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            Abstract
Ammonia- and nitrite-oxidizing microorganisms are collectively responsible for the aerobic oxidation of ammonia via nitrite to nitrate and have essential roles in the global biogeochemical nitrogen cycle. The physiology of nitrifiers has been intensively studied, and urea and ammonia are the only recognized energy sources that promote the aerobic growth of ammonia-oxidizing bacteria and archaea. Here we report the aerobic growth of a pure culture of the ammonia-oxidizing thaumarchaeote Nitrososphaera gargensis1 using cyanate as the sole source of energy and reductant; to our knowledge, the first organism known to do so. Cyanate, a potentially important source of reduced nitrogen in aquatic and terrestrial ecosystems2, is converted to ammonium and carbon dioxide in Nitrososphaera gargensis by a cyanase enzyme that is induced upon addition of this compound. Within the cyanase gene family, this cyanase is a member of a distinct clade also containing cyanases of nitrite-oxidizing bacteria of the genus Nitrospira. We demonstrate by co-culture experiments that these nitrite oxidizers supply cyanase-lacking ammonia oxidizers with ammonium from cyanate, which is fully nitrified by this microbial consortium through reciprocal feeding. By screening a comprehensive set of more than 3,000 publically available metagenomes from environmental samples, we reveal that cyanase-encoding genes clustering with the cyanases of these nitrifiers are widespread in the environment. Our results demonstrate an unexpected metabolic versatility of nitrifying microorganisms, and suggest a previously unrecognized importance of cyanate in cycling of nitrogen compounds in the environment.
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                    Figure 1: N. gargensis grows on cyanate.[image: ]


Figure 2: Reciprocal feeding between ammonia and nitrite oxidizers during cyanate conversion.[image: ]


Figure 3: Nitrososphaera gargensis and Nitrospira cyanases form a distinct family containing sequences from various metagenomes.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Biotic and abiotic cyanate degradation kinetics.
a, Degradation of 500 μM cyanate and utilization of ammonium by N. gargensis modelled as two consecutive first order reactions (cyanate–ammonium–nitrite). Measured data are shown as dots and error bars (mean ± s.e.m.) and model predictions with estimated rate parameters are shown as solid lines. Estimated rate constants were kcyanate−ammonium = 4.872 × 10−4 min−1 and kammonium−nitrite = 1.064 × 10−3 min−1. The abiotic hydrolysis of 500 μM cyanate in this medium was measured to be much slower than enzymatic degradation (kcyanate−hydrolysis = 8.71 × 10−5 min−1). b, The abiotic degradation of low (100 nM; left) and high (500 µM; right) concentrations of isocyanic acid/cyanate across a range of temperatures and pH. Degradation was modelled using a well-established model of three first-order reactions: (1) hydronium-ion-catalysed hydrolysis of isocyanic acid (k1 = e25.97 × e−7201.29/T); (2) direct hydrolysis of isocyanic acid (k2 = e72.30 × e−21646.66/T); and (3) direct hydrolysis of cyanate42 (k3 = e22.23 × e−8725/T). The log-transformed degradation rates are shown (as min−1). The conditions that were used to test cyanate degradation by N. gargensis are marked with a cross.


Extended Data Figure 2 Nitrososphaera gargensis grows on cyanate.
16S rRNA gene copy numbers of N. gargensis as determined by qPCR at three different time points during the experiment shown in Fig. 1. For comparison, the respective gene copy numbers after growth in medium with 0.5 mM ammonium are displayed. The gene copy numbers increased 6.49-fold during growth on ammonium and 4.98-fold during growth on cyanate over 263 h. Columns show means, error bars show s.d. of four biological replicates. Significance was calculated by a paired t-test.


