty acid percentages were calculated by the MIS Standard Software (Microbial ID) 

(Kämpfer and Kroppenstedt 1996, Kuykendall et al. 1988, Miller 1982) by the 

Identification Service of DSMZ (Braunschweig, Germany) who also analysed the 

respiratory quinones by Thin Layer Chromatography. 

Enrichment cultures with 10 mM phosphite as electron donor and 10 mM sulfate plus CO2 

as electron acceptor exhibited turbidity after 4-6 weeks of incubation at 30°C. After five 

transfers, cultures were dominated by a slightly curved, rod-shaped, spore-forming 

bacterium. After repeated pasteurization and dilution in agar-solidified medium, white-

yellow lens- to UFO-like shaped colonies were observed in the agar from which pure 

cultures were obtained. As judged from phase contrast microscopy, these isolates were 

morphologically identical. Of these, strain DYL19T was further characterized. 

Cells of strain DYL19T are slightly curved rods, 5-9 µm long and 1 µm wide, form 

terminally to subterminally locate oval spores (Fig. 1), and stained Gram-positive. During 

growth, the optical density (OD600) increased from 0.05 to 0.45, while phosphite was 

oxidized completely to phosphate, and CO2 was reduced to biomass and small amounts 
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of acetate (about 0.5 mM acetate from 10 mM phosphite, corresponding to ca. 20% of the 

total electrons supplied). No other organic products (fatty acids, lactate, succinate, 

alcohols) could be detected by HPLC after 60 min analysis under the conditions described 

above.   

Growth optimization and substrate utilizations 

Numerous compounds were tested as possible growth substrates. No growth was 

observed with acetate, acetone, arabinose, 4-amino benzoate, benzoate, betaine, 

butyrate, choline, crotonate, ethylamine, fumarate, formate, glucose, glutamate, glycine, 

glycolate, glyphosate, glutarate, hypophosphite, lactate, malate, maleate, methanol, 

methyl phosphonate, dimethyl phosphonate, 2-oxoglutarate, phenol, proline, 1,2-

propanediol, pyruvate, sarcosine, succinate, xylose, yeast extract (0.1% w/v), aniline (2 

mM), H2, CO (each about 10% in the headspace) with or without sulfate as electron 

acceptor. Fumarate, nitrate, sulfate, sulfite, thiosulfate, sulfur, Fe(OH)3 were not reduced 

with phosphite as electron donor. All substrate tests were run at least twice. Growth with 

phosphite was partially inhibited by addition of 10 mM sulfate, and no sulfide was formed.  

Strain DYL19T grew well in freshwater or brackish water (with additional 1% w/v salt, 

(Widdel and Bak 1992) medium and very slowly in marine (with additional 2% (w/v) salt, 

(Widdel and Bak 1992) medium. It grew optimally with phosphite as electron donor and 

CO2 as electron acceptor at 30°C and pH 7.2. The doubling time was 3 days and the 

growth yield after complete oxidation of 10 mM phosphite to phosphate was 10.2 g cell 

dry mass per mol phosphite.  
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Chemotaxonomy and phylogenetic analysis 

The DNA G+C content was 45.95%. The only respiratory quinone found was dimethyl 

menaquinone-7. Polar lipids were mainly phosphatidyl ethanolamine, phosphatidyl 

glycerol, and diphosphatidyl glycerol. Major fatty acids were C14:0, C16:1 c, C18:1 c, 

and C18:1 c DMA. (See Suppl. Fig. S 1).  

Genomic DNA was isolated by the JGI-protocol “Bacterial genomic DNA isolation using 

CTAB” (Patil et al. 2017). Genome sequencing raw data, a total of 6,903,600 paired-end 

reads obtained with an Illumina NovaSeq 6000 platform, were provided by Eurofins 

Genomics Europe Sequencing GmbH (Constance, Germany). Trimmomatic v0.39 

(Bolger et al. 2014) was used to remove remaining adapters from the reads with default 

settings, to filter the reads by quality (LEADING:3 TRAILING:3 SLIDINGWINDOW:4:20) 

and to discard those shorter than 50 bp. The resulting reads were de novo assembled 

with SPAdes v3.14.1 (Nurk et al. 2013) using the “isolate” option and kmer size of 21, 33, 

55 and 77. The assembly procedure generated 255 scaffolds. Bowtie2 v2.4.1 (Langmead 

and Salzberg 2012) and Samtools v1.9 (Danecek et al. 2021) were used to align the 

trimmed reads back to the assembled scaffolds (default settings) and to calculate the 

average fold, respectively. Finally, the scaffolds were sorted in descending order 

according to their length and annotated by Joint Genome Institute Integrated Microbial 

Genomes & Microbiomes - Genomes OnLine Database (GOLD) (Mukherjee et al. 2021). 

The genome annotation is publicly available in IMG under GOLD Analysis Project ID 

Ga0451573 (IMG Taxon ID 2888950683) and in Genbank under the accession 

JAHHUL000000000.  
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For amplifying the 16S rRNA gene by PCR, a crude preparation of genomic DNA was 

obtained by centrifugation of 10 ml culture of strain DYL19T at 10,000 x g for 10 min. The 

supernatant was discarded and the cell pellet was washed once by suspending in 1.5 ml 

PCR quality H2O (MP Biomedicals, LLC) followed by repeated centrifugation. The cell 

pellet was suspended in 50 µl PCR H2O and incubated at 99°C for 10 min. After chilling 

on ice, this mixture was centrifuged again and the DNA-containing supernatant was 

stored at -20°C until further use. The 16S rRNA gene was amplified by PCR using the 

primers 8F (5’-AGA GTT TGA TCC TGG CTC AG-3’) (Turner et al. 1999) or 533F (5’- 

GTG CCA GCA GCC GCG GTA A-3’) (Weisburg et al. 1991), and 1492R (5’-TAC GGY 

TAC CTT GTT ACG ACT T-3’) (Weisburg et al. 1991) and a ready-to-use reaction mix 

(Bioline/Meridian Bioscience Mango Mix, BioCat, Heidelberg, Germany) according to the 

manufacturer’s instructions. The reaction was performed with an initial denaturation at 

96ºC for 2 min followed by 32 cycles of 94ºC for 40 s, 54ºC for 40 s, 72ºC for 60 s, and a 

final extension at 72ºC for 5 min. The amplified 16S rRNA-gene fragment of approximately 

1.4 kb was purified using a DNA purification kit (DNA clean and concentrator, Zymo 

research) and sequenced at Eurofins Genomics Europe Sequencing GmbH. The 16S-

rRNA gene sequence was trimmed and assembled with the genious software (Biomatters, 

Auckland, New Zealand), and the resulting assembled DNA-sequence (1461 bp) was 

analysed with a BLASTN-search to identify close phylogenetic relatives (Altschul et al. 

1990) (http://blast.ncbi.nlm.nih.gov/Blast.cgi). This search revealed that strain DYL19T is 

a member of the family Peptococcaceae. The species most similar to strain DYL19T were 

the Gram-positive bacteria Thermincola ferriacetica strain Z-0001 (Zavarzina et al. 2007) 

with 91.7% sequence identity and Thermoanaerosceptrum fracticalcis strain DRI-13 
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(Hamilton-Berhm et al. 2019), which both are phylogenetically far remote from the 

Gram-negative Desulfotignum phosphitoxidans. The assembled 16S rRNA gene 

sequence was also used for a BLASTN-search against the genome sequence of strain 

DYL19T using the BLAST-tool integrated in IMG to reveal possible mutations that might 

have occurred during PCR-amplification using a non-proofreading DNA-Polymerase 

(https://img.jgi.doe.gov). This 16S rRNA gene sequence exhibited 100% identity with the 

gene with the locus tag Ga0451573_046_206_1739 and carries the annotation 16S 

ribosomal RNA. We therefore considered this sequence as the 16S rRNA-gene, which 

thereafter was used to construct a phylogenetic tree. 

The 16S rRNA gene sequence of DYL19T was also analyzed using the identification 

service of ezbiocloud.net. An alignment with related strains was calculated using the SINA 

Aligner online tool (https://www.arb-silva.de/aligner) removing bases remaining unaligned 

at the ends. The alignment of marker genes from the genome sequences was calculated 

using the Genome Taxonomy Database toolkit (gtdb-tk) (Chaumeil et al. 2019). Both 

alignments were used to calculate trees with iqtree (Nguyen et al. 2015). The trees were 

then visualized in the online tool iTOL v6 (https://itol.embl.de/) (Letunic and Bork 2021) 

(Fig. 2). Phylogenetic analysis of the almost complete 16S-rRNA gene identified strain 

DYL19T as a member of the family Peptococcaceae within the order Clostridiales.  

