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Cyanate is a nitrogen and energy source for diverse marine microorganisms, playing important roles in the nitrogen cycle. Despite the extensive research on cyanate utilization, the sources of this nitrogen compound remain largely enigmatic. To unravel the sources of cyanate, distributions and production of cyanate during photochemical degradation of natural dissolved organic matter (DOM) were investigated across various environments, including freshwater, estuarine, coastal areas in Florida, and the continental and slope regions of the North American mid-Atlantic Ocean (NATL). Cyanate production was also examined during the photochemical degradation of exudates from a typical strain of Synechococcus, an important phytoplankton component. To deepen our understanding of the sources and production mechanisms of cyanate, its production was assessed during the photochemical degradation of a natural seawater DOM supplemented with five nitrogen–containing compounds with distinguishing structures and functional groups. Generally, cyanate exhibited higher concentrations in the Florida coastal, estuarine, and freshwater environments than the NATL. However, cyanate distribution did not consistently align with its production rates. Despite significantly low concentrations in the NATL, DOM from this region exhibited cyanate production rates comparable to estuarine and Florida coastal environments. Although relatively high cyanate concentrations were observed in the freshwaters, DOM in this environment exhibited very low cyanate production rates. A highly significant correlation was observed between cyanate and chlorophyll a (Chl a) concentrations in these areas. Moreover, in most estuarine and NATL stations, cyanate concentration and production rate in the Chl a maximum layer were significantly higher than in other layers. Cyanate was produced during the photochemical degradation of the Synechococcus exudates. The cyanate production was significantly enhanced when the natural seawater DOM was supplemented with GlycylGlycine, 4-(methylamino) benzoic acid, 4-[ethyl(methyl)amino] benzaldehyde or methyl 2-aminobenzoate. Our study implies that photochemical degradation of marine DOM, especially phytoplankton-derived DOM, is a substantial source of cyanate in the ocean. Additionally, cyanate may form during the degradation of peptides and small aromatic compounds in DOM, providing novel insights into the nitrogen cycle.
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1 Introduction

Nitrogen is an essential element for microorganisms, playing vital roles in marine biogeochemical cycles. Marine microbes utilize both inorganic and organic nitrogen compounds. The inorganic nitrogen compounds, such as nitrate and ammonium, serve as essential nutrients for primary producers (Bristow et al., 2017; Hutchins and Capone, 2022). Additionally, the organic nitrogen compounds, such as amino acids and urea, represent crucial alternative nitrogen sources for non-diazotrophic phytoplankton (Berman and Bronk, 2003; Zubkov et al., 2003; Bronk et al., 2007; Scanlan et al., 2009; Berthelot et al., 2019). However, most bioavailable organic nitrogen compounds in the ocean have not been fully characterized (Sipler and Bronk, 2015). Therefore, investigating the sources of new bioavailable nitrogen compounds is imperative for further understanding of the nitrogen cycle in the ocean.

Cyanate, a simple organic nitrogen compound, can be taken up by microbes through a substrate-specific ABC-type transporter (cynABD) and subsequently be decomposed into NH4+ and CO2 by cyanase (Kamennaya et al., 2008; Kamennaya and Post, 2011, 2013). Initially considered toxic to living organisms at high concentrations, cyanate can undergo detoxification within cells. For instance, cyanate in the cells of cyanobacteria, bacteria, fungi, and plants can be decomposed to NH4+ and CO2 by cyanase (Carepo et al., 2004; Elleuche and Pöggeler, 2008; Kebeish and Al-Zoubi, 2017). Cyanate also serves as an organic nitrogen source in both terrestrial and marine environments. It is recently found that cyanate serves as an active nitrogen or energy source for soil microbes (Mooshammer et al., 2021). The discovery of the cyanase gene in various marine microbes, particularly in the picocyanobacterial strains, such as Synechococcus sp. WH7803, WH7804, WH8102, Prochlorococcus sp. MED4, NATL1A, underscores the growing importance of cyanate in marine biogeochemistry and microbial ecology (Palenik et al., 2003; Rocap et al., 2003; Kamennaya et al., 2008; Kamennaya and Post, 2011). It has been revealed that many of the Synechococcus and Prochlorococcus strains can utilize cyanate as sole nitrogen source for growth (Palenik et al., 2003; Rocap et al., 2003; Kamennaya et al., 2008). A recent study reveals that Synechococcus dominates cyanase transcripts in the surface water of non-polar oceans (Mao et al., 2021). In nitrogen-limiting surface waters, Prochlorococcus and Synechococcus can utilize cyanate as an alternative nitrogen source (Ustick et al., 2021). Therefore, utilization of cyanate may significantly affect primary productivity in the ocean.

Adding to its emerging biogeochemical significance, cyanate also plays a substantial role in nitrification, where ammonia is oxidized to nitrate via nitrite in the ocean (Stein, 2015). Nitrososphaera gargensis, an ammonia-oxidizing Thaumarchaeota isolate, utilizes cyanate as the sole nitrogen source and reductant by converting it to ammonium and CO2 via cyanase. In the Gulf of Mexico, Thaumarchaeota utilizes cyanate as an energy and nitrogen source, even though no cyanase gene was identified in the genomic data of Thaumarchaeota in this environment (Kitzinger et al., 2019). Additionally, genes encoding cyanate cyanase/lyase have been identified in the genomes of several marine Nitrospinae and Nitrospirae, two important nitrite-oxidizing bacteria (Pachiadaki et al., 2017; Koch et al., 2019). A recent study reveals that cyanate is a significant nitrogen source for Nitrospinae in the Gulf of Mexico, fulfilling more than half of their nitrogen demand (Kitzinger et al., 2020). Nitrospira moscoviensis, a nitrite-oxidizing bacterium that encodes cyanase, can directly convert cyanate to ammonium and CO2, supplying cyanase-lacking ammonia bacterium, Nitrosomonas nitrosa, with ammonium as a source of energy and reductant (Palatinszky et al., 2015). Furthermore, cyanate supports anaerobic ammonium oxidation (anammox) in the oxygen-deficient zone (Babbin et al., 2017; Ganesh et al., 2018; Widner et al., 2018). Observations of cyanate uptake by microbial communities in the North Atlantic coastal waters (Widner et al., 2016a; Widner and Mulholland, 2017) and the Eastern Tropical South and North Pacific oxygen-deficient zone (Widner et al., 2018a, b) further highlight its ecological significance.

The quantitative significance of cyanate utilization in the marine environment depends on the flux and availability of cyanate. However, previous studies rarely examine the source of cyanate in the ocean, leaving it largely enigmatic. Although cyanate is identified as an intermediate product in carbamyl phosphate and urea degradation within cells, this pathway does not constitute the primary source of cyanate in the ocean (Qian et al., 1997; Purcarea et al., 2003). The recent development of a nanomolar cyanate detection method by Widner et al. has facilitated the measurement of cyanate concentrations in seawater (Widner et al., 2013). Cyanate concentrations range from a few to tens of nanomoles in the Chesapeake Bay Mouth (Widner et al., 2013), the coastal North Atlantic Ocean (Widner et al., 2016; Widner and Mulholland, 2017), and oxygen-deficient zone in the Eastern Tropical South and North Pacific Ocean (Widner et al., 2018a, b). Typically, it exhibits lower concentrations in the surface layer, with peak values occurring below the chlorophyll a (Chl a) maximum layer in the euphotic zone, displaying similar vertical distribution profiles to other reactive nitrogen compounds, such as urea, ammonium, and nitrite (Widner et al., 2016). Interestingly, areas with high Chl a concentration tend to exhibit higher cyanate concentrations (Widner and Mulholland, 2017). The distribution profiles of cyanate in the ocean strongly suggest that the origin of cyanate is highly correlated to the activity of phytoplankton, providing insights into a potential source.

In a recent study, cyanate production is observed during the decay of the natural microbial community assemblages collected during a dinoflagellate bloom (Zhu et al., 2023), which further indicates that cyanate is produced by phytoplankton or through the degradation of phytoplankton-derived organic matter. Furthermore, it has been found that cyanate concentrations increase linearly in the cultures of two marine diatoms during their late stationary phase (Widner et al., 2016). However, cyanate production became slow or stopped when the cultures were moved to darkness in the late stationary phase (Widner, 2016). The cessation of cyanate production in the diatom cultures under dark conditions suggests that light is an essential factor in cyanate production with cyanate possibly being produced through the photochemical degradation of diatom-derived organic matter in the cultures. Photosynthesis of phytoplankton is one of the primary sources of dissolved organic matter (DOM) in the euphotic zone of marine environment (Azam and Malfatti, 2007). Therefore, we hypothesize that the photochemical degradation process of marine DOM, especially phytoplankton-derived DOM, might be an important source of cyanate in the ocean. Due to the variations in composition and sources of DOM, the potential production of cyanate during the photochemical degradation of DOM may differ in different environments. This study examined the distribution of cyanate in the freshwaters, estuarine, coastal areas along Florida coastline and continental and slope regions of the North American mid-Atlantic Ocean (NATL), as well as the production of cyanate during the photochemical degradation of DOM collected from multiple depths in the euphotic zone of these environments.

In addition to eukaryotic algae, picocyanobacteria are also important primary producers in the ocean (Li, 1995; Scanlan, 2012; Flombaum et al., 2013). Whether cyanate can be produced from the DOM released by picocyanobacteria remains unknown. Therefore, to further explore the source of cyanate, the photochemical production of cyanate was also examined during photochemical degradation of DOM secreted by Synechococcus sp. CB0101 (SynCB0101–DOM), a typical picocyanobacterial strain widely distributed in estuarine and coastal environments (Marsan et al., 2014; Fucich et al., 2019). Photochemical experiments were also conducted with a natural seawater DOM that was supplemented with five nitrogen–containing compounds with different structures and functional groups to gain insights into possible photochemical precursors of cyanate. The overall goal of this study is to enhance our understanding of the role of cyanate in marine environments by investigating its distribution, sources, and production mechanisms in various environments.




2 Materials and methods



2.1 Cyanate and DOM sampling

Natural water samples of cyanate and DOM were collected from 13 stations across various environments (Figure 1), including freshwater, estuarine, coastal areas along the Florida coastline, and the continental and slope regions of the NATL. Pine Glades Lake and Nine Mile Pond were two freshwater stations in the Everglades National Park, Florida. Bay Mouth was an estuarine station situated in the Chesapeake Bay mouth. Naples Pier and Edward B. Knight Pier were coastal stations in the Gulf of Mexico and Key West, Florida, respectively. Light Tower, Station 14, Station 24, Station 36, Station 37, Station 11, Station 33, and Station 39 extended along the continental and slope regions of the NATL (34–37°N).




Figure 1 | Cyanate and DOM sampling stations in the freshwater (Pine Glades Lake and Nine Mile Pond), Estuarine (Bay Mouth), coastal areas along the Florida coastline (Edward B. Knight Pier and Naples Pier), and the continental and slope areas of the NATL (Light Tower, Station 11, Station 14, Station 24, Station 33, Station 36, Station 37 and Station 39). See Supplementary material for additional information about the sampling in Table S1.



Only surface water samples were collected from the two freshwater stations and the two coastal stations in Florida. Water samples were taken using a polypropylene bucket in September 2018 at these sampling stations. The polypropylene bucket had been pre-cleaned and rinsed multiple times with sample water before collection. In addition to the surface layer samples, samples from beneath the surface layers were also collected in the Estuarine and the NATL stations. Water samples at Bay Mouth and Light Tower were collected aboard an R/V Slover cruise operated by Old Dominion University in May, 2016. Furthermore, samples from the continental and slope regions of the NATL were collected during the R/V Hugh R. Sharp cruise in August 2016. These samples were collected from Niskin bottles attached to a rosette equipped with a SeaBird Electronics 911plus Conductivity, Temperature and Depth sensor package. In-situ Chl a fluorescence in multiple layers of the stations in the continental and slope regions of the NATL was measured by a fluorometer (ECO-AFL/FL, WET Labs) mounted to the water sampler and converted to μg/L (Selden et al., 2021). Detailed information on the sampling stations and depths for cyanate and DOM is provided in Supplementary Table S1.

Upon collection, water samples were filtered through a 0.2 μm Supor Pall capsule filter using a peristaltic pump. Triplicate subsamples (~1.5 to 2 mL) were transferred from the filtrate and placed into polypropylene tubes to determine cyanate. The cyanate samples were stored at -80°C freezer until derivatization and subsequent analysis using high-performance liquid chromatography (HPLC). Additionally, around 4 L filtrate was transferred to pre-combusted (450 °C for 5 h) amber glass bottles as the DOM for the follow-up photochemical experiment described below. The DOM samples were stored in a 4 °C fridge before conducting the photochemical experiment within one week.




2.2 Photochemical degradation experiments on euphotic zone DOM in various environments

To investigate whether cyanate is produced during the photochemical degradation of DOM, photochemical experiments were conducted on the DOM samples collected from euphotic zones across various environments in a UV solar simulator, as described elsewhere (Minot et al., 2006; Helms et al., 2008; Widner et al., 2016). The solar simulator employs 12 Q-Panel UV340 bulbs as the light source, mimicking the spectral shape of natural sunlight within the 295–365 nm range (Minot et al., 2006; Helms et al., 2008). The reason for choosing UVA lamps as the light source is that the dominance of the solar spectrum within this range constitutes the primary wavelengths where photochemical degradation of DOM occurs.

Each DOM sample was divided into six round-bottom quartz flasks (500-mL each). Three flasks were wrapped in aluminum foil to serve as the dark control group, while the remaining three were designated as the light group. All flasks in the dark control and light groups were placed simultaneously in the simulator and irradiated for 8 hours at 20 ± 2 °C. The 8-hour irradiation period in this solar simulator corresponds to approximately 10.2 hours of mid-day inter-sunlight at 37°N (Minot et al., 2006; Helms et al., 2008; Widner et al., 2016).

Approximately 2 mL of samples were collected from each flask in the dark control and light group before and after irradiation and filled into polypropylene tubes to determine cyanate concentration. The production of cyanate in both the light and dark groups was calculated after the 8-hour photochemical experiment, respectively. The cyanate production rate was determined as the difference between the production rate in the light and dark control groups. To accommodate variations in concentration and composition of DOM across different environment, the cyanate production rates were normalized to the initial absorption coefficient of DOM at 300 nm. The absolute (non-normalized) cyanate production rates were also listed in Table S1.




2.3 Photochemical degradation experiments on DOM secreted by Synechococcus sp. CB0101

To further investigate the potential production of cyanate during the photochemical degradation of phytoplankton-derived DOM, cyanate concentrations were monitored during photochemical degradation of DOM secreted by a typical picocyanobacterial strain, Synechococcus sp. CB0101. The strain, belonging to Synechococcus sub-cluster 5.2, was isolated from the Baltimore Inner Harbor in Chesapeake Bay (Marsan et al., 2014; Fucich et al., 2019).

Synechococcus sp. CB0101 was cultured in SN medium with 15‰ salinity (SN15 medium) at 22°C under constant cool white light with an intensity of 20–30 μm E m-2 s-1 (Waterbury et al., 1986). To minimize the background DOM in the SN15 medium, aged seawater and Milli-Q water were mixed at a ratio of 1:1 (v/v) and used as the medium base. In addition, no EDTA and vitamin B12 were added to the SN15 medium. Initially, Synechococcus sp. CB0101 was pre-cultured in SN15 medium to mid-logarithmic growth phase in a small volume. Subsequently, the cells were collected by centrifugation at 6000 × g for 5 minutes and resuspended in SN15 medium. About 5% of the resuspended cells (v/v) were inoculated into SN15 medium for expanded culture of Synechococcus sp. CB0101. Samples for determining the cell abundance of Synechococcus sp. CB0101 were taken in triplicates daily. Briefly, 1.98 mL of the culture medium was transferred to a 2 mL tube, and 20 μL of 50% glutaraldehyde was added and thoroughly mixed. The sample was then fixed in the dark for 15 minutes, rapidly frozen in liquid nitrogen for approximately 15 minutes, and stored at -80°C freezer for subsequent analysis. The samples were measured immediately after sampling using a BD Accuri C6 Flow Cytometer (BD Bioscience, Franklin Lakes, NJ, USA). The growth curve of Synechococcus sp. CB0101 was plotted based on its cell abundance over the incubation period.

Upon reaching the mid-logarithmic growth phase, the culture medium of Synechococcus sp. CB0101 was filtered through a 0.22 μm polycarbonate membrane. The resulting filtrate was collected and stored in an amber glass bottle as SynCB0101–DOM. The DOM in the culture medium (Medium–DOM) was also collected immediately after inoculation using the same procedure as SynCB0101–DOM and served as control in the subsequent photochemical experiment. Both SynCB0101–DOM and Medium–DOM were stored in a refrigerator at 4°C before conducting the photochemical degradation experiment. All the glassware used in the experiment had been pre-combusted at 450°C for 4 hours in a muffle furnace to prevent potential organic matter contamination.

To conduct the photochemical experiment, both SynCB0101–DOM and Medium–DOM were brought from the refrigerator, warmed to room temperature, and gently inverted to mix. Subsequently, 50 mL of SynCB0101–DOM was transferred to each of 6 quartz tubes, with three designated as the light group and the remaining three wrapped in aluminum foil to serve as the dark group. The light and dark groups for Medium–DOM were prepared using the same procedure as for SynCB0101–DOM, serving as control. The 12 quartz tubes containing Medium–DOM and SynCB0101–DOM were placed simultaneously in the UV solar, as described in section 2.2. The photochemical degradation experiment was conducted for 8 hours at 20 ± 2 °C. Approximately 1.5 mL of sample was transferred from each quartz tube at 0 h, 2 h, 4 h, 6 h and 8 h to determine cyanate concentration.




2.4 Photochemical experiment on natural seawater DOM supplemented with different nitrogen–containing compounds

To further elucidate the source and mechanism underlying cyanate production, a photochemical experiment was conducted on a coastal seawater DOM sample supplemented with five different nitrogen–containing compounds. The coastal seawater DOM sample was collected from the surface seawater in a coastal area (75.085°W, 38.328°N) near Ocean City, Delaware, USA. Approximately 3.5 L in-situ seawater was collected using a polypropylene bucket, filled into an amber glass bottle, and kept in a cooler filled with several ice packs. The water sample was transported to the laboratory within 4 hours, and immediately filtered through a 0.22 μm polycarbonate membrane. The resulting filtrate was transferred to another amber glass bottle as the coastal seawater DOM sample. The amber glass bottles were combusted at 450°C for 5 h in a muffle furnace before use. Five nitrogen–containing compounds, namely N-Acetyl-D-glucosamine (Sigma A8625), GlycylGlycine (Sigma 1042330100), 4-(methylamino) benzoic acid (Sigma 119695), 4-[ethyl(methyl)amino] benzaldehyde (Sigma CDS023138), and methyl 2-aminobenzoate (Sigma 236454), each with distinct structures or functional groups, were selected as model compounds. Stock solutions of these compounds, each at a concentration of 100 mM, were prepared using Milli-Q water and stored at 4°C before use. The stock solutions were diluted to 100 μM as working solutions.

To conduct the photochemical degradation experiment, five nitrogen-containing compounds were supplemented to a coastal seawater sample, respectively, resulting in five amended groups. The coastal seawater sample was divided into 30 pre-combusted (450 °C for 5 h) quartz tubes, each receiving 40 mL. These tubes were further divided into five groups, each consisting of six tubes. Subsequently, each working solution of the five nitrogen–containing compounds was separately added to the six tubes in each group, with each tube receiving 10 mL, resulting in a final nitrogen-containing compound concentration of 20 μM. Additionally, another six quartz tubes were filtered with 50 mL of the coastal seawater sample, each without adding any nitrogen–containing compounds, serving as a control group. To account for the effects of darkness, three tubes in each amended and control group was wrapped in aluminum foil, serving as dark control. All quartz tubes in the amended and control groups were placed in the solar simulator, as mentioned in section 2.2. The samples were irradiated at 20 ± 2 °C for 8 hours. At 0 and 8 hours, subsamples were transferred from each tube in the amended and control groups into 2 mL tubes and stored at -80 °C for subsequent cyanate concentration analysis. Before the photochemical experiment, UV-visible absorption spectra (200–700 nm, at 1 nm intervals) of the DOM in the control and nitrogen–containing compound amended groups were measured using an Agilent 8543 diode array spectrophotometer with a 1 cm quartz cuvette. Milli-Q water was used as the blank. Absorbance values were converted to Napierian absorption coefficients using the following formula:

	

where “a” is Napierian absorption coefficient (m-1), “A” is absorbance, and “L” is path length (m) (Green and Blough, 1994; Helms et al., 2013).




2.5 Measurement of cyanate concentration

Cyanate concentration was measured by pre-column fluorescence derivatization using 2-aminobenzoic acid (ABA) (Sigma-Aldrich, ≥ 99.5% purity) as the derivatization reagent on a modular Shimadzu high-performance liquid chromatography (HPLC) system, with modifications according to Widner et al. (Widner et al., 2013; Widner and Mulholland, 2017). Potassium cyanate (KOCN, Sigma-Aldrich, 96%) was utilized to prepare standards at various concentrations. Both standards and samples were derivatized simultaneously using the same procedure. Briefly, 1.0 mL of either a water sample or a standard solution was initially reacted with 0.4 mL of 30 mM ABA to form the 2, 4-quinazolinedione derivative in a pre-combusted (450°C for 5 h) 4 mL amber borosilicate glass vial (Fisher Scientific) with a polypropylene cap (Sigma-Aldrich, PTFE/silicone septum). The derivatization reaction occurred in a 35°C water bath for 30 min. Immediately upon removal of the vials from the water bath, 1.4 mL of 12 N HCl (reagent grade) was added to each sample, resulting in a final concentration of 6 N HCl. Due to the strong acidity of the derived samples, there was potential for corrosion to HPLC metal components, adversely affecting column efficiency and longevity. Therefore, the pH of the derivatized standards and samples was adjusted to ~7 before injection. Usually, an equal number of 4 mL amber borosilicate glass vials were employed based on the number of standards and samples. Then, 900 μL of the derived samples and standards were added to each vial and mixed with 1 mL of 0.5 M boric acid buffer (pH = 9.5) and 540 μL of 10 N NaOH. About 1.5 mL of these mixtures were transferred to 2 mL HPLC autosampler vials after cooling to room temperature. Cyanate was then quantified on the HPLC equipped with a fluorescence detector (RF-10AXL), configured with excitation and emission wavelengths of 312 and 370 nm. The mobile phase comprised 60:40 5% trifluoroacetic acid (TFA)/100% methanol, and the flow rate was 0.1 mL/min. Both of the TFA and methanol were of HPLC grade and were purchased from Fisher Scientific. A poly (styrene-divinylbenzene) column with broad pH stability (Hamilton, PRP-1, 2.1 × 150 mm, 5 μm) was used. The sample injection volume was 100 μL, and the run time was 15 min. The method detection limit was 0.4 nmol L-1 (Widner et al., 2013). An independent sample t-test was used to analyze the differences in cyanate concentration and production rate between the Chl a maximum layers and other water depths at the same sampling station and the differences in cyanate production between the nitrogen-containing amended and control group using SPSS Statistics Software (IBM, Armonk, NY, USA).





3 Results



3.1 Distributions of cyanate in different environments

Cyanate concentrations in the surface water were measured in various aquatic environments. Stations located in the freshwater, estuarine, and coastal areas of Florida demonstrated higher cyanate concentrations compared to those in the continental and slope regions of the NATL (Figure 2). The cyanate concentrations in these stations ranged from 4.17–18.7 nmol L-1 (Figure 2). On average, the two coastal stations in Florida exhibited the highest concentrations, with 15.4 nmol L-1 at Naples Pier in the Gulf of Mexico and 18.7 nmol L-1 at Edward. Knight Pier in the Key West, Florida (Figure 2). Additionally, the Bay Mouth station in the Chesapeake Bay also exhibited a relatively high concentration of 12.5 nmol L-1 (Figure 2). In contrast to the higher concentrations observed in the stations in the estuarine and coastal areas in Florida, the two freshwater stations within the Everglades National Park displayed lower cyanate concentrations (Figure 2). Specifically, Pine Glades Lake displayed a concentration of 4.17 nmol L-1, while Nine Mile Pond exhibited a concentration of 9.36 nmol L-1 (Figure 2). Stations in the NATL generally exhibited lower cyanate concentrations, with most values remaining below 5 nmol L-1 (Figure 2).




Figure 2 | Cyanate concentrations in surface layers of sampling stations across diverse environments.



Cyanate concentrations were also measured in multiple water layers at stations in Chesapeake Bay and the continental and slope regions of the NATL. Across these stations and their associated water layers, cyanate concentrations ranged from 0.84–16.9 nmol L-1 (Figure 3). In most water layers, cyanate concentrations were below 5 nmol L-1 (Figure 3). Furthermore, a consistent pattern emerged across most stations, with lower cyanate concentrations in the surface layer than in other water layers within the same stations. These stations encompassed Bay Mouth, Light Tower, Station 36, Station 37, and Station 11 (Figure 3). Notably, within the five stations, cyanate concentrations in the Chl a maximum layer surpassed those in other water layers at the same stations. For instance, at Bay Mouth, cyanate concentration in the surface layer was 12.5 nmol L-1, was 16.9 nmol L-1 in the Chl a maximum layer of this station (Figure 3). Likewise, at the Light Tower station, cyanate concentration in the Chl a maximum layer (5.6 nmol L-1) was significantly (P< 0.05) higher than that in the surface layer (1.2 nmol L-1) (Figure 3). Although the surface layer cyanate concentration at station 11 was 1.94 nmol L-1, a significantly higher cyanate concentration was observed in the Chl a maximum layer (12.0 nmol L-1, P< 0.01) (Figure 3). Additionally, at depths of 244 m and 272 m in station 11, cyanate concentrations were 3.3 nmol L-1 and 6.0 nmol L-1, respectively (Figure 3). These concentrations were also significantly (P< 0.05) lower than that in the Chl a maximum layer but higher than that in the surface layer (Figure 3).




Figure 3 | Cyanate concentrations at different water layers of stations in the Chesapeake Bay Mouth and the continental and slope regions of the NATL. The green columns specifically represent cyanate concentration in the Chl a maximum layer. No significant (“ns”), significant (*, P< 0.05), or highly significant (**, P< 0.01) differences in cyanate concentrations between the Chl a maximum layer and other layers at Bay Mouth, Light Tower, Station 36, Station 37, and Station 11 were indicated.






3.2 Photochemical production of cyanate from DOM in the euphotic zone across various environments

Photochemical experiments were conducted with DOM collected from various depths within the euphotic zone across diverse environments to investigate the production of cyanate during the photochemical degradation process of marine DOM, particularly the phytoplankton-derived DOM. Cyanate concentrations showed distinct distribution patterns between cyanate production rate and concentrations.

Cyanate production rates from DOM in surface waters across various environments ranged from 0.054–1.3 nM m h-1 (Figure 4). Among the DOM samples examined, a relatively high cyanate production rate (1.2 nM m h-1) was observed from DOM collected at the Bay Mouth station in Chesapeake Bay (Figure 4). Additionally, DOM collected from stations in the coastal areas in Florida and the continental and slope regions of the NATL exhibited average cyanate production rates of 0.56 nM m h-1 and 0.46 nM m h-1, respectively (Figure 4). Notably, despite the deficient cyanate concentration (0.84 nmol L-1) in the surface layer of station 33, a high cyanate production rate of 1.3 nM m h-1 from the collected DOM in this station was observed, suggesting efficient cyanate utilization in this area (Figures 3, 4). In contrast, DOM from the two freshwater stations in the Everglades National Park exhibited the lowest cyanate production rates, with Pine Glades Lake and Nine Mile Pond with rates of 0.054 nM m h-1 and 0.22 nM m h-1, respectively (Figure 4).




Figure 4 | Photochemical production rate of cyanate from DOM collected in the surface layers of stations across diverse environments.



Across different water layers within the euphotic zone, the cyanate production rate of DOM ranged from 0.15–2.7 nM m h-1 (Figure 5). Except for the 8.1 m water layer of station 14, the cyanate production rate of DOM in the surface water of all other stations was lower than that in the subsurface layers within the same station (Figure 5). Moreover, the 8 m layer in Bay Mouth and Light Tower, and the 18.8 m layer in station 14, were three Chl a maximum layers. Interestingly, DOM in these layers exhibited a higher cyanate production rate than other water layers within the same station. For example, in the Chl a maximum layer of Light Tower, DOM had a cyanate production rate of 2.7 nM m h-1, which was significantly (P< 0.01) higher than the rate observed in the surface layer (0.15 nM m h-1) at this station (Figure 5). Likewise, in the Chl a maximum layer of station 14, the cyanate production rate of DOM (2.3 nM m h-1) was also significantly higher than that in the surface layer (0.47 nM m h-1) (P< 0.05) and in the 8.1 m water layer (0.25 nM m h-1) (P< 0.01) of the same station (Figure 5). These results highly indicate that the photochemical degradation process of marine DOM, especially the phytoplankton-derived DOM, is an important source of cyanate in the marine environment.




Figure 5 | Photochemical production of cyanate from DOM collected at different water layers within the euphotic zone of the stations in the Chesapeake Bay Mouth and the continental shelf and slope regions of the NATL. The green columns specifically represent the cyanate production rate in the Chl a maximum layer. No significant (“ns”), significant (*, P< 0.05), or highly significant (**, P< 0.01) differences in cyanate production rate between the Chl a maximum layer and other layers at Bay Mouth, Light Tower, and Station 14 were indicated.






3.3 Photochemical production of cyanate from DOM secreted by Synechococcus sp. CB0101

The production of cyanate was examined during photochemical degradation of SynCB0101–DOM, in order to further investigate the potential production of cyanate from phytoplankton-derived DOM. Synechococcus sp. CB0101 underwent a slow growth phase for approximately 10 days, followed by a logarithmic growth phase from day 10 to day 22 (Figure 6A). By day 22, cell abundance reached 1.5 × 109 cells mL-1 (Figure 6A). Concurrently, a substantial amount of DOM was secreted by Synechococcus sp. CB0101 during its growth, causing the DOM concentration in the culture medium to increase from 43 μmol C L-1 on day 0 to 602 μmol C L-1 on day 22 (Figure 6A). In this study, SynCB0101–DOM was collected on day 22, which was the mid-logarithmic growth phase of Synechococcus sp. CB0101.




Figure 6 | Photochemical production of cyanate from SynCB0101–DOM. (A) Changes in cell abundance and DOC concentration in the culture medium during the growth of Synechococcus sp. CB0101; (B) Changes in cyanate concentration during the photochemical degradation processes of SynCB0101–DOM and Medium–DOM.



The cyanate concentrations at each time point, as shown in Figure 6B, were subtracted from the initial cyanate concentrations in Medium–DOM or SynCB0101–DOM, indicating the net production of cyanate during photochemical degradation of these two DOM samples. Cyanate was produced during photochemical degradation of Medium–DOM and SynCB0101–DOM (Figure 6B), with cyanate concentrations increasing at the same trend within the first 2 hours of irradiation. Remarkably, the production of cyanate began to rise rapidly during the photochemical degradation of SynCB0101–DOM after 2 hours of light exposure, resulting in approximately 125 nM of cyanate produced after 8 hours of irradiation. However, only 24 nM cyanate was produced during photochemical degradation of Medium–DOM (Figure 6B). No cyanate was produced in the dark group of either Medium–DOM or SynCB0101–DOM.




3.4 Photochemical production of cyanate from natural seawater DOM supplemented with various nitrogen–containing compounds

Five nitrogen-containing compounds each with distinct structures and functional groups, were supplemented to the coastal seawater DOM sample collected near the Ocean City as mentioned in section 2.4. N-Acetyl-D-glucosamine is the main component of bacterial peptidoglycan and lipopolysaccharides in the ocean (Riemann and Azam, 2002). The remaining four nitrogen–containing compounds comprise peptides and aromatic compounds, which are common constituents in aquatic DOM (He et al., 2023). The photoproduction of cyanate was examined during the irradiation of the nitrogen–containing compound amended and unamended seawater DOM sample to explore the potential sources of cyanate production in seawater.

The five nitrogen–containing compounds exhibited unique light absorption features. The absorption spectra of DOM supplemented with N-Acetyl-D-glucosamine or GlycylGlycine resembled that of the DOM in the control group, exhibiting an exponential decrease in absorption coefficient as wavelength increased. Conversely, the DOM supplemented with 4-(methylamino) benzoic acid, methyl 2-aminobenzoate, or 4-[ethyl(methyl)amino]benzaldehyde displayed distinct absorption spectra, featuring prominent light absorption peaks at 279 nm (59.6 m-1), 326 nm (24.0 m-1) and 356 nm (103.7 m-1), respectively (Figure 7).




Figure 7 | Absorption coefficients of a natural DOM supplemented with five different nitrogen–containing compounds.



As no cyanate production occurred in any of the dark groups, cyanate production in control and each nitrogen–containing compound amended group was determined by measuring the change in cyanate concentration before and after 8 hours of irradiation. With the exception of DOM amended with N-Acetyl-D-glucosamine, the DOM amended with the other four nitrogen–containing compounds exhibited significantly higher cyanate production than the DOM in the control group (18.8 nM) (Figure 8). The most substantial cyanate production was observed in the DOM amended with GlycylGlycine, yielding 29.3 nM cyanate after 8 hours of irradiation (Figure 8). Cyanate production from the DOM amended with 4-(methylamino) benzoic acid (29.005 nM) closely resembled that of GlycylGlycine (Figure 8). Interestingly, despite being isomers, cyanate production in the DOM amended with 4-(methylamino) benzoic acid (29.0 nM) significantly exceeded that of the DOM amended with methyl 2-aminobenzoate (21.7 nM) (Figure 8), indicating that the relative positions of the functional groups around the ring affect the photoreactivity.




Figure 8 | Photochemical production of cyanate from natural DOM supplemented with five different nitrogen–containing compounds after 8 hours of irradiation. Significant (*, P<0.05) or highly significant (**, P<0.01) differences in cyanate production between the nitrogen–containing compound amended and control groups were indicated.







4 Discussion



4.1 Potential sources of cyanate in different environments

In this study, distributions of cyanate across various environments were investigated. Cyanate concentrations in the Chesapeake Bay estuary and the continental and slope regions of the NATL generally agree with the findings of Widner et al. in nearby areas (Widner et al., 2013; Widner et al., 2016; Widner and Mulholland, 2017). Cyanate concentration was initially assessed in a freshwater environment  (Pine Glades Lake and Nine Mile Pond) in this study, where a decoupling between its concentration and production rate was observed  (Figures 2, 4). The elevated cyanate levels in this region may be attributed to a lower utilization rate. However, there is no documented utilization of cyanate by freshwater microorganisms. Additionally, this phenomenon may suggest the existence of alternative sources contributing to cyanate accumulation. The extensive use of urea as a nitrogen fertilizer in agriculture, with global usage increasing over 100-fold in the past 40 years, comprises over 50% of global urea consumption. Given urea’s conversion propensity to cyanate (Dirnhuber and Schutz, 1948), elevated cyanate concentrations in the freshwater environment may result from urea degradation in soil. Furthermore, the urea retained in the soil can be transported to estuarine and coastal environments, becoming a substantial component of total dissolved organic nitrogen (Glibert et al., 2006). A previous study monitored urea concentrations in a Chesapeake Bay tributary for five years, revealing that urea concentration could reach up to 10 μM, surpassing urea concentrations in surface waters of the Chesapeake Bay estuary by over 50-fold (Glibert et al., 2005). Therefore, the relatively higher cyanate concentrations in the Chesapeake Bay estuary and Florida coastal environments may result from urea degradation from terrestrial and riverine sources. Additionally, urea constitutes a significant portion of domestic sewage (Glibert et al., 2006). Edward. Knight Pier and Naples Pier located along Florida’s coastline are near urban areas with sewage discharges. Therefore, the high cyanate concentrations at these two stations may stem from urea degradation from nearby domestic sewage.

Generally, the impact of terrestrial organic matter input on the NATL appears relatively insignificant when compared to estuarine and coastal regions. Consequently, cyanate in this environment is likely primarily generated through in-situ biological or abiotic processes. Additionally, it’s intriguing to observe a discrepancy between the relatively low cyanate concentration and its high production rate in the NATL (Figures 2–5). Previous studies have demonstrated the capability of microbial communities in the coastal area of the NATL to utilize cyanate, with uptake rates comparable to the photoproduction rates from DOM collected at the NATL stations in this study (Widner et al., 2016). Therefore, it’s conceivable that the cyanate produced undergoes rapid consumption in the NATL, resulting in its low concentrations.




4.2 Disparities in sources and composition of DOM in various environments accounting for variations in cyanate production during their photochemical degradation processes

Previous studies primarily addressed cyanate utilization, leaving the sources of cyanate largely unknown (Kitzinger et al., 2019; Linder, 2019; Sáez et al., 2019; Mooshammer et al., 2021). The results of this study reveal that cyanate can be produced by photochemical degradation of DOM in diverse environments. However, the cyanate production rate varies among the DOM samples, probably reflecting differences in their sources and composition. The DOM samples collected in different environment contexts in this study exhibit variations in the sources and composition. For instance, the two freshwater stations, Nine Mile Pond and Pine Glades Lake, located in a subtropical freshwater wetland within Everglades National Park, Florida, USA, primarily consist of humic-like substances from marsh soil. Additionally, due to the proximity of the Everglades Agricultural Area to the northern part of the sampling sites, the DOM in this area is partly characterized by high molecular weight, peat-soil, and highly oxidized agricultural soil-derived DOM (Yamashita et al., 2010). In contrast, Naples Pier and Edward B. Knight Pier, located in southwestern Florida along the Gulf of Mexico and at the southernmost Key West, are minimally influenced by freshwater inputs from the Everglades. Therefore, the DOM in these areas predominantly originates from autochthonous sources (Jaffé et al., 2004). The Chesapeake Bay estuary, impacted by freshwater influx from nearby rivers and the mixing with coastal waters from the NATL, exhibits a DOM comprising both terrestrial and marine origins. In comparison, the DOM in the NATL is comparatively dominated by marine-derived DOM (Loh et al., 2006). Despite elevated cyanate concentrations in freshwater environments, the photochemical production rates of cyanate from DOM in such environments are markedly lower than those in the Chesapeake Bay estuary, coastal areas in Florida, and the continental and slope regions of the NATL (Figures 2, 4). This suggests that, unlike terrestrial DOM, photochemical degradation of marine DOM constitutes a substantial source of cyanate. Consequently, the differences in the sources and composition of DOM in freshwater, Chesapeake Bay estuary, coastal areas in Florida, and the NATL may be potentially crucial factors accounting for the observed variations in cyanate production rates within these diverse environments.




4.3 Photochemical degradation of phytoplankton-derived DOM: a substantial source of cyanate in the marine environment

It is noteworthy that the cyanate production rates from DOM in the Chl a maximum layer at Light Tower and Station 14 are significantly higher than those from other depths within the same station (Figure 5). Similarly, in the Chesapeake Bay estuary and the continental and slope regions of the NATL, cyanate concentrations in Chl a maximum layers of most stations in these areas surpassed those in other water layers within the same station (Figure 3). Additionally, a strong positive correlation between Chl a and cyanate concentrations in different water layers was identified using the Mantel test (Figure 9). This aligns with previous findings indicating higher cyanate concentrations in areas with elevated Chl a concentrations in the coastal areas of the NATL (Widner and Mulholland, 2017). Moreover, Widner et al. reported cyanate accumulation in the cultures of two prevalent diatom species in coastal and oceanic environments (Widner et al., 2016). Recent research also reveals cyanate production from the decomposition of organic matter in a station located near the mouth of the Lafayette River Virginia, during a Margalefidinium polykrikoides bloom (Zhu et al., 2023). In the marine environment, Chl a maximum layer is typically characterized by high biomass and productivity, hosting abundant microorganisms engaged in various biogeochemical processes (Xie et al., 2020; Mao et al., 2021). Consequently, this layer contains substantial organic matter produced by primary producers and other microorganisms. Therefore, the high cyanate production rates in the Chl a maximum layers highly suggested that DOM from the Chl a maximum layer is very photoreactive and the photochemical degradation of phytoplankton-derived DOM is a substantial source of cyanate in the marine environment.




Figure 9 | Correlation between cyanate and Chl a concentrations in different water layers of sampling stations in the Chesapeake Bay estuary and the continental and slope regions of the NATL.



Furthermore, Synechococcus, a key primary producer widely distributed in marine environments, contributes nearly half of ocean productivity (Scanlan, 2012; Flombaum et al., 2013). The DOM secreted by Synechococcus constitutes a substantial part of the marine DOM pool (Zhao et al., 2017). This study observed cyanate production during the photochemical degradation of DOM secreted by Synechococcus sp. CB0101 (Figure 6), further supporting that the photochemical degradation of phytoplankton-derived DOM is an important source of cyanate in the ocean.

The light intensity of the photochemical experiment in this study resembled the light conditions in the surface seawater at noon at 37°N latitude. However, there is a large difference in light intensity and spectrum between the Chl a maximum layer and the surface layer. Therefore, it is necessary to systematically investigate cyanate production during photochemical degradation of DOM produced by different microorganisms during different growth stages, such as eukaryotic, prokaryotic primary producers, and heterotrophic bacteria, by simulating the light intensity under various environmental conditions. It has been found that cyanase transcripts are prevalent in marine microorganisms, particularly in Synechococcus, Prochlorococcus and nitrifying bacteria, spanning from the ocean surface to the chlorophyll maximum layer (Mao et al., 2021). Consequently, utilization of cyanate catalyzed by cyanase potentially plays an important role in the marine nitrogen cycle within the chlorophyll maximum layer. If cyanate is photochemically produced from the degradation of DOM under the light condition in the Chl a maximum layer, it will become available for utilization by surrounding microorganisms, serving as an important nitrogen source. Additionally, in the marine environment, microorganisms and organic matter in the Chl a maximum layer are typically transported into surface water through vertical mixing (Huisman et al., 2006). If this DOM is further degraded after being brought into the surface layer, the cyanate produced will provide potentially available nitrogen sources for the surface microorganisms. Numerous marine microorganisms have been found to utilize cyanate as a nitrogen source (Kitzinger et al., 2019; Sato et al., 2022). Therefore, the revelation that cyanate can be generated during the photochemical degradation of DOM in this study provides important insight into the marine nitrogen cycle.




4.4 Processes and mechanisms underlying cyanate production in the marine environment

The composition and structure of marine DOM are complex, with nitrogen-containing compounds being a significant component. DOM constituents include sugars, proteins, and some aromatic and aliphatic compounds (Kujawinski and Behn, 2006; Sleighter and Hatcher, 2008; Seidel et al., 2022). In this study, the photochemical production of cyanate from the natural DOM, supplemented with GlycylGlycine, methyl 2-aminobenzoate, 4-(methylamino) benzoic acid, or 4-[ethyl(methyl)amino]benzaldehyde, exhibited marked enhancement compared to the DOM in the control group (Figure 8). Chromophoric dissolved organic matter (CDOM) is the primary component responsible for light absorption in the ocean. High-energy UV light absorbed by CDOM is sufficient to break down its chemical bonds, leading to alterations of its composition or the generation of new compounds, such as small nitrogen–containing molecules (Santos et al., 2014; Mopper et al., 2015). The photochemical degradation of CDOM can also induce the production of a series of free radicals, leading to further oxidation or degradation of other DOM, including colorless DOM and CDOM. GlycylGlycine does not exhibit significant light absorption characteristics in the ultraviolet-visible light region and belongs to colorless DOM. Therefore, the increase in cyanate production in the GlycylGlycine–amended group may be attributed to bond photolysis and the production of free radicals during photochemical degradation of the natural DOM, which in turn promoted GlycylGlycine degradation/oxidation followed by cyanate production. Methyl 2-aminobenzoate, 4-(methylamino) benzoic acid, or 4-[ethyl(methyl)amino] exhibited strong light absorption characteristics at wavelengths of 272 nm, 325 nm, and 350 nm, respectively, and belong to CDOM. Therefore, cyanate produced in amended groups with these three nitrogen–containing compounds may have originated from photochemical degradation of these compounds or from enhanced degradation of the natural DOM induced by free radicals generated during photochemical degradation of these nitrogen–containing compounds. Furthermore, these results support the significance of the photochemical degradation of polypeptides and aromatic compounds in the ocean as a potential source of cyanate. Notably, despite 4-(methylamino) benzoic acid and methyl 2-aminobenzoate being isomers, the cyanate produced during photochemical degradation of the coastal DOM differed when supplemented with these two compounds. This discrepancy may be attributed to the positions of functional groups on their respective benzene ring. Specifically, 4-(methylamino) benzoic acid features a benzene ring with a carboxylic acid group and a methylamino group at the 4-position. In contrast, the benzene ring of methyl 2-aminobenzoate incorporates a carboxylic ester group and an amino group at the 2-position.  It has been previously shown that the relative position of functional groups around the rings affects the compound's photoreactivity and consequently its quantum yields (Sun et al., 2015). A systematic study of the effects of positional isomers on the photoproduction of cyanate would likely yield new insights into the photoreactivity of marine DOM.





5 Conclusions

Cyanate is an important organic nitrogen and energy source for various microbial organisms. This study investigated the distribution and production of cyanate during the photochemical degradation of DOM from various environments to understand its sources. Cyanate concentrations varied markedly with depth in freshwater, Chesapeake Bay estuary, coastal areas in Florida, and the continental and slope regions of the NATL, and are highly correlated with Chl a concentrations. Additionally, our findings also provide strong evidence that photochemical degradation of marine DOM, especially phytoplankton-derived DOM, is a major source of cyanate in the ocean. Furthermore, it was found that cyanate is likely produced from peptides and aromatic compounds present in DOM. The findings of this study provide new insights into the roles of cyanate in the marine nitrogen cycle. It appears that cyanate's photochemical production may be useful for studying photodegradation pathways of DOM and nitrogen-containing DOM precursors.
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