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Abstract

The diversity and environmental distribution of the nosZ gene, which encodes the enzyme
responsible for the consumption of nitrous oxide, was investigated in marine and
terrestrial environments using a functional gene microarray. The microbial communities
represented by the nosZ gene probes showed strong biogeographical separation.
Communities from surface ocean waters and agricultural soils differed significantly from
each other and from those in oceanic oxygen minimum zones. Atypical nosZ genes, usually
associated with incomplete denitrification pathways, were detected in all the
environments, including surface ocean waters. The abundance of nosZ genes, as estimated

by quantitative PCR, was highest in agricultural soils and lowest in surface ocean waters.

1. Introduction

Nitrous oxide is a trace component of the atmosphere, but is a potent greenhouse gas
and an important ozone destroying agent. Oceans and agricultural soils are both significant
sources of N20 to the atmosphere, each contributing about 20% of the total flux (Ciais et al.

2013). Nitrous oxide is produced under both oxic and anoxic conditions during
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nitrification (by oxidation of ammonia and reduction of nitrite) and denitrification (by
reduction of nitrate and nitrite). The only known biological sink for N0 is via reduction to
N2 by the enzyme nitrous oxide reductase (N20R), which is encoded by the nosZ gene
cluster. N20R is typically associated with the canonical denitrification pathway, in which
nitrogen oxides are sequentially reduced (NO3- = NOz = NO - N20 - N) as respiratory
electron acceptors in anaerobic metabolism by bacteria. The pathway is somewhat
modular, i.e., not all “denitrifiers” encode all the enzymes that catalyze the steps in the
complete pathway (Graf et al. 2014), which may be part of the explanation for anomalous
accumulations of the denitrification intermediates, nitrite and nitrous oxide, in
environments such as the oxygen minimum zones (OMZs) of the ocean.

Canonical denitrification is usually restricted to anoxic or very low oxygen
environments, and the enzymes involved in the pathway are inhibited by oxygen to varying
degrees (Korner and Zumft 1989). Thus the consumption of N0 is thought to be restricted
to anoxic conditions. Conventional denitrifiers in the alpha-, beta- and gamma-
proteobacteria, which are well characterized in both marine and terrestrial environments,
possess what we shall refer to as conventional, or Clade I, nosZ genes. The recent
discovery of novel nosZ sequences in bacterial groups, such as the Firmicutes, CFB
(Cytophaga-Flavobacteria-Bacteroides) supergroup, and Verrumicrobia, not formerly
associated with denitrification (Jones et al. 2013, Sanford et al. 2012) have extended the
phylogenetic and physiological range of nitrous oxide consumption. Some of the atypical, or
Clade II, nosZ genes occur in genomes that do not include the genes encoding nitrous oxide
production from nitrite. For example, the Clade Il genes are found in the Bacteroidetes and

the Epsilon-proteobacteria, whereas the Clade I genes have not been reported in these



groups (Jones et al. 2013). Atypical nosZ sequences have been found widely in diverse
environments, including arable soils, freshwater sediments and hydrocarbon contaminated
soils (Jones et al 2013, Sanford et al. 2012). nosZ genes, diverse but with closer identity to
Clade II, have recently been reported in two clades of Marinimicrobia, a phylum formerly
known as Marine Group A and SAR406, and which has no cultured representatives but is
widespread in the ocean (Hawley et al. 2017). Clearly N20 reduction is not limited to the
activity of complete denitrifiers and the two Clades of nosZ can be equally abundant in
some environments.

The purpose of the present study was to investigate the community composition of
N20 consuming bacteria on the basis of their nosZ genes by screening a range of marine and
terrestrial environments using a functional gene microarray that contains probes for both
major clades of bacterial nosZ genes. We hypothesized that the NosZ community would
vary among environments, showing regional biogeographical patterns, and that the nosZ

genes will be more abundant under low oxygen conditions.