Illumina sequencing and assembly of the genome of strain DYL19T yielded a total of 

4.094.493 bp, with a DNA-coding number of basepairs of 3.612.790 bp on 255 scaffolds 

with 45.95% G+C content. The genome contains 15 genes annotated as 16S rRNA, of 

which 14 are most likely misannotated 250 to 350 bp fragments, while only one of these 

genes (Ga0451573_046_206_1739) has a size of 1534 bp as expected for a complete 

https://img.jgi.doe.gov/
https://itol.embl.de/
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16S rRNA gene. The genome harbors 3056 protein-coding genes with function prediction 

and of these 924 are connected to KEGG pathways and 760 are connected to MetaCyc 

pathways. Of the latter, 171 are predicted to be involved in energy metabolism, among 

them genes for oxidative phosphorylation (NADH:quinone oxidoreductase subunits A to 

N) and various genes whose proteins are associated with C1-metabolism and CO2 

fixation via the Wood-Ljungdahl pathway (carbon monoxide dehydrogenase, formate 

dehydrogenase, [methyl-Co(III) methanol-specific corrinoid protein]:coenzyme M 

methyltransferase, methylamine-corrinoid protein Co-methyltransferase, and 

trimethylamine-corrinoid protein Co-methyltransferase). It is therefore surprising that 

strain DYL19T apparently has no other growth mode available than anaerobic growth with 

phosphite as electron donor and CO2 as electron acceptor.  

The alignment of the genome tree was calculated using gtdb-tk, and the alignment of the 

16S rRNA gene tree was calculated using the SINA Aligner. The genome tree is shown 

in Figure 3. AAI values of strain DYL19T to all strains used in the trees were pairwise 

calculated using the software toolkit CompareM and are listed in Table 1. 

Discussion 

We propose DYL19T as a novel bacterial genus and species within the family 

Peptococcaceae. For the closest described relative Thermincola ferriacetica, a 16S rRNA 

gene sequence identity of 91.7% was calculated. As the currently recommended 

thresholds for the classification of new species and genera by 16S rRNA gene similarity 

are 98.7% (Stamatakis et al. 2008) and 94.5% (Yarza et al. 2014) respectively, a 

classification as a novel genus is indicated. Analysis of the average amino acid identities 

(AAI) of the genome of strain DYL19T with other closely related strains confirms this 
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classification as a new genus as the AAI threshold for the same genus is 65% 

(Konstantinidis et al. 2017) and the highest values calculated for the reference type 

strain observed in this study is 62.8%.  

Strain DYL19T differs from its closest relatives, Thermincola ferriacetica and 

Thermoanaerosceptrum fracticalcis, by being mesophilic. Moreover, neither one of these 

two species contains genes in its published genome that are indicative of dissimilatory 

oxidation of phosphite, which is the only substrate that our strain DYL19T can use.  Based 

on these results, we suggest to assign strain DYL19T to a novel genus and species, 

Phosphitispora fastidiosa. 

Desulfotignum phosphitoxidans, so far the only described pure culture of a bacterium 

growing by dissimilatory phosphite oxidation, was isolated from marine sediment (Schink 

and Friedrich 2000, Schink et al. 2002). The new dissimilatory phosphite oxidizer we 

present here, strain DYL19T, is a Gram-positive spore former and was isolated from a 

freshwater sewage treatment plant. Comparison of the 16S rRNA gene sequences (Fig. 

2) indicates that strain DYL19T has very little in common with the formerly described 

Gram-negative D. phosphitoxidans or with the phosphite-oxidizing enrichment culture 

Phox-21 described more recently (Figueroa and Coates 2017). Different from the 

metabolically versatile D. phosphitoxidans, strain DYL19T has no sulfate reduction genes 

and oxidizes only phosphite to phosphate while reducing CO2 to small amounts of acetate 

plus cell material. Obviously, the capacity for dissimilatory phosphite oxidation is found in 

different branches of the phylogenetic tree of bacteria, even though we do not understand 

the biochemical concept of this unusual type of energy metabolism yet.  

Description of Phosphitispora gen. nov. 



23 
 

(Phos.phi.ti.spo’ra. N.L. neut. n. phosphitum, phosphite; Gr. fem. n. spora, seed or spore; 

N.L. fem. n. Phosphitispora, a phosphite-oxidizing sporeformer)   

Cells are Gram-positive, rod-shaped, strictly anaerobic bacteria forming thermoresistant 

spores. Growth is mesophilic; grows optimally in freshwater medium. A member of the 

family Peptococcaceae in the order Eubacteriales. The type species is Phosphitispora 

fastidiosa sp. nov.  

Description of Phosphitispora fastidiosa sp. nov.  

(fas.ti.di.o’sa. L. fem. adj. fastidiosa, fastidious, picky, referring to its very small substrate 

range).  

Gram-positive, rod-shaped bacteria forming terminal to subterminal oval spores. Oxidizes 

phosphite to phosphate by reducing CO2 to acetate and cell mass. No other organic or 

inorganic electron donors used, no reduction of nitrate, nitrite, sulfate, sulfite, thiosulfate, 

sulfur or iron (III) hydroxide. Growth at 20 - 35°C, pH at 7.0 - 8.0, optimal growth in 

freshwater and brackish water medium at 0.1 % - 1 % (w/v) NaCl, with an optimum 

temperature 30°C, pH 7.2 and 0.1 % (w/v) NaCl. Dimethylmenaquinone-7 is the only 

respiratory quinone.  Polar lipids mainly phosphatidyl ethanolamine, phosphatidyl glycerol, 

and diphosphatidyl glycerol. Major fatty acids C14:0, C16:1 c, C18:1 c, and C18:1 c 

DMA. 

The type strain is DYL19T (KCTC 25291= GDMCC 1.2680) which was isolated from 

anaerobic sewage sludge of the wastewater treatment plant at Constance, Germany. The 

DNA G+C content of the type strain is 45.95%.  

Repositories:  
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The GenBank accession numbers are MZ227813 for the 16S rRNA gene sequence. The 

genome was annotated at the Integrated Microbial Genomes and Microbiomes (IMG/M) 

platform and is available under IMG Taxon ID 2888950683. The Whole Genome Shotgun 

project has been deposited at DDBJ/ENA/GenBank under the accession 

JAHHUL000000000. The version described in this paper is version JAHHUL010000000. 
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Fig. 1 Phase-contrast photomicrograph of cells of strain DYL19T, after growth with 10 mM sodium 

phosphite and carbon dioxide as sole electron acceptor, including sporulated cells and free spores. 

Bars equal 5 m for both panel parts.  
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Fig. 2 Phylogenetic tree based on the 16S rRNA gene sequence comparison. Empty circles 

indicate a Bootstrap support of >70%, full circles >90% derived form 1000 samples. Scale bar 

indicates 1 nucleotide substitution per site. Gram positive strains are marked in black, Gram 

negative strains are marked in grey and uncultured clones in white. The alignment was calculated 

using the SINA Aligner and the tree was created using iqtree. The tree was visualized using iTOL 

V6. 
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Fig. 3 Phylogenetic tree based on the genome sequence comparison. Empty circles indicate a 

Bootstrap support of >70%, full circles >90% derived form 1000 samples. Scale bar indicates 1 

nucleotide substitution per site. Gram-positive strains are marked in black, Gram-negative strains 

are marked in grey and uncultured clones in white. The alignment was calculated using gtdb-tk 

and the tree was created using iqtree. The tree was visualized using iTOL V6. 
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Table 1: Pairwise amino acid identity (%AAI) values of genomes used in this study compared to 

the genome of strain DYL19. Values were calculated using the software toolkit CompareM. 

Genome  % AAI with DYL19 

Enterorhabdus mucosicola DSM 19490 T ASM42262v 46.7 

Desulfatibacillum alkenivorans DSM 16219 T  46.6 

Desulfovibrio sp. IOR2 T ASM800123 45.8 

Desulfotomaculum profundi strain Bs107 T ASM260785 55.9 

Desulfotignum phosphitoxidans DSM 13687 T  45.9 

Thermincola ferriacetica strain Z-0001 T ASM126341 62.9 

Geothermobacter ehrlichii strain SS015 T ASM812461 48.4 

Pelotomaculum schinkii strain HH T ASM436920 55.6 

Desulfotomaculum arcticum DSM 17038 T  55.0 

Hydrogenispora ethanolica strain LX-B T ASM434068 50.8 

Desulfotomaculum aeronauticum DSM 10349 T  55.3 

Streptomyces orinoci strain NRRL B-3379 T ASM312129 45.0 

Desulfolutivibrio sulfoxidireducens DSM 107105 T ASM133764 45.9 

Unclassified Deltaproteobacterium clone Phox-21 T  46.8 

Desulfotomaculum gibsoniae DSM 7213 T ASM23371v 55.3 

Desulfovibrio hydrothermalis AM13  DSM 14728 T ASM42524v 45.7 

Desulfohalovibrio reitneri strain L21-Syr-AB T ASM71129v 45.7 

Thermoanaerosceptrum fracticalcis strain DRI-13 T ASM74602v 54.3 

Pelotomaculum thermopropionicum DSM 13744 T ASM1056v1 56.4 

Ruminiclostridium hungatei  DSM 14427 T ASM205158 50.2 
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Abstract 

