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Abstract

Dissolved organic nitrogen (DON) can account for a large fraction of the dissolved nitrogen (N) pool in the
ocean, but the cycling of marine DON is poorly understood. Recent discoveries that urea- and cyanate-N can be
oxidized by some strains of Thaumarchaeota suggest that these abundant microbes may be able to access and
oxidize a fraction of the DON pool. However, measurements of the oxidation of N supplied as DON compounds
are scarce. Here, we compare oxidation rates of N supplied as a variety of DON compounds in samples from
Georgia coastal waters, where nitrifier communities are numerically dominated by Thaumarchaeota. Our data
indicate that polyamine-N is particularly amenable to oxidation compared to the other DON compounds tested.
Oxidation of N supplied as putrescine (1,4-diaminobutane) was generally higher than that of N supplied as glu-
tamate, arginine, or urea, and was consistently 5-10% of the ammonia oxidation rate. Our data also suggest that
the oxidation rate of polyamine-N may increase as the length of the carbon skeleton increases. Oxidation of N
supplied as putrescine, urea, and glutamate were all highest near the coast and lower further offshore, consistent
with patterns of ammonia oxidation in these waters. Though it is unclear whether oxidation of polyamine-N
reflects direct oxidation by Thaumarchaeota or combines remineralization and subsequent ammonia oxidation,
more rapid oxidation of N from putrescine compared to amino acids or urea suggests that polyamine-N may

contribute significantly to nitrification in the ocean.

Dissolved organic nitrogen (DON) is a complex of com-
pounds that accounts for a substantial fraction of the nitrogen
(N) pool in the coastal ocean (Sipler and Bronk 2015). Relatively
little is known about the biogeochemical cycling of DON com-
pared to that of dissolved inorganic nitrogen (predominately
ammonium, nitrite, and nitrate). Recent reports show that some
cultivated Thaumarchaeota can grow by oxidizing the N in urea
(Tourna et al. 2011; Bayer et al. 2016; Qin et al. 2017; Carini
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et al. 2018) or cyanate (Palatinszky et al. 2015), that Thaumarch-
aeota in the coastal Arctic Ocean can assimilate significant
amounts of urea-N into DNA (Connelly et al. 2014), and that
thaumarchaeal ureC genes are present in many ocean basins
(Yakimov et al. 2011; Alonso-Saez et al. 2012; Smith et al. 2016;
Tolar et al. 2017). These observations suggest that some organic
N compounds can be oxidized by nitrifiers, verified by recent
measurements of the contribution of urea-derived N to nitrifica-
tion in several Thaumarchaeota-dominated nitrifier communities
(Tolar et al. 2017). Oxidation of urea- and cyanate-N likely pro-
ceeds by reactions yielding free ammonium (NH,*), which begs
the question of whether DON compounds with different chemi-
cal structures (e.g., amines, a-amino groups, etc.) are also directly
available for oxidation by nitrifiers, including Thaumarchaeota,
or whether regeneration to ammonium is an essential first step
in the oxidation of marine DON.

Polyamines are primary amines that consist of an aliphatic
hydrocarbon backbone with two or more amine substitutions.
They are ubiquitous in eukaryotic and prokaryotic cells where they
participate in integral cellular processes such as nucleic acid synthe-
sis and stabilization, biosilica precipitation in diatoms, and protein
synthesis (Kroger et al. 2000; Iacomino et al. 2012). Polyamines
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are present at millimolar concentrations in phytoplankton
and bacterial cells (e.g., Tabor and Tabor 1985; Nishibori and
Nishijima 2004; Liu et al. 2016), but their standing stocks in
aquatic environments are in the low nanomolar or picomolar
range, suggesting rapid biogeochemical cycling (Nishibori
et al. 2001a,b; Lu et al. 2014; Liu et al. 2015; Krempaska
et al. 2018). Recent work has expanded our understanding of
polyamine assimilation and the cycling of polyamine carbon
(C) in aquatic systems (e.g., Poretsky et al. 2010; Mou et al. 2011,
2015; Liu et al. 2015; Lu et al. 2015; Krempaska et al. 2018), but
little is known about the fate of polyamine-N. Although poly-
amines represent a small fraction of the marine DON pool,
high-turnover rates (comparable to dissolved free amino acids
[DFAA]) suggest they may account for a large fraction of micro-
bial DON cycling in the ocean. Much of the polyamine-C in
the coastal ocean is respired by heterotrophs (Hofle 1984; Liu
etal. 2015), which should provide a significant source of regen-
erated ammonium available for nitrification. Yet, oxidation rates
of polyamine-N have not previously been measured in the
ocean, leaving open a significant question about their role in
the marine N cycle. There is genomic evidence that Thau-
marchaeota, the dominant marine ammonia oxidizer, may be
capable of polyamine synthesis and/or assimilation: many
thaumarchaeal genomes encode genes involved in poly-
amine synthesis, and a recent freshwater isolate also contains
putative potABCD genes, which encode polyamine trans-
porters in many bacteria (Sauder et al. 2018). Although the
presence of these genes suggests polyamines have an impor-
tant biochemical role in thaumarchaeal cells, the availability
of polyamine-N for oxidation by Thaumarchaeota or nitrify-
ing bacteria has not been tested: to our knowledge, oxidation
rates of polyamine-N have not been reported from any field
environments or isolates.