2. Materials and Methods
2.1 Nucleic Acid Manipulations and Quantitative PCR Analysis

The source of samples and physical/chemical data for each are listed in Table 1.
Particulate material from 5-10 L of seawater was collected onto Sterivex capsules (0.2 um
filter, Millipore, Inc., Bedford, MA) with a peristaltic pump. Immediately after filtration the
capsule filters were quick frozen in liquid nitrogen and stored at -80°C until the DNA could be
extracted. Sediment samples were obtained from agricultural areas in Mississippi in July and

August 2013 from homogenized 10 cm deep cores and frozen at -80°C until analysis.



DNA was extracted from 0.25-0.35 g of sediment samples using the UltraClean Soil
DNA Kit (Mobio Laboratories, Inc., Carlsbad, CA). DNA was extracted from Sterivex capsule
filters from the Arabian Sea using the PUREGENE Genomic DNA Isolation Kit (Gentra,
Minneapolis, MN) following procedures recommended by the manufacturer. For all the
other water samples DNA was extracted from Sterivex capsule filters using the ALLPrep
DNA/RNA Mini Kit (Qiagen Sciences, Maryland, USA). PCR amplification and qPCR using
SYBR Green and the Qiagen master mix (Qiagen Sciences, Maryland, USA) were described
previously for seawater samples (Jayakumar et al. 2013). Those protocols were followed
here for the nosZ gene using primers nosZ1F (WCSYTGTTCMTCGACAGCCAG) and nosZ1R
(ATGTCGATCARCTGVKCRTTYTC) to amplify a 259 base-pair fragment (Henry et al. 2006)
The locations of the PCR primers are shown in Figure S1. Standardization and verification
of specificity for qPCR assays was performed as described (Jayakumar et al. 2009). Primers
nosZ1F and nosZ1R targeted the Clade I genes; Clade II genes were not amplified
separately. Rhodopseudomonas palustris, was used as a positive control to optimize the
reaction and to construct a plasmid for use as a standard in the qPCR assays. The amplified
products were visualized after electrophoresis in 1.0% agarose gels stained with ethidium
bromide.

Assays for each sample group (Mississippi soil, seawater) were carried out within a
single assay plate (Smith et al. 2006). Each assay included triplicates of the no template
controls (NTC), no primer control (NPR), four or more standards, and triplicates of known
quantity of the environmental DNA samples (20 - 25 ng). DNA was quantified using PicoGreen
fluorescence (Molecular Probes, Eugene, OR) calibrated with several dilutions of phage lambda

standards. Quantitative PCR was performed using a Stratagene MX3000P (Agilent



Technologies, La Jolla, CA, USA). Automatic analysis settings were used to determine the

threshold cycle (Ct) values. The copy numbers were calculated according to:

number

mole
g3
g = mole bp

copy number =

bp x
and then converted to copy number per ml seawater filtered, or per gram of sediment
assuming 100% extraction efficiency.

To maintain continuity and consistency among qPCR assays a subset of samples from
the first assay was included in subsequent assays, as well as fresh dilution series for standard
curves on every assay. Template DNA and plasmid DNA were quantified prior to every assay as
above using PicoGreen fluorescence to account for DNA loss that occurs upon repeated freeze-

thaw cycles.

2.2 Microarray

The microarray (BC016) was developed following the archetype array approach
described and employed previously (e.g., Ward and Bouskill 2011, Bulow et al. 2008) with 90-
mer oligonucleotide probes. Each probe included a nosZ-specific 70-mer region and a 20-mer
control region (5'-GTACTACTAGCCTAGGCTAG-3") bound to a glass slide. The design and
spotting of the probes has been described previously (Bulow et al. 2008).

Microarray BCO16 contained two probe sets (NosZ and WNZ) for the nosZ gene. Clade I
nosZ, most commonly found in marine and terrestrial heterotrophic denitrifying bacteria, was
represented by 71 NosZ probes derived from whole genome sequences in public databases
plus sequences obtained from clone libraries made using DNA extracts from the Great

Sippewissett Marsh in Falmouth, MA, USA (Kearns et al. 2015). Clade I nosZ sequences were



associated with cultured strains representing alpha-, beta-, and gamma-Proteobacteria. An
additional 43 WNZ probes were included to capture the atypical Clade Il nosZ sequences
(Sanford et al. 2012, Jones et al. 2013). Cultivated members of the atypical WNZ probe set
include alpha-, beta- and delta-Proteobacteria, CFB supergroup, Firmicutes and Verrumicrobia.
The probe accession numbers and sequences are listed in Table S1 and the phylogenetic trees
of the probe sequences are found in Figure S2. The trees do not represent exactly the
phylogeny of the complete genes because it is based only on the 70mer region of the probe.
The 70mers were derived from the most variable part of the gene that allowed a robust
alignment in order to maximize the resolution of the probe set (Bulow et al 2008). (The
locations of the probe regions are shown in Figure S1.) Arrays were printed on glass slides
(DeRisi et al. 1997) by Microarrays, Inc. (Huntsville, AL, USA).

Targets were prepared according to Ward and Bouskill (2011). PCR amplified DNA
(from the gPCR assays above) was used for labeling with a BioPrime kit (Thermo Fisher
Scientific, Cambridge, MA, USA) using random primers and a custom 1.2 mM dNTP mix with
dUaa, followed by ethanol precipitation. The precipitated DNA was dissolved in 4.5 pl of 100
nM NaCOs3 (pH 9) before the addition of 4.5 pl of Cy3 dye and incubated for 3 h to overnight.
Samples were then purified using a QIAquick PCR cleanup kit (Qiagen, Valencia, CA, USA) with
buffer modifications described by Ward and Bouskill (2011). DNA concentration of the targets
were measured on a Nanodrop spectrophotometer and the volume required for 200 ng of DNA
was aliquoted into two separate tubes per sample, dried down under vacuum, and stored
frozen until hybridized.

Samples were hybridized to the arrays overnight in sealed tubes and then washed

according to Ward and Bouskill (2011). Arrays were scanned with an Agilent laser scanner



4300 (Agilent, Palo Alto, CA) and analyzed using GenePix 6.0 software. Replicate features
on the same array were averaged to calculate the Cy3/Cy5 ratio for each probe. Relative
fluorescence ratio (RFR, the fraction that each probe fluorescence (Cy3/Cy5 ratio)
contributes to the total fluorescence of the probe group) and normalized fluorescence ratio
(FRn, the Cy3/Cy5 ratio of each probe normalized to the maximum Cy3/Cy5 detected on
that array for the probe group) were used for plotting and statistical analysis. The original
array data are available at Gene Expression Omnibus
(http://www.ncbi.nlm.nih.gov/projects/geo/) at the National Center for Biotechnology

Information under GEO Accession No. #####

2.3 Statistical analysis.

The array data were analyzed using the vegan package in R (CRAN website;
http://www.R-project.org) (Borcard et al. 2011). FRn values were transformed
(Arcsin(Square root)) in order to normalize the proportional data. Environmental data
were transformed (square root) and then standardized around zero (decostand in vegan).
The transformed data were used in all diversity and ordination analyses according to
Borcard et al (2011). The null hypothesis that the nosZ community composition did not
differ between regions was tested in R using Multi-response Permutation Procedure
(MRPP) (Zimmerman et al. 1985) with a significance level of 5%. The significance of the

grouping of the stations by community composition was assessed using anosim in R.



3. Results
3.1 Abundance of nosZ genes

The abundance of nosZ genes was on the order of a few hundred to a few thousand
copies ml1 of seawater for the marine samples and much higher (>107 g-1) in the soil
samples (Table 1). Within the marine samples, the highest abundances (~103 ml-1)

occurred in the OMZ samples and the lowest in the polar samples.

3.2 Major Archetypes

The thirteen samples from four different environments showed regionally distinct
hybridization patterns for Clade [ nosZ archetypes (Figure 1). The two polar samples, both
surface water, differed from each other but were even more different from the other 11
samples. Most samples had low evenness (Table 2) with one or a few archetypes
dominating the total hybridization signal (Figure 1). The archetypes responsible for the
major signals varied with habitat.

The major archetype in the Arctic sample was NosZ20, which represents
Pseudomonas stutzeri, a commonly isolated marine and soil denitrifying strain. The second
strongest signal in the Arctic sample was NosZ24, which represents several
Rhodopseudomonas palustris strains derived from marine sediments. NosZ24 was the
largest signal in the Antarctic sample, followed by NosZ64 (Rhodanobacter denitrificans,
isolated from a contaminated aquifer, and representing a large number of uncultured soil
nosZ sequences).

The three major Clade I signals in the ETNP and ETSP samples were NosZ65,

NosZ14 and NosZ6. NosZ65 represents a number of cultured Marinobacter sp., denitrifiers



isolated from various marine environments and NosZ6 represents other Marinobacter sp.
from sediments plus several salt marsh sequences. NosZ14 represents uncultured
marine/salt marsh sediment sequences (Kearns et al. 2015), but was detected only in the
OMZ samples, not in the soils.

NosZ15 (representing numerous uncultured soil sequences and Achromobacter
xylosoxidans) was one of the largest signals in the Arabian Sea, followed by three
archetypes with strong signals in the ETSP, NosZ6, NosZ14 and NosZ65. NosZ15 was the
largest signal in the Mississippi soil samples, followed by NosZ60 (Sinorhizobium meliloti)
and NosZ20 (Pseudomonas fluorescence and P. stutzeri), both associated with nosZ
sequences derived from soils and coastal sediments.

Two archetypes were responsible for the major signals of the atypical nosZ in all
samples across all locations (Figure 2). WNZ16 is an environmental sequence derived from
agricultural soils while WNZ21 represents Anaeromyxobacter delahlogenans, which was
isolated from soils contaminated with halogenated hydrocarbons.

One other WNZ archetype had a relatively large signal in most samples, WNZ43, an
atypical nosZ sequence from activated sludge with no known cultured representatives.
WNZ38, representing Salinibacter ruber, a halotolerant soil bacterium, was a large signal

only in the Arabian Sea samples.

3.3 Community composition
The relative abundance of different archetypes, estimated from hybridization signal

strength, varied biogeographically (Figures 1 and 2). MRPP analysis confirmed that the



community compositions in all four environments differed significantly from each other,
both for NosZ and WNZ archetypes (p < 0.001 for both).

A Principal Components Analysis (PCA) for conventional NosZ archetypes (Figure
3A) revealed that all four environments clustered separately, although the two polar
samples were quite distant from each other, and the Arctic sample was much more similar
to the other marine samples than to the Antarctic sample. The PCA for WNZ archetypes
(Figure 3B) also grouped the stations by environment. Both groupings were significant at p
<0.001 (anosim).

The archetypes that were correlated with different samples include both the major
signals mentioned above and many more archetypes with minor signal strength. For
example, both major signals NosZ15 and NosZ60 were correlated with the Mississippi soil
samples. NosZ58 and NosZ59 are also strongly correlated with the Mississippi soil
samples, where they represented only 5-6 % of the total signal, but they were much less
than 1 % in all the marine samples, and thus they distinguish the soil samples from all
others. Similarly, NosZ69 and NosZ70 were a small fraction of the total signal in the ETSP
samples, but because they were absent in all the others, they distinguish the ETSP
communities. NosZ29 distinguished the OMZ samples; it represents sequences derived
from the salt marsh, but comprised ~3 - 9 % of the signal in the OMZ samples and was very
minor or not detected in the soil or polar samples. Pseudomonas stutzeri, which has been
cultivated from both soils and marine environments, is represented in NosZ20, and was

detected at ~5% or more of the signal in all samples except the Pacific OMZ samples.
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3.4 Environmental correlates

To investigate environmental drivers of nosZ communities, the array results for the
marine samples were analyzed separately because analogous environmental data were not
available for the soil samples. The three marine environments clustered separately when
ordinated with key environmental parameters and nosZ archetype community composition
(Figure 4). The polar samples were positively correlated with oxygen, in opposition to all
the other samples, which were from OMZ environments. Salinity and temperature were
both higher in the Arabian Sea than elsewhere, and these samples also had the highest
abundance of nosZ, estimated by qPCR. NosZ15, NosZ20, NosZ14 and NosZ6 all correlated
positively with the Arabian Sea communities, while NosZ65 was correlated with the ETSP
and ETNP samples.

The clusters were less clear for WNZ community composition ordinated with
environmental variables (Figure S3), but the general distributions were similar to the
clusters obtained for nosZ archetype analysis. Only the archetypes that differentiated the
samples, i.e., some of the smaller signals, were strongly correlated with community
composition. WNZ38 and WNZ36 were distinguishing archetypes for the Arabian Sea
communities and were highly correlated with the three environmental variables that
distinguished the Arabian Sea (T, S and bottom depth). WNZ16, correlated with oxygen,
was the strongest signal in the Antarctic sample (but was the second largest signal in all

others)
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4. Discussion
4.1 Abundance of nosZ genes

The highest abundance of nosZ genes was found in the Mississippi agricultural soils, on
the order of 2 - 8 x 107 copies g1 of soil. This is very similar to abundances reported for salt
marsh sediments (0.45 - 5.2 x 107 copies g1 of sediment; Kearns et al. 2016), agricultural soils
under various fertilizer and crop regimes (~1 - 4 x 106 copies g1 dry soil; Thompson et al.
2016) and from pasture and riparian soils (~5 x 105 - 1 x 107 copies g1 dry soil; Deslippe et al.
2014). Deslippe et al. (2014) and Thompson et al. (2016) also quantified nirS or nirS and nirK,
the genes that encode nitrite reductase, a step in the denitrification sequence prior to the
reduction of nitrous oxide. In both cases, the abundance of the nitrite reductase genes
exceeded that of nosZ by a factor of 10-fold or more.

The abundance of nosZ was lower in all of the marine samples than in the soil samples.
The highest copy numbers (less than 2 x103 copies ml-1) in OMZ samples were found in the
three samples from the Arabian Sea OMZ. Similar abundances of nosZ genes (average 103,
maximum of 5 x 103 copies ml-1) and transcripts (up to 0.9 x 103 copies ml-1) were reported
previously from the Arabian Sea (Wyman et al. 2013). In the data of Wyman et al. (2013),
expression of nosZ was highest at the depth of the primary nitrite maximum in well oxygenated
waters, leading Wyman et al (2013) to suggest that facultative denitrifiers were associated
with low oxygen microzones on the surface of Trichodesmium colonies. Abundances of nirS
and nirK have been reported previously (Jayakumar et al. 2013) for some of the samples
analyzed here for nosZ; nirS was present at much higher levels (~5 x 105 copies ml-1) while

nirK was present at only a few hundred copies ml-1.
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As far as is known, both nirS and nosZ are single copy genes, so their abundance should
correlate with abundance of cells that contain the pathways. These gene abundances imply
that cells containing these genes represent a small fraction of the total assemblage in both soil
and seawater environments. Given typical bacterial abundances (10° cells g1 for soils and
maximum of 10-6 cells ml-1 for seawater at OMZ depths) nosZ bearing cells represent at most
8% and 2% of the total assemblage in agricultural soils and OMZ seawater, respectively. By
contrast, nirS bearing cells are much more abundant and have even been estimated to be as
much as 50% of the total assemblage in OMZ samples (Jayakumar et al. 2013).

The consistent finding that nirS abundance exceeds that of nosZ in both marine and soil
environments may imply decoupling of the complete denitrification pathway. N20 does not
accumulate to very high levels except under certain environmental conditions. This might
suggest that different parts of the nirS community are active under different conditions, while
an effective N20 scavenging assemblage, including microbes that do not produce N,0
themselves, is very efficient at removing N20.

It is also likely, however, that primer bias obscures the actual diversity and total
abundances of the genes responsible for the multiple steps in the denitrification pathway. The
nirS abundances for the marine samples reported here were obtained by qPCR using primers
designed for marine denitrifiers (Braker et al. 1998). Using another set of primers (Throback
et al. 2004), denitrifier nirS was detected at levels up to only 15 copies ml-! (Lam et al. 2009) in
the ETSP. Clearly the abundance estimates are heavily influenced by the choice of primers,
and primer bias is probably also at work in the present estimates of nosZ abundance. The fact

that nosZ abundances reported here were much lower in the Pacific OMZs than in the Arabian
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Sea could be due to different community composition, which could influence both number and
type of nosZ detected.

The nosZ primers used here were developed by Henry et al. (2006) at a time when both
marine and terrestrial nosZ sequences were already well represented in the data base. The
nosZ1F/nosZ1R primers of Henry et al. (2006) amplify a shorter region (259 bp) than that
amplified by the primers developed by Scala and Kerkhof (1999; ~1100 bp) for marine targets,
and so were more compatible with quantitative PCR amplification (Table S1). Nevertheless,
we suspect that the qPCR primers used here may have underestimated the real abundance of
nosZ genes in the marine samples

Both Jones et al. (2013) and Sanford et al (2012) developed new PCR primers for
atypical nosZ genes, partly motivated by the clear separation between sequences of the two
main clades of nosZ genes, and the finding that the existing primers (Scala and Kerkhof 1998,
Henry et al. 2006) did not amplify some of the Clade Il sequences. Although the primers used
in the current study have been shown to underestimate the total nosZ abundance because they
do not adequately amplify the Clade Il sequences, it is clear from the array results that they do
in fact amplify at least some of them. Many of the Clade Il archetypes were detected on the
array and two of them were among the highest FRn signals (Figure 2). That is, both clades are
represented in the community composition detected on the arrays (the targets hybridized to
the arrays were the very same PCR products that were produced in the qPCR assays), and the
abundance estimates reported here include conventional as well as atypical nosZ genes.

All of the primers commonly used to amplify nosZ overlap in their target sequence
range, such that most of them amplify the region represented by the NosZ and WNZ probes on

the array (Figure S1). The primers used by Wyman et al. (2013) amplify a fragment that
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overlaps only partially with the WNZ probe region and not at all with the NosZ probe region
(Table S1). Therefore, it is not possible to know whether the Labrenzia-type nosZ genes from
the Arabian Sea would have been detected by either qPCR or the array in the present study.
The few nosZ sequences available from the recently described Marinimicrobia are not
represented on the current array and would not have been amplified by the primers used in
this study. These sequences are estimated to be present at the level of a few percent of the
sequenced metagenome in some anoxic environments (Hawley et al. 2017), which would make
them a significant component of the overall nosZ assemblage, but would not change the order
of magnitude of the total nosZ abundance.

We conclude from this discussion that all the existing primers, including those used for
this study, very likely underestimate both the abundance and the diversity of nosZ genes in
terrestrial and marine environments. Therefore, it would be worthwhile to revisit primer
design for the nosZ genes. It seems unlikely that truly universal primers are possible, but it
may be possible to develop improved primers that explicitly target phylogenetically distinct
sequences across the entire range of diversity, regardless of environment.

The modularity of the N cycle may also be a factor in understanding the relative
abundance and phylogenetic affiliations of genes associated with different steps in the
denitrification pathway (Graf et al. 2014, Stein and Klotz 2016). Stein and Klotz (2016)
argue that the broad distribution of diverse nitrogen transformation genes emerged
gradually over evolutionary time in response to changing environmental conditions. This
resulted in a modular design, rather than a phylogenetically defined distribution of N cycle
functions. Therefore, the abundance and phylogenetic relationships observed for these

marker genes may reflect the growth and activity response of diverse microbes to the
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continually changing conditions of their environment. These responses may lead to
advantages in growth or transfer efficiency for individual members of the assemblage, but
are not easily understood from the single gene perspective taken here with qPCR and

community analysis based on the microarray.

4.2 Community composition

The most striking feature of the community composition as represented by the
hybridization patterns is the biogeography of archetypes. Many of the same archetypes were
important in many samples, but their relative contributions to the total signal varied
significantly among habitats. The regional differences were stronger for the conventional
NosZ archetypes than for the atypical WNZ archetypes. Clustering of community composition
by habitat is clear whether the environmental variables are included in the analysis or not.
This may imply that interactions among the assemblage represented by nosZ genes and with
other components of the overall assemblage are important determinants of community
composition, in addition to selection by environmental variables. Biogeographical patterns are
often observed in microbial distributions, including ammonia-oxidizing archaea (Peng et al.
2013, Biller et al. 2012; Pester et al. 2014, Santoro et al. 2017) and nirS-defined denitrifying
bacteria (Jayakumar et al. 2013) in OMZs and other environments, and nifH in sediment
microbial communities (Zhou et al. 2016).

A second significant finding is that nosZ genes were detected in samples from the well
oxygenated near surface waters of the polar regions. For the conventional nosZ archetypes, the
two polar assemblages were different from each other and different from all the other samples

as well, consistent with the idea that these environments are not likely to harbor conventional
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denitrifying communities. By contrast, nirS, a key gene in the denitrifying pathway, is
abundant within the anoxic nitrite containing waters but is generally undetectable in the oxic
surface layer (Jayakumar et al 2009, Ward et al 2009). Despite the regional differences in
atypical nosZ community composition, the same two atypical WNZ archetypes constituted the
most intense signals in all 13 samples (Figure 2). All of the atypical nosZ sequences used on the
microarray were obtained from soils (both agricultural soils and hydrocarbon contaminated
sites; Sanford et al. 2012). The hybridization data make it clear that sequences closely related
to those of soil microorganisms occur in seawater as well. Atypical nosZ genes are not
generally associated with complete denitrification, but they may represent an important sink
for N0 that was previously not considered to be important in oxygenated waters. Wyman et
al. (2013) suggested that facultative denitrifiers related to Labrenzia could be responsible for
N20 consumption in Trichodesmium aggregates in surface waters.

The microarray does not contain the entire breadth of nosZ diversity because the
sequence database represented on the microarray is biased towards sequences retrieved from
soil and marsh environments. While the large sequence database of marine nosZ sequences
(e.g., Scala and Kerkhof 1999) is not fully represented on the microarray, nosZ probes based on
sequences from cultivated marine denitrifiers produced major signals in the OMZ samples
(e.g., Marinobacter, NosZ65 and NosZ6; P. stutzeri, NosZ20). On the basis of nirS clone libraries
(Jayakumar et al 2009), Marinobacter sp. was identified as an important component of the
denitrifying assemblage in the OMZs; Marinobacter sp. represented 33% of the sequences in a
sample from the secondary nitrite maximum of the Arabian Sea OMZ.

As mentioned above, many of the Clade Il nosZ genes are not amplified by the primers

used in this study (Jones et al. 2013, Sanford et al. 2012), but our analysis indicates sufficient

17



identity with the primers to allow amplification of the atypical nosZ sequences represented by
probes WNZ21 and WNZ16. Both of these probes represent Anaeromyxobacter species, a
genus associated with diverse anaerobic metabolisms in soils. These two WNZ probes have
very low identity with any of the conventional nosZ probes, and a recent BLAST search
revealed no near identities with any sequence other than the WNZ sequences from which the
probes were derived. Thus their signals truly represent the presence of atypical nosZ genes in
the oxic surface ocean, as well as in the OMZs.

Within the constraints of primer selection, these data represent a snapshot of the
presence of microbes that possess the genetic potential for N20 reduction. It remains to be
investigated which of these genes are being expressed under different environmental
conditions. At some level, however, abundant archetypes must either be active or contained in
cells that are active under those conditions, even if they are using some unrelated metabolism.
Predation and degradation would eventually remove inactive cells and decrease the gene
abundance in an inactive population. Hybridization to the microarray of targets derived from
RNA can be used to address the question of activity vs. presence. Biogeochemical experiments
would be useful to investigate whether N0 is actually produced and consumed in surface

waters (Rees et al. 2016).
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Figure S1. Map of the nosZ gene from Pseudomonas fluorescens showing location of commonly
used PCR primers and 70-mer probe regions for both Clade I and Clade Il nosZ gene

amplification

Figure S2. Phylogenetic trees showing relationships among NosZ (A) and WNZ (B) probes

Figure S3. Redundancy analysis for marine samples, based on WNZ archetypes, overlain with

environmental variables.

Table S1. NosZ Probe ID list

Table S2. WNZ Probe ID list
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Figure 1. Stacked bar plot showing FRn for each conventional NosZ archetype at each station.

Colors represent individual archetype signals (see legend).

Figure 2. Stacked bar plot showing FRn for each atypical WNZ archetype at each station.

Colors represent individual archetype signals (see legend).

Figure 3A. Principal components analysis for all samples on the basis of community

composition of NosZ archetypes.

Figure 3B. Principal components analysis for all samples on the basis of community

composition of WNZ archetypes.
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Figure 4. Redundancy analysis for marine samples, based on NosZ archetypes, overlain with

environmental variables.

Table 1. Sample location and environmental data. NA = not applicable. ND = not determined.
02 concentration was determined by Seabird SBE43 sensor mounted on the CTD; NO2, NO3 and

PO4 were determined using standard colorimetric protocols (UNESCO 1994).

Bott NO NO PO
Dep Latitu om 02 3 2 4
Stati  th Longit de Dept To (VO (VI (VIR (V)
Sample Cruise on (m) udeoE oN h[m] C S M) M) M) M)
Polar
1. 35 34 41 10.
OAl1_EO4 JR271 EO4 40 3.66 7835 100 8 15 3 6 0.0 1
- 1. 33. 37 21
OA2_BO4 JR274 BO4 60 25.93 58.08 2896 2 71 5 51 00 ND

Eastern Tropical Pacific OMZ

regions

ETNP_BB2_1 TN278-ETNP - 13 34. 1.7 19

40m 2012 BB2 140 107.15 16.53 3600 .0 81 0 79 6.1 26
ETSP_Stn55_ NBP13-05- - 12 34. 23 11.

175m 2013 BB2 175 -70.66 20.77 1782 6 87 2 6 7.1 238
ETSP_BB2_1  NBP13-05- - 12 34. 21

15m 2013 BB2 115 -70.66 20.77 1782 9 86 5 97 56 28
ETSP_BB2_3 NBP13-05- - 10 34. 23 21.

00m 2013 BB2 300 -70.71 20.53 1714 9 76 8 2 6.7 28

Arabian Sea OMZ regions

AS_Stnl 150 18 35. g7 16.
m KNOX-8 Stnl 150 66.38 19.22 3100 2 64 7 21 52 20
AS_Stnl_175 16 35. gg 15
m KNOX-8 Stnl 175 66.38 19.22 3100 .7 60 3 58 4.2 20
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AS_Stn2_150 17 35. 06 18
m KNOX-8 Stn2 150 69.00 1500 3800 7 56 7 47 36 20

Agricultural soils

Drainage_W 3.2

et -90.68 33.40 NA NA NA ND 0O ND ND
Soybean_We 25.

t -90.66 33.40 NA NA NA ND 1 ND ND
Riparian_We

t -90.66 33.40 NA NA NA ND ND ND ND
LakeWetland -90.68 33.40 NA NA NA ND 13 ND ND

Table 2. Diversity measures and qPCR data for microarray samples. No = Richness (number
of archetypes represented out of 71 total (NosZ) and 43 total (WNZ)); H = Shannon
Entropy; E2 = Simpson Evenness. nosZ abundance in copies ml-! (for seawater samples) or

g1 dry wt soil (for agricultural soil samples).

NosZ WNZ Total nosZ genes
copies per
No H E2 No H E2 ml st. dev.
OAl_EO4 69 3.238 0.178 43 2.403 0.139 130.8 26.8
OA2_BO4 34 2.748 0.241 35 1.391 0.075 35.9 21.0
ETNP_BB2_140m 67 2.977 0.150 38 1.925 0.095 111.2 9.4
ETSP_Stn55_175m 66 2.909 0.137 34 1.959 0.112 457.4 28.9
ETSP_BB2_115m 68 3.299 0.168 42 2.343 0.117 636.4 49.0
ETSP_BB2_300m 62 2.881 0.135 36 2.535 0.173 174.9 10.4
AS_Stn1_150m 68 3.432 0.311 41 2.460 0.155 1181.7 180.1
AS_Stnl_175m 70 3.304 0.257 36 1.994 0.135 1702.6 10.8
AS_Stn2_150m 58 3.278 0.282 25 1.878 0.171 1206.4 60.0
Drainage_Wet 57 2.829 0.135 24 1.656 0.153  8.28E+07  2.90E+06
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ACCEPTED MANUSCRIPT

Soybean_Wet 67 3.033 0.165 36 2.116 0.143  2.02E+07  6.84E+06
Riparian_Wet 63 2.948 0.160 39 1.631 0.080 2.85E+07  5.18E+06
LakeWetland 67 3.442 0.263 36 1.942 0.122 7.98E+07 9.22E+06
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