Oxidation of phosphite (HPO3
2-) to phosphate (HPO4

2-) releases electrons at a very low 

redox potential (E0
’= -690 mV) which renders phosphite an excellent electron donor for a 

microbial energy metabolism. Nonetheless, only two pure cultures of strictly anaerobic 

bacteria have been isolated so far which run their energy metabolism on the basis of 

phosphite oxidation, the Gram-negative Desulfotignum phosphitoxidans (DSM 13687) 

and the Gram-positive Phosphitispora fastidiosa (GDMCC 1.2680). Here we describe the 

biochemistry of dissimilatory phosphite oxidation by these bacteria. In P. fastidiosa, a 

cytoplasmic enzyme activity catalyzed phosphite oxidation in the presence of adenosine 

monophosphate (AMP) to form adenosine diphosphate (ADP), with concomitant 

reduction of NAD+ to NADH. This enzyme was heterologously expressed in Escherichia 

coli strain Rosetta Gami and SHuffle® T7. It is highly oxygen-sensitive, has a molecular 

mass of 35.2 kDa and a high affinity for phosphite (KM=0.059 mM, with a Vmax of 0.272 

mmol x min-1 x mg protein) and NAD+ (KM=0.024 mM, with a Vmax of 0.302 mmol x min-

1 x mg protein). It reacts also with uridine monophosphate to form uridine diphosphate. A 

similar NAD-dependent enzyme oxidizing phosphite to phosphate with concomitant 

phosphorylation of AMP to ADP was found in D. phosphitoxidans but this enzyme was 

partially membrane associated and could not be heterologously expressed. Based on 

genomes and proteomics analysis results, these phosphite-oxidizing enzymes represent 

a novel type of enzyme, an AMP-dependent phosphite dehydrogenase (adp). A reaction 

mechanism is discussed for this new type of substrate-level phosphorylation reaction.  
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Significance 

We describe here a novel type of substrate-level phosphorylation with phosphite as a 

novel inorganic electron donor. Only two strains of strictly anaerobic bacteria have been 

isolated so far which are capable of using the low-potential electrons of phosphite 

oxidation in their energy metabolism. The new enzyme system oxidizes phosphite with 

concomitant phosphorylation of AMP to ADP and reduction of NAD+. Although phosphite 

today make up only a minor fraction of phosphorus minerals they were probably far more 

important in the early era of biochemical evolution. This novel type of substrate-level 

phosphorylation covers the major part of energy conservation in our bacteria, and might 

represent a remnant of early biochemical evolution when phosphite was more abundant 

in the biosphere than it is today.   

Introduction 

Phosphorus (P) is an essential element for the metabolism of all life forms. It was isolated 

first from human urine in 1669, and makes up 0.09% by mass of the Earth’s crust. 

Elemental phosphorus is never found as a free element in nature, due to its high reactivity 

(Schink 2005). Phosphorus compounds in nature include phosphate, phosphite, 

hypophosphite, phosphine, and organic phosphonates. Phosphates (PO4
3-) are the most 

stable and the most important phosphorus compounds on Earth, and are essential 

constituents of DNA, RNA, ATP, ADP, AMP, phospholipids etc.; there is no life without 

phosphate (Pasek et al. 2013, de Duve 1995).  Beyond phosphate, recently phosphite 

has been detected in aquatic ecosystems, like oceans, lakes, rivers and sewage 

treatment plants. Phosphite was more abundant in the Archean period and played 

perhaps a key role in the early evolution of life (Pasek et al.2014, Figueroa et al. 2017). 
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Phosphite is formed naturally by lightning and volcanic eruptions (Herschy et al. 2018); 

it is also produced in industry as a constituent of fertilizers and pesticides (Lovatt and 

Mikkelsen 2006). Treatment of crop seeds with phosphite fertilizers can increase their 

yield, and phosphite production is expanding gradually with its possible application in 

agriculture (Rossall et al. 2015). 

Under conditions of phosphate limitation, several bacteria such as Pseudomonas stutzeri 

can use phosphite as a phosphorus source (Metcalf and Wolfe 1998). This assimilatory 

phosphite oxidation (APO) was described for numerous microorganisms first in1953 

(Adam and Conrad 1953). Later, a Pseudomonas strain was described which utilizes 

phosphite as a phosphorus source for growth (Casida 1960). An NAD+-dependent 

phosphite dehydrogenase of this bacterium was enriched and characterized (Malacinski 

and Konetzka 1966, Malacinski and Konetzka 1967). For a Bacillus caldolyticus strain, 

also the use of further reduced inorganic phosphorus sources was reported, and this 

activity was attributed to a hypophosphite oxidase which oxidized both hypophosphite 

and phosphite to orthophosphate (Heinen and Lauwers 1974). Phosphite assimilation 

by an anaerobic bacterium was reported for a Bacillus strain (Foster et al. 1978). More 

detailed studies on the assimilation of reduced phosphorus compounds were carried out 

with Escherichia coli (Metcalf and Wanner 1991), Pseudomonas stutzeri strain WM 88 

(Metcalf and Wolfe 1998), and Klebsiella aerogenes (Imazu et al. 1998). In these 

bacteria, oxidation of phosphite to phosphate is coupled to the reduction of NAD+. This 

NAD+-dependent phosphite dehydrogenase (PtdH) was heterologously expressed in E. 

coli, purified, and characterized in detail (Costas et al. 2001). Phosphite oxidation with 

NAD+ by this enzyme is an irreversible reaction due to the low redox potential of phosphite 
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oxidation (E0
’= -690 mV) compared to that of the NAD+/NADH couple (-320 mV). This 

enzyme is specific for phosphite as electron donor and is related to D-hydroxyacid 

dehydrogenases. Three different mechanisms for this reaction have been discussed so 

far, of which two involve an initial nucleophilic attack of NAD+ on the phosphorus atom 

and subsequent hydride transfer. The third one includes a primary hydride transfer from 

phosphite to NAD+; this mechanism appears to be substantiated by kinetic data (Vrtis et 

al. 2001). Moreover, an alkaline phosphatase was described for E. coli which can also 

act as a phosphite-dependent hydrogenase (Yang and Metcalf 2004).   

Phosphite could be also an excellent electron donor for microbial energy metabolism 

because electrons are released at a very low redox potential. In 2000, the first 

dissimilatorily phosphite-oxidizing bacterium, Desulfotignum phosphitoxidans strain FiPS-

3 was isolated from marine sediment (Schink and Friedrich 2000, Schink et al. 2002). 

It can oxidize phosphite to phosphate with simultaneous reduction of sulfate to sulfide, or 

with homoacetogenic reduction of CO2 to acetate. In this bacterium, the phosphite 

oxidation capacity appeared to be encoded by four genes (ptxD-ptdFCG) which could 

confer phosphite oxidation to a phosphite-negative acceptor bacterium (Simeonova et 

al. 2010). A further dissimilatorily phosphite-oxidizing bacterium, Phosphitispora 

fastidiosa strain DYL19, was isolated recently from anaerobic sludge of a sewage 

treatment plant; it is specialized to using only phosphite as electron donor and carbon 

dioxide as electron acceptor in its energy metabolism (Mao et al. 2021). Comparably high 

growth yields of these cultures with phosphite indicated that they can efficiently exploit 

the bioenergetic potential of phosphite oxidation. Dissimilatory phosphite oxidation has 
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been described also for some anaerobic enrichment cultures (Figueroa et al. 2018, 

Ewens et al. 2021, Buckel 2001).  

In the present communication, we describe enzyme assays, heterologous expression, 

purification, and characterization of AMP-dependent phosphite dehydrogenases (AdpD) 

in P. fastidiosa and D. phosphitoxidans which combine AMP- and NAD+-dependent 

phosphite oxidation with the conservation of metabolic energy by formation of an energy-

rich phosphoanhydride linkage.   

Results  

Enzyme assays in cell-free extract 

Assays for phosphite-oxidizing enzyme activities were carried out with cell-free extracts 

of D. phosphitoxidans and P. fastidiosa grown with phosphite as sole electron donor. 

Assays were run under strictly anoxic conditions with numerous electron acceptors. 

Phosphite-dependent acceptor reduction was observed only with NAD+ as electron 

acceptor. Addition of AMP enhanced the observed activity by about 50% (Tab. 1); ADP 

and ATP inhibited the activity by about 50%, and 100%, respectively. Alternative electron 

acceptors such as methyl viologen, benzyl viologen, flavin mononucleotide (FMN), flavin 

adenine dinucleotide (FAD) or phenazine methosulfate (PMS) were not reduced. UMP 

stimulated the reaction in a similar manner as AMP; UDP and UTP inhibited the reaction. 

GMP, TMP, pyruvate, acetate, sodium sulfide, coenzyme A, coenzyme M, serine, 

cysteine, hydroxocobalamine, and thiamine diphosphate as cofactors had no influence 

on the rate of phosphite-dependent NAD+ reduction. As shown in Tab. 1, enzyme 

activities measured with extracts of P. fastidiosa were slightly higher than those of 

extracts of D. phosphitoxidans.  
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Protein identification 

Separation of cell-free extracts of D. phosphitoxidans by SDS-PAGE showed a prominent 

protein band with a molecular mass of about 38 kDa that was expressed specifically after 

growth with phosphite (Schink 2002). A similar prominent protein band was found in 

extracts of P. fastidiosa (Fig. 1A), with a molecular mass of 36 kDa. Reexamination of D. 

phosphitoxidans extracts indicated that the phosphite-specific protein band has a 

molecular mass of 35.2 kDa. Sequence analysis of both these prominent protein bands 

and comparison with genome data bases indicated that they were both single polypeptide 

chains and have 61.6% similarity with each other. Then the most similar protein of the 

candidate enzyme in P. fastidiosa is a NAD-dependent epimerase/dehydratase family 

protein in a Firmicutes bacterium, with 68% identity and 83% similarity (RJQ07883.1). For 

the candidate enzyme in D. phosphitoxidans, a closely resembling protein was found as 

a SDR family NAD(P)-dependent oxidoreductase in a Proteobacteria bacterium with 99% 

identity and 99% similarity (MBU0974036.1). 

For staining the phosphite-oxidizing enzyme activity in gels, native gels were stained 

under strictly anoxic conditions with phosphite as electron donor, NAD+ as intermediate 

electron carrier, and iodonitrotetrazolium chloride (INT) as final electron acceptor to form 

a purple formazan dye (Fig. 1B). The stained bands were excised and identified by mass 

spectrometry. The results indicated identity with the prominent protein bands identified in 

SDS-PAGE which resembled the nucleoside-diphosphate-sugar epimerase. 

Heterologous overexpression and purification  

Two candidate genes of the putative phosphite-oxidizing enzymes of Phosphitispora 

fastidiosa and Desulfotignum phosphitoxidans, respectively, were cloned into a pETM-30 

vector which was transformed into E.coli Nova Blue.  The pETM30 adds a TEV cleavable 
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His-GST. The His-tag allows for affinity purification, while the GST acts as a solubility tag.  

The yield of overproduced protein in the soluble fraction of both E. coli strains was around 

6%. Purification of the target protein of P. fastidiosa via His SpinTrap columns followed 

the purification protocol of Cytiva described in the method chapter.  It finally yielded a 

pure protein fraction (92.22%) according to SDS-PAGE analysis and mass spectrometry 

analysis by the Proteomics center of the University of Konstanz (Table S). Unfortunately, 

the corresponding enzyme of D. phosphitoxidans could not be expressed. It is mainly 

located in the membrane protein fraction, probably due to its association with the 

cytoplasmic membrane fraction. 

Functional analysis of the candidate phosphite-oxidizing protein 

The phosphite-oxidizing enzyme of P. fastidiosa expressed in the soluble fraction of E. 

coli strain Rosetta Gami (DE3) and SHuffle® T7 was further characterized. Its phosphite 

oxidation activities were measured under strictly anoxic conditions in a standard reaction 

mix containing 25 mM HEPES, pH 8.0, 3 mM MgCl2, 2 mM AMP, 2 mM NAD+ and 10 mM 

phosphite. However, we did not get an active pure enzyme preparation with the His trap 

purity method, maybe the enzyme died through Ni-column. 

The candidate phosphite-oxidizing protein of P. fastidiosa in the cell-free extract of E. coli 

reaction stoichiometry was presented in Fig 2. In the time course, due to oxidizing 

phosphite under extremely low redox potential, the reaction was slow, but we can detect 

phosphite consumed in the enzyme reaction, while AMP also decreased ADP increased. 

Compared without candidate phosphite-oxidizing protein E. coli cell-free extract, only with 

candidate phosphite-oxidizing protein cell-free extract have the ability to synthesize AMP 

with phosphite to form ADP.  
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The enzyme of P. fastidiosa has a high affinity for phosphite (KM=0.059 mM, with a Vmax 

of 0.272 mmol x min-1 x mg protein) and NAD+ (KM=0.024 mM, with a Vmax of 0.302 mmol 

x min-1 x mg protein) (Fig. 3). The optimal reaction condition is 25°C, in HEPES buffer, 

pH 8.0.  Since the soluble fraction of E. coli containing the heterologously expressed 

enzyme contained small amounts of AMP the reaction started without addition of AMP. 

After a few minutes, the reaction stopped and could be restarted by addition of AMP. 

Hence, we could not calculate a KM for AMP.  

The enzyme activity was highly oxygen-sensitive; exposure to oxygen destroyed the 

activity entirely within less than one hour.  

Discussion 

In the present paper, we describe a new type of phosphite-oxidizing enzyme that couples 

the oxidation step with a novel type of substrate-level phosphorylation, to form an energy-

rich phosphoanhydride bond. The free energy available from the electron transfer from 

the phosphate/phosphite couple (E0
’= -690 mV) to the NAD+/NADH couple (E0

’= -320 mV) 

is G0’= -71.4 kJ per mol; this is more than sufficient to form under physiological 

conditions a phosphoanhydride bond as present in, e. g., ADP or ATP (Thauer et al. 

1977). This novel type of phosphite-dependent formation of ADP from AMP was found in 

both strains of anaerobic bacteria that have been described so far to be capable of 

dissimilatory phosphite oxidation, i. e., the Gram-negative D. phosphitoxidans (Schink 

and Friedrich 2000, Schink et al. 2002) and the Gram-positive P. fastidiosa (Mao et al. 

2021).  

Based on the results of SDS-PAGE, native gel activity staining, total proteome, genome 

and overexpression analysis, we identified this new kind of phosphite-oxidizing enzyme 
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as a single peptide chain that acts as an AMP-dependent phosphite dehydrogenase. This 

enzyme is cytoplasmic in P. fastidiosa and slightly membrane-associated in D. 

phosphitoxidans. Both enzymes are highly oxygen-sensitive, and catalyze the AMP-

dependent oxidation of phosphite to form ADP, while reducing NAD+ to NADH. The 

enzyme of P. fastidiosa was successfully overproduced in E. coli strain Rosetta Gami and 

SHuffle® T7. It has a molecular mass of 35.2 kDa and a high affinity for phosphite 

(KM=0.059 mM, with a Vmax of 0.272 mmol x min-1 x mg protein) and NAD+ (KM=0.024 

mM, with a Vmax of 0.302 mmol x min-1 x mg protein)); the Km for AMP could not be 

determined. The low Vmax values explain why growth and substrate turnover by these 

bacteria are slow, despite the fact that these enzymes make up a substantial part of the 

total cell protein. 

Based on amino acid sequence analyses of AMP-dependent phosphite dehydrogenases 

(adps) in the NCBI datebase, the adp in P. fastidiosa is highly similar to a NAD-dependent 

epimerase/dehydratase family protein of a Firmicutes bacterium, with 68% identity and 

83% similarity (RJQ07883.1). The adp in D. phosphitoxidans is close to a SDR family 

NAD(P)-dependent oxidoreductase of a Proteobacteria bacterium with 99% identity and 

99% similarity (MBU0974036.1). These results indicate that we found a novel kind of 

enzyme, without known counterparts.  

There is another phosphite dehydrogenase (PtdH) in P. stutzeri that has been described 

before (Metcalf and Wolfe 1998). This enzyme oxidizes phosphite with H2O to form 

phosphate, and transfers the electrons to NAD+ to form NADH. P.stutzeri consumes two 

ATP for the transfer of phosphite into the cytoplasm (Metcalf and Wolfe 1998), whereas 

P. fastidiosa and D. phosphitoxidans take up phosphite without energy expenditure. The 
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PtdH enzyme was subcloned and its reaction analyzed in E. coli cells (Yang et al. 2004). 

Its function is quite different from that of the adp family proteins because it is induced 

under phosphate limitation to make phosphite available as an alternative phosphate 

resource.      

Based on our observations, we propose a scheme for the energy metabolism of P. 

fastidiosa and D. phosphitoxidans as depicted in Fig. 4. In both cases, phosphite enters 

the cell via unknown transport proteins, perhaps through a phosphate transport protein, 

to allow phosphite uptake without energy investment. The phosphite oxidation reaction 

would start with AMP and NAD+ to form ADP and NADH. We propose a hypothetical 

reaction mechanism as follows. First, the enzyme binds to the oxygen atom of phosphite, 

then electrons are transferred from the phosphorus atom to the double bond of oxygen. 

Second, the oxygen atom of AMP attacks the central phosphorus atom of phosphite. 

Finally, the hydrogen atom leaves the phosphite as a hydride to NAD+, to form NADH 

(Fig. 5). This way ADP is formed with a high-energy linkage which can be transformed to 

ATP via adenylate kinase that was found at high amounts in cell-free extracts of both 

phosphite-oxidizing bacteria. ATP and NADH thus formed are used mainly for cell matter 

synthesis; in D. phosphitoxidans, some electrons also flow into reduction of sulfate to 

sulfide. All enzymes necessary for cell matter synthesis from carbon dioxide through the 

Wood-Ljungdahl pathway were identified in proteome and genome of both bacteria (Fig. 

4).  

In today’s biosphere, phosphite-oxidizing microorganism take up phosphite not only as 

natural products, such as lightnings or volcanic eruptions (Pasek et al. 2013), but also 

from industrial products (Mao et al. 2021). Phosphite and its derivatives are used as 
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pesticides, phosphite fertilizers have advantages over phosphate fertilizer due to the 

contained phosphorus concentration of phosphite (39%) being higher than traditional 

phosphate (32%) fertilizers, and phosphite salts are generally more soluble than 

phosphate salts (Lovatt and Mikkelsen 2006 ). Thus, with increasing use of phosphite 

as fertilizer and pesticide constituent its production and application in agriculture will grow, 

and the transfer of phosphite into the global phosphorus cycle will become more and more 

important.  

In the Archean period phosphite was more widespread on Earth (Schink and Friedrich 

2000). The two species of dissimilatory phosphite-oxidizing bacteria isolated so far and 

the understanding of the dissimilatory phosphite oxidation pathway may indicate that 

phosphite played an important role in the development of early life. Our research may 

contribute to understand the process of the formation of life, and can provide some ideas 

to find new life on other planets, such as Moon or Mars.     

Materials and Methods 

Chemicals 

All chemicals used were of analytical quality and purchased from Sigma-Aldrich 

(Germany), Roche Diagnostics (Mannheim, Germany), Carl Roth (Karlsruhe, Germany), 

Thermo Fisher Scientific (Germany), Applichem (Darmstadt, Germany), and Merck KGaA 

(Darmstadt, Germany). Gases were obtained from Messer-Griesheim (Darmstadt, 

Germany) and Sauerstoffwerke Friedrichshafen (Friedrichshafen, Germany). Sodium 

dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and native 

polyacrylamide gel electrophoresis (Native-PAGE) Mini-protean TGX Precast Gels were 

purchased from BIO-RAD Company (Feldkirchen, Germany). PAGE Ruler Prestained 

Protein Ladder was purchased from Thermo Fisher Scientific (Germany). 
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Bacteria and growth conditions 

Phosphitispora fastidiosa strain DYL19 (KCTC 25291, GDMCC 1.2680) was taken from 

our own culture collection. It was grown with 10 mM sodium phosphite as sole electron 

donor and carbon dioxide as electron acceptor in bicarbonate-buffered freshwater mineral 

medium as described before (Mao et al, 2021). Desulfotignum phosphitoxidans strain 

FiPS3 (DSM 13687, OCM 818) was grown with 10 mM sodium phosphite as sole electron 

donor and CO2 as electron acceptor in bicarbonate-buffered marine mineral medium 

(Schink et al, 2002). Cultures were incubated under strictly anoxic conditions in the dark 

at 30℃ for about 20 days.  

The cloning strain Escherichia coli strain NovaBlue was grown overnight in LB medium 

(10 g peptone, 10 g NaCl, 5 g yeast extract per l) with 50 ug/ml kanamycin at 37℃, with 

shaking at 200 rpm. The protein overexpression strain E. coli was grown overnight in 

MagicMediumTM E. coli Expression Medium (Invitrogen, USA) with 50 ug/ml kanamycin 

at 37℃, with shaking at 200 rpm. 

Preparation of Cell-Free Extracts and Soluble Fraction 

P. fastidiosa and E. coli strains were harvested and washed once with 25 mM N-(2-

Hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid) (HEPES) buffer, pH 8.0 (adjusted 

with KOH), containing 3 mM MgCl2, by centrifugation at 7,000 × g for 20 min at 4℃. D. 

phosphitoxidans was harvested and washed once with 3-(N-morpholino) propanesulfonic 

acid (MOPS), pH 7.2 (NaOH adjust), containing 3 mM MgCl2 and 17 mM NaCl, by 

centrifugation at 7,000 rpm at 4℃. The pellet was resuspended in the same buffer, and 

the cells were disrupted by three or four passages through a cooled French Press Cell 

(SLM Aminco, Cat. No. FA003, Urbana, IL) at 104 MPa pressure. After removal of cell 
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debris and intact cells by centrifugation at 16,000 × g for 30 min at 4℃, the soluble fraction 

was separated from the membrane fraction by ultracentrifugation at 104,000 × g for 30 

min at 4℃. 

Protein gel electrophoresis and proteome analysis 

Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gels were used 

to analyze proteins in cell-free extracts.  Gels were run at 30 mA per gel for 1 h on a 

BioRad Ready Strip IPG/Protean II system. SDS-PAGE gel staining was run with 

Readyblue Protein Gel Stain (Sigma-Aldrich). 

Enzyme activity staining was performed with Native-PAGE gels after separation of soluble 

cell fractions and cell-free extracts under anoxic conditions. P. fastidiosa phosphite-

oxidizing activity was stained in 25 mM HEPES, pH 8.0, containing 3 mM MgCl2, and D. 

phosphitoxidans activity in 25 mM MOPS, pH 7.2, containing 3 mM MgCl2 and 17 mM 

NaCl. 2 mM AMP, 2 mM NAD+, and 10 mM sodium phosphite were added, with 0.4 mM 

iodonitrotetrazolium chloride (INT) as electron acceptor. 

Excised protein bands from stained gels, as well as proteins in cell-free extracts and 

soluble fractions were identified by peptide fingerprinting mass spectrometry at the 

Proteomics Facility of the University of Konstanz. Protein concentrations were quantified 

after Bradford with bovine serum albumin (BSA) as standard. 

Enzyme assays 

All assays for phosphite-oxidizing enzyme activity were performed under strictly anoxic 

conditions in N2 gas-flushed 4 ml cuvettes sealed with butyl rubber stoppers in anoxic 

buffers. P. fastidiosa activity was assayed in 25 mM HEPES,  pH 8.0, containing 3mM 

MgCl2, D. phosphitoxidans activity in 25 mM MOPS, pH 7.2, containing 3 mM MgCl2 and 
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17 mM NaCl. After addition of 2 mM AMP, 2 mM NAD+, and protein fractions, reactions 

were started by addition of 10 mM phosphite, and the absorption increase was followed 

spectrophotometrically at 340 nm (εNADH = 6.292 mM-1 cm-1). Control assays were run 

with boiled extract and without enzyme addition. (Table1) 

Cloning, overexpression and purification 

P. fastidiosa and D. phosphitoxidans genome sequences were obtained following the JGI 

protocol “Bacterial genomic DNA isolation using CTAB”. All primers used for cloning of 

AMP-dependent phosphite dehydrogenases (adps) are shown in Table 2. Phusion High-

Fidelity DNA Polymerase (New England Biolabs) was used in PCR amplification. PCR 

conditions were 35 cycles, denaturation at 98°C for 45 s, adp gene in P. fastidiosa 

annealing at 61°C and adp gene in D. phosphitoxidans annealing at 57°C for 45 s, and 

elongation at 72°C, 2 h 25 mins in total. The PCR product of the adp gene in P. fastidiosa 

was inserted into the pETM-30 vector with restriction enzymes NcoI and KpnI; the adp 

gene in D. phosphitoxidans was inserted into the pET-28a vector with restriction enzymes 

NheI and BamHI, then transformed into E. coli strain NovaBlue for cloning and 

overexpression in several E. coli strains. Plasmids were purified using a plasmid miniprep 

kit (New England Biolabs). All related gene sequences were identified by Eurofins-GATC 

(Constance, Germany).  

Only the candidate gene of P. fastidiosa was successfully overexpressed in the soluble 

fraction of E. coli strains Rosetta gami 2 (DE3) (Merck) and SHuffle® T7 (New England 

BioLabs) with  shaking at 200 rpm, overnight at 37°C in autoinduction medium 

(MagicMediaTM E. coli Expression Medium, ThermoFisher Scientific / Invitrogen). 
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The soluble fraction of the E.coli strain including the AMP-dependent phosphite 

dehydrogenase was loaded on a His SpinTrap column and washed twice with 600 ml 

wash buffer (25 mM HEPES, 0.6 g/l MgCl2 × 6 H2O, 40 mM imidazole, pH 8.0). The target 

protein was eluted with 400 ml elution buffer (25 mM HEPES, 0.6 g/l MgCl2 × 6 H2O, 400 

mM imidazole, pH 8.0), and analyzedby SDS-PAGE analysis. All E. coli cells were stored 

at -80°C as frozen DMSO stocks. The proteins for enzyme assays kept at 4 degrees to 

retention of activity. 

High-performance liquid chromatography (HPLC)  

Phosphite and phosphate were separated by HPLC on a RezexTMRHM-Monosaccharide 

H+ (8%) column, 300/7.8 mm (Phenomenex, Germany), with an optical diffraction 

detector (ERC-7512, Erma Sykam, Gilching, Germany). Phosphite and phosphate eluted 

after 9.2 min and 10.4 min, respectively, with 30 mM sulfuric acid as eluent at 0.6 ml/min 

flow rate and 40°C. 

AMP and ADP were separated by HPLC on a SynergiTM 4µm Max-RP 80 A, LC Column 

250×4.6 mm (Phenomenex, Germany). Peaks were detected at 254nm. The mobile 

phase A adjust pH to 7.0 with potassium hydroxide, contain 0.06 mol/L potassium 

hydrogen phosphate and 0.04mol/L potassium dihydrogen phosphate, meanwhile mobile 

phase B contain 100% acetonitrile. The separate elution program was as follows: 0 min 

100% A, 0% B; 2 min 95% A, 5% B; 4 min 80% A, 20% B; 5.3 min 75% A, 25% B; 10 min 

75% A, 25% B; 10.01 min 100% A, 0% B; 12 min stop. The mobile phase flow rate was 

0.8 mL/min (Liu et al. 2006). 
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Table 1. Enzyme activities measured in the soluble fraction of P. fastidiosa and in cell-free 

extracts of D. phosphitoxidans. All data were measured at least in triplicates. Controls were run 

with boiled extract. 

