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ABSTRACT

Marine sediments harbor metabolically versatiletdrda whose activities can
influence the cycle of nutrients on global scallBcrobial communities driving
nitrogen (N) cycling are extremely diverse, thuskng it difficult to identify the
functional groups and elucidate controls on theiivdly. Denitrifiers in sediments
remove significant amounts of N from the coastatas; while diazotrophs are
typically considered inconsequential. Recently, ikation has been shown to be a
potentially important source of N in coastal sedise however, the environmental
drivers controlling this process are poorly undswdt The goal of this dissertation
was to identify and target the likely active dafigrs and N fixers in coastal marine
sediments through the analysis of genes expreseedptoteins essential for
denitrification, a nitrite reductas@i(S) and nitrogen fixation, a nitrogenase subunit
(nifH). Subsequently, quantitative PCR and RT-PCR weesl tio follow the changes
in abundance, distribution amifH expression of the dominant diazotrophic groups in
response to environmental conditions. Two groupdiadotrophs related to anaerobic
sulfur/iron reducers and sulfate reducers dominatéd expression in Narragansett
Bay (RI, USA) sediments. Increased seawater tertyperand severe hypoxia appear
to be influencing the proliferation and activity thlese two bacterial groups. Oxygen
depletion also affects sediment porewater nutrjemdicating a shift in benthic
microbial processes. In offshore sedimenif$] expression was related to UCYN-A, a
unicellular cyanobacterium. These findings sugdlest UCYN-A, a known tropical
and subtropical open ocean symbiont, has a brdadenal tolerance than previously

assumed and can survive in the benthos after tspln of its eukaryotic host.



Diazotrophic activity by these microbial commurstien marine sediments is an
unanticipated contribution of fixed N to coastalstgyns. Climate change may
exacerbate the environmental conditions in whiceséh microbes become active,

consequently altering the global marine nitrogecieyn unprecedented ways.
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INTRODUCTION
Benthic Nitrogen Fixation in Coastal Systems

Benthic sediments in temperate coastal and estiagosystems are generally
considered areas of net nitrogen (N) loss throhghrémoval of fixed N by
denitrification (Nixon et al. 1996; Seitzinger &t E996). In these regions,
denitrification typically exceeds rates of N fixati the conversion of Njas into
ammonia. The result is a depletion of availabledif the system (Seitzinger 1988).
Therefore, inputs of N through N fixation are commtyaregarded as an
inconsequential contribution to most estuarine Ndats (Howarth et al. 1988b;
Galloway et al. 2004).

Nearshore marine environments are characterizdugdbyprimary production
of phytoplankton and rooted macrophytes, includieggrasses and salt marsh plants
(Nixon et al. 1983). The availability of N in coaktmarine systems limits primary
production (Howarth 1988; Vitousek et al. 1991).Shstain high levels of growth,
macrophytes require substantial sources of inocgr(Patriquin 1972). While
macrophytes largely recycle organic N entrainethensediment (lizumi et al. 1982;
Dennison 1987, Caffrey et al. 1992; White et abB4)9to combat the significant
losses of N removed or denitrified, sources of hNeare also essential to support their
nutrient demands (Capone 1988). Consequently,uiegaihe importance N fixation
in coastal benthic sediments has been of greaestt& the scientific community.

Benthic N fixation has been extensively studiedneas associated with the
photic zone, including sediments vegetated by npdores (Capone 1983; Capone

1988; McGlathery et al. 1998; Welsh 2000) and psyrtthetic microbial mats



(Capone 1983; Paerl et al. 1996). Nitrogen fixatronon-vegetated, unlit sediments
is just recently gaining more attention (Fulwegeml. 2007; Bertics et al. 2010;
Fulweiler et al. 2013). Many of the early studieswimented N fixation by utilizing
the acetylene reduction assay (ARA) to measurgigctf the nitrogenase enzyme,
the conserved protein complex catalyzing N fixaijeg. (Capone et al. 1982; Capone
1983; Paerl et al. 1996; Welsh et al. 1997)). Merent studies have used/Ar flux
measurements to document N fixation by observighit in the net balance of N
fluxing into the sediment from N fixation as oppdde out of the sediment from
denitrification (Gardner et al. 2006; Fulweileragét2007; Fulweiler et al. 2013).
However, these methods provide no information reiggrthe identity of the
potentially active microbes driving N fixation iha environment, their diversity or the
functional redundancy of this process in unvegdtasgliments. Phylogenetic analysis
of nifH, the gene encoding the iron protein componert®hitrogenase enzyme, has
been widely used to study diazotrophs in a vamégnvironments reviewed in (Zehr
et al. 2003; Jenkins et al. 2008; Gaby et al. 20Cdupling molecular approaches and
biogeochemical measurements can provide usefuintgtion regarding the ecology
and functioning of benthic habitats.
Diazotrophic Activity By Sulfate Reducers SupportdMacrophyte Growth

Intertidal zones of temperate coastal systemsegetated by extensive
meadows of rooted macrophytes includ@pgrtina alterniflora, Zostera marina, and
Z. noltii. The productivity of these meadows is largely supgd by external inputs
and by the recycling of remineralized nitrogenuyia et al. 1982; Dennison 1987,

Caffrey et al. 1992; White et al. 1994). Severatss have shown that the



concentrations of inorganic N in the sediment pateware insufficient to meet the
growth requirements of the macrophytes (Patriq@in2l Short 1983; Moriarty et al.
1985). Heterotrophic N fixation in the rhizosphprevides a significant source of
new N for plant growth, overcoming the limitatioh availability and, in turn,
influences primary productivity of these ecosysté@apone 1988).

High rates of N fixation have been recorded in isegiits colonized by rooted
macrophytes (Table 1). Rates ranged from 0.1 mg?\ifrto 7.3 mg N rif d* and
were dependent on species, location and seaso(i&ditye 1). In the Bassion
d’Arachon, France, N fixation contributed ~6-12% ¢ nitrogen requirement of the
seagras<Z. noltii (Welsh et al. 1996). Similar values were repofted. marinain
Great South Bay, New York (Capone et al. 1982)hBwtidies also measured N
fixation after the addition of sodium molybdatespecific inhibitor of sulfate
respiration. Severely reduced nitrogenase actwag detected in the rhizosphere,
indicating sulfate reducing bacteria were importaritributors to N fixation in the
vegetated sediments (Capone et al. 1982; WeldhE3%6).

To gain a better understanding on the associagbnden the nitrogen fixing
bacteria and the macrophtes, several studies assts|ocation of and controls on
nitrogenase activity in the rhizosphere. Roots daebmes accounted for about 31%
and 91% of rhizosphere nitrogenase activitZ.inoltii andS. maritime, respectively
(Table 1) (Nielsen et al. 2001). h marina, about 39% of the rhizosphere N fixation
was associated with roots, while only 4% was asgediwith rhizomes (McGlathery
et al. 1998). The roots and rhizomes of Zbetera seagrasses comprise a small

portion of the rhizosphere biomass and, therefdrigation from the bacteria



colonizing the sediment is still significant (Niefset al. 2001). The combination of
carbon availability and concentrations of ammonappear to control N fixation in
macrophyte-associated bacteria. The supply of acgarbstrate excreted from the
plant can support heterotrophs, such as sulfatecezd, and has been shown to
stimulate nitrogenase activity (Welsh et al. 199&zIsen et al. 2001). Several studies
have debated the impact of sediment porewater anumoon N fixation activity. In a
Z. noltii meadow, about 30% of the nitrogenase activity ragtiafter addition of
1mM ammonium chloride (Welsh et al. 1997), whiclntcasted results from a fjord in
Denmark, in which the rhizospheretfmarina beds were not sensitive to ammonium
additions (McGlathery et al. 1998).

Hundreds of diazotrophic bacteria were isolatechfsalt marsh rhizospheres
and characterized both morphologically and physicily (Bagwell et al. 1998).
Representative specieskfterobacter, Vibrio, Azotobacter, Spirilla, Pseudomonas
andRhizobia, as well as strains with no clear taxonomic &ffibns, were recovered
(Bagwell et al. 1998). Culturing techniques, howeean be biased, so the natural
diazotrophic communities inhabiting the rhizosphafr& alterniflora were analyzed
using anifH fingerprinting method (Table 2) (Lovell et al. 200The diversity of N
fixers was dominated hiyifH sequences closely relatedyt®roteobacteria, including
Azotobacter chroococcum andPseudomonas stutzeri, and sulfate reducing anaerobes,
such aesulfonema limicola andDesulfovibrio gigas (Lovell et al. 2000). The same
method was performed concurrently with measuritigpgenase activity in sediments
containing tall and shoB& alterniflora stands (Piceno et al. 1999). Nitrogenase

activity differed between these sites, but the cositpn of the diazotrophs remained



highly stable both spatially and temporally (Picenal. 1999). Conversely, another
study of the same macrophyte detected seasonabildyi of the rhizosphere
diazotroph assemblages, in which several membedteainaerobic population were
only detected during the winter months (Table 2ar(®le et al. 2010). Only a small
subset of the N fixing microbial community was itléed to be actively expressing
nifH in S alterniflora rhizospheres (Table 2) (Brown et al. 2003). Theali@mphs
were closely related tBseudomonas stutzeri, Vibrio diazotrophicus, Desulfovibrio
africanus andD. gigas (Brown et al. 2003). N fixation by macrophyte-asated
bacteria helps contribute to the overall produttieif the plant communities by
providing a significant source of new N to coastadsystems (Capone 1988; Welsh
2000).
Both Cyanobacteria and Sulfate Reducers Contributéo N Fixation in Microbial
Mats

Marine benthic microbial mats frequently developha intertidal regions of
estuaries and coastal embayments (Cohen et al; Ca8#n et al. 1989). The mats
host metabolically diverse groups of microorganishat contribute to critical steps in
biogeochemical cycles (Cohen et al. 1984; Van Gderefl993). Temperate estuaries
and coastal regions are typically considered Neted!(Vitousek et al. 1991), which
in turn limits the primary productivity and growtth mat microbial communities
(Paerl et al. 2000). N fixation by bacteria inhabts provides a source of new N to aid
in the development and persistence of the mat €@l 1985; Paerl et al. 2000).
Nitrogenase activity was generally attributed tazditrophic cyanobacteria, which are

visually prominent and dominate the biomass andggneroduction of most



phototrophic mats (Paerl et al. 1991; Bebout e1293). However, with the advent of
molecular techniques, came the discovery that ditiath to cyanobacteria, other
microbes may be significant contributors of fixedd\the mats.

Microbial mats are composed of a rich assembla@pacteria possessing the
ability to fix N (Paerl 1990). By targeting tim&fH gene, a high diversity of
heterotrophic diazotrophs, many closely relatednaerobes includinGhromatium
(purple sulfur bacteriapesulfovibrio (sulfate reducers) @lostridium (strict
anaerobes) spp., were detected in a North Carojiaaobacterial mat (Table 2) (Zehr
et al. 1995). The genetic potential to fix N shdffeom diazotrophic cyanobacteria
dominating the mat in the summer to heterotrophixdrs in the fall and winter
(Zehr et al. 1995). The seasonal shift indicates e heterotrophs are likely
responsible for fixing N during the cooler montR&iylogenetic analysis oifH
MRNA transcripts of the same site revealed thae gpression was limited to two
groups related to non-heterocystous cyanobactedaalfate reducers, including
Desulfovibrio vulgaris, Desulfovibrio salexigens, andDesulfovibrio gigas (Table 2)
(Steppe et al. 2005J.0 further elucidate the N fixing potential of stk reducing
bacteria residing in the mat, Steppe et al. (2@W#pited sulfate reduction and
confirmed that the sulfate reducers contributethéomayjority of nighttime
nitrogenase activity.

Similar results were reported from a study in GexriNegro, Baja California
Sur, in which anifH microarray was developed to examine the community
composition andhifH expression of a microbial mat in response to notdi@gading

(Moisander et al. 2006). Diazotroph diversity waghhin both the control and the



nutrient amended mats, howewiiH expression was only detected in the unaltered
mat. A small subset of the diazotrophic communigswactively expressingfH,
including three strains of cyanobacteria (relate@ytanothece, Leptolyngbya and
Halothece spp.), two sulfate reducers (relatedtesulfovibrio vulgaris and
Desulfovibrio salexigens) and a green sulfur bacteriuRr,ostecochloris aestuarii

(Table 2) (Moisander et al. 2006). Based on theskecnlar studies, the key
diazotrophs potentially providing a source of NHie microbial mat are related to
cyanobacteria and sulfate reducers.

High rates of N fixation in microbial mats have beeported for several
temperate coastal systems (Table 1). Joye et@4jreported rates as high as 79 mg
N m? d*. This fixed N by the mat microbial communitiedasally essential to the
development and high productivity of the mat. Hoeredue to the restricted areal
distribution of microbial mats and high rates ohiification, their contribution to the
total N budget in coastal marine ecosystems is n{ihmye et al. 1994; Herbert 1999).
Unprecedented N Fixation in Non-vegetated SedimenBriven By Sulfate
Reducers

The benthos of most estuarine and coastal ecosystensists primarily of
non-vegetated sediments. These bare sedimentsrsiglered net sinks for N due to
high rates of denitrification (Nixon et al. 199&i&inger et al. 1996). In fact, during
the 1970s, N fixation in the benthic sediments afridgansett Bay, Rhode Island and
Rhode River Estuary, Maryland accounted for <1% <fb of the total annual influx
of N into the systems, respectively (Marsho ell@l5; Seitzinger 1987). Reported

rates of N fixation during the 1970s and 1980s weslly less than 1 mg N ™



(Table 1), with higher values detected in orgamyoath sediments such as those
found in Waccasassa Estuary, Florida (Brooks €lt%l1). For temperate estuarine
sediments, Capone (1983) calculated an annualdtidix rate of 0.4 + 0.07 g N'fn
year'. Due to the low rates of N fixation in these bémttabitats, very few studies
focused on N fixation as a source of N in unvegetaediments.

During the summer of 2006, several sites in uppar&dyansett Bay exhibited
high rates of net N fixation (Fulweiler et al. 200The dramatic reversal in net
sediment N flux was attributed to climate changkioed oligotrophication of the bay
(Fulweiler et al. 2007). Fulweiler et al. (2007pgested N fixation in the estuarine
sediments during those summer months added a&di5&) x 16 g of N to the bay
over the annual cycle. To further investigate thpact of shifting phytoplankton
bloom phenology, a biogeochemical-molecular apgreeas used to analyze the
timing of organic matter deposition to mesocosm#aaing Narragansett Bay
sediments (Fulweiler et al. 2013). IncreasdHl expression occurred concomitantly
with lower rates of denitrification in sedimentarsted of organic matter (Fulweiler et
al. 2013).nifH mRNA transcripts were limited to two phylogenetiogps related to
Pelobacter carbinolicus andDesulfovibrio vulgaris, anaerobes that can reduce sulfur
and sulfate compounds, respectively (Table 2) (Euéret al. 2013).

Several studies in other coastal ecosystems havesafjgested sulfate
reducing bacteria are responsible for the measutezhen fixation activity. N
fixation has been documented as an important mésrnaior adding N (10.8 £ 8.5 mg
N m?d?) to several Texas estuaries (Gardner et al. 200€)hesapeake Bay

sediments, mangifH DNA sequences phylogenetically grouped with sulfatiucers,



such aesulfovibrio salexigens andDesulfobacter curvatus (Table 2) (Burns et al.
2002). Additionally, nitrogenase activity decreasebstantially when sulfate
reduction was inhibited (Burns et al. 2002). Bertt al. (2010) confirmed these
results in bioturbated sediments off the coastalff@nia. Nitrogenase activity
decreased in the presence of sodium molybdate &#diXfH sequences were closely
related to various sulfur and sulfate reducersuiclg Desulfovibrio and
Desulfobacter spp. (Table 2) (Bertics et al. 2010). These reogmbrts indicate
unvegetated sediments may be a significant sodrisleumder certain environmental
conditions.
Thesis Motivation and Outline

Unvegetated marine sediments are typically regaagdatet sinks for N (Nixon
et al. 1996, Seitzinger et al. 1996) and N fixai®thought to be a negligible process
due to the high input of N into the system (Howaatlal. 1988a; Howarth et al.
1988b) and the process being repressed by combirfPadstgate 1982). Recently,
benthic unvegetated sediments in several coastalstems exhibited high rates of N
fixation, challenging the denitrification-dominatpdradigm (Table 1) (Gardner et al.
2006; Fulweiler et al. 2007; Bertics et al. 20I0)e environmental factors driving
this microbially mediated switch are not fully unsk®od. The primary objective of
this dissertation research is to identify and tatige potentially active bacterial groups
driving nitrogen fixation and denitrification intesirine sediments and subsequently
follow the changes in community composition andvagtof these important
populations of microorganisms under different emwinental conditions. The

response of these microbes may provide insightth@environmental controls



driving these N cycling processes and help us bettderstand the bacteria’s
influence on the ecosystem.

The capability to fix nitrogen or denitrify is widpread among diverse
prokaryotic taxa (Young 1992; Zumft 1997). Analysfexpressed functional genes
associated with nitrogen fixationi{H) and denitrificationifirS) can used to identify
the most potentially active microbes driving thpsecesses in the environment. Very
few studies have used this method to study theil®osity of likely active N cycling
microbes in marine sediments. In Chapter 1, theesgoon ohifH andnirSwere
analyzed along the estuarine gradient of NarragaBsg to an offshore continental
shelf site over a temporal cycle. The dominantdraaitgroups expressimgfH were
related to anaerobic sulfur/iron reducers and sulieducers. The highest abundance
andnifH expression of both groups was detected in uppalaijansett Bay sediments,
which may be experiencing enhanced environmensalidiance due to warming
seawater temperatures, seasonal hypoxia and thgriagdient exhibited in the upper
bay.

At the offshore sites)ifH expression was closely related to a unicellular
cyanobacterium, UCYN-A, recently renam@anditatus Atelocyanobacterium
thalassa (Thompson et al. 2012). UCYN-A is a knénwpical and subtropical open
ocean diazotrophic cyanobacterium (Zehr et al. @4t has a symbiotic association
with a unicellular prymnesiophyte (Thompson e8l12). In Chapter 2, UCYN-A
nifH transcripts were detected in the sediment (updm én depth) when bottom
water temperatures were 5-8°C, indicating that UCA' San survive after the lifespan

of its eukaryotic host and also has a broader thktoterance than previously
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believed. Diazotrophic activity from A. thalassasediments is an unexplored
contribution of fixed N to coastal systems.

The results of Chapter 1 demonstrate that low tisslooxygen conditions
associated with hypoxia might be an important drofesediment N fixation in coastal
ecosystems. Chapter 3 further explores the imddogmoxia on benthic sediments
collected in upper Narragansett Bay. Sediment chaniatics (eg. oxygen penetration
and porewater nitrogen concentrations) varied $poase to fluctuating oxygen
concentrations in the water column, indicating arnge in microbial activity in the
sediment. For example, at some sites, when oxygeid increased in the surface
sediment, a greater concentration of porewatetenjpius nitrate was observed
suggesting nitrification (an oxygen requiring pregewas stimulated. The greatest
bulk nifH expression was detected in sediments usually iragdnt hypoxia. Not
surprisingly, the dominant groups expressifgl in the sediment were related to
iron/sulfur and sulfate reducing bacteria (previgudentified in Chapter 1). The
abundance anaifH expression of the dominant N fixing groups did appear to
respond to low oxygen conditions (2-3 mg/L DO).Hegrs closer to anoxic conditions
are necessary to promote nitrogenase activityaadltiazotropic groups.

The work from this dissertation demonstrates thaeeobes related to sulfate
reducers and iron/sulfur respiring bacteria areotig@anisms that can add fixed N to
non-vegetated marine sediments. In other coastdhizehabitats, N fixation provides
a critical source of nutrients to support the gfoamd productivity of marine
seagrasses, salt marsh plants and photosynthetiobral mats (Capone 1988). Based

on sulfate respiration inhibition assays and phgtagic analyses, sulfate reducing
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bacteria have been recognized as important actifieel in these benthic
environments, supporting our findings (Table 2)e3é anaerobic bacteria appear to
be significant contributors to the fixed N poolmarine benthic ecosystems. However,
very few studies have investigated the controls éikation in anaerobic bacteria,
including sensitivity to combined N and oxygen talece. Regulation of anaerobic N
fixation studies are needed to better understamddhtrols of this process in benthic
habitats and to predict how coastal ecosystemg&gpond to future environmental
changes.
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Table 1: N fixation rates recorded for temperatethie coastal systems. All rates are
presented in mg N Ku, unless associated with specific parts of a roatadrophyte
(eg. roots or rhizomes), in which case N fixatiateris reported as nmol N &',

Coastal Benthic System N fixation Reference
Rates
Vegetated by Macrophytes (mg N mi%d™)

0.2-0.4 (Spring) Welsh et al. 1996
2.0-7.3 (Summer)
1.8-4.4 (Autumn)

0.1-0.2 (Winter)

1.5-2.6 (Spring) McGlathery et al.
4.2-6.0 (Summer) 1998
3.1-5.5 (Autumn)

1.2-2.7 (Winter)

5.2 (Summer)

Zostera noltii
Bassin d'Arcachon, France

Zostera marina
Limfjord, Denmark

Zostera marina Capone et al. 1982

Great South Bay, New York

Zostera marina
Vaucluse Shores, Virginia

3.9-6.5 (Summer) Capone et al. 1982

(nmol N cmi®*h™®)

0.008 (Roots)
0.046 (Rhizomes)
0.117 (Sediments)

0.876 (Roots)
0.037 (Rhizomes)
0.087 (Sediments)

Zostera noltii Nielsen et al. 2001

Spartina maritime Nielsen et al. 2001

Marine Microbial Mat (mg N m*d™)
Island of Mellum, Germany 2.19-4.11 Stal et al. 1984
Tomales Bay, California 6.0-79.0 Joye et al. 1994
Bird Shoal, North Carolina 4.47 £3.15 Steppe et al. 2005
Unvegetated Marine Sediment (mg N m?d™)
Temperate Estuarine Sediments 1.1+0.19 Capone 1983
Rhode River Estuary, 0.36 Marsho et al. 1975
Chesapeake Bay, Maryland
Lune Estuary, England 0.38 Jones 1982
Narragansett Bay, Rhode Island 0.08 Seitzinger 1987
Waccasassa Estuary, Florida 1.02 Brooks et al. 1971
Chesapeake Bay, Maryland 1.1+0.5 Burns et al. 2002
Four Estuaries in Texas 10.8+8.5 Gardner et al. 2006
Catalina Harbor, California (1-10 cm) 10.1 +12.05 Bertics et al. 2010




Table 2: Temperate benthic diazotrophs identiffedugh phylogenetic analysis of

nifH genes.
DNA
Coastal Benthic System Microbes or Reference
MRNA
Vegetated by Macrophytes
Soartina alterniflora Azotobacter chroococcum DNA Lovell et al.
Rhizosphere Pseudomonas stutzeri 2000
Desulfonema limicola
Desulfovibrio gigas
Spartina alterniflora Pseudomonas stutzeri mRNA  Brown et al.
Rhizosphere Vibrio diazotrophicus 2003
North Inlet Salt Marsh, Desulfovibrio africanus
Georgetown, South Carolina Desulfovibrio gigas
Spartina alterniflora Vibrionaceae clade DNA Gamble et
Rhizosphere Klebsiella pneumoniae al. 2010
North Inlet Salt Marsh, Sulfitobacter sp.
Georgetown, South Carolina  Azoarcus sp.
Desulfosporosinus sp.
Desulfovibrio spp.
Herbaspirillum seropedica
Marine Microbial Mat
Bird Shoal, North Carolina Lyngbya lagerheimii DNA Zehr et al.
Azotobacter sp. 1995
Klebsiella sp.
Chromatium buderi
Clostridium pasteurianum
Desulfovibrio gigas
Bird Shoal, North Carolina Lyngbya lagerheimii MmRNA  Steppe et al.
Trichodesmium sp. 2005
Desulfovibrio vulgaris
Desulfovibrio salexigens
Desulfovibrio gigas
Guerrero Negro, Cyanothece sp. MRNA Moisander
Baja California Sur Leptolyngbya sp. et al. 2006
Halothece sp.
Desulfovibrio vulgaris
Desulfovibrio salexigens
Prostecochloris aestuarii
Unvegetated Marine Sediment
Chesapeake Bay, Maryland Desulfovibrio salexigens DNA Burns et al.
Desulfobacter curvatus 2002
marine mat bacterium
Catalina Harbor, California Desulfuromonas acetoxidans DNA Bertics et al.
Desulfobacter curvatus 2010
Desulfovibrio spp.
Narragansett Bay, Rhode Island Pelobacter carbinolicus MRNA Fulweiler
et al. 2013

Desulfovibrio vulgaris
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Abstract:

Nitrogen (N) cycling microbial communities in magisediments are
extremely diverse and it is unknown whether thiesity reflects extensive
functional redundancy. Sedimentary denitrifiers ogmsignificant amounts of N from
the coastal ocean and diazotrophs are typicallgroegl as inconsequential. Recently,
N fixation has been shown to be a potentially inigatr source of N in estuarine and
continental shelf sediments. Analysis of expreggates for nitrite reductaseilS)
and a nitrogenase subumitfH) was used to identify the likely active denitrifBeand
nitrogen fixers in surface sediments from differe@asons in Narragansett Bay (R,
USA). The overall diversity of diazotrophs expregsiifH decreased along the
estuarine gradient from the estuarine head to fshafe continental shelf site. Two
groups of sequences related to anaerobic sulfarfeducers and sulfate reducers
dominated libraries of expresseidH genes. Quantitative PCR and RT-PCR data
shows the highest abundance of both groups at dayigite (MNB), and the highest
nifH expression at the head of the estuary (PRE), dexsar of season. Warming
seawater temperatures at PRE and MNB, along wabasel hypoxia and higher
concentrations of iron at site PRE, may influereedbundance amifH expression
of these two bacterial groups.

Introduction:

Estuaries and continental shelves are dynamic stmsg that receive and
process large inputs of anthropogenic added na$rieom human activity (Pinckney
et al. 2001, Liu et al. 2010). Most of the nitrod@l) is removed by denitrification in

sediments in these coastal regions (Nixon et &6]1Seitzinger et al. 1996).
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Denitrification is an anaerobic microbially medid{grocess in which oxidized forms
of nitrogen are sequentially reduced topdds. This pathway is responsible for the
major loss of fixed nitrogen in coastal marginsjckhn turn drives the global N
deficit (Howarth et al. 1988a).

Biological nitrogen fixation, the conversion of §as into ammonia, is usually
regarded as an inconsequential component in msrese nitrogen budgets
(Howarth et al. 1988b; Galloway et al. 2004). Hoee\N fixation is being considered
increasingly important in specific benthic habitgiarticularly in areas associated with
the photic zone including photosynthetic microlredts (Capone 1983; Paerl et al.
1996) and sediments vegetated by sea grasses (Me@Gl&t al. 1998; Herbert 1999)
and salt marsh plants (Welsh et al. 1996; Her®#90) Due to the high rates of
denitrification reported in estuarine systems (Seger 1988; Nixon et al. 1996), little
attention has been given to whether nitrogen fxaticcurs in non-vegetated
sediments. Recently, benthic sediments from th@éeate estuary Narragansett Bay
(RI, USA) were shown to exhibit a seasonal switchitrogen cycling with high rates
of net N fixation, challenging the denitrification-domindtparadigm (Fulweiler et al.
2007).

Functional genes encoding cellular proteins thaliate biogeochemical
transformations not only provide insight into tledlegy of a system, but also can be
used to investigate the diversity of specific g®@op microorganisms (eg. denitrifiers
and nitrogen fixers) in the environment. The keagimediate step in the
denitrification pathway, reduction of nitrite tatm¢ oxide, is catalyzed by the NirS

and NirK proteins, two known forms of dissimilataririte reductase. Bacteria harbor
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copies of eithenirSor nirK genes and both have been used as gene markerf®used
ecological studies to follow denitrifier communitgmposition (Braker et al. 2001;
Avrahami et al. 2003nirSwas targeted for this study as the gene is pretiatign
found in marine sediments through PCR-based methddke nirK is detected more
readily in soil (Braker et al. 2000). The studydadzotroph diversity has been largely
based on the phylogenetic analysisidi (Zehr et al. 1989), the gene encoding the
nitrogenase iron protein component of the consemtedgenase protein complex, an
enzyme catalyzing nitrogen fixation in these mi@®kHoward et al. 1996).

The capability to denitrify or fix nitrogen is digiuted through diverse
prokaryotic taxa throughout the bacteria and aral{geung 1992; Zumft 1997).
Several studies in Chesapeake Bay (MD and VA, Ug&g sought to understand the
mechanisms driving the distribution of denitrifi¢Bulow et al. 2008) and diazotrophs
(Burns et al. 2002; Jenkins et al. 2004; Short.€2G04; Steward et al. 2004;
Moisander et al. 2007). These studies have higtdaythat diverse communities of
microbes containing thairSor nifH gene are present in the estuarine ecosystem, but it
remains unclear what factors control their divgraitd what fraction of these
microbes are metabolically active. In this studg, fallow gene expression to identify
the likely active groups driving denitrification édmitrogen fixation. Determining the
functional groups can help elucidate the envirortiadezontrols regulating these two
processes. Very few studies have used gene expmessia method to examine
biodiversity of the most potentially active N cyai microbes. Only a few groups
have detectedirSexpression (Nogales et al. 2002; Bulow et al. 2G0f) to our

knowledge, there has been only one repornifbf expression in non-vegetated benthic
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sediments (Fulweiler et al. 2013). Our purpose igd beyond DNA diversity studies,
targeting mMRNA from sediments to understand therdity of the assemblages of
denitrifiers and nitrogen fixers expressing theS andnifH genes, respectively.

In this study, we examined the activeS- andnifH-transcribing microbial
populations to determine the likely functional dafers and diazotrophs in benthic
sediment samples collected along the estuarineagailom the head of Narragansett
Bay to an offshore continental shelf site. Onewfa&ms was to determine if the
expresseairSandnifH sequence diversity patterns resembled the unipiiébdition
of denitrifiers and nitrogen fixers in Chesapealeg,Bn which the diversity afirS
andnifH decreased along the estuarine gradient from tlsbvirater end to the more
saline mouth (Moisander et al. 2007; Bulow et 8D&). Nitrogen fixation in bare
estuarine sediments is recently becoming recogrageah important process
occurring in coastal systems (Fulweiler et al. 2@%4ttics et al. 2010; Bertics et al.
2012a; Bertics et al. 2012b; Fulweiler et al. 20%8)for the remainder of the study
we focused on quantifying the transcriptional attief bacterial populations actively
expressingifH. Predominant expressadH sequences were used to develop primers
and probes for quantitative PCR to follow the clemnim abundance, distribution and
nifH expression of the microbial groups along the estaaradient over an annual
temporal cycle. To investigate how the environmergacts the biodiversity of
genetically active diazotrophs, we also examingemqeal mechanisms (eg. oxygen,
temperature and salinity) driving shifts in thes&zdtroph communities in the benthic

sediments.
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Results:

Expression of functional genes associated witlogén fixation ifH) and
denitrification firS) were analyzed at four stations (PRE, MNB, RIS@ &tP1)
along the estuarine gradient of Narragansett Baytoffshore continental shelf site
over a temporal cycle (Fig. 1, Table S1). (RefeExperimental Proceduresfor more
in-depth collection and site description.)

Phylogenetic Relationships of ExpressedirS and nifH Sequences

Expression ohifH was detected at all four sites throughout the taalpcycle
(Fig. 2). The spatial distribution offH mRNA transcripts was variable along the
sediment depth gradient and did not appear to pacdted by location or season of
collection (Fig. 2)nirSexpression was also observed at all four statioosgever it
was usually detected in the warmer sampling mofitas/ through October) (Fig. 2).
nirS expression was localized to the top 2 cm excesgtagion MP1 (Fig. 2). The
expression ohirSwas rarely detected without concurrarftd expression (Fig. 2).

Phylogenetic analysis ofrS mRNA transcript sequences shows that they are
distributed throughout several diverse groups arsomgS phylogeny (Fig. S1, Table
S2). The majority of expresset Ssequences group closeAroarcus tolulyticus, a
bacterium notable for its ability to both denitréind fix nitrogen (Zhou et al. 1995)
(Fig S1). Both spatially and seasonally, a majdit slas not detected in the
distribution of denitrifiers expressimyrS.

Phylogenetic analysis of the expresadl sequences from these sites shows
that they are restricted to two mairiH phylogenetic groupsifH Clusters | and llI,

as previously defined (Chien et al. 1996)) and greith known sulfate, sulfur and
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iron reducing bacteria (Fig. 3, Table S3). The mpjof expressedifH sequences
(61) are within group NB3 which has as its mostelg related cultivated species
Pelobacter carbinolicus, an anaerobe known to reduce sulfur and iron camg®
(Lovley et al. 1995) (Fig. 3). The second largesug of expressed sequences, group
NB7, contains 22 expressadH sequences with the most closely related cultivated
bacteria being the sulfate reducBresulfovibiro salexigens andDesulfovibrio vulgaris
(Fig. 3). Even though the expressefH andnirSsequences we recovered are
constrained to a few broad taxonomic groups, tieena@icrodiversity detected among
the different sites.
Diazotroph Diversity Shifts Along the Estuarine Gradient

The diversity of microbes expressingH in the sediment decreases along the
estuarine gradient, from 10 groups identified atlibad of Narragansett Bay (PRE) to
3 groups at RIS2 (Fig. 4). Even though we only dathpite MP1 once, the trend
continues and 3 groups were detected to be expggafiH at the most offshore
station (Fig. 4). Group NB3, relatedRelobacter carbinolicus was detected at all four
sites. The community composition of the remainiragzdtroph shifts from being
comprised by microbial groups withfH sequences related to those from several
different sulfate and sulfur reducers in the UpBay to a group of sequences related
to an uncultivated marine cyanobacterium, (UCYNIAp et al. 2010)), recently
renamedCandidatus Atelocyanobacterium thalassa (Thompson et al. R@it2he
offshore sites (Fig. 4). Seasonality and deptiménsediment column did not appear to
impact the overall diversity of the bacterial patidns expressingifH at each site

(Figs. S2 and S3).

26



QPCR Targeting Specific Diazotroph Groups

Changes in abundance, distribution and levels pfession of the two
dominant microbial groups expressim@H, groups NB3 and NB7, were determined
by quantitative PCR. The greatest overall abundahgeoup NB3 was detected at
site MNB at 3 to 4 cm in depth (Figs. 5a and 5@ BRE maintains the next highest
levels of group NB3, with the lowest levels detecie the offshore sites RIS2 and
MP1 (Figs. 5a and 5c¢). One-way ANOVA tests reve#thedabundance of NB3
differed significantly among sites (F(3,20)=20.88; 0.0001), with the maximum
difference between site MNB and the other threzssas determined by the Tukey-
Kramer HSD test (Table S4). The highei$H expression of group NB3 is observed at
the head of the Bay (site PRE), with a peak frotm @ cm in depth during June 2010
(Figs. 5b and 5d). Both the abundance wifid expression of group NB3 are lowest at
the offshore sites, RIS2 and MP1 (Fig. 5). Group/N@lowed a similar distribution
in the depth profile, with the greatest abundaretevben 3 and 6 cm in depth at site
MNB (Figs. 6a and 6c). The abundance of group Niéred significantly between
sites (F(3,20)=24.1p < 0.0001), with the greatest difference betweensites
enclosed by land, PRE and MNB, versus the offsloma&ions, RIS2 and MP1 (Table
Sb5). HighesnhifH expression by group NB7 was also detected at lopths at site
PRE, with the exception of pealfH transcripts detected at the sediment-water
interface in October 2010 (Figs. 6b and 6d). Everugh both groups NB3 and NB7
established highest abundances at site MNB, expressnifH by these groups
follows the estuarine gradient, with maximum levaiserved at site PRE decreasing

out to the continental shelf station, MP1 (Fig.The expression of both microbial
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groups is statistically significantly higher atesRRE compared to the other three sites
(Tables S4 and S5). No statistical differences wletected in abundance or
expression of groups NB3 and NB7 over the seasyaée or along the depth

gradient at the sampling locations.

Discussion:

Recently, benthic sediments from several locationgpper Narragansett Bay,
including sites PRE and MNB, were shown to exhalsieasonal switch in nitrogen
cycling with high rates of net nitrogen fixatiorp(to -650umol No-N m? h?) during
the summer months (Fulweiler et al. 2007). Thesairfigs challenge the
denitrification-dominated paradigm (Christensealefi987; Hulth et al. 2005), in
which nitrogen fixation was thought to be a nedjigiprocess occurring in coastal
systems due to the high input of N into the systilowarth et al. 1988a; Howarth et
al. 1988b) and the process being repressed by oaahiN (Postgate 1982). Numerous
studies have reported the importance of nitrogeattiton in coastal habitats,
specifically in photosynthetic microbial mats andsediments vegetated by salt marsh
plants and seagrass (e.g. (Capone 1983; Paerl1&94; Welsh et al. 1996;
McGlathery et al. 1998; Herbert 1999). Howeveryases are still considered a net
sink for nitrogen. More recently, nitrogen fixati@Bertics et al. 2010; Bertics et al.
2012a) as well asifH expression (Fulweiler et al. 2013) has been dedantaon-
vegetated, bare sediments. We present gene expreksa identifying and targeting
the likely active microbes driving N fixation inbeckground of diverse genetic
potential in marine sediments. Changing environadergnditions including elevated

water temperatures due to climate change (Scadh 2002) and increases in
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eutrophication-induced hypoxia (Diaz et al. 200Ba#g et al. 2010) may be driving
active heterotrophic N fixation in coastal and sketliments.
Variable nifH and nirS Expression

We detecteaifH expression at all sites and time points, howdwver t
expression varied throughout the depth profile wibhapparent seasonal correlation.
These results were not surprising as varialile expression has been recently
reported in mesocosm experiments from sedimentsated at site MNB (Fulweiler et
al. 2013) and nitrogen fixation has been detectexediments at depths >5cm (Bertics
et al. 2010)nirS expression was likely only detected in the topr2because in
coastal sediments denitrification is typically ctagto nitrification (Seitzinger et al.
1984; Nowicki 1994), an oxygen requiring process aeeds to occur in the surface
sedimentsnirSexpression was detected in deeper sediments atiBite an area that
has not been well studied, which may be attribteslightly increased rates of direct
denitrification occurring on the continental shé&lér example, on the mid-Atlantic
Bight, 9% of nitrogen removed was accounted fodiogct denitrification (Laursen et
al. 2002).
Fluctuating Environmental Conditions Promote Diazotoph Diversity

The diversity of major nitrogen cycling organisnmgluding denitrifiers,
nitrifiers and nitrogen fixers, have been well séadin Chesapeake Bay by detecting
the functional genesirS (Bulow et al. 2008)amoA (Francis et al. 2003; Ward et al.
2007) anchifH (Moisander et al. 2007), respectively. The divgrgattern was similar
for all genes studied, with the greatest diversligerved at the freshwater head of

Chesapeake Bay decreasing to the mouth. For tidy,stve focused on how the
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changing environmental variables along the downdragient impacted the active
microbes driving nitrogen fixation in Narragandg#ty sediments. We see a similar
pattern with the potentially active nitrogen fixeirs which the highest diversity of
microbes expressingfH is detected at site PRE, near the head of theaBdy
decreasing out to site MP1 on the continental sHeHrragansett Bay, like
Chesapeake Bay, exhibits an estuarine gradientresiect to temperature, salinity
and nutrients (Kremer et al. 1978; Oviatt 2008)e Tlorthernmost area, site PRE, is a
dynamic region with large fluctuations in temperafisalinity, oxygen and nutrients
over a temporal cycle (Granger 1994). Becauseasehvide ranges in environmental
conditions, microbes need to adapt to a continyattshnging ecosystem. Conversely,
the offshore sites (RIS2 and MP1) remain relatigable because of exchange with
the Atlantic Ocean and the deeper waters. For elartipe bottom water at Rhode
Island Sound ranges from 4.5 to 14 °C over thesmaof a year and salinity remains
stable between 29.75 to 33.5 ppt (Codiga et alOR0he intermediate disturbance
hypothesis (IDH) suggests that species diversitgagimized when ecological
disturbance is neither too rare nor too frequewinf@@ll 1978; Huston 1979). At low
levels of disturbance, more competitive organismisdeminate the ecosystem while
at high levels of disturbance, organisms may natlide to adapt to their surroundings.
IDH was originally developed for tropical rainfotesnd coral reefs (Connell 1978),
and has recently been applied to plankton comnasmftloder et al. 1999). We may
be detecting the greatest diversity of diazotrogtessinguifH at the head of

Narragansett Bay because the microbes are competamdppt to the intermediate
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fluctuating environmental conditions, while at there stable offshore sites, the
benthos is dominated by the more competitive miesob
Dominant Active Diazotrophs May be Influenced by Tenperature, Oxygen and
Metals

Sequence analysis revealed thifitl expression was dominated by two
microbial groups (NB3 and NB7), related to the isutfur reducePelobacter
carbinolicus and the sulfate reducdpesulfovibrio salexigens andD. vulgaris,
respectively. Interestingly, the majority of aufH RNA sequences phylogenetically
group with DNA sequences reported from sedimentoastal California and
Eckernférde Bay, Baltic Sea (Bertics et al. 2016rti8s et al. 2012a). In both studies,
nifH sequence types were identified that were relate@iious sulfur and sulfate
reducing bacteria, includingesulfovibrio spp. andesulfobacter spp., which are
microbes that have been shown to fix nitrogen ituce (Sisler et al. 1951; Widdel
1987). Based on acetylene reduction and sulfatgctexh inhibition assays, Bertics et
al. attributed the nitrogen fixation rates to suklind sulfate reducing bacteria (Bertics
et al. 2010), corroborating our findings that theserobes are likely to be driving
nitrogen fixation in these sediments. Our expressitisequences also group with
nifH RNA sequences recently reported from mesocosnriexgets with sediment
collected at site MNB (Fulweiler et al. 2013). Baticrobial groups NB3 and NB7
are highly abundant in the sediment at sites PREMINB in upper Narragansett Bay
(Figs 5c and 6c¢). Nitrogen fixation by these mi@slgould provide unanticipated
inputs of nitrogen into ecosystems already strebyezlitrophication, including

Narragansett Bay. Denitrification may not balartee anthropogenic inputs of N to
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the extent previously believed, and the sedimenmiitdcnstead become a net source of
N exacerbating the nutrient loading into the system

Temperature and dissolved oxygen concentrationp@entially key drivers
of growth and activity of NB3 and NB7 as these groare related to mesophilic
anaerobes. We detected the higimest expression during the summer months when
the water temperature was the warmest (18 °C}ext BRE and MNB. The water
temperatures in Narragansett Bay can reach up t€ 24iring the summer (Kremer et
al. 1978). Bottom water temperature at site RIS2ngwuly 2010 was 13 °C and at
site MP1 during August 2011 only reached 8°C. Wedehe lowest abundance and
nifH expression of NB3 and NB7 at sites RIS2 and MP1hsmffshore regions may
not provide an optimal temperature range for timemeobial populations.

Low oxygen events may also be promoting these abaediazotrophs to fix
nitrogen. For the last several decades, episogioxig has been documented in
Narragansett Bay (Oviatt et al. 1984; Bergondd.€2@05; Deacutis et al. 2006;
Melrose et al. 2007; Deacutis 2008; Saarman 0&I8). The severity of hypoxia
generally decreases in intensity with distance feie PRE, in the Providence River
Estuary, following the north-south gradient of ments, phytoplankton and freshwater
influence (Oviatt et al. 2002; Prell et al. 2004elkdse et al. 2007; Deacutis 2008;
Oviatt 2008; Saarman et al. 2008). During the saumemer when high rates of net
nitrogen fixation were recorded at sites PRE andB{Rulweiler et al. 2007), there
were several bouts of widespread hypoxia that sévenpacted regions of upper
Narragansett Bay (Codiga et al. 2009). The occog@f these low oxygen events

may be stimulating the growth and activity of grelNiB3 and NB7. We observed the
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highest expression oifH at site PRE, which is an area that usually expeegn
severe hypoxia during the summer months (Saarm@)2h some years, hypoxia
can reach as far south as site MNB (Deacutis &08l6; Melrose et al. 2007). One
possible explanation for the increase in abundandeexpression at these northern
sites is that hypoxic conditions caused by highgaif microbial respiration in the
sediments may disrupt the link between coupledffication-denitrification, as the
former is an oxygen requiring process. A shrinkimg sediment layer and inhibition
of the coupled N-removal pathway could thus exgaechiche for sulfur and sulfate
reducers to thrive.

In addition to elevated water temperatures and xigpoegions of upper
Narragansett Bay are also exposed to high levatsetdl contaminants and organic
carbon due to anthropogenic input Nixon 1995, Mu@07 (Nixon 1995; Rincén
2006; Murray et al. 2007). Concentrations of ir@avdbeen shown to match up with
the mapped extent of hypoxia in the Bay (Prellle2@04; Rincén 2006). Both iron
and organic carbon concentrations in the sedimetriedse along the estuarine
gradient (King et al. 1995; Murray et al. 2007)v&=l of the potentially active
nitrogen fixers are related to heterotrophic anlaesdhat have the ability to also
reduce iron, includingel obacter carbinolicus (Nealson et al. 1994; Lovley et al.
1995). The energy gained from respiring iron, dyanergy yielding electron
acceptor, and consuming organic carbon may be grogihe growth and activity of
these diazotrophs in upper Narragansett Bay sedanen

In comparison to the sites PRE and MNB in Narragtriay, the offshore

locations are more uniform in terms of seasonaptmature differences and in similar
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rates of denitrification. We detected the lowesiratance andifH expression of
groups NB3 and NB7 at the offshore sites RIS2 afd MEnvironmental conditions,
including temperature and dissolved oxygen coneéotrs, at these offshore sites
may not be optimal for these potentially activezdiaophs to thrive in these regions.
Bottom water temperatures are unlikely to risen®aptimal threshold for mesophiles,
possibly impeding the growth and activity of thgseups of diazotrophs. Along with
lower temperatures, anoxic or hypoxic conditiongehaot been reported for waters in
Rhode Island and Block Island Sounds. Net sedimenitrification rates recently
recorded from several locations off of the coagt@amfthern Rhode Island, including
RIS2, were not significantly different between site over a temporal cycle, ranging
from 20 to 75umol N»-N m? h* (Heiss et al. 2012) and are within the range tfes
reported from nearby continental shelf areas, ohioly the Mid Atlantic Bight and
South Atlantic Bight (Devol 1991; Devol et al. 199Conditions in upper
Narragansett Bay may be more optimal for growth aetdvity of groups NB3 and
NB7, while offshore sediments may not provide aprapriate niche for these
microbes to thrive.

Conclusion:

Benthic nitrogen cycling processes are influencgdhanges in environmental
conditions, including temperature, dissolved oxygencentrations, salinity and
organic matter loading. Climate change is preditbeidcrease seawater temperatures
(Scavia et al. 2002) and exacerbate eutrophicatioren hypoxia (Diaz et al. 2008;
Zhang et al. 2010). Since the 1960s, the numbkypdxic zones has approximately

doubled each decade (Diaz et al. 2008) and thgsmmding low oxygen events have
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the potential to perturb the functioning of theogen cycle in estuarine ecosystems.
Narragansett Bay, like many coastal ecosystenexpgesed to elevated water
temperatures and exhibits seasonal hypoxia (Diak 2008; Zhang et al. 2010).
Microbes related to iron/sulfur and sulfate redadbat expressifH are highly
abundant and have increased levelsiti MRNA transcripts in Narragansett Bay
sediments. These diazotroph communities may pratdeand increase activity in
response to elevated water temperatures, episgpaxit events or high
concentrations of organic carbon in the bay. Comesetly, nitrogen fixation by these
microorganisms in coastal sediments could provitanticipated inputs of nitrogen
into environments already stressed by eutrophisasignificantly altering the
nitrogen cycle in unprecedented ways.
Experimental Procedures:
Study Sites

We sampled for sediment at four sites in southesw England coastal waters
from May 2010 to August 2011. Sites PRE (41°46/1522.8") and MNB (41°35.3’,
71°22.4) are located within the temperate estUdayragansett Bay, Rhode Island.
The offshore sites, RIS2 (41°17.1’, 71°18.2") anBIM40°26.1’, 70°28.9"), are
located in Rhode Island Sound and on the contiheh&df 110 km south of Cape
Cod, Massachusetts, respectively. Sites PRE and Méi8 sampled in June and
October 2010 and January 2011. Site RIS2 was sdmpMay, July, and October
2010 and January 2011. The most offshore site, Ma%,only sampled in August

2011 (Fig. 1, Table S1).
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Field Methods

Intact sediment cores (10 cm inner diameter andl &@. long) were collected
at site PRE using a 5 m pull corer and at site MiyEBCUBA divers. At sites RIS2
and MP1, sediment cores were collected using acboer (0.25 rf) and pre-mounted
PVC cores. All cores were transported to and stordékde dark at field bottom-water
temperature in a walk-in environmental chambehatGraduate School of
Oceanography at the University of Rhode Island. ddres were left uncapped with
air gently bubbling through the overlying water &gout 8-12 h prior to netNlux
incubations. For details regarding flux methods and offshore flux results, refer to
Fulweiler et al. 2007 and Heiss et al. 2012.
Sub-sampling and Nucleic Acid Extractions

After the net N flux incubations were completed, the cores welesampled
using a 60 mL syringe. The sub-cores were flashefnan liquid N and sectioned into
1 cm segments from the sediment water interfagedm in depth. The frozen
sediment cross-sections were cut up to yield 0.26d)0.5 g of wet sediment for
DNA and RNA isolation, respectively. Total DNA westracted using the MO Bio
Powersoil DNA Isolation Kit (Carlsbad, CA, USA) agdantified using Invitrogen’s
Qubit dsDNA HS Assay Kit. All DNA samples were did to a concentration of 1
ng/uL for gPCR analysis. An optimal concentratiériimg/uL was chosen based on
saturation experiments. Total RNA was extractedgighe MO Bio Powersoil RNA
Isolation Kit (Carlsbad, CA, USA), however the kias designed to extract RNA from
2 g of soil. To accommodate this reduction in rigacscale, a quarter of the volumes

of the Bead, SR1, SR2, SR3 and SR4 solutions aadgbtthloroform-isoamyl
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alcohol were used. After the RNA precipitation stitye dried pellet was resuspended
with 100 pL of nuclease free water, 10 uL of 10XRRO DNase buffer and 1 pL of
TURBO DNase from the TURBO DNageee Kit (Ambion, Austin, TX, USA) and
incubated at 37°C for 30 min. To inactivate thectiea, 10 pL of DNase Inactivation
reagent was added and incubated at room tempefatusanin. The remaining RNA
purification steps were carried out using the RNéAmi Kit (Qiagen, Valencia, CA,
USA) according to the manufacturer's instructidngtal RNA was quantified using
Invitrogen’s Qubit RNA Assay Kit and all RNA samplevere diluted to 4 ng/uL.
cDNA copies of RNA were generated with InvitrogeB8igperScript First-Strand
Synthesis System for RT-PCR. For all samples, ®jiDNase-treated RNA at a
concentration of 4 ng/pL was added to the react@ch reaction was primed with 1
puL of 2 uM outer reverse primers for both our geofasterest, nifH3 and nirS6R
(Tables S6 and S7). After the reverse transcriptaseadded, the mixture was
incubated at 50°C for 50 min. All the other stepl#ofved the instructions of the
manufacturer. For every sample, we also includedrots that did not contain reverse
transcriptase to confirm there was no DNA contatmman the subsequent PCR
amplification.
Functional Gene Sequence Analysis

ThenifH gene from environmental cDNA was isolated usingete®CR with
degenerate outer primers nifH4-nifH3 and inner prsmifH1-nifH2 (Table S6). Both
rounds of PCR consisted of an initial denaturasitap of 2 min at 94°C, cycling steps
that included: a denaturation step of 30 s at 94Cannealing step of 30 s at 50°C,

and an extension step of 1 min at 72°C. All reaxstibad a final extension step of 7
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min at 72°C. First round reactions had 25 cyclastae second round reactions had
30 cycles (Zehr et al. 1989; Kirshtein et al. 199dnSwas amplified using the primer
pair nirS1F-nirS6R (Table S7). After a 2 min inliteenaturation step 94°C, a
touchdown PCR was performed that consisted of atdestion step of 30 s at 94°C,
an annealing step of 30 s, and an extension stéproh at 72°C. During the first 11
cycles, the annealing temperature decreased O\&1@ eycle starting at 56°C. For
the last 25 cycles the annealing temperature was.5¥4 final extension step was
performed for 7 min at 72°C (Braker et al. 199&lgar et al. 2000).

After amplification, the PCR products were loaded@a 1% agarose (wt/vol)
TAE gel. Bands of the correct size were purifiethgshe QIAquick Gel Extraction
Kit according to the manufacturer’s protocol (Qiagélencia, CA, USA). The
purified products were cloned into pGEM-T vectd?sqmega, Madison, Wi, USA),
transformed into JM10HB.coli competent cells (Zymo Research, Irvine, CA, USA)
and identified by blue-white screening. The plaswigre purified using the QlAprep
Spin Miniprep Kit (Qiagen, Valencia, CA, USA) anelgsienced on the Applied
Biosystems 3130xI Genetic Analyzer (Applied Biogyss, Foster City, CA, USA) at
the RI Genomic Sequencing Center at the Unived§ighode Island. For every
expresseaifH andnirSamplicon we collected 4-5 sequences.

Expressed environmentaifH sequences from sites PRE, MNB, RIS2 and
MP1, accession numbers KF285284-KF285397, were rwdlwithnifH sequences
(23) from closely related cultivated species in Bamnk (Benson et al. 2009) as
determined by top BLASTn hits. DNAIfH sequences were translated into amino acid

sequences in Geneious. Translated NifH proteinesszps were aligned using the
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multiple sequence alignment tool, MUSCLE (Edgar408ithin the Geneious
software package. AifH maximum likelihood tree of aligned protein sequans@s
constructed in Geneious using PhyML with 1000 bwagsreplicates.

A nirSdatabase was created by collecting allriin& sequences from the
National Center for Biotechnology Information (NGBBenson et al. 200%nd
importing the GenBank files into ARB (Ludwig et 2D04). Translated NirS protein
sequences were aligned using the multiple sequaiggenent tool, MUSCLE (Edgar
2004) within the Geneious software package. A ir&ein maximum likelihood tree
including the Narragansett Bay expressg® sequences, accession numbers
KF285398-KF285429 was constructed using the PhylMbarahm in Geneious with
1000 bootstrap replicates
Quantitative real-time PCR

Quantitative PCR was conducted on all environmedbbdh and cDNA
samples using the Roche’s LightCycler 480 Probestdfdix and were analyzed
using Stratagene’s Mx3005 gPCR System. Sets ofndegee qPCR primers and dual-
labeled TagMan probes were designed to targatithiegene specifically related to
nifH groups NB3 and NB7 (Fig. 3, Table S8). A standande was produced with
triplicate 10-fold dilution series ranging from @ to 1 ag of linearized plasmid
containing a sequencedH clone from group NB3 and NB7, respectively. ThEGP
reactions consisted of 10 uL of the Roche Light€ydiB0 Probes Master mix, 5.7 uL
of water, 2 uL of a primers/probe mix (at concetirzs of 0.4 uM and 0.2 uM,
respectively), and 0.3 uL of Stratagene BrillidPCR reference dye (ROX). A

saturation test was used to determine the optioratentration of DNA and cDNA
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template going into the reaction. It was determitied 2 uL of 1 ng/uL DNA sample

or 2 uL of 1.5 ng/uL cDNA sample was added to #eection totaling 20 uL. The

gPCR thermocycling conditions for group NB3 wereytle of 95C for 10 minutes,
followed by 45 cycles of 9% for 30 seconds and 8D for 1 minute. For group NB7,
the qPCR thermocycling conditions were: 1 cycl@®IC for 10 minutes, followed by
45 cycles of 9%C for 30 seconds and 85 for 1 minute. The standard curve was used
to determine groups NB3 and NB7’s absohifél gene copy or transcript copy
number in the environmental samples.

Statistical Analyses

One-way analysis of variance (ANOVA) tests weredrarted using JIMP
10.0.2 to determine statistically significant difaces among samples. If the p value
was deemed significant (< 0.05), a Tukey-Kramer H®Bt-hoc test was performed
to distinguish statistical significance between pka® compared.
Acknowledgements:

The work presented in this manuscript was suppdyeidinding from the
following grants to B.D.J. (NSF Chemical Oceanogsa@CE 0926875; Rl Sea
Grant/NOAA NAO8OAR4170691 and NA 100AR4170076, RisRarch Alliance
2012 Collaborative Grant, URI Council for ReseaPchposal Development Grant
2011-2012). Funds for S.M.B, sequencing costscasts associated with the Marine
Life Science Facility were supported on funds fid®F Rl EPSCoR 1004057. We
gratefully acknowledge helpful comments on this osmipt and sampling assistance
from Dr. Robinson Fulweiler (Boston University). Vo acknowledge Dr.

Christopher Deacutis (Rl DEM) for many helpful censations. We also are grateful

40



to the larger collaborative team for discussiond sampling assistance: Dr. Scott
Nixon, Lindsey Fields and Steve Granger (UniversitiRhode Island Graduate
School of Oceanography), Elise Heiss and SaraleF{Bbston University), Dr. Anne
Giblin, Jane Tucker, and Sam Kelsey (Marine BiatagLaboratory), and Dr. Jeremy
Rich, Dr. Amber Hardison, and Lindsay Brin (Brownilersity). We would also like
to thank Ed Baker in the Rl EPSCoR Marine Life 8ceeFacility (MLSF) at the URI
Graduate School of Oceanography for his assistandd®aul Johnson in the RI
EPSCoR RI Genomic Sequencing Center at the UntyesERhode Island.
References:

Avrahami, S., Conrad, R. and Braker, G. (2003)eé&fbf ammonium concentration
on N20 release and on the community structure ahania oxidizers and denitrifiers

Appl Environ Microb 69(5): 3027-3027.

Benson, D. A., Karsch-Mizrachi, I., Lipman, D. Qstell, J. and Sayers, E. W. (2009).
GenBank. Nucleic Acids Res 37: D26-D31.

Bergondo, D. L., Kester, D. R., Stoffel, H. E. aMdods, W. L. (2005). Time-series
observations during the low sub-surface oxygen svenNarragansett Bay during
summer 2001. Mar Chem 97(1-2): 90-103.

Bertics, V. J., Loscher, D. R., Salonen, I., D&leW. and Schmitz, R. A. (2012a).
Occurrence of benthic microbial nitrogen fixatiavupled to sulfate reduction in the
seasonally hypoxic Eckernférde Bay, Baltic SeagBasciences Discussions 10:
1243-1258.

Bertics, V. J., Sohm, J. A., Magnabosco, C. antigjé/V. (2012b). Denitrification
and Nitrogen Fixation Dynamics in the Area Surraangdn Individual Ghost Shrimp
(Neotrypaea californiensis) Burrow System. Appl Eow Microb 78(11): 3864-3872.

Bertics, V. J., Sohm, J. A., Treude, T., Chow, CTE Capone, D. G., Fuhrman, J. A,
et al. (2010). Burrowing deeper into benthic nigngycling: the impact of
bioturbation on nitrogen fixation coupled to suffaeduction. Mar Ecol-Prog Ser 409:
1-15.

Braker, G., Ayala-del-Rio, H. L., Devol, A. H., Fdsldt, A. and Tiedje, J. M. (2001).

Community structure of denitrifiers, Bacteria, alx¢thaea along redox gradients in
pacific northwest marine sediments by terminalrietsdn fragment length

41



polymorphism analysis of amplified nitrite redu@dsirS) and 16S rRNA genes.
Appl Environ Microb 67(4): 1893-1901.

Braker, G., Fesefeldt, A. and Witzel, K. P. (19983¢velopment of PCR primer
systems for amplification of nitrite reductase gef@rk and nirS) to detect
denitrifying bacteria in environmental samples. Agpviron Microb 64(10): 3769-
3775.

Braker, G., Zhou, J. Z., Wu, L. Y., Devol, A. H.cafiedje, J. M. (2000). Nitrite
reductase genes (nirk and nirS) as functional markeinvestigate diversity of
denitrifying bacteria in Pacific northwest marireglsnent communities. Appl Environ
Microb 66(5): 2096-2104.

Bulow, S. E., Francis, C. A., Jackson, G. A. anddV/B. B. (2008). Sediment
denitrifier community composition and nirS gene regsion investigated with
functional gene microarrays. Environ Microbiol 10{13057-3069.

Burns, J. A., Zehr, J. P. and Capone, D. G. (209Rjogen-fixing phylotypes of
Chesapeake Bay and Neuse River estuary sedimeitabidl Ecol 44(4): 336-343.

Capone, D. G. (1983). Benthic nitrogen fixationNitrogen in the Marine
Environment. E. J. Carpenter and D. G. Capone (él#sy York, NY, Academic
Press 105-137.

Chien, Y. T. and Zinder, S. H. (1996). Cloning, dtianal organization, transcript
studies, and phylogenetic analysis of the complgtegenase structural genes
(nifhdk2) and associated genes in the Archaeonane#arcina barkeri 227. Journal
of Bacteriology 178: 143-148.

Christensen, J. P., Smethie, W. M. and Devol, A(1987). Benthic nutrient
regeneration and denitrification on the Washingtontinental-shelf. Deep-Sea Res
34(5-6): 1027-1047.

Codiga, D. L., Stoffel, H. E., Deacutis, C. F., Kian, S. and Oviatt, C. A. (2009).
Narragansett Bay hypoxic event characteristicsasadixed-site monitoring
network time series: intermittency, geographicrdstion, spatial synchronicity, and
interannual variability. Estuar Coast 32(4): 621-64

Codiga, D. L. and Uliman, D. S. (2010). Characiagzhe physical oceanography of
coastal waters off Rhode Island, part 1: literatergew, available observations and a
representative model simulation. In Rhode IslandddcSpecial Area Management
Plan(eds), Rhode Island Coastal Resources Manag&oancil. 2 14-184

Connell, J. H. (1978). Diversity in tropical raiorésts and coral reefs - high diversity

of trees and corals is maintained only in a nontdgjium state. Science 199(4335):
1302-1310.

42



Deacutis, C. F. (2008). Evidence of ecological ioipdrom excess nutrients in upper
Narragansett Bay. In Science for Ecosystem-Basathlyament. A. Desbonnet and B.
A. Costa-Pierce (eds). Spring&49-381

Deacutis, C. F., Murray, D., Prell, W., Saarmanaid Korhun, L. (2006). Hypoxia in
the upper half of Narragansett Bay, RI, during Astg2001 and 2002. Northeast Nat
13:173-198.

Devol, A. H. (1991). Direct measurement of nitroggs fluxes from continental-shelf
sediments. Nature 349(6307): 319-321.

Devol, A. H., Codispoti, L. A. and ChristensenPJ(1997). Summer and winter
denitrification rates in western Arctic shelf sedims. Cont Shelf Res 17(9): 1029-
1050.

Diaz, R. J. and Rosenberg, R. (2008). Spreadind deaes and consequences for
marine ecosystems. Science 321(5891): 926-929.

Edgar, R. C. (2004). MUSCLE: multiple sequenceratignt with high accuracy and
high throughput. Nucleic Acids Res 32(5): 1792-1797

Floder, S. and Sommer, U. (1999). Diversity in gtanic communities: An
experimental test of the intermediate disturbangmthesis. Limnol Oceanogr 44(4):
1114-1119.

Francis, C. A., O'Mullan, G. D. and Ward, B. B. @3). Diversity of ammonia
monooxygenasea(oA) genes across environmental gradients in Chesapiak
sediments. Geobiology 1(2): 129-140.

Fulweiler, R. W., Brown, S. M., Nixon, S. W. anch8as, B. D. (2013). Evidence and
a conceptual model for the co-occurrence of nitndipeation and denitrification in
heterotrophic marine sediments. Mar Ecol-Prog 82r 87-68.

Fulweiler, R. W., Nixon, S. W., Buckley, B. A. a@tanger, S. L. (2007). Reversal of
the net dinitrogen gas flux in coastal marine sedits. Nature 448(7150): 180-182.

Galloway, J. N., Dentener, F. J., Capone, D. GyeBoE. W., Howarth, R. W.,
Seitzinger, S. P., et al. (2004). Nitrogen cycpesst, present, and future.
Biogeochemistry 70(2): 153-226.

Granger, S. (1994). The basic hydrography and mnassport of dissolved oxygen in
the Providence and Seekonk River estuaries. M18vdtsity of Rhode Island.

Heiss, E. M., Fields, L. and Fulweiler, R. W. (2D1Rirectly measured net
denitrification rates in offshore New England seeins. Cont Shelf Res 45: 78-86.

43



Herbert, R. A. (1999). Nitrogen cycling in coastarine ecosystems. Fems Microbiol
Rev 23(5): 563-590.

Howard, J. B. and Rees, D. C. (1996). Structuraisaf biological nitrogen fixation.
Chem Rev 96(7): 2965-2982.

Howarth, R. W., Marino, R. and Cole, J. J. (1988hixogen-fixation in fresh-water,
estuarine, and marine ecosystems .2. biogeocheaan#iols. Limnol Oceanogr
33(4): 688-701.

Howarth, R. W., Marino, R., Lane, J. and Cole, J1988b). Nitrogen-fixation in
fresh-water, estuarine, and marine ecosystematds and importance. Limnol
Oceanogr 33(4): 669-687.

Hulth, S., Aller, R. C., Canfield, D. E., Dalsgaaid, Engstrom, P., Gilbert, F., et al.
(2005). Nitrogen removal in marine environmentserd findings and future research
challenges. Mar Chem 94(1-4): 125-145.

Huston, M. (1979). General hypothesis of speciesfdity. Am Nat 113(1): 81-101.

Jenkins, B. D., Steward, G. F., Short, S. M., W&.d. and Zehr, J. P. (2004).
Fingerprinting diazotroph communities in the Chesd@ Bay by using a DNA
macroarray. Appl Environ Microb 70(3): 1767-1776.

King, J., Corbin, J., McMaster, R., Quinn, J., Gamg P., Cullen, D., et al. (1995). A
Study of the Sediments in Narragansett Bay, Voldmi€he Surface Sediments of
Narragansett Bay. In Final Report submitted toNlheragansett Bay Project(eds).
Graduate School of Oceanography, University of Rhigthnd. Narragansett, Rhode
Island, USA 29

Kirshtein, J. D., Paerl, H. W. and Zehr, J. (19%hplification, cloning, and
sequencing of aifH segment from aquatic microorganisms and naturaihconities.
Appl Environ Microb 57(9): 2645-2650.

Kremer, J. N. and Nixon, S. W. (1978). A CoastafiMa Ecosystem: Simulation and
Analysis. New York, NY, Springer-Verlag.

Laursen, A. E. and Seitzinger, S. P. (2002). The ebdenitrification in nitrogen
removal and carbon mineralization in Mid-AtlantigBt sediments. Cont Shelf Res
22(9): 1397-1416.

Liu, K. K., Rabalais, N. N. and Middelburg, J. 2010). A guide to future research on
continental marine biogeochemistry. In Carbon anttisnt Fluxes in Continental
Margins. K.-K. Liu, L. Atkinson, R. Quinones and Talaue-McManus (eds). Berlin,
Spring-Verlag 627.

44



Lovley, D. R., Phillips, E. J. P., Lonergan, Dadd Widman, P. K. (1995). Fe(lii)) and
S-0 Reduction by Pelobacter-Carbinolicus. Appl EmwiMicrob 61(6): 2132-2138.

Ludwig, W., Strunk, O., Westram, R., Richter, L.eldr, H., Yadhukumar, et al.
(2004). ARB: a software environment for sequenda.dducleic Acids Res 32(4):
1363-1371.

McGlathery, K. J., Risgaard-Petersen, N. and Gimign, P. B. (1998). Temporal and
spatial variation in nitrogen fixation activity the eelgrass Zostera marina
rhizosphere. Mar Ecol-Prog Ser 168: 245-258.

Melrose, D. C., Oviatt, C. A. and Berman, M. S.((Z0) Hypoxic events in
Narragansett Bay, Rhode Island, during the sumi20@1. Estuar Coast 30(1): 47-
53.

Moisander, P. H., Morrison, A. E., Ward, B. B., des, B. D. and Zehr, J. P. (2007).
Spatial-temporal variability in diazotroph assengelsin Chesapeake Bay using an
oligonucleotide nifH microarray. Environ Microbi®(7): 1823-1835.

Murray, D. W., Prell, W. L., Rincon, C. E. and Saan, E. (2007). Physical property
and chemical characteristics of surface sedimeati gamples from Narragansett Bay
and the Providence and Seekonk Rivers, a summahged@rown Univeristy
Narragansett Bay Sediment Project (BUNBSP). In &zansett Bay Estuary Program
Report(eds)

Nealson, K. H. and Saffarini, D. (1994). Iron andnganese in anaerobic respiration -
environmental significance, physiology, and regalatAnnu Rev Microbiol 48: 311-
343.

Nixon, S. W. (1995). Metal inputs to NarragansetyBA history and assessment of
recent conditions. In (eds). Rhode Island Sea GNarragansett, Rhode Island

Nixon, S. W., Ammerman, J. W., Atkinson, L. P., 8ensky, V. M., Billen, G.,
Boicourt, W. C., et al. (1996). The fate of nitrogend phosphorus at the land sea
margin of the North Atlantic Ocean. Biogeochemisify1): 141-180.

Nogales, B., Timmis, K. N., Nedwell, D. B. and OglA. M. (2002). Detection and
diversity of expressed denitrification genes iruashe sediments after reverse
transcription-PCR amplification from mRNA. Appl Enen Microb 68(10): 5017-
5025.

Nowicki, B. L. (1994). The effect of temperatureygen, salinity, and nutrient

enrichment on estuarine denitrification rates measwith a modified nitrogen gas
flux technique. Estu Coast Shelf Sci 38(2): 137-156

45



Oviatt, C. A. (2008). Impacts of nutrients on Ngaasett Bay productivity: a gradient
approach. In Science for Ecosystem-based Managekebesbonnet and B. A.
Costa-Pierce (eds). Springé3-543

Oviatt, C. A., Keller, A. and Reed, L. (2002). Arahgprimary production in
Narragansett Bay with no bay-wide winter-springtopjankton bloom. Estu Coast
Shelf Sci 54: 1013-1026.

Oviatt, C. A., Pilson, M. E. Q., Nixon, S. W., Fsen, J. B., Rudnick, D. T., Kelly, J.
R., et al. (1984). Recovery of a polluted estuasygem - a mesocosm experiment.
Mar Ecol-Prog Ser 16(3): 203-217.

Paerl, H. W., Fitzpatrick, M. and Bebout, B. M. §8). Seasonal nitrogen fixation
dynamics in a marine microbial mat: potential rad&syanobacteria and
microheterotrophs. Limnol Oceanogr 41(3): 419-427.

Pinckney, J. L., Paerl, H. W., Tester, P. and Rdéan, T. L. (2001). The role of
nutrient loading and eutrophication in estuarinel@gy. Environ Health Persp 109:
699-706.

Postgate, J. R. (1982). Biological nitrogen-fixatidundamentals. Philos T Roy Soc
B 296(1082): 375-385.

Prell, W., Saarman, E., Murray, D. W. and Deacw@isk-. (2004). Summer season,
nightime surveys of dissolved oxygen in upper Ngaresett Bay (1999-
2003).[http://www.geo.brown.edu/georesearch/insasii

Rincén, C. E. (2006). Surface sediment physicalcmnical gradients in upper
Narragansett Bay, Rhode Island: a close look atemodhetal distributions. M.S.,
Brown University.

Saarman, E., Prell, W., Murray, D. W. and Deacu@isf-. (2008). Summer bottom
water dissolved oxygen in upper Narragansett Bagdience for Ecosystem-Based
Management. A. Desbonnet and B. A. Costa-Piercs).(&pringer325-347

Saarman, E. T. (2002). Hypoxic conditions in Naarsgett Bay during the summer of
2001. Senior Thesis, Brown University.

Scavia, D., Field, J. C., Boesch, D. F., Buddemé&elV., Burkett, V., Cayan, D. R.,
et al. (2002). Climate change impacts on US coastdimarine ecosystems. Estuaries
25(2): 149-164.

Seitzinger, S. P. (1988). Denitrification in fresfater and coastal marine ecosystems -
ecological and geochemical significance. Limnol &uwegr 33(4): 702-724.

46



Seitzinger, S. P. and Giblin, A. E. (1996). Estimgdenitrification in North Atlantic
continental shelf sediments. Biogeochemistry 35¢3%5-260.

Seitzinger, S. P., Nixon, S. W. and Pilson, M. E(1384). Denitrification and
nitrous-oxide production in a coastal marine ectesys Limnol Oceanogr 29(1): 73-
83.

Short, S. M., Jenkins, B. D. and Zehr, J. P. (208patial and temporal distribution of
two diazotrophic bacteria in the Chesapeake Bayl Epviron Microb 70(4): 2186-
2192.

Sisler, F. D. and ZoBell, C. E. (1951). Nitrogexefiion by sulfate-reducing bacteria
indicated by nitrogen/argon ratios. Science 113029411-513.

Steward, G. F., Jenkins, B. D., Ward, B. B. andrZ&hP. (2004). Development and
testing of a DNA macroarray to assess nitrogenaifid)(gene diversity. Appl Environ
Microb 70(3): 1455-1465.

Thompson, A. W., Foster, R. A., Krupke, A., CarterJ., Musat, N., Vaulot, D., et al.
(2012). Unicellular cyanobacterium symbiotic witkiagle-celled eukaryotic alga.
Science 337(6101): 1546-1550.

Tripp, H. J., Bench, S. R, Turk, K. A., Foster,/R, Desany, B. A., Niazi, F., et al.
(2010). Metabolic streamlining in an open-ocearogien-fixing cyanobacterium.
Nature 464(7285): 90-94.

Ward, B. B., Eveillard, D., Kirshtein, J. D., Netsal. D., Voytek, M. A. and Jackson,
G. A. (2007). Ammonia-oxidizing bacterial communétymposition in estuarine and

oceanic environments assessed using a functional méroarray. Environ Microbiol

9(10): 2522-2538.

Welsh, D. T., Bourgues, S., deWit, R. and HerlertA. (1996). Seasonal variations
in nitrogen-fixation (acetylene reduction) and $afe-reduction rates in the
rhizosphere of Zostera noltii: Nitrogen fixation $yiphate reducing bacteria. Mar
Biol 125(4): 619-628.

Widdel, F. (1987). New types of acetate-oxidizisglfate-reducing Desulfobacter
species, D-Hydrogenophilus sp-nov, D-Latus sp-aod, D-Curvatus sp-nov. Arch
Microbiol 148(4): 286-291.

Young, J. P. W. (1992). Phylogenetic classificatbdmitrogen-fixing organisms. In

Biological Nitrogen Fixation. G. Stacey, R. H. Bsrand H. J. Evans (eds). New
York, NY, Chapman and Hal43-86.

a7



Zehr, J. P. and McReynolds, L. A. (1989). Use @fateerate oligonucleotides for
amplification of thenifH gene from the marine cyanobacterilinchodesmium-
thiebautii. Appl Environ Microb 55(10): 2522-2526.

Zhang, J., Gilbert, D., Gooday, A. J., Levin, LadNi, S. W. A., Middelburg, J. J., et
al. (2010). Natural and human-induced hypoxia antsequences for coastal areas:
synthesis and future development. Biogeosciencss ¥443-1467.

Zhou, J. Z., Fries, M. R., Cheesanford, J. C. aedj&, J. M. (1995). Phylogenetic
analyses of a new group of denitrifiers capablar@erobic growth on toluene and
description of Azoarcus tolulyticus sp. nov. Iyt Bacteriol 45(3): 500-506.

Zumft, W. G. (1997). Cell biology and molecular isasf denitrification. Microbiol
Mol Biol R 61(4): 533-616.

48



71°30'0"W 71°0'0"W 70°30'0"W

41°40'0"N

41°20'0"N

40°40'0"N 41°0'0"N

40°20'0"N

Figure 1: Map of Narragansett Bay and the southeast of Rhode Island ai
Massachusetts. Black circles indicate sampling.
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Figure 3: Maximum likelihood protein tree of exmednifH sequences obtained from
sediment samples amifH sequences from cultivated representatingsl cluster
designations are denoted according to Chien andeZif1996). Groups NB1-NB7
were previously described (Fulweiler et al. 201@)jle groups NB9-NB11 are novel
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within the grouping. Table S3 describes all seqgasnathin a collapsed group.
Bootstrap values (1,000 replicates) > 50% are shatwhe respective nodes. Asterisk
indicates groups targeted for quantitative PCR.
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Supplementary Figure 1: Maximum likelihood protaie of expressenirS
sequences from sediment samples@ngsequences observed from cultured
organisms. The number inside the group indicatesithmber of total sequences
within the grouping. Table S3 describes all seqgasnathin a collapsed group.
Bootstrap values (1,000 replicates) > 50% are shatwaspective nodes.
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Supplementary Table 1: Coordinates of study sielstmttom water temperature

during collection.

Site | Latitude | Longitude | Month Sampled | Temperature (°C)
PRE | 41°46.7'| 71°22.8 June ‘10 18
October ‘10 18
January ‘10 2
MNB | 41°35.3'| 71°22.4 June ‘10 18
October ‘10 18
January ‘10 2
RIS2 | 41°17.1] 71°18.2 May ‘10 8
July ‘10 13
October ‘10 14
January ‘11 5
MP1 | 40°26.1'| 70°28.9’ August ‘11 8
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Supplementary Table 2: List airS sequences (GenBank accession humbers) from
MRNA in this study, closely related cultivated spes@nd uncultivated species

(Bulow et al. 2008) contained within groups NB1-N@&%g. S1).

Group Cultivated nirS mRNA Uncultivated
Name Species Sequences from this Species
Study
NB1 KF285404, KF285408,
KF285410, KF285417;
KF285419
NB2 KF285400, KF285411, DQ675891,
KF285429 DQ676160,
DQ676224
NB3 KF285399, KF285401,
KF285403
NB4 KF285425, KF2854271 DQ675734
NB5 KF285409 DQ675816,
DQ676111,
DQ675924
NB6 KF285414 DQ676007,
DQ676217
NB7 AB480490 | KF285421, KF285428 DQ676206
NB8 KF285402, KF285405+
KF285407, KF285420
NB9 KF285416, KF285423,
KF285424
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Supplementary Table 3: List oifH sequences (GenBank accession numbers) from
MRNA in this study and closely related cultivatgpgaes contained within groups
NB1-NB3, NB5 and NB7-NB11 (Fig. 3).

Group | Cultivated nifH mRNA sequences
Name Species from this study
NB1 ACJ53724 | KF285290, KF285296, KF285342-KF285345,
KF285364-KF285371, KF285393-KF285397
NB2 | ACF22078,| KF285304, KF285311, KF285313, KF285314,
ABP79021 KF285319, KF285386
NB3 KF285284- KF285289, KF285291-
KF285293, KF285295, KF285299-
KF285302, KF285310, KF285315, KF285318,
KF285323- KF285328, KF285332-
KF285341, KF285346- KF285355,
KF285357, KF285358, KF285360-
KF285363, KF285376, KF285378-382,
KF285389- KF285391, JN645433, JIN645442,

JN645443
NB5 ACL03220 | KF285306, KF285308, KF285320, KF285321
NB7 KF285307, KF285316, KF285356, KF285359,

KF285372-375, KF285384, KF285385,
KF285387, KF285392, IN645432, IN645434-
JN645441, IN645444

NB8 | AAG23908, KF285309, KF285322
AAG23903

NB9 KF285297, KF285298, KF285312

NB10 KF285303, KF285388

NB11 KF285329- KF285331
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Supplementary Table 4: Statistical analyses of gitéB3 abundance amdfH
expression using one-way ANOVA and Tukey-Kramer H&®I3t-hoc tests. F ratio
(df;= degrees of freedom between groupss diegrees of freedom within groups) and
p values are denoted. Asterisk (*) indicates statdlly significantp values (< 0.05). If
the one-way ANOVA test revealed statistical sigrafice between samples compared,
a Tukey-Kramer HSD post-hoc test was performedy @ results with @ value <

0.05 are included underneath the corresponding AN@ét.

Comparison F (df,, df,) value p value
Abundance by Site F (3,20) = 20.9799 <0.0001*
MNB-MP1 <0.0001*
MNB-RIS2 <0.0001*
MNB-PRE 0.0032*
PRE-MP1 0.0128*
Abundance by Depth F (5,18) =0.2114  0.9532

Abundance by Season - PRE F (2, 12) =3.8401 0.0514
Abundance by Season - MNB F (2, 15) = 1.0154  0.3858
Abundance by Season - RIS2 F (3, 20) = 2.1776  0.1224

Abundance by Season - MP1 N/A N/A

Expression by Site F (3,20) = 12.7419 <0.0001*
PRE-MP1 0.0002*
PRE-RIS2 0.0002*
PRE-MNB 0.0023*

Expression by Depth F (5,18) =0.2339  0.9425

Expression by Season - PRE F (2, 12) =3.3175 0.0713
Expression by Season - MNB F (2, 15) =0.5815 0.5712
Expression by Season - RIS2 F (3, 20) =0.9376  0.4410
Expression by Season - MP1 N/A N/A
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Supplementary Table 5: Statistical analyses of gitéB7 abundance amdfH
expression using one-way ANOVA and Tukey-Kramer H&®I3t-hoc tests. F ratio
(df;= degrees of freedom between groupss diegrees of freedom within groups) and
p values are denoted. Asterisk (*) indicates statdlly significantp values (< 0.05). If
the one-way ANOVA test revealed statistical sigrafice between samples compared,
a Tukey-Kramer HSD post-hoc test was performedy @ results with @ value <

0.05 are included underneath the corresponding AN@ét.

Comparison F (df,, df,) value | pvalue
Abundance by Site F (3,20) = 24.1037 <0.0001*
MNB-MP1 <0.0001*
PRE-MP1 <0.0001*
MNB-RIS2 <0.0001*
PRE-RIS2 0.0003*
Abundance by Depth F (5,18) =0.0987 0.9911

Abundance by Season - PRE F (2, 12) =1.1606 0.3461
Abundance by Season - MNBF (2, 15) = 0.3814 0.6894
Abundance by Season - RIS2F (3, 20) = 2.9268 0.0588

Abundance by Season - MP1 N/A N/A

Expression by Site F (3,20) = 48.1908 <0.0001*
PRE-MP1 <0.0001*
PRE-RIS2 <0.0001*
PRE-MNB <0.0001*

Expression by Depth F (5,18) =0.1267 0.9844

Expression by Season - PRE F (2, 12) =3.1323 0.00804
Expression by Season - MNB F (2, 15) = 0.4345 0.6555
Expression by Season - RIS2 F (3, 20) = 0.9575 0.4319
Expression by Season - MP1 N/A N/A
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Supplementary Table 6: Primers and cycling conaiftor PCR ohifH from
environmental samples. All thermocycles includedngtral 2 min denaturation at
94°C, and a final extension for 7 min at®@ *The outer reverse primer nifH3 was
used to prime the RT reactions. **First round ayglconditions for RT products
included 3 additional initial cycles with annealisigps at 44C, 46°C, and 48C.

Target Sequence Thermocycle Cycles Reference
Outer Fwd

(nifH4) 5-TTYTAYGGNAARGGNGG-3' 30" at 94C

Outer Rev 30” at 5@ 25**  Zehr 1989
(nifH3)* 5-ATRTTRTTNGCNGCRTA-3' 60" at 72C

Inner Fwd

(nifH1) 5-TGYGAYCCNAARGCNGA-3' 30" at 94C

Inner Rev 30" at 5C 30 Kirshtein 1991

(nifH2)  5-ANDGCCATCATYTCNCC-3' 60" at 72C

64



Supplementary Table 7: Primers and cycling conagifor PCR ohirSfrom
environmental samples. All thermocycles includedngtral 2 min denaturation at
94°C, and a final extension for 7 min at°@ *For the first 11 cycles the temperature
decreased O°E every cycle.

Target Sequence Thermocycle Cycles Reference
Forward
(nirS1F) 5-CCTAYTGGCCGCCRCART-3' 30" at 92

30" at SSC} 11*

60" at 72C Braker 1998,
Reverse 2000
(nirS6R) 5-CGTTGAACTTRCCGGT-3’ 30" ateC

30" at 5TC 25

60” at 7€
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Supplementary Table 8: Primers, probe and cyclorglitions for quantitative PCR
targeting thenifH gene of group NB3 and NB7 (Fig. 3). The quaniitafCR cycling
conditions for both target groups included an @hili0 minute denaturation at 95
followed by 45 cycles of & for 30 seconds and 8D for 1 minute.

Target Sequence

NB3

Forward 5-TGATCCTKCAYGCCAARG C -3

Reverse 5-GGYTACGGCGAYGTYATCTG-3

Probe 5-FAM-GGACAAGGTCCGYGARCTGGYACSGTWGAGGBHQ1-3’

NB7
Forward 5-TNGGYGGNYTGGCYCAGAARTC -3’
Reverse 5-CCDCCNGAYTCMACACACCAKGT-3’
Probe 5-FAM-YTDCGYGARGAAGGYGARGAYGTNGAACTY®@-BHQ1-3’
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Summary

Nitrogen (N) is often a limiting element for bioliegl productivity in ocean
ecosystems (Ryther et al. 1971). Diazotrophic canteria provide a source of fixed
N to lit marine waters, alleviating the N deficBtél et al. 2008). A symbiotic
unicellular cyