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ABSTRACT

Based on reverse genomics and growth of cultured populations, it has been hypothesized
that cyanate is utilized as a nitrogen source by ubiquitous groups of marine phytoplankton.
Recently a nanomolar method was developed to measure cyanate concentrations in marine and
estuarine waters. Here we report the first measurements of cyanate distributions, biological
utilization, and production from the coastal North Atlantic Ocean. Cyanate concentrations were
highest below the chlorophyll maximum at many stations but were high throughout the water
column on the shallow Georges Bank where chlorophyll concentrations were especially high
down to the bottom, suggesting production by organic matter degradation or release by
phytoplankton. Here we demonstrate that cyanate is produced in senescent algal cultures and
through photochemical reactions at rates comparable to production of other labile nitrogen
compounds. Cyanate uptake accounted for up to 10% of total N uptake at an oligotrophic mid-
Atlantic Bight station. Our results suggest that cyanate may be an important but hitherto

overlooked component of the marine nitrogen cycle.
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Introduction

Nitrogen (N) limits phytoplankton growth in most marine environments. Consequently,
identifying sources and sinks of bioavailable N is critical for estimating oceanic primary and
secondary productivity. While many dissolved organic nitrogen (DON) compounds are known
to be bioavailable, much of that pool is uncharacterized.! Recently it was discovered that some
microbes have the genetic capacity to take up and metabolize cyanate (OCN’), perhaps the
simplest DON compound. Genes encoding intracellular cyanate decomposition and a cyanate-
specific transporter have been identified in marine cyanobacteria,z'4 and isolates of
Synechococcus (WH8102), Prochlorococcus (MED4, SB), a coastal dinoflagellate,
Prorocentrum donghaiense, and some heterotrophic bacteria have been cultured using cyanate as
the sole N source.”™ It has been hypothesized that the evolution of Prochlorococcus strains has
been driven by the availability of different N sources. Because Prochlorococcus have
streamlined genomes likely containing only the genes necessary for survival, " it is possible that
Prochlorococcus strains living in the modern ocean and containing cyanate-related genes, utilize
this compound in the environment. Prochlorococcus and Synechococcus account for two thirds
of present day oceanic primary production,9 therefore cyanate utilization could be globally
significant and its biogeochemistry may affect global primary and secondary production.
Cyanate has also been shown to support nitrification as both a reductant and N source in
chemoautotrophic prokaryotic cultures,'' which could have implications for N speciation in
marine systems.

Cyanate is produced abiotically as a result of urea and carbamoyl phosphate
decomposition.'>"* As a simple molecule with chemical linkages common in organic matter,

cyanate is likely produced by other largely unexplored biotic and abiotic processes in aquatic
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systems such as pyrimidine, protein and peptide decomposition. However, the abundance and
distribution of cyanate and its reactivity in marine environments is unknown because, until
recently, we lacked a sensitive method to quantify it. Cyanate may have formed spontaneously

on the prebiotic Earth,'*!?

and it is possible that cyanate played important roles in early Earth
biogeochemistry,'® contributing to the abiotic synthesis of pyrimidines'’ and adenosine
diphosphate (ADP).'® Cyanobacterial cyanate genes also appear to have evolved early’
suggesting that cyanate could have also served as an N source for cyanobacteria living on the
pre-oxygenated Earth. Understanding cyanate cycling in the modern ocean may therefore give
important clues to both present day and early Earth N cycling.

We have developed a method to measure cyanate in seawater,'® and here we provide the
first observations of: 1) cyanate distributions in modern coastal waters, 2) cyanate production
through biotic and abiotic processes, and 3) cyanate uptake by natural microbial communities.
Methods
Sample Collection and Analysis of N compounds

Samples were collected in the coastal and oligotrophic North Atlantic Ocean aboard the
R/V Henry B. Bigelow and R/V Hugh Sharp, respectively, using a CTD-rosette equipped with
twelve Niskin bottles. Water samples for determination of urea, nitrate, and nitrite, ammonium,
and cyanate concentrations were collected from Niskin bottles (0.2 um filtered) and analyzed
using an Astoria-Pacific nutrient autoanalyzer during the Bigelow cruise.” The autoanalyzer
was equipped with a waveguide during the Sharp cruise to achieve lower detection limits for
nitrate and nitrite.”’ Ammoniuim concentrations were analyzed using the manual indophenol
method (Bigelow cruise)* or the manual orthophthaldialdehyde method (Sharp cruise)™.

Photochemical Experiments
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Filtered (0.2 um) water samples were collected from the Dismal Swamp (freshwater site),
Elizabeth River (estuarine site), and Virginia Beach oceanfront (coastal oceanic site, Fig. S3 and
Table S2). Samples were irradiated in a UV solar simulator for 2, 4, and 8 hours; 8 hours in the

solar simulator equates to approximately 10.2 hours of midday winter sunlight***.

Each sample
was irradiated in triplicate quartz tubes, one of which was wrapped in aluminum foil as a dark
control. Photoproduction rates were calculated as the difference between the mean of the
irradiated quartz tubes and the dark control. To account for differences in source material (DOM
composition) in the different water samples, we normalized photoproduction rates to the initial
absorptivity at 300 nm, which is thought to represent humic substance absorbance,*® and we
report both absolute and normalized photoproduction rates (Table S2).
Culture Experiments

Cultures of two diatoms (Thalassiosira pseudonana and Thalassiosira oceanica) and one
cyanobacterium (Synechococcus FWRI isolate CCFCW 502) were grown in batch on /2 media®’
under fluorescent lighting supplied on a 12 h light/ 12 h dark cycle. The Thalassiosira cultures
were axenic prior to the experiment, but we microscopically confirmed the presence of bacteria
after the cultures had incubated for one week. Non-autofluorescent bacteria were present in the
Synechococcus cultures both before and during the experiment.
Nitrogen Uptake

Uptake of N from NH,", NO5", NO;", urea, and cyanate was measured at 3 depths at a
station (72.2 °W, 31.5 °N) in the oligotrophic North Atlantic during the cruise aboard the R/V

28,29

Hugh Sharp using stable isotopes as tracers. Incubations were initiated with the addition of

40 nmol N 1" °N-labeled substrate, and uptake rates were calculated using a mixing model.?
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Expanded methods, results, and discussion describing control experiments for cyanate uptake are
in the Supporting Information.
Results and Discussion

Vertical profiles of cyanate were measured in the North Atlantic Ocean on the continental
slope near the Mid-Atlantic Bight (MAB, Figure S1). Cyanate, urea, nitrite, and ammonium
concentrations all exhibited surface minima and subsurface maxima (Fig. 1A). Profiles of this
shape typify biological N cycle intermediates and are generally thought to reflect the balance of
biological consumption in surface waters, production in subsurface waters as a result of
remineralization, and oxidation of organic matter.*’ Therefore, we infer that cyanate is
biologically labile. Because cyanate exhibited vertical distributions similar to those of urea,
ammonium, and nitrite, it is likely that cyanate production and consumption processes are similar
to or linked with those N compounds.

Profiles of ammonium and nitrite generally reflect rates of removal through
phytoplankton uptake in surface waters, ammonification and ammonium and nitrite oxidation
(nitrification) in subsurface waters, and rates of production through excretion and organic matter

degradation.**!

Recent evidence suggests that some cultured nitrifying bacteria can also oxidize
cyanate when ammonium is unavailable."" If this process happens in the environment, it may
partially explain the subsurface cyanate maximum as well as the depletion of cyanate below
approximately 200 m. The gradual depletion of cyanate in deep waters is likely due to abiotic
and/or biotic degradation of cyanate to ammonium and nitrification, but rates of cyanate
depletion in the mesopelagic have not yet been measured. Although maximum cyanate

concentrations were lower than those of urea, ammonium, and nitrite, cyanate utilization and

remineralization may still be quantitatively important if its production and consumption are
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tightly coupled, as has been shown for ammonium’® and labile DON compounds such as
dissolved free amino acids, both of which are generally present at submicromolar concentrations
in most marine systems.1

To determine whether the relationship between cyanate distributions and those of other
simple N compounds is consistent across a highly productive coastal environment, cyanate,
ammonium, nitrite, and nitrate distributions were examined with respect to salinity, temperature
and chlorophyll a concentrations in a physically, biologically, and chemically heterogeneous
shallow coastal region in the Gulf of Maine (GOM). Vertical profiles were measured at nine
stations along a south to north transect from the continental shelf slope, across Georges Bank
(GB) and the GOM to the coast of Nova Scotia (Fig. 1B, Fig. S1, Table S1). Cyanate was
generally more abundant on GB and in the GOM than in the more oligotrophic Gulf Stream-
influenced slope waters. At stations on the continental slope and interior GOM basin, there were
cyanate peaks below the chlorophyll maximum, similar to what was observed in the MAB (Fig.
1). However, on GB and at the nearshore station, elevated surface cyanate concentrations were
coincident with weak stratification and high surface chlorophyll a concentrations. On GB,
cyanate and chlorophyll a concentrations were also high throughout the water column all the way
to the bottom suggesting a possible sedimentary source of cyanate (Fig. 1B). At these stations
ammonium, nitrite, and nitrate were depleted in surface waters (Fig. S2).

We evaluated two potential in sifu sources of cyanate that may in part explain the
observed cyanate distributions: organic matter degradation and photoproduction. To determine
whether cyanate could be produced by organic matter degradation, cyanate concentrations were
measured in cultures of a coastal marine cyanobacterium, Synechococcus (strain CCFWC 502),

and a coastal and an oceanic strain of a ubiquitous diatom genus, Thalassiosira, which is
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commonly found in the study region,** 7. pseudonana and T. oceanica, during exponential and
stationary growth phases. While cyanate concentrations always remained near the limit of
detection (0.4 nM) in Synechococcus cultures, cyanate concentrations in the Thalassiosira
cultures increased linearly as biomass decreased during late stationary phase (Fig. 2A)
suggesting that cyanate was produced during the decay of these organisms, potentially by
contaminating bacteria, or that it was released by senescent cells. The lack of cyanate
accumulation in Synechococcus cultures could have been because it wasn’t produced or because
its production and consumption were tightly coupled. To our knowledge, the genome of
Synechococcus CCFWC 502 has not been sequenced, but another Synechococcus isolate
(WH8102) has been cultured on cyanate as the sole source of N.*

The vertical zonation of microbial communities with respect to light, physical gradients,
and availability of nitrogenous substrates results in similar segregation of nutrient regeneration
processes and accumulation of N cycle intermediates by depth within and below the euphotic
zone.** In vertical profiles collected from the MAB (Fig. 1A), the cyanate maximum was below
that of urea indicating that cyanate might be produced from biotic urea decomposition, analogous
to the observation that nitrite accumulates below the ammonium maximum as a result of
nitrification.”* There is currently no known mechanism for biotic conversion of urea to cyanate,
but abiotic decomposition of biologically produced urea and carbamoyl phosphate have been
proposed as mechanisms of cyanate production in marine systems.*> Because C-N linkages are
s0 common in organic matter it is also likely that there are other pathways of cyanate production
and decomposition, both biotic and abiotic, that have yet to be discovered. Many ubiquitous
phytoplankton are known to release labile metabolic intermediates during stationary and late

exponential phase' or when stressed® and so it is possible that T, pseudonana and T. oceanica
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directly released cyanate or that they released urea, carbamoyl phosphate, or other labile DON
compounds that then degraded to cyanate, possibly by prokaryotic heterotrophs. Phytoplankton
release could explain the elevated cyanate concentrations correlated with high chlorophyll
fluorescence on GB and at the nearshore end of the GOM transect. Prokaryotic organic matter
degradation could also explain the observed cyanate accumulation below the subsurface
chlorophyll maxima, as well as production of cyanate in the diatom cultures. GOM coastal
waters experience dense algal blooms®® which produce large amounts of labile dissolved organic
matter including cyanate and/or cyanate precursors. Cyanate can then accumulate in place or
nearby, depending on the rate of its production and circulation patterns.

Cyanate photoproduction was observed in all samples, and rates ranged from 0.4 to 14
nM h™' (Fig. 2B, Table S2), which are similar in magnitude to ammonium and amino acid
photoproduction rates.’” Photoproduction of cyanate could have contributed to the elevated
surface cyanate concentrations on GB and at the nearshore end of the GOM transect, particularly
if biotic uptake was lower than photoproduction as has been observed for other simple organic
compounds.38 High cyanate concentrations near the coast relative to continental slope waters
(Fig. 1B) could also indicate terrestrial cyanate sources, such as urban, industrial, and
agricultural runoff and/or decomposition of N compounds therein (such as urea and organic
matter) to cyanate.'>”’ Cyanate is not monitored in industrial or municipal wastewater
discharges*’ so it is not known whether they are significant sources of cyanate to receiving
waters. However, urea discharged from agricultural, urban, and wastewater sources” could
contribute cyanate to estuarine and coastal systems.

To evaluate whether microbial assemblages can utilize cyanate, and whether cyanate N

contributes substantially to microbial N uptake, community cyanate uptake rates were compared
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with those of nitrate, nitrite, ammonium, and urea, at three depths at an oligotrophic station in the
North Atlantic (Fig S1). Cyanate and total N uptake were higher near the surface (cyanate
concentrations less than 1 nM) than at the chlorophyll fluorescence maximum where cyanate
concentrations were highest (Fig. 3A). Cyanate contributed up to 10% of total measured
community N uptake, and cyanate uptake rates were comparable to those of nitrate and nitrite but
lower than those of ammonium and urea (Fig. 3B, Table S3). Cyanate turnover times were 1.6
and 76 hours in surface waters and at the chlorophyll maximum (103 m), respectively, and were
shorter than turnover times calculated for nitrate and nitrite (Table S3).

The distribution of cyanate and the similarity in magnitude of production and community
uptake rates relative to those of other dissolved N compounds suggests that cyanate may be an
important component of the marine nitrogen cycle and that its production and consumption are
tightly coupled. Here we provide the first comprehensive set of measurements comparing the
distributions of cyanate to those of other biogeochemically important N compounds in the ocean.
We also demonstrate for the first time that cyanate can be produced via a biological source and
photoproduction, and that cyanate uptake may be quantitatively important in the environment.
However, many questions remain regarding the biotic and abiotic sources and sinks of cyanate in
disparate marine environments, the organisms and biochemical pathways that produce and
consume cyanate in the present day ocean, regional and seasonal trends in cyanate

biogeochemistry, and its possible role in the evolution of life.
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below the detection limit were plotted as equal to the detection limit. Error bars are + 1 standard
deviation. B) Chlorophyll a concentrations (mg m?), temperature (°C), cyanate concentrations
(nM) and NOs™ concentrations (uM) along a transect across the Gulf of Maine from a nearshore
station, across the Gulf of Maine (GOM) and over Georges Bank (GB). Grey lines (temperature
and chlorophyll) and dots (NO3;  and OCN") represent sampling locations, and the colored
contours represent interpolations of the given parameters between those data points. See Fig. S1

for station map.
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and B) Thalassiosira pseudonana. In vivo fluorescence was used as a proxy for biomass and is
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shown in black, and cyanate concentrations are shown in grey. Error bars are + 1 standard
deviation (n=2). Cyanate production rates during the linear portions were 5 and 9 nM d™' in T
pseudonana and T. oceanica cultures, respectively (r* 0.97 and 0.93, respectively; slope p-values
<0.0001). C) Photochemical production of cyanate in fresh (open circles), estuarine (squares),
and coastal oceanic (closed circles) sterile (0.2 um filtered) water where cyanate concentrations
were calculated as the difference between the mean of the irradiated tubes and the dark controls.

Error bars are + 1 standard deviation (n=2).
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material is available free of charge via the Internet at http://pubs.acs.org.

AUTHOR INFORMATION

Corresponding Author

* Correspondence should be addressed to Brittany Widner at bwidn001@odu.edu or (757)683-

5989.

Author Contributions

The manuscript was written through contributions of all authors. All authors have given approval

to the final version of the manuscript.

Funding Sources

This research was supported by NSF grants OCE-1155666, OCE-1230051, OCE-1260454, and
OCE-1459698 awarded through the Chemical Oceanography Program and NASA grant

NNXO09AE45G SOS5 to MRM.

ACKNOWLEDGMENT

This research was supported by NSF grants OCE-1155666, OCE-1230051, OCE-
1260454, and OCE-1459698 awarded through the Chemical Oceanography Program and NASA
grant NNX09AE45G SOS5 to MRM. The authors declare no conflicts of interest. We thank the
captains and crews of the R/V Henry B. Bigelow and R/V Hugh Sharp for assistance with sample

collection during cruises. We also thank C.J. Staryk, C. Kernisan, and L. Price for their

ACS Paragon Plus Environment

16

Page 16 of 24



Page 17 of 24 Environmental Science & Technology Letters

258  assistance in the field; K. Hyde for her assistance with sea surface color and temperature data; 1.
259  Ozmon, M. Mikan, and P.D. Chappell for providing cultures; I. Sammler and K.C. Filippino for
260  assistance with culture experiments; L. Sun for assistance with photochemical experiments; and
261  P. Bernhardt for assistance in the lab and in the field. We acknowledge three anonymous

262  reviewers for their helpful contributions to an earlier version of this manuscript.

263

ACS Paragon Plus Environment
17



264

265

266

267

268

269

270

271

272

273

274

275

276

277

278

279

280

281

282

Environmental Science & Technology Letters Page 18 of 24

REFERENCES
(1) Sipler, R. E., Bronk, D. A. Dynamics of Dissolved Organic Nitrogen. In Biogeochemistry
of Marine Dissolved Organic Matter, 2 ed.; Hansell, D. A., Carlson, C. A., Eds., Academic

Press: 2015.

(2) Rocap, G., Larimer, F. W., Lamerdin, J., Malfatti, S., Chain, P., Ahlgren, N. A., Arellano,
A., Coleman, M., Hauser, L., Hess, W. R., Johnson, Z. 1., Land, M., Lindell, D., Post, A. F.,
Regala, W., Shah, M., Shaw, S. L., Steglich, C., Sullivan, M. B., Ting, C. S., Tolonen, A., Webb,
E. A., Zinser, E. R., Chisholm, S. W. Genome divergence in two Prochlorococcus ecotypes

reflects oceanic niche differentiation. Nature 2003, 424, 1042-1047.

(3) Palenik, B., Brahamsha, B., Larimer, F. W., Land, M., Hauser, L., Chain, P., Lamerdin,
J., Regala, W., Allen, E. E., McCarren, J., Paulsen, 1., Dufresne, A., Partensky, F., Webb, E. A.,

Waterbury, J. The genome of a motile marine Synechococcus. Nature 2003, 424, 1037-1042.

(4) Kamennaya, N. A., Post, A. F. Distribution and expression of the cyanate aquisition
potential among cyanobacterial populations in oligotrophic marine waters. Limnol. Oceanogr.

2013, 58, 1959-1971.

(5) Kamennaya, N. A., Post, A. F. Characterization of Cyanate Metabolism in Marine

Synechococcus and Prochlorococcus spp. Appl. Environ. Microbiol. 2011, 77, 291-301.

(6) Hu, Z., Mulholland, M. R., Duan, S., Xu, N. Effects of nitrogen supply and its

composition on the growth of Prorocentrum donghaiense. Harmful Algae 2012, 13, 72-82.

ACS Paragon Plus Environment

18



Page 19 of 24

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

Environmental Science & Technology Letters

(7) Guilloton, M. B., Lamblin, A. F., Kozliak, E. 1., Geraminejad, M., Tu, C., Silverman, D.,
Anderson, P. M., Fuchs, J. A. A physiological role for cyanate-induced carbonic-anhydrase in

Esherichia coli. J. Bacteriol. 1993, 175, 1443-1451.

(8) Berube, P. M., Biller, S. J., Kent, A. G., Berta-Thompson, J. W., Roggensack, S. E.,
Roache-Johnson, K. H., Ackerman, M., Moore, L. R., Meisel, J. D., Sher, D., Thompson, L. R.,
Campbell, L., Martiny, A. C., Chisholm, S. W. Physiology and evolution of nitrate acquisition in

Prochlorococcus. ISME J 2015, 9, 1195-1207.

(9) Bryant, D. A. The beauty in small things revealed. Proc. Natl. Acad. Sci. U.S.A. 2003,

100, 9647-9649.

(10) Garcia-Fernandez, J. M., de Marsac, N. T., Diez, J. Streamlined regulation and gene loss
as adaptive mechanisms in Prochlorococcus for optimized nitrogen utilization in oligotrophic

environments. Microbiol. Mol. Biol. Rev. 2004, 68, 630-638.

(11) Palatinszky, M., Herbold, C., Jehmlich, N., Pogoda, M., Han, P., von Bergen, M.,
Lagkouvardos, I., Karst, S. M., Galushko, A., Koch, H., Berry, D., Daims, H., Wagner, M.

Cyanate as an energy source for nitrifiers. Nature 2015, 524, 105-108.

(12) Dirnhuber, P., Schutz, F. The isomeric transformation of urea into ammonium cyanate

in aqueous solutions. Biochem. J 1948, 42, 628-632.

(13) Jones, M. E. Carbamyl Phosphate. Science 1963, 140, 1373-1379.

(14) Yamagata, Y., Mohri, T. Formation of cyanate and carbamyl phosphate by electric

discharges of model primitive gas. Origins of Life 1982, 12, 41-44.

ACS Paragon Plus Environment

19



Environmental Science & Technology Letters Page 20 of 24

303 (15) Danger, G., Charlot, S., Boiteau, L., Pascal, R. Activation of carboxyl group with

304 cyanate: peptide bond formation from dicarboxylic acids. Amino Acids 2012, 42, 2331-2341.

305 (16) Falkowski, P. G. Evolution of the nitrogen cycle and its influence on the biological

306  sequestration of CO, in the ocean. Nature 1997, 387, 272-275.

307 (17) Ferris, J. P., Sanchez, R. A., Orgel, L. E. Studies in prebiotic synthesis III. Synthesis of

308  pyrimidine from cyanoacetylene and cyanate. J. Mol. Biol. 1968, 33, 693-704.

309 (18) Yamagata, Y. Prebiotic formation of ADP and ATP from AMP, calcium phosphates and

310  cyanate in aqueous solution. Origins Life Evol. Biosphere 1999, 29, 511-520.

311 (19) Widner, B., Mulholland, M. R., Mopper, K. Chromatographic Determination of
312  Nanomolar Cyanate Concentrations in Sea and Estuarine Waters by Precolumn Fluorescence

313  Derivatization. Anal. Chem. 2013, 85, 6661-6666.

314 (20) Parsons, T. R., Maita, Y., Lalli, C. M. 4 Manual of Chemical and Biological Methods

315  for Seawater Analysis. 1 ed. Pergamon Press Inc., New York, 1984.

316 (21) Zhang, J.-Z. Shipboard automated determination of trace concentrations of nitrite and
317  nitrate in oligotrophic water by gas-segmented continuous flow analysis with a liquid waveguide

318  capillary flow cell. Deep Sea Res., Part 12000, 47, 1157-1171.

319 (22) Solorzano, L. Determination of ammonia in natural waters by phenolhypochlorite

320  method. Limnol. Oceanogr. 1969, 14, 799-801.

321 (23) Holmes, R. M., Aminot, A., Kerouel, R., Hooker, B. A., Peterson, B. J. A simple and
322 precise method for measuring ammonium in marine and freshwater ecosystems. Canadian

323 Journal of Fisheries and Aquatic Sciences 1999, 56, 1801-1808.

ACS Paragon Plus Environment

20



Page 21 of 24

324
325

326

327
328
329

330

331
332

333

334

335

336

337

338
339

340

341
342

343

Environmental Science & Technology Letters

(24) Minor, E. C., Pothen, J., Dalzell, B. J., Abdulla, H., Mopper, K. Effects of salinity
changes on the photodegradation and ultraviolet-visible absorbance of terrestrial dissolved

organic matter. Limnol. Oceanogr. 2006, 51, 2181-2186.

(25) Helms, J. R., Stubbins, A., Ritchie, J. D., Minor, E. C., Kieber, D. J., Mopper, K.
Absorption spectral slopes and slope ratios as indicators of molecular weight, source, and
photobleaching of chromophoric dissolved organic matter. Limnol. Oceanogr. 2008, 53, 955-

969.

(26) Helms, J. R., Mao, J., Schmidt-Rohr, K., Abdulla, H., Mopper, K. Photochemical
flocculation of terrestrial dissolved organic matter and iron. Geochem. Cosmochim. Acta. 2013,

121,398-413.

(27) Harrison, P. J., Waters, R. E., Taylor, F. J. R. A broad spectrum artificial seawater

medium for coastal and open ocean phytoplankton. J. Phycol. 1980, 16, 28-35.

(28) Mulholland, M. R., Lee, C. Peptide hydrolysis and the uptake of dipeptides by

phytoplankton. Limnol. Oceanogr. 2009, 54, 856-868.

(29) Mulholland, M. R., Boneillo, G. E., Bernhardt, P. W., Minor, E. C. Comparison of
Nutrient and Microbial Dynamics over a Seasonal Cycle in a Mid-Atlantic Coastal Lagoon Prone

to Aureococcus anophagefferens (Brown Tide) Blooms. Estuaries Coasts 2009, 32, 1176-1194.

(30) Gruber, N. The marine nitrogen cycle: Overview and Challenges. In Nitrogen in the
marine environment, 2 ed.; Capone, D. G., Bronk, D. A., Mulholland, M. R., Carpenter, E. J.,

Eds., Elsevier: Burlington, MA, 2008; pp 1-50.

ACS Paragon Plus Environment

21



Environmental Science & Technology Letters Page 22 of 24

344 (31) Lomas, M. W., Lipschultz, F. Forming the primary nitrite maximum: Nitrifiers or

345  phytoplankton? Limnol. Oceanogr. 2006, 51, 2453-2467.

346 (32)  Marshall, H. G. Phytoplankton distribution along the eastern coast of the USA. Part
347 V. Seasonal density and cell volume patterns for the northeastern continental shelf. J. Plankton

348  Res. 1984, 6, 169-193.

349 (33) Kamennaya, N. A., Chernihovsky, M., Post, A. F. The cyanate utilization capacity of

350  marine unicellular cyanobacteria. Limnol. Oceanogr. 2008, 53, 2485-2494.

351 (34) Meeder, E., Mackey, K. R. M., Paytan, A., Shaked, Y., [luz, D., Stambler, N., Rivlin, T.,
352  Post, A. F., Lazar, B. Nitrite dynamics in the open ocean - clues from seasonal and diurnal

353  wvariations. Mar. Ecol.: Prog. Ser. 2012, 453, 11-26.

354 (35) Bronk, D. A., Steinberg, D. K. Nitrogen Regeneration. In Nitrogen in the Marine
355  Environment, 2 ed.; Capone, D. G., Bronk, D. A., Mulholland, M. R., Carpenter, E. J., Eds.,

356  Elsevier: Burlington, MA, 2008; pp 385-467.

357 (36) Townsend, D. W., Pettigrew, N. R., Thomas, A. C. Offshore blooms of the red tide

358  organism, Alexandrium sp., in the Gulf of Maine. Cont. Shelf. Res. 2001, 31, 347-369.

359 (37) Mopper, K., Kieber, D. J., Stubbins, A. Marine Photochemistry of Organic Matter:
360  Processes and Impacts. In Biogeochemistry of Marine Dissolved Organic Matter, 2 ed.; Carlson,

361 D.A., A, H.C., Eds., Academic Press: Boston, 2015; pp 389-450.

362 (38) Kieber, D. J., McDaniel, J., Mopper, K. Photochemical source of biological substrates in

363  sea-water - implications for carbon cycling. Nature 1989, 341, 637-639.

ACS Paragon Plus Environment

22



Page 23 of 24 Environmental Science & Technology Letters

364 (39) Glibert, P. M., Harrison, J., Heil, C., Seitzinger, S. Escalating worldwide use of urea - a

365  global change contributing to coastal eutrophication. Biogeochemistry 2006, 77, 441-463.

366 (40) Johnson, C. A. The fate of cyanide in leach wastes at gold mines: An environmental

367  perspective. Appl. Geochem. 2015, 57, 194-205.

368

ACS Paragon Plus Environment
23



373
374
375

Environmental Science & Technology Letters

) fer N— A —
Cyanate (nM) resl‘n;:_;/

0 10 20 cyanate < photoproduction
r——

N

phytoplankton

372

For Table of Contents Use Only.

"Distribution, sources and sinks of cyanate in the coastal North Atlantic Ocean"

Brittany Widner, Margaret R. Mulholland, and Kenneth Mopper

ACS Paragon Plus Environment

24

Page 24 of 24