Crude Enzyme (NAD+ 340nm) Spec. Activity mU/mg Optimal conditions 

Soluble fraction of P. fastidiosa 2.6+/-0.4 25 mM HEPES, pH 8.0, (KOH), 

3mM MgCl2, 2 mM NAD+,10 mM 

HPO3
2-, 25°C. Addition of AMP (2 mM) 4.9+/-0.4 

CFE of D. phosphitoxidans 1.15+/-0.07 25 mM MOPS, pH 7.2 (NaOH), 

17mM NaCl, 3mM MgCl2, 2 mM 

NAD+, 10 mM HPO3
2-, 30°C. Addition of AMP (2 mM) 1.88+/-0.3 

 

Table 2. Primers and restriction enzymes used in overexpression of candidate phosphite-

oxidizing enzymes. Restriction enzymes NcoI and KpnI were chosen for cloning gene of P. 

fastidiosa sequences into pETM-30, restriction enzymes NhelI and BamHI were chosen for 

cloning gene of D. phosphitoxidans sequences into pET-28a, primers with 6 bp overhang to allow 

restriction enzymes to attach to the cut site. 

Primers´ name Primers´ sequence(5´-3´) Restriction enzymes 

DYL19- forward TATAAACCATGGATGTTTAAAGAACAGAATGTTTTCATC Nco I 

DYL19-reverse TATAAAGGTACCTTAAAACGGCCACTCCAC Kpn I 

FIPS3- forward TATAAAGCTAGCATGAAAGAAGGAAAAGTTGTA Nhe I 

FIPS3-reverse TATAAAGGATCCTTAAACAGGGGACTCAATCCC BamH I 
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Fig 1. A, Protein bands in SDS-PAGE of the soluble fraction of P. fastidiosa strain DYL19 (black 

arrow) and of cell-free extract of D. phosphitoxidans strain FiPS3 (grey arrow) after growth with 

phosphite. Arrows point at main bands that were identified via sequence comparison as 

nucleoside-diphosphate-sugar epimerase. B, Native gel activity staining bands of soluble fraction 

of Phosphitispora fastidiosa (black arrow) and cell-free extract of Desulfotignum phosphitoxidans 

(grey arrow) after growth with phosphite. Both stained bands are the same as the main bands 

and identified as nucleoside-diphosphate-sugar epimerase. C, SDS-PAGE of AMP-dependent 

phosphite dehydrogenase of P. fastidiosa expressed in E.coli strain Rosetta Gami. 

 

 

Fig 2. Conversion of ATP plus phosphite + NAD by soluble fractions of E. coli strain Rosetta Gami. 

A, phosphite decreased during reaction; B, AMP decrease and simultaneous ADP formation.  
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Fig 3. Lineweaver-Burk plot for estimation of Vmax and Km for NAD+ and phosphite of AMP-

Dependent Phosphite Dehydrogenase of P. fastidiosa. All measurements were repeated at least 

three times. 
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Fig 4. The key enzyme, AMP-dependent phosphite dehydrogenase (adp) in phosphite oxidation 

pathway of P. fastidiosa with reduction of CO2 and of D. phosphitoxidans with reduction of CO2 

or sulfate. The enzymes of the Wood-Ljungdahl and the dissimilatory sulfate reduction pathway 

were identified by total proteome analysis; all key enzyme genes were detected in the genome. 

Adenylate kinase was highly expressed in the proteome of both strains. The sulfate reduction 

path played a role only in D. phosphitoxidans.  

 

 

Fig 5. Suggested reaction mechanism  of phosphite oxidation by AMP-dependent phosphite 

dehydrogenase. 

 

 

 

 

 

 

 

 

 

 

javascript:;


49 
 

Supplementary Table S. Amino acid sequence of AMP-dependent phosphite dehydrogenase of 

P. fastidiosa has identified in the University of Konstanz proteomic center 
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Abstract 

Novel adenosine monophosphate (AMP)-dependent phosphite dehydrogenases were 

described in the anaerobic Gram-positive Phosphitispora fastidiosa and the Gram-

negative Desulfotignum phosphitoxidans. These enzymes catalyze the phosphorylation 

of AMP with phosphite and nicotinamide adenine dinucleotide (NAD+) to form adenosine 

diphosphate (ADP) and NADH (Fig 1). An adenylate kinase subsequently converts ADP 

to adenosine triphosphate (ATP) and AMP. These phosphorylating phosphite 

dehydrogenases were found to be related to a nucleoside diphosphate sugar epimerase 

of a Firmicutes bacterium and catalyze a novel type of substrate-level phosphorylation. 

The produced NADH is channeled into autotrophic CO2 fixation via the Wood-Ljungdahl 

pathway, thus allowing a nearly complete assimilation of the substrate electrons into 

bacterial biomass. This is an extremely efficient type of chemolithoautotrophic metabolism 

that connects energy and carbon metabolism directly through NADH and might have been 

important in the early evolution of life when phosphite was easily available on Earth.  

 

Fig 1. Mechanism of phosphite oxidation in dissimilatorily phosphite oxidizing microorganisms  
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Introduction 

Adenosine triphosphate (ATP) is the general energy currency in living cells and can be 

formed either by electron transport phosphorylation or by substrate-level phosphorylation 

(Madigan et al, 2006). Electron transport phosphorylation is based on the establishment 

of a proton or sodium ion gradient across the cytoplasmic membrane that is converted 

into ATP by a membrane-bound ATP synthase (Ferguson et al. 2002). Substrate-level 

phosphorylation requires an energy-rich precursor such as acyl phosphates or acyl 

thioesters that either directly or indirectly transfer a phosphoryl group to AMP or ADP. 

The energy stored in the phosphoanhydride linkage thus formed is at -32 kJ per mol under 

standard conditions; under physiological conditions in growing bacterial cells, this value 

increases to about -50 kJ per mol due to the high energy charge of the living cell, with an 

ATP:ADP ratio of about 10:1 (Thauer et al. 1977).  

Phosphite (HPO3
2-) can be used as a phosphorus source by several aerobic and 

anaerobic bacteria (Metcalf and Wolfe 1998, Schink and Friedrich 2000) and can also 

act as a low-potential electron donor in a microbial energy metabolism (E0’ of HPO4
2-

/HPO3
2- = -690 mV). Two pure cultures of strictly anaerobic bacteria have been isolated 

so far that can grow with phosphite as their sole electron source, the Gram-positive 

Phosphitispora fastidiosa strain DYL19 and the Gram-negative Desulfotignum 

phosphitoxidans strain FiPS-3 (Schink et al, 2002; Simeonova et al, 2010; Mao et al, 

2021). The key enzyme of dissimilatory phosphite oxidation is an AMP-dependent 

phosphite dehydrogenase. It consists of a single peptide chain and catalyzes the 

conversion of AMP to ADP with phosphite as electron donor and NAD+ as electron 

acceptor (Mao et al, 2022), and directly stores the phosphite redox energy into ADP. The 
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ADP is further converted to ATP and AMP by adenylate kinase; ATP acts as an energy 

source for cell growth. This novel metabolic pathway shows that AMP can directly 

synthesize ADP and that redox energy can immediately be stored in an essential energy 

carrier. This extremely efficient type of chemolithoautotrophic metabolism might help to 

understand an early concept of energy exchange and the origin of life in the Archaean 

period of earth.  

The AMP-dependent phosphite dehydrogenase of P. fastidiosa was heterologously 

overexpressed in Escherichia coli strains Rosetta Gami and SHuffle® T7. The 

corresponding enzyme of D. phosphitoxidans was found to be partially membrane-

associated and could not be heterologously expressed yet. 

In the present paper, we characterize and describe the two AMP-dependent phosphite 

dehydrogenases with respect to alternative substrates such as UMP or alkylated AMP 

derivatives. We also show that very little acetate is formed as a side product of phosphite 

oxidation, and that the phosphite electrons are nearly entirely assimilated into cell material, 

thus documenting an extremely efficient type of chemolithoautotrophic metabolism.  

Materials  

All chemicals used in this project were of analytical quality and obtained from Sigma-Aldrich 

(Germany), Carl Roth GmbH (Karlsruhe, Germany), Roche Diagnostics (Mannheim, Germany), 

Thermo Fisher Scientific (Germany), Applichem (Darmstadt, Germany), and Merck KGaA 

(Germany). Gases were purchased from Messer-Griesheim (Darmstadt, Germany) or 

Sauerstoffwerke Friedrichshafen (Friedrichshafen, Germany). 
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Methods  

Bacteria and growth conditions 

Desulfotignum phosphitoxidans strain FiPS-3 (DSM 13687) and Phosphitispora fastidiosa 

strain DYL19 (GDMCC 1.2680) (Table1) were grown with 10 mM sodium phosphite as 

sole electron donor and energy source, and carbon dioxide as electron acceptor in marine 

or freshwater mineral medium. Preparation of both media has been described before 

(Schink et al., 2002; Mao et al. 2021). Cultures were incubated under strictly anoxic 

conditions in the dark at 30℃. 

The plasmid cloning strain Escherichia coli strain Nova Blue was grown in lysogenic broth 

(LB) medium (10 g/l peptone, 10 g/l NaCl and 5 g/l yeast extract) with 50 mg/l kanamycin 

at 37℃, shaking at 200 rpm overnight. The overexpression strain E. coli strain Rosetta 

Gami was grown in MagicMediumTM E. coli Expression Medium (Invitrogen, USA) at 37℃ 

with shaking at 200 rpm overnight.  

Preparation of Cell-Free Extracts and soluble fractions  

Cell-free extracts of D. phosphitoxidans, and the soluble fraction of P. fastidiosa or E. coli 

strain Rosetta Gami were prepared as described before (Mao et al, 2022). Phosphate 

buffer (potassium dihydrogen phosphate 0.04mol/l, potassium hydrogen phosphate 

0.06mol/l, pH 8.0) instead of HEPES buffer was used in the soluble fraction of P. 

fastidiosa or E. coli strain Rosetta Gami preparation. 

Enzyme assays 

All phosphite oxidation enzyme assays were performed under strictly anoxic conditions. 

Cuvettes of 4 ml volume were flushed with N2 gas and sealed with butyl rubber stoppers. 

The standard mixture for phosphite dehydrogenase assays contained 50 mM phosphate 
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buffer, pH 8.0, or 25 mM MOPS buffer, pH 7.2, 3 mM MgCl2, enzyme protein, 2 mM NAD+, 

2 mM AMP, 10 mM phosphite. Alternatively, uridine monophosphate (UMP), thymidine 

monophosphate (TMP), guanosine monophosphate (GMP), or dimethylphosphite, or 

diethylphosphite was used. Control assays were run with boiled and protein-free extracts; 

no activities were detected.  

High-performance liquid chromatography (HPLC)  

Phosphite, phosphate, AMP, ADP, UMP, and UDP were separated and analyzed by 

HPLC as described before (Mao et al, 2022).  

Plasmid construction, heterologous overexpression and protein purification 

The method and process of plasmid construction, heterologous overexpression and 

protein purification was described before (Mao et al, 2022). Gene sequences of all 

products were analyzed at Eurofins-GATC (Constance, Germany). 

Liquid chromatography–mass spectrometry analysis (LC-MS) 

The Shimadzu LCMS-2020 system consisted of a CBM-40 System Controller, FCV-11AL 

Valve Unit, DGU-403 Degassing Unit, LC-40B XR Solvent Delivery Module, SIL-40C XR 

Auto Sampler, CTO-40S Column Oven, equipped with a ODS HypersilTM (150 x 2.1 mm, 

5 µm, ThermoScientific), heated to 30°C. The LCMS-2020, a single Quadrupole MS, was 

tuned with Standard sample for LC/MS (Shimadzu Corporation, Japan) containing a 

mixture of raffinose, acetate, and polyethylene glycol in methanol.  

For separation, a binary gradient modified after (Jayaraj et al. 2021), was used, starting 

at 100% eluent A for 3 min. Then the concentration was lowered to 20% A (80% eluent 

B) within 2 min and raised back to 100% within the following minute. The column was re-

equilibrated with 100% A for another 2 min. The flow rate was 0.3 ml/min. Eluent A 
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contained 10 mM ammonium formate and Eluent B 10 mM ammonium formate and 90% 

acetonitrile (HiPerSolv CHROMANORM, HPLC – SUPER GRADIENT Reag. Ph. Eur.). 

The MS was operated in positive ion mode and was screened for the representative 

quasi-molecular ions ([M+H]+) of AMP (m/z: 348), ADP (m/z: 428), ATP (m/z: 508), diethyl 

phosphite (m/z 154), and dimethyl phosphite (m/z: 127). The expected m/z for diethylated 

ADP was expected to be 483, and 455 for the dimethylated ADP. 0.1 mM Adenosine (m/z: 

268) was used as internal standard.  

Samples were mixed 7:3 with acetonitrile, then centrifuged at 21’380 rpm for 10 min at 

4°C a MIKRO 200R centrifuge (Hettich Zentrifugen, Germany). The supernatant was 

mixed 1:8:1 with MilliQ water and 1 mM adenosine and then analyzed (Jayaraj et al. 

2021). 

Computational analysis of adp  

For preparing protein alignments and phylogenetic trees of adp, an amino acid BLAST 

search was conducted using the BLAST tool implemented in the geneious software 

package (geneious 11.1.5, Biomatters Ltd, Auckland, New Zealand). Closely related 

protein candidates from described or cultured strains were selected and a ClustalW-

multiple alignment with Cost matrix BLOSUM was performed. A phylogenetic tree was 

constructed from the same selected candidate proteins with the geneious tree builder 

using the neighbor-joining method and the Jukes-Cantor genetic distance model. The 

alignments and trees thus prepared were formatted with Inkscape (https://inkscape.org/).  

 

 

https://inkscape.org/
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Results 

Bacterial growth  

Time-dependent growth of P. fastidiosa and D. phosphitoxidans was analyzed with 

documentation of substrate and products (Fig. 2).  In these experiments, phosphite was 

the only electron source, together with CO2/HCO3
- as electron acceptor. The only major 

products detected were phosphate and cell material. Occasionally, traces of acetate (< 

0.2 mM) were detected as a side product. Cultures of D. phosphitoxidans produced 

slightly more acetate (< 0.6 mM acetate). In the presence of sulfate, D. phosphitoxidans 

produced also small amounts sulfide (< 1 mM). No further organic or inorganic side 

products were detected by HPLC or chemical analysis.  

Phylogenetic distance of adps to related proteins 

The general features of adps are shown in Table 1. Both enzymes catalyze the reaction 

of phosphite with AMP to form ADP and have the same molecular mass and metal 

cofactor magnesium that usually occurs in nucleotide-dependent reactions. The 

phylogenetic tree of adp shown in Figure 3 demonstrates that adp of P. fastidiosa has 

only distantly related homologs in other organisms. The most closely related protein with 

a pairwise identity of 67.8% is a protein of the NAD-dependent epimerase/dehydratase 

family from a Firmicutes bacterium. Further follows the AMP-dependent phosphite 

dehydrogenase of D. phosphitoxidans with 61.4% pairwise identity. Other protein 

candidates from uncultured, non-described strains were neglected and did not exhibit 

pairwise identities higher than 62% (Figure 3). The annotations of closely related proteins 

are of very general nature and only indicate that NAD(P) is a cofactor for redox reactions. 

Functional analysis of phosphite dehydrogenases 
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Since the AMP-dependent phosphite dehydrogenases described before (Mao et al, 2022) 

catalyze the reaction of AMP and phosphite to form ADP, we tried to use UMP, GMP, 

TMP instead of AMP and dimethylphosphite or diethylphosphite instead of phosphite as 

alternative substrates and identified the reaction products. As shown in Table 2, AMP 

increased the enzyme reaction rate, but ADP and ATP inhibited the reaction.  With 

diethylphosphite as well as phosphite, the enzyme reaction started directly when it was 

added, but dimethylphosphite cannot initiate the enzyme reaction.  Without AMP addition, 

the enzyme reaction ceased after around 20 mins. The reaction could be restarted by 

addition of AMP. We tried to add UMP, GMP and TMP to check whether the reaction can 

be restarted, but only UMP restarted the enzyme reaction. 

Productions and activities of adps (MS) 

The products of enzyme reactions with UMP and diethylphosphite were analyzed by mass 

spectrometry. Fig 4 shows the formation of uridine diphosphate (UDP) and diethylated 

ADP. No reaction was observed with dimethylated AMP, TMP or GMP, and no 

dimethylated ADP, thymidine diphosphate (TDP) or guanosine diphosphate (GDP) could 

be detected.  
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Discussion  

Anaerobic degradation of organic matter in the environment ultimately leads to the 

production of CO2 and CH4 (Schink, 1997). Yet, certain degradation intermediates, e.g. 

alcohols and fatty acids consumed by secondary fermenting microorganisms, are to some 

extent oxidized with CO2 as a co-substrate, thus they consume CO2 and take up electrons 

from the oxidation of substrates that are more reduced than cell mass. For instance, the 

carbon atoms in the ethanol molecule have a combined oxidation number of -IV, while 

the carbon atoms of the theoretical sum formula of cell mass (<C4H7O3>) have a 

combined oxidation number of -I, meaning that excess electrons have to be transferred 

to CO2, often by a process called interspecies hydrogen transfer (Schink, 1997).  

Degradation of inorganic molecules can contribute to CO2 reduction as well if they can 

provide electrons of a sufficiently low redox potential. The phosphorus atom in the 

phosphite anion has an oxidation number of +III. Its oxidation to phosphate (+V) releases 

electrons at a very low redox potential (Schink et al, 2002) which can be used for 

reduction of CO2 to cell material. Here we present a chemolithoautotrophic bacterium that, 

in the absence of organic supplements, almost completely links the oxidation of phosphite 

to the assimilation of CO2 into cell mass according to the formula 

17 HPO3
2- + 7 H2O + 8 HCO3

-  17 HPO4
2- + 2 <C4H7O3> + 8 OH- 

In cultivation experiments, small amounts of acetate accumulated in the culture 

supernatant. This observation in combination with the identification of Wood-Ljungdahl 

pathway enzymes in both genome and proteome leads to the conclusion (Mao et al, 2022) 

that assimilation of CO2 in Phosphitispora fastidiosa most likely proceeds through 

acetogenic enzymes. While the source of NADH for central metabolic enzymes such as 
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methylene-THF reductase can be easily explained with the presence of an AMP- and 

NAD+-dependent phosphite dehydrogenase, the source of reduced ferredoxin for carbon 

monoxide dehydrogenase is not known yet.  

In our research, we characterized a novel type of enzyme, adenosine monophosphate 

(AMP)-dependent phosphite dehydrogenase that forms ADP from AMP and phosphite. 

We also tested this enzyme to react with UMP, GMP, TMP or dimethylphosphite, 

diethylphosphite, but found reactions only with UMP and diethylphosphite leading to UDP 

and diethyl ADP as products.  

Uridine monophosphate (UMP) as a monomer in RNA is very important for all livings and 

covalent attachment is called uridylylation or uridylation, E.g., by adenylyltransferase 

(Voet et al, 2008). uridine diphosphate (UDP) is the carrier of monosaccharide derivatives 

in various reactions and plays an important role in glycogenesis and bacterial cell wall 

synthesis (Bhagavan 2002). UDP-glucose 4-epimerase (GALE) presents the final step 

of the Leloir pathway of galactose metabolism. It can catalyze the conversion of UDP-

galactose into UDP-glucose, with NAD+ as a cofactor required for catalytic activity that 

binds to GALE (Holden et al, 2003; Liu et al, 1996). In the previous study, UMP kinase 

is the only enzyme in the family of transferases that catalyzes the reversible conversion 

of UMP to UDP while converting ATP to ADP. UMP kinase also takes part in pyrimidine 

metabolism. Our newly discovered enzyme in the same family can catalyze the reaction 

of UMP with phosphite to form UDP and also convert diethylphosphite to diethyl ADP (Fig 

4). But our phosphite-oxidizing bacteria cannot grow with diethylphosphite, because 

diethylphosphite cannot be further transformed to ATP.  
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Compared comparison of adps with other similar proteins from different microbes shows 

that proteins similar to adps generally also need NAD+ as electron acceptor and can bind 

to nucleotides, such as UDP-glucose epimerase. The function of adp similar proteins 

include epimerase, oxidoreductase or dehydratase. However, the phylogenetic tree 

analysis shows that the adp enzyme sequence has most similarity to the NAD-dependent 

epimerase/dehydratase family proteins of a Firmicutes bacterium (Ogawa et al, 2011). 

In the study of AMP-dependent phosphite dehydrogenases in ADP formation research, 

we found that this enzyme also can catalyze UMP and diethylphosphite. This discovery 

extends our view of the range of this kind of enzymes. The adp family enzymes only exist 

in phosphite-oxidizing microbes. Since these bacteria can obtain energy at an extremely 

low redox potential, they might have been important in the development of early life. 

 

Table 1.  General features of two kinds of AMP dependent phosphite dehydrogenase. 

Enzyme adp of P. fastidiosa adp of D. phosphitoxidans 

Function AMP + HPO3
2- +NAD+                         ADP + NADH 

Species Phosphitispora fastidiosa Desulfotignum phosphitoxidans 

Gene length 957 bp 954 bp 

G+C 43.5% 45.2% 

Amino acid amount 318 317 

Molecular mass 35.2 kDa 35.2 kDa 

Metal cofactor Magnesium Magnesium, Sodium 
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Table2.  Description of two kind of AMP dependent phosphite dehydrogenase. 

Enzyme (mU/mg) adp of P. fastidiosa adp of D. phosphitoxidans 

Anoxic optimal condition Phosphate buffer, pH 8.0; 
2mM NAD+; HPO3

2- 10mM. 
MOPS, 25 mM, pH 7.2; NaCl 1g/l; MgCl2 

Х 6H2O 0.6g/l; 2mM NAD+; HPO3
2- 

10mM. 

 26.49±7.54 1.15±0.04 

AMP 38.32±1.81 1.88±0.04 

ADP 9.99±4.99 0.41±0.16 

ATP 0 0 

AMP with dimethylphosphite 0 0 

AMP with diethylphosphite 22.35±4.24 4.86±0.21 

 

Fig 2. Growth and stoichiometry of substrate conversion by P. fastidiosa and D. phosphitoxidans 

in anoxic mineral medium with phosphite as electron donor and carbon dioxide as electron 

acceptor.  
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Fig 3. Phylogenetic distance tree of adp showing the affiliation of adp family with similar 

sequences of other bacteria. The bar length represents 0.3 amino acid substitutions. 
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Fig 4. Multiple sequence alignment of adps. Amino acid residues with a black shading have a 

similarity of 100%, those with a medium grey shading have a similarity of 80% to 100%, light grey: 

60% to 80% similarity, white: less than 60% similarity.  
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Fig 5. Enzyme reactions catalyzed by adps. 
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CHAPTER 5 General Discussion 

Research on the pathway of dissimilatory phosphite oxidation by microoganisiums started 

in 2000 (Schink and Friedrich 2000). However, only one phosphite oxidizing anaerobic 

Gram-negative bacterium was isolated, Desulfotignum phosphitoxidans strain FIPS-3, 

but the mechanism of phosphite oxidation was still unclear. In previous studies, a 

candidate protein abundant in cell-free extract of strain FIPS3 was identified, 

corresponding to a molecular mass of 35-40 kDa. Four of the genes (ptxD-ptdFCG) were 

cloned and heterologously expressed in Desulfotignum balticum SaxT (DSM 7044). They 

enabled the host strain to uptake and oxidize phosphite, but they did not allow it to use 

phosphite as an electron donor for chemolithotrophic growth (Simeonova et al, 2010).  

In our research, we tried to isolate other dissimilatory phosphite oxidation bacteria from 

different samples, like sediment in Lake Constance or the sewage treatment plant in 

Constance. In 2021, we succeeded to isolate a novel Gram-positive anaerobic bacterium, 

Phosphitispora fastidiosa strain DYL19 from the sewage treatment plant in Constance. It 

only grows with phosphite coupled to carbon dioxide reduction, no other substrates were 

found to be oxidized or reduced by P. fastidiosa. Comparing P. fastidiosa and D. 

phosphitoxidans physiological characteristics, we can find that both phosphite-oxidizing 

bacteria have the same optimum temperature and pH. Their growth is very slow, perhaps 

because they are anaerobic bacteria and the redox potential of phosphite oxidation (E0
’= 

-690 mV) is extremely low, so the use of phosphite as energy source is a difficult energy 

producing process (Table1).  
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Table 1. Differential physiological characteristics of P. fastidiosa and D.phosphitoxidans. 

Characteristic Phosphitispora fastidiosa Desulfotignum phosphitoxidans 

Gram type Positive Negative 

Cell shape Rod Rod 

Sporulation Sporing Non-Sporing 

Energy source Chemolithoautotroph Chemolithoautotroph 

Metabolism Anaerobic Anaerobic 

Culture type Isolate Isolate 

Doubling times (Days) 3 2 

Size 1 µm wide and 5-9 µm long 0.6-0.8 µm wide and 2-4 µm long 

Motility Motile Non-motile 

G+C content (mol %) 46,1% 53,9% 

Isolation Sewage treatment plant in Konstanz in 2020 Marine sediment in Venice in 2000 

Optimum growth   

Temperature（℃） 30 30 

pH 7.2 7.2 

 

In the assays for phosphite-oxidizing enzymes of both bacteria, we analyzed the optimal 

reaction condition and found that AMP was the only cofactor which increased the reaction 

rate. Furthermore we succeeded in both activity staining in native gel. Based on the 

genome and proteome analysis, we found that both phosphite-oxidizing enzymes were 

new enzymes.  We named them AMP-dependent phosphite dehydrogenase (adp) that 

contain one single peptide chain. Additionally, we successfully cloned and overexpressed 

the AMP-dependent phosphite dehydrogenase of P. fastidiosa in E. coli, and detected 

enzyme activity in E. coli cell-free extract, thus confirming the metabolic process in both 

bacteria in Fig 1. In both cases, phosphite enters the cell via unknown transport proteins, 
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perhaps through a phosphate transport protein, to allow phosphite uptake without energy 

investment. The phosphite oxidation reaction would start with AMP and NAD+ to form ADP 

and NADH. This way ADP is formed with a high-energy linkage which can be transformed 

to ATP via adenylate kinase that was found at high amounts in cell-free extracts of both 

phosphite-oxidizing bacteria. ATP and NADH thus formed are used mainly for cell matter 

synthesis. 

  

Figure 1. The phosphite oxidation metabolic pathway in P. fastidiosa and D.phosphitoxidans. 

In addition, we found that this type enzyme adp also can catalyze UMP with phosphite to 

form UDP. This discovery shows a new way to form UDP without energy consumption, 

because UMP kinase was the only described enzyme that can produce UDP from UMP 

while consuming one ATP.   
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OUTLOOK 

In the phosphite oxidation research of my thesis, we completed nearly all the relevant 

questions on phosphite oxidation in our bacteria, however, several interesting aspects 

still are open. First, I did not get an active pure AMP-dependent phosphite dehydrogenase 

of P. fastidiosa. If the adp is purified on a His-tag column, the structure may be destroyed, 

and the adp catalysed reaction needs to be anoxic. Second, I could not overexpress adp 

of D.phosphitoxidans in E. coli, nevertheless, we can try to express it in yeast cells or 

other expression cells. 
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