Extended Data Figure 3 Cyanase increase upon exposure of N. gargensis to cyanate.
Fold-increase and -decrease of the 35 most affected proteins after 48 h exposure of N. gargensis to 0.5 mM cyanate (in comparison to t = 0 of N. gargensis biomass that had not been exposed to cyanate). Experiments were performed in three biological replicates. Proteins with a significant difference in expression are colour coded. Significance of difference was calculated by a one-sample t-test on log-fold induction, with the Benjamini–Hochberg false discovery rate set to 0.05 (P value cutoff 0.00878). For the proteomic analyses, 10 µg protein and 500 ng peptide lysate per sample was used. Protein abundances within a sample were normalized by dividing the peak area for a given protein by the median peak area for all detected proteins. Note that during growth on cyanate, N. gargensis experiences much lower concentrations of ammonium that during growth on ammonium in batch culture, which probably influences the expression patterns of some of the listed proteins.


Extended Data Figure 4 Conversion of 0.05 mM cyanate by N. gargensis.
a, Concentration changes of cyanate, ammonium, and nitrite caused by N. gargensis in a mineral medium containing 0.05 mM cyanate as the only source of energy and reductant. b, Abiotic control experiment. All experiments were performed in four biological replicates and the chemical measurements were done in three technical replicates (averaged). Data points are mean values of four biological replicates, error bars show s.d.


Extended Data Figure 5 Nitrospira moscoviensis has a functional cyanase.
Concentration changes of cyanate and ammonium during incubation of N. moscoviensis (27.6 ± 3.9 µg ml−1 protein) in a mineral medium containing cyanate, but no nitrite. Results from a control experiment with identical amounts of dead biomass of N. moscoviensis are also displayed. All experiments were performed in triplicate and the chemical measurements from each replicate were done in three replicates. Data points are mean values, error bars show s.d. Asterisks indicate statistical significance between N. moscoviensis and dead biomass, *P < 0.05, ***P < 0.001. Significance was assessed by two-way analysis of variance (ANOVA) including Tukey’s honest significant difference (HSD) test.


Extended Data Figure 6 Decelerating effect of increased cyanate concentrations on nitrite oxidation by N. moscoviensis.
Biomass was incubated for 60 h in medium containing 1 mM nitrite and cyanate concentrations ranging from 0 mM to 5 mM, and nitrite oxidation was monitored. Incubations were performed in duplicates.


Extended Data Figure 7 Nitrosomonas nitrosa Nm90 has no cyanase activity and is not inhibited by 1 mM cyanate.
Concentration of nitrite during incubation of N. nitrosa in a mineral medium containing: 1 mM ammonium (filled circles); 1 mM cyanate (filled squares); 1 mM cyanate and 1 mM ammonium (open circles); 10 mM ammonium (filled triangles); and 1 mM cyanate and 10 mM ammonium (open triangles). All experiments were performed in three biological replicates, data points are mean values, error bars show s.d.


Extended Data Figure 8 Reciprocal feeding of ammonia and nitrite oxidizers during cyanate conversion.
As activities differed between biological replicates (as often observed for nitrifying strains that are very sensitive to rubber stoppers, contaminants on glass material, etc.), data are displayed for each replicate individually. Concentrations of cyanate, ammonium, nitrite, and nitrate are displayed as bar (left) and line charts (right) during the growth of the cyanase-negative ammonium-oxidizing bacterium Nitrosomonas nitrosa Nm90 and the cyanase-positive nitrite oxidizer N. moscoviensis in a mineral medium containing 1 mM cyanate (a–c) or 1 mM cyanate and 1 mM ammonium (d–f). Data points are mean values, error bars show s.d. of three technical replicates.


Extended Data Figure 9 Abiotic controls for the reciprocal-feeding experiment.
See also Fig. 2 and Extended Data Fig. 8. Concentration changes of cyanate, ammonium, nitrite, and nitrate during 168 h of incubation under similar conditions to the biotic experiments: mineral medium containing 1 mM cyanate (left) or 1 mM cyanate and 1 mM ammonium (right). The rate of cyanate decay is much slower than in biotic setups (see Extended Data Fig. 8). Cyanate decay in the presence of ammonium led to formation of a product other than ammonium (possibly carbamylate). No nitrite or nitrate was formed abiotically. Data points are mean values, error bars show s.d. of three technical replicates.


Extended Data Table 1 Presence of cyanase, nitrite/nitrate transporters and enzymes related to urea metabolism in ammonia- and nitrite-oxidizing microorganisms with fully a sequenced genome.Full size table
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