Previous work in the South Atlantic Bight (SAB) demonstrated
a correlation between Thaumarchaeota abundance and ammo-
nia oxidation rates, with highest rates at inshore stations and a
subsurface maxima near the shelf-break (Tolar et al. 2017; Liu
et al. 2018). Ammonia-oxidizing communities in the SAB
are composed predominantly of Thaumarchaeota, but with
important geographic differences in phylogenetic identity (Liu
et al. 2018). Thaumarchaeal populations in inshore waters
around Sapelo Island are similar to the strain Nitrosopumilus mari-
timus SCM1 (16S, 99.4-99.6%; amoA, 91.2-98.8% nucleotide
identity) and display a strong seasonal cycle of abundance,
increasing > 3 orders of magnitude in the summer to dominate
the ammonia-oxidizing microbial population (Hollibaugh
et al. 2011, 2014; Whitby et al. 2017; Liu et al. 2018). Thau-
marchaeota populations in shallow nearshore waters over the
continental shelf show high diversity, including Nitrosopumilus-
like, Nitrosoarchaeum-like, and group 1.1b Archaea (Liu et al.
2018). Abundance fluctuates seasonally, similar to the inshore
population. Thaumarchaeota populations in deeper outer shelf
and shelf-break waters are primarily from the marine clades
“Water Column A” (WCA) and “Water Column B” (WCB),
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considered shallow- and deep-water ecotypes, respectively (Francis
et al. 2005; Beman et al. 2008). There is less seasonal variability
at these offshore locations (Liu et al. 2018).

Here, we compare the oxidation rates of N supplied as
ammonium, urea, selected amino acids, and selected poly-
amines across the SAB. This data set allows us to assess the
contribution of polyamine-N to nitrification by nitrifier
assemblages dominated by a range of Thaumarchaeota eco-
types. Our data suggest that N supplied as polyamines is
oxidized rapidly in the ocean, largely outstripping oxida-
tion rates of N from the other DON compounds tested, but
also indicate that ammonium is the predominant substrate
for nitrification in the SAB.

Methods

Field sampling and nutrient analysis

Samples were collected from four regions (inshore, mid-
shelf, shelf-break, and oceanic) of the SAB off the Georgia
(U.S.A.) coast (Fig. 1; Supporting Information Table S1), with
terminology modified from Liu et al. (2018) as follows.
“Inshore” stations were within the barrier island complex.
“Mid-shelf” stations were outside the barrier island complex
to depths < 40 m; due to limited sampling in this zone, no
demarcation between “mid-shelf” and “nearshore” stations
(as in Liu et al. 2018) was made. “Shelf-break” stations were
between 40 m and 500 m depth. While Liu et al. (2018) did
not sample waters past the shelf-break, we included deeper
stations further offshore (bottom depth > 500 m), which are
designated “oceanic” stations. Note that the maximum depth
sampled was < 500 m due to equipment limitations.

Inshore samples were collected from a dock at Marsh Land-
ing on the Duplin River (Sapelo Island) and the dock at the
Skidaway Institute of Oceanography (Fig. 1). Both inshore sites
are salt marsh-dominated estuaries. Water from both sites was
sampled from a depth <1 m and was processed immediately
at a nearby laboratory (the University of Georgia Marine Insti-
tute on Sapelo Island or onboard the R/V Savannah). Water
quality data for Marsh Landing samples were collected as part
of the Sapelo Island National Estuarine Research Reserve mon-
itoring program. Relevant data from the Lower Duplin (“LD")
sonde were downloaded from NOAA/CDMO (http://cdmo.
baruch.sc.edu/aqs/, last accessed 22 May 2018).

Most SAB samples were collected in August 2017 on the
R/V Savannah (cruise SAV-17-16) along transects across the
continental shelf and the Gulf Stream and into the western
Sargasso Sea, with sampling focused around the shelf-break
(Fig. 1). Water from multiple depths was collected using
12-liter Niskin bottles mounted on a rosette equipped with a
Sea-Bird SBE25 CTD. Profiles of salinity, temperature, dis-
solved oxygen, fluorescence, and photosynthetically active
radiation (PAR) were collected using the CTD system as
described previously (Liu et al. 2018). PAR attenuation (Kg) was
calculated from plots of In(PAR) vs. depth as in Liu et al. (2018).
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Fig. 1. Sampling area near the Georgia coast. Shape indicates the designated region. Gray lines are 100 m depth contours, and blue shading indicates

water depth from shallow (light) to deep (dark).

Two additional SAB stations were sampled in October 2011
(described previously by Liu et al. 2015 and Tolar et al. 2017)
and are referred to as “2011-4” and “2011-12" (Fig. 1). Environ-
mental data and some of the microbial and rate data from 2011
stations are available in other publications (Liu et al. 2015; Tolar
et al. 2017; see Supporting Information Table S1).

Nutrient samples were filtered through 0.22 ym pore size Dur-
apore GVWP filters (Millipore Sigma) and frozen at —20°C imme-
diately after collection, then stored at —80°C until analysis.
Dissolved nitrate (NO3"), nitrite (NO, "), phosphate (PO4>), and
silicate (SiO4*") were measured using a Bran and Luebbe AA3
autoanalyzer as described previously (Wilkerson et al. 2015).
Ammonium and urea were measured manually using the
phenolhypochlorite method (Solérzano 1969) and the diacetyl-
monoxime method (Rahmatullah and Boyde 1980; Mulvenna
and Savidge 1992), respectively.

Oxidation rate measurements

We used '°N-labeled substrates (98-99% '°N, Cambridge
Isotope Laboratories) to measure the oxidation of N supplied
as NH,", urea, 1,2-diaminoethane (DAE), 1,3-diaminopropane
(DAP), 1,4-diaminobutane (putrescine, PUT), L-glutamic acid
(GLU), and L-arginine (ARG). '°N oxidation from NH,*, urea,
PUT, and GLU were measured extensively, whereas '°N oxida-
tion from DAE, DAP, and ARG was only measured at a subset
of stations (Supporting Information Table S1). GLU and ARG
were included as a control for remineralization, as their central
roles in microbial metabolism leads to rapid catabolism and
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NH,* regeneration (Hollibaugh 1978; Goldman et al. 1987).
PUT was used in routine assessments of the oxidation of
polyamine-N because it is one of the most consistently detected
polyamines in seawater (Nishibori et al. 2001a, 2003; Lu
et al. 2014; Liu et al. 2015). Although spermine and spermidine
are also common in seawater, '*N-labeled stocks of these poly-
amines were not commercially available. We measured the oxi-
dation of N from DAE and DAP to investigate the effect of
aliphatic chain length (which affects pK,) on oxidation rate.
Duplicate seawater samples contained in 1-liter polycarbonate
or 250 mL high density polyethylene (HDPE) bottles
wrapped with aluminum foil (to exclude light) were
amended with 10-50 nM !°N-labeled substrate. Marsh
Landing samples were then placed in an incubator held at
in situ temperature in the dark. Samples taken at the Skid-
away dock were placed in a mesh bag and immersed at the
sea surface at the sampling site. Samples collected at sea
were incubated in a tank of flowing surface seawater or in an
incubator held at 18°C in the dark. Incubation bottles were sam-
pled for >N analysis immediately after substrate addition and
again after a period of ~ 24 h. >N samples were subsampled into
50 mL polypropylene centrifuge tubes, frozen at —20°C, and
stored at —80°C until analysis. The ">N/"N ratios of the NO3~
plus NO,~ (NOx) pools (8"*Nyoy) in the samples were measured
using the bacterial denitrifier method to convert NOx to nitrous
oxide (N,O; Sigman et al. 2001). The 8'°N values of the N,O
produced were measured using a Finnigan MAT-252 isotope
ratio mass spectrometer coupled with a modified GasBench
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II interface (Casciotti et al. 2002; Beman et al. 2011; Mcllvin
and Casciotti 2011). Oxidation rates were calculated using an
endpoint model (Beman et al. 2011; Damashek et al. 2016).
Since the substrates used were uniformly labeled with '*N, the
amount of the N added as the '*N spike (in xM) was multiplied
by the number of moles of >N per mole of substrate, which
assumes that all of the N atoms have equal probability of being
oxidized. This is likely true for urea, DAE, DAP, and PUT, which
are symmetrical molecules, but not likely to be true for ARG,
which contains 4 N atoms (one in the a-amino position and
three in the guanidine structure of its R-group). Abiotic oxida-
tion of organic N was assessed by measuring '>NOy production
following >N amendment and incubation of 0.22 um filtered
seawater (as described above), and potential metabolism of
DON by the denitrifying bacteria used to convert NOx to N,O
was checked by adding '*N-labeled substrates into the bacterial
cultures prior to mass spectrometry.

We were unable to measure the in situ concentrations of
the individual components of DON used in oxidation experi-
ments, other than urea. Based on previous measurements
made in the SAB (Lu et al. 2014; Liu et al. 2015), we assumed
concentrations of 1 nM and 0.25 nM for DAE, DAP and PUT,
and 10 nM and 5 nM for GLU and ARG, at inshore and
mid-shelf/shelf-break/oceanic stations, respectively. Rates of
polyamine and amino acid oxidation reported below should
therefore be considered potential rates, as amendments as low
as 10-50 nM are likely to increase substrate concentrations
substantially above in situ. Initial substrate >N activity was
calculated using isotope mass balance using the known con-
centration and '°N activity of the labeled substrates added
and assuming the concentrations described above and natural
abundance '*N activity (i.e., 0.3663 atom% '°N).

Microbial communities

Microbial biomass was collected by vacuum filtering 0.5-1.0 L
of seawater through a 45 mm diameter, 0.22 ym pore size
GVWP Durapore filter (Millipore Sigma), which was immediately
immersed in 1.8 mL of lysis buffer (Ferrari and Hollibaugh 1999)
in a 5 mL Axygen screw-cap tube (Corning Life Sciences) and
frozen at —80°C or on liquid N,. DNA was extracted following
previously published protocols (Ferrari and Hollibaugh 1999;
Tolar et al. 2013). Briefly, cells were lysed using lysozyme (1.0 mg
mL™), proteinase K (0.5 mg mL™"), and sodium dodecyl sulfate
(SDS) (1%). DNA was purified from lysate using sequential
extractions of phenol : chloroform : isoamyl alcohol, chloro-
form : isoamyl alcohol, and butanol, then mixed with 1 mL Tris-
Ethylenediaminetetraacetic acid (TE) (pH 8) and concentrated in
an Amicon Ultra-4 centrifugal filter (Millipore Sigma).

Gene abundances were determined using quantitative poly-
merase chain reaction (qQPCR) assays. Details of primers, assay
conditions, and amplification efficiencies are given in Supporting
Information Table S2. Bacterial, thaumarchaeal, and Nitrospina 16S
ribosomal RNA (tRNA) genes were quantified as described previ-
ously Mincer et al. 2007; Kalanetra et al. 2009; Tolar et al. 2013).

985

Oxidation of organic N in the SAB

Thaumarchaeal amoA abundance was determined using WCA
and WCB ecotype assays (Mosier and Francis 2011). All reactions
(25 uL total volume) were run in triplicate on a C1000 Touch
Thermal Cycler equipped with a CFX96 Real-Time System (Bio-
Rad), using either the iTaq Universal Green SYBR Mix (Bio-Rad)
or the Platinum qPCR SuperMix-UDG (Thermo Fisher). Stan-
dard curves consisted of a dilution series of linearized plasmids
from previously sequenced clones. All standard curves had
* > 0.99, and efficiencies for most assays were close to 100%
with the exception of Nitrospina 16S, which had an average effi-
ciency of 92.9% (Supporting Information Table S2). Since previ-
ous studies consistently found far greater abundance of
Thaumarchaeota than ammonia-oxidizing bacteria throughout
the SAB (Hollibaugh et al. 2011, 2014; Tolar et al. 2017; Liu
et al. 2018), we did not quantify ammonia-oxidizing bacteria.

Data analysis

Statistical tests were conducted using R (R Core Team 2015).
Pairwise relationships between variables were assessed using
Spearman’s rank correlation coefficient (Spearman’s p). If Spear-
man’s p indicated a significant correlation, both variables
(or transformations of variables) were normally distributed, and
scatterplots suggested a linear relationship, model II linear
regressions were conducted using the Imodel2 package
(Legendre and Legendre 2012; Legendre 2018). Model II regres-
sions were used since both variables in all regressions were ran-
dom and therefore incorporated measurement error. When log-
transformed variables were used in a regression, parameters
were calculated using major axis regression, in which the
regression line is the first principle component of the scatter-
plot (Legendre and Legendre 2012). The p value of the regres-
sion slope was calculated using 999 permutation tests.

Statistical differences between regions (inshore, shelf-
break, and oceanic; Fig. 1) were tested using one-way ANOVA
tests. Mid-shelf samples were not included since only two
samples were obtained from this region. Similarly, if a region
had fewer than three measurements for a variable (e.g., some
oxidation rates at inshore stations), this region was not
included. Data distributions were assessed using histograms,
with log-transformations used to improve normality when
necessary. When ANOVA results were significant, a post-hoc
Tukey’s honest significant difference (HSD) test was con-
ducted using the agricolae package (de Mendiburu 2015) to
determine which groups differed from others. When only
two regions were compared, a two-tailed t-test was used. To
guard against potential bias from unequal numbers of obser-
vations between compared groups and the relatively small
overall sample size, we compared results of ANOVAs and t-
tests to results of corresponding nonparametric tests (the
Kruskal-Wallis H test and Mann-Whitney U test, respec-
tively; Legendre and Legendre 2012). Plots were made using
the ggplot2 and lemon packages (Wickham 2009; Edwards
2018), and sampling locations were mapped using the mar-
map package (Pante and Simon-Bouhet 2013).
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Table 1. Regional ranges and averages (+ SD) of (untransformed) oxidation rates of '*N supplied as ammonium, putrescine, urea,
and glutamate. Data for each substrate were log-transformed prior to statistical tests, and regions with n < 3 were not included in statis-

tical tests.
Ammonia oxidation 5N oxidation from putrescine
Region n Range Avg. + SD Group?® n Range Avg. + SD Group?®
Inshore 3 121.40-431.00 273.85 £ 154.85 A 3 4.53-84.67 43.79 + 40.09 A
Mid-shelf 1 86.35 1 33.66
Shelf-break 10 4.04-229.28 66.22 + 82.54 A 10 0.22-18.86 7.48 + 6.84
Oceanic 4 0.30-9.55 4.05 £ 3.99 B 4 0.01-0.40 0.18 £0.17 B
F2,14 = 88, p= 0.003 F2,14 = 106, p= 0.002
5N oxidation from urea 5N oxidation from GLU

n Range Avg. + SD Group? n Range Avg. + SD Group?®
Inshore 2 20.31-62.53 2 1.42-16.78
Mid-shelf 1 47.52 0
Shelf-break 10 0.02-8.08 2.67 +2.62 7 0.01-1.36 0.77 + 0.56
Oceanic 5 0.05-1.17 0.43 £ 0.43 4 0.01-0.40 0.11 £ 0.19

t=2.1,p=0.057df =11

t=22,p=0.065df =7

“Statistical groups (capital letters) indicate results of Tukey’s HSD test for substrates where an ANOVA indicated significant differences between

regions (p < 0.05).

Results

Oceanographic conditions, August 2017

Surface-water temperature was relatively constant, ranging
from 28.4°C to 31.3°C in samples taken from < 5 m depth. Shelf-
break and oceanic samples showed evidence of density stratifica-
tion, with temperature decreasing with depth and salinity
increasing to ~ 50-100 m and then decreasing at greater depths
(Supporting Information Table S1, Fig. S1a,b). Dissolved oxygen
generally decreased with depth, with minima at 250-350 m near
the shelf-break (< 5.0 mg L™%; Supporting Information Fig. Sic,
Table S1). Chlorophyll fluorescence exhibited subsurface peaks,
particularly near the shelf-break and in some inshore samples
(Supporting Information Fig. S1d, Table S1).

Silicate, phosphate, and NO3~ all increased with depth
(Supporting Information Fig. Sle,f,i). The highest concentra-
tions of NO3~ (> 22.0 uM), phosphate (> 1.5 uM), and silicate
(> 11.0 uM, excluding the Skidaway dock sample) were in
near-bottom waters at the shelf-break (Sta. 5 and 12; Support-
ing Information Table S1). While NH,* and NO,~ displayed
almost no overall trend with depth, most oceanic and shelf-
break stations had subsurface maxima for these nutrients
(Supporting Information Fig. S1g,j, Table S1). Late summer
inshore samples had extremely high NO,~ (3.7 yM and
5.1 uM), and bottom waters at some shelf-break stations also
had high NO,™ (0.5 uM and 0.7 uM, respectively; Supporting
Information Table S1). Urea concentrations were low (most
< 0.5 uM) and showed no discernible pattern with location or
depth (Supporting Information Fig. S1h), though numerous
shelf-break stations had subsurface urea maxima of
~ 0.2-0.3 uM (Supporting Information Table S1).
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Rate measurements

Rates of NH,* oxidation across Georgia coastal waters ran-
ged from 0.3 nM L™ d~! (Sta. 7, 336 m) to 431.0 nM L~! d™*
(Skidaway dock). Maximum oxidation rates of N supplied as
other compounds were lower (Table 1; note that rates for poly-
amines and amino acids are likely potential rates). Oxidation
rates of N supplied as PUT were typically higher than rates for
N supplied as urea or GLU. Oxidation rates of N in DON com-
pounds were usually less than the NH,* oxidation rate in the
same sample. The exceptions were oxidation of PUT-N at Sta.
2011-12 and oxidation of urea N at Sta. 7 (336 m), where the
calculated rates were ~ 2.5-fold and ~ 1.2-fold greater than the
rate of NH,* oxidation in the same samples, respectively
(Supporting Information Table S1).

The highest values for oxidation of N supplied as NH,*, PUT,
GLU, and urea were all from inshore waters (Table 1). Oxidation
rates of NH4" and PUT-N in inshore and shelf-break samples were
significantly greater than in oceanic samples (NH4*: F5 14 = 8.8,
p =0.003; PUT: F;,14 = 10.6, p = 0.002), while oxidation rates of
urea-N and GLU-N were not significantly different between shelf-
break and oceanic samples (Table 1). Results from parametric
and nonparametric tests were consistent with the exception of
urea-N oxidation rates, which were significantly different in mid-
shelf and oceanic samples according to the Mann-Whitney test
(U = 42, p = 0.040) but not the t-test (Table 1). Although inshore
rates of N oxidation from urea-N and GLU-N were not included
in statistical tests (since n = 2), high rates for both substrates were
measured in some inshore samples.

Oxidation rates of N supplied as PUT, urea, or GLU were
highly correlated with NH4* oxidation (Spearman’s p > 0.80,
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Table 2. Regression parameters for model Il (major axis) linear regressions. All pairwise comparisons used for regressions were signifi-

cantly correlated according to Spearman’s rank correlation test.

Explanatory* Response* Estimated slope (95% CI)  Slope p°  Estimated intercept (95% Cl) s p df
NH4* ox. PUT ox. 1.27 (0.97, 1.69) 0.001 -1.36 (-1.93, -0.95) 0.788 < 0.001 17
NH4" ox. Urea ox. 1.09 (0.63, 1.95) 0.001 -1.23 (-2.36, -0.62) 0.516 0.001 16
NH4" ox. GLU ox. 1.02 (0.61, 1.70) 0.003 -1.90 (-2.88, -1.32) 0.676 0.001 11
Thaum. 16S WCA + WCB amoA 1.12 (0.93, 1.36) 0.001 —-1.38 (-3.03, -0.05) 0.837 <0.001 24
Thaum. 16S Nitrospina 16S 0.78 (0.55, 1.08) 0.001 0.14 (-1.90, 1.72) 0.569 < 0.001 30

*All explanatory and response variables were log-transformed. “N oxidation rate” is abbreviated as “ox.” and “thaumarchaeal” is abbreviated as

“Thaum.”
"The p value of the slope was estimated using 999 permutation tests.

p < 0.001 for all comparisons; Supporting Information Fig. S2).
The slopes of linear regressions of PUT-, urea-, and GLU-N
oxidation compared to NH4" oxidation were not significantly
different from 1 (Table 2; Fig. 2). Oxidation of PUT-N was con-
sistently 5-10% of NH4" oxidation across the data set
(Supporting Information Table S1), reflected by the relatively
small 95% confidence interval (CI) of the PUT-N oxidation
vs. NH4" oxidation regression slope (0.97-1.69, p = 0.001; Fig. 2a;
Table 2), though some shelf-break and mid-shelf samples had
higher oxidation rates of PUT-N relative to NH,". In contrast,
the ClIs for regression slopes of urea-N (0.63-1.95, p = 0.001) and
GLU-N oxidation vs. NH4" oxidation (0.61-1.70, p = 0.003) were
larger than that of the PUT-N oxidation vs. NH," oxidation
regression (Table 2), reflecting the larger ranges of residuals in
these regressions (Fig. 2b,c). Several oceanic and shelf-break sam-
ples had relatively high rates of urea-N oxidation compared to
NH," (Fig. 2b; Supporting Information Table S1).

Potential oxidation rates of N supplied as DAE were typically
lower than those of N supplied as DAP or PUT. PUT-N was typi-
cally oxidized most rapidly of the polyamines tested, though
oxidation rates of N supplied as DAP and PUT were comparable
in one of the samples (Marsh Landing, 2016; Fig. 3, Supporting
Information Table S1). Oxidation rates of ARG-N were typically
higher than GLU-N and comparable to PUT-N (Fig. 3). ">NOx
formation from any of the organic N sources was negligible in
filtered controls, as was formation of ">N,O when *N-labeled
substrates were added directly to the denitrifier cultures used to
convert NOx to N,O (data not shown).

Microbial communities

Bacterial 16S rRNA gene abundance was highest in surface
or near-surface waters and decreased with depth (Fig. 4a) and
was higher in inshore waters compared to shelf-break and
ocean waters (Fz 3, = 19.1, p < 0.001; Supporting Information
Fig. S3a). Bacterial gene abundance ranged from
3.36 x 107 copies L™! (Sta. 8, 500 m) to 9.48 x 10'° copies L™*
(Marsh Landing in 2013), with the three highest values at
inshore stations.

Thaumarchaeota abundance (determined by 16S rRNA gene
abundance or amoA abundance as either WCA or WCB) gener-
ally increased with depth (Fig. 4b,d,e), though the abundance
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of thaumarchaeal 16S tRNA genes in some shallow inshore
samples was high (> 10® copies L™!). Due to high 16S abun-
dance both in shallow inshore waters and deeper shelfbreak/
oceanic waters, Thaumarchaeota 16S rRNA gene abundance
did not differ significantly between the three tested regions
when data from all depths were included (Fz20= 1.4,
p = 0.254). The abundance of the WCA amoA clade was high-
est around 100-150 m at shelf-break and oceanic stations and
decreased at greater depths (Fig. 4d). In contrast, the abun-
dance of members of the WCB amoA clade increased with
depth to a maximum below the photic zone (Fig. 4e). The
sum of WCA and WCB amoA abundances was highly corre-
lated with Thaumarchaeota 16S rRNA gene abundances for
the entire sample set (Spearman’s p = 0.71, p < 0.001; Fig. 5a),
but this relationship differed with depth: WCA + WCB amoA
abundance was substantially less than 16S gene abundance in
most shallow samples (< 200 m) but was nearly equal to 16S
gene abundance in deeper samples (Fig. 5). The linear regres-
sion between log-transformed thaumarchaeal 16S rRNA genes
and the sum of the amoA ecotypes was highly significant
(* = 0.837, p < 0.001, df = 24; Fig. 5b; Table 2). The estimated
regression slope was 1.12 (95% CI: 0.93, 1.36) and the 95% CI
of the estimated intercept (-3.03, —0.05) did not include
zero (Table 2). WCA and WCB amoA were not detected at
inshore stations (though thaumarchaeal 16S rRNA gene abun-
dances were high inshore; Fig. 4b, Supporting Information
Table S1).

Nitrospina 16S rRNA genes were generally less abundant than
thaumarchaeal genes (Fig. 4c; Supporting Information Table S1)
but were highly correlated with Thaumarchaeota 16S rRNA
genes (Spearman’s p = 0.617, p < 0.001; Supporting Information
Fig. S4). The linear regression of log-transformed Nitrospina and
Thaumarchaeota 16S genes was significant (** = 0.57, p < 0.001,
df = 30), and the regression slope was 0.78 (95% CI: 0.55-1.08,
p =0.001; Table 2; Supporting Information Fig. S4b). Thau-
marchaeal genes were about 10-fold more abundant than Nitros-
pina genes in most samples (Supporting Information Fig. S4,
Table S1). The abundance of Nitrospina 16S rRNA genes did not
differ significantly between the three tested regions when all
depths were included (F,7; = 0.3, p = 0.721; Supporting Infor-
mation Fig. S3¢).
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Fig. 2. Scatterplots of the oxidation rates of '>N supplied as NH,* vs. '*N supplied as (a) putrescine, (b) urea, and (c) glutamate. Shapes indicate sam-
pling region. Solid lines show the model Il (major axis) regression line and the dashed lines indicate the 95% Cl of the regression slope. The slope (includ-
ing 95% Cl bounds) and p value of the regression are indicated on the plot.

Discussion

Rapid oxidation of polyamine-N compared to amino acid-
N and urea-N

Ammonia oxidation has been well characterized through-
out the sea, and the rates measured here are consistent with
general patterns of high rates near the base of the euphotic
zone (e.g., Ward 1985; Santoro et al. 2010; Beman et al. 2012)
and in near-shore/estuarine waters (e.g., Horrigan and Springer
1990; Bianchi et al. 1999; Ward 2005; Damashek and Francis
2018), and are comparable to previous measurements made in
Georgia coastal waters (Tolar et al. 2016, 2017; Liu et al. 2018).
Far less is known about oxidation of the N in DON, but recent
demonstrations of thaumarchaeal oxidation of N supplied as
urea and cyanate has stimulated interest in this aspect of
marine DON cycling.

PUT-N was preferentially oxidized when compared to oxida-
tion rates of N from urea or amino acids, though NH4" oxidation
typically outstripped oxidation of any form of DON we tested
(Figs. 2, 3; Supporting Information Fig. S2). However, it is impor-
tant to note that most DON oxidation rates presented here
should be considered “potential” rates due to the elevated con-
centration of labeled substrate in amendments compared to the
likely range of in situ concentrations. Although we were not able
to measure concentrations of individual polyamines and amino
acids in this set of samples, we have measured them in other
samples from the SAB during previous studies (Lu et al. 2014;
Liu et al. 2015). Concentrations of polyamines and DFAA in sea-
water are generally low: DFAA are typically tens to hundreds of
nM (Lee and Bada 1977; Mopper and Lindroth 1982; Fuhrman
1990; Bronk and Glibert 1991; Keil and Kirchman 1999; Bradley
et al. 2010), and polyamines are typically ~ 1 nM in coastal
waters and even lower offshore, including the SAB (Nishibori
et al. 20014, 2003; Lu et al. 2014; Liu et al. 2015). Therefore,
even 10-50 nM additions of polyamines or amino acids are
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beyond “tracer” level and may have affected microbial activity
and N oxidation rates in our incubations. Since ammonia and
urea concentrations in situ were higher, these can generally be
considered “tracer” incubations and the resulting oxidation
rates are more likely to represent in situ rates.

Our data suggest that PUT-N may be preferentially oxidized
in the ocean compared to N supplied as shorter polyamines,
urea, or amino acids, indicating that oxidation of N supplied
as PUT may make a greater contribution to nitrification in
coastal waters than oxidation of N from the other tested DON
compounds. Comparing oxidation rates of N supplied as DAE,
DAP, and PUT suggested that N oxidation rates may increase
as the length of the polyamine-C skeleton increases from
2 (DAE) to 4 (PUT; Fig. 3). Unfortunately, the lack of commer-
cially available *N-labeled polyamines of longer chain length
precluded their use in these experiments, so we were unable
to determine if this pattern holds for polyamines with longer
C skeletons. Since we were unable to measure in situ poly-
amine concentrations, our calculated polyamine-N oxidation
rates are likely different from in situ rates. However, the find-
ing that PUT-N oxidation is higher than DAP- or DAE-N oxi-
dation from the same waters is robust if concentrations of
these polyamines are close to the range of individual poly-
amines previously measured in the SAB (Lu et al. 2014; Liu
et al. 2015); note that neither DAE nor DAP were detected in
these studies. For DAE-N or DAP-N oxidation rates to overtake
those of PUT-N (given our measured isotope data and additions
of *N), concentrations of these compounds would have to be
orders of magnitude higher than the concentrations of other
individual polyamines previously measured in the SAB
(e.g., > 500 nM) while PUT concentrations remained low.
Though possible, we believe this situation is unlikely to occur
in the ocean. Clearly, though, our hypothesis of higher N oxi-
dation rates with longer-chain polyamines should be tested by
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Fig. 3. Comparisons of oxidation rates of N supplied as NH4*, urea, PUT, DAE, DAP, ARG, and GLU. Each point for each treatment indicates the value
from one incubation; all treatments shown had duplicate incubations. Note the different y-axis scales.

measuring N oxidation rates and in situ concentrations of
numerous polyamines throughout the ocean.

Of the amino acids we tested, oxidation of ARG-N was
comparable to oxidation of PUT-N in some samples (though
ARG-N oxidation was only measured in a small number of
samples). Prior research has shown ARG-N is remineralized to
NH4* more rapidly than many other amino acids (Hollibaugh
1978; Goldman et al. 1987); our data suggest this rapid libera-
tion of NH,* may result in ARG contributing to nitrification
to a greater degree than other amino acids. Oxidation of urea-
N appears to have a greater contribution to nitrification in
more oligotrophic waters, as oxidation rates of urea-N in dee-
per offshore waters of the SAB were equal to or greater than
oxidation of PUT-N (Table 1; Fig. 2b; Supporting Information
Table S1). However, oxidation of NH,* was the dominant pro-
cess in the majority of our samples.

Potential mechanisms of polyamine-N oxidation

The fact that oxidation of PUT-N was consistently faster
than the oxidation of GLU-N (Fig. 3; Table 1) suggests either
direct oxidation of PUT-N or surprisingly rapid regeneration of
PUT-N to NH4", since N supplied as GLU is rapidly regenerated
to NH4;" compared to other amino acids (e.g., Crawford
et al. 1974; Hollibaugh 1978; Amon et al. 2001). Given the
structural similarity between primary amines and ammonia, it
is tempting to speculate that Thaumarchaeota (the dominant
marine ammonia oxidizer in these waters; Tolar et al. 2017; Liu
et al. 2018) may be able to oxidize polyamine-N directly, lead-
ing to high rates of oxidation of PUT-N where Thaumarchaeota
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are abundant. However, we cannot rule out the possibility that
N supplied as polyamines is regenerated as NH;* more rapidly
than N from other DON compounds, providing a significant
source of NH," for Thaumarchaeota growing via canonical
ammonia oxidation. The low C : N ratio of polyamines (e.g., 2
for PUT) compared to marine bacteria (e.g., 5-6; Goldman
et al. 1987; Fukuda et al. 1998) suggests heterotrophs catabolizing
polyamines could release a significant amount of polyamine-N as
regenerated NH4". The fact that oxidation rates of N from ARG
(C : N = 1.5) were higher than GLU (C : N = 5; Fig. 3) may be an
analogous case, as metabolism of a mole of ARG would liberate
more NH,* than a mole of GLU even though N remineralization
rates from both are typically high (Hollibaugh 1978; Goldman
et al. 1987). If remineralization coupled to NH," oxidation is the
mechanism behind the observed oxidation rates of N supplied as
polyamines, the high rates of N oxidation from PUT compared to
urea and amino acids (Fig. 3; Table 1) suggests that remineraliza-
tion of N from polyamines in the sea is surprisingly rapid, even
compared to other more abundant forms of labile DON. Poly-
amines are indeed taken up rapidly and mineralized by hetero-
trophs in the SAB (Liu et al. 2015). The fact that heterotrophic
assimilation of spermine and spermidine is typically faster than
PUT (as judged by kinetic experiments with cultures and turnover
rates in seawater; Tabor and Tabor 1966; Liu et al. 2015) suggests
these two polyamines may also play a significant role in marine
nitrification if polyamine-N oxidation is dependent on reminerali-
zation, particularly given high concentrations of intracellular sper-
midine in marine diatoms and cyanobacteria (Hamana and
Matsuzaki 1985; Nishibori and Nishijima 2004; Liu et al. 2016).
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At this point, we cannot distinguish between direct oxida-
tion of polyamines by Thaumarchaeota or rapid remineraliza-
tion polyamine-N followed by NH,* oxidation. The fact that
oxidation rates of N supplied as NH,*, urea, PUT, and GLU
were all highly correlated (Fig. 2; Supporting Information
Fig. S2) does not resolve this question, as these correlations pre-
dominantly reflect high-oxidation rates in coastal waters where
both Thaumarchaeota and bacteria were abundant. Inshore
waters of the SAB have high polyamine and amino acid turn-
over rates (Liu et al. 2015) and high bacterial production and
respiration rates (Cai et al. 2003; Liu et al. 2015). Therefore,
high-oxidation rates of N supplied as DON at inshore stations
reflect the high-biogeochemical activity generally found in
these waters regardless of whether the rapid N-oxidation is due
to direct activity of abundant Thaumarchaeota or to the com-
bined activity of heterotrophic remineralization and NH,* oxi-
dation. However, irrespective of the underlying mechanism,
our data suggest that oxidation of polyamine-N may contribute
to a significant fraction of total nitrification in waters where
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polyamine fluxes are high, such as decaying phytoplankton
blooms or productive coastal waters (Lee and Jorgensen 1995;
Nishibori et al. 2001b; Lu et al. 2014; Liu et al. 2015; Krempaska
et al. 2018) and may therefore contribute significantly to DON
oxidation in the coastal ocean.

In addition to steep gradients in environmental conditions
and overall biogeochemical activity (e.g., Cai et al. 2003; Liu
et al. 2015; Supporting Information Fig. S1), the phylogenetic
composition of the dominant thaumarchaeal population
changes from inshore to offshore waters in the SAB. WCA and
WCB were abundant at the shelfbreak and in oceanic waters,
while other thaumarchaeal clades are more abundant inshore
and over the shelf (Supporting Information Fig. S3b,d,e; Liu
et al. 2018; see below). Taking NH," oxidation rate as a proxy
for thaumarchaeal activity, the consistent linear relationship
between PUT-N and NH,* oxidation rates in our combined data
set (Fig. 2a; Table 2) suggests that PUT-N oxidation rates scale
with thaumarchaeal activity across the SAB, regardless of the
phylogenetic composition of the Thaumarchaeota population.
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Thaumarchaeal ecotypes in the SAB

Previous analyses of amoA clone libraries from the SAB sug-
gested that members of the WCA clade dominate the thau-
marchaeal community in shallower mid-shelf or shelf-break
waters, whereas members of the WCB clade were more abun-
dant in deeper waters (Liu et al. 2018). Since these data pro-
vided a picture of the overall thaumarchaeal diversity in the
SAB, we focused on quantifying the WCA and WCB ecotypes,
particularly around the shelf-break. Peak abundance of WCA
was at 45-100 m near the shelf-break and slightly deeper
(130-150 m) further offshore. WCB was most abundant in dee-
per (> 200 m) oceanic waters (Fig. 4e; Supporting Information
Table S1).

Although the sum of WCA plus WCB abundance was
highly correlated with the abundance of thaumarchaeal 16S
rRNA genes in both shallow (<200 m) and deep waters
(Fig. 5), the greater abundance of 16S genes in shallow waters
suggests that Thaumarchaeota ecotypes not detected by the
WCA or WCB primer sets may be abundant there, given that
all marine thaumarchaeal genomes sequenced to date have
one copy of both the 16S rRNA gene and the amoA gene.
Indeed, prior studies of thaumarchaeal diversity at inshore sta-
tions of the SAB have found clades other than WCA and WCB
to be abundant at times (Hollibaugh et al. 2011, 2014;
Liu et al. 2018), and studies comparing WCA and WCB abun-
dance to “total” thaumarchaeal abundance in other coastal
marine regions have found similar patterns (Smith et al. 2016;
Damashek et al. 2017). In contrast, the sum of ecotypes
accounted for the majority of Thaumarchaeota detected as 16S
rRNA genes in deeper waters (Fig. 5), matching previous ampli-
con sequencing data from the SAB (Liu et al. 2018) as well as
studies in other regions of the ocean (e.g., Francis et al. 2005;
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Kalanetra et al. 2009; Beman et al. 2010; Sintes et al. 2013; San-
toro et al. 2017). Given the documented shifts in thaumarchaeal
diversity from inshore to oceanic waters, our finding that PUT-N
oxidation rates were a consistent fraction (~ 5-10%) of the NH,*
oxidation rates across the combined dataset suggests that, unlike
urea oxidation (Alonso-Sédez et al. 2012; Qin et al. 2014; Bayer
et al. 2016; Tolar et al. 2017; Carini et al. 2018), oxidation of
PUT-N in the SAB is not directly related to thaumarchaeal
diversity.

Nitrite-oxidizing bacteria in the SAB

Previous studies of the distributions of Thaumarchaeota and
Nitrospina across the SAB found high abundance of both clades
inshore (Liu et al. 2018). Our sampling, which was focused at
deeper shelf-break and oceanic stations, captured a different dis-
tribution pattern: Nitrospina were not more abundant in our
inshore samples (Supporting Information Fig. S3c), but co-
occurrence of subsurface peaks of both clades at shelf-break and
oceanic stations (Fig. 4b,c) drove a strong correlation between
ammonia-oxidizing Thaumarchaeota and nitrite-oxidizing
Nitrospina across our data set (Supporting Information Fig. S4).
Similar co-occurring subsurface peaks were reported in the Cali-
fornia Current, with Thaumarchaeota also outnumbering Nitros-
pina (Mincer et al. 2007; Santoro et al. 2010). Previous time
series sampling in the SAB found lower abundance of Nitrospina
than Thaumarchaeota in summer (Hollibaugh et al. 2014; Liu
et al. 2018) due to more rapid growth of Thaumarchaeota
at high temperature (Schaefer and Hollibaugh 2017). While
the primer set used here does not capture all known nitrite
oxidizers (e.g., Nitrospira, Nitrobacter, or Nitrococcus), previous
analyses of 16S rRNA gene libraries from inshore stations (Amaral-
Zettler et al. unpubl. data), of metatranscriptomes (Hollibaugh
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et al. 2014), and of the composition of enrichment cultures raised
from inshore SAB waters (Schaefer and Hollibaugh 2017) indicate
that Nitrospina-like bacteria are the predominant nitrite oxidizers
in this system, similar to other regions of the ocean (e.g., Fiissel
et al. 2012; Beman et al. 2013).

Conclusions

Previous studies of the contribution of DON-N to nitrifica-
tion have largely focused on urea. Our data indicate that N
from other DON compounds may be oxidized more rapidly
than urea-N, though ammonia oxidation rates were generally
higher than oxidation of N from any tested DON compound.
In particular, N supplied as putrescine was oxidized at a signif-
icantly higher rate than N from urea and the amino acids we
tested. It is unclear if marine Thaumarchaeota are able to use
polyamine-N directly, or whether oxidation relies on rapid
regeneration of polyamine-N to ammonium. Regardless of the
mechanism, however, polyamine-N may contribute signifi-
cantly to the production of nitrite and nitrate in the ocean.
This work stresses the need to investigate the oxidation rates
of N supplied as other DON compounds in the ocean, and
begs the question whether marine Thaumarchaeota are capa-
ble of oxidizing polyamine-N directly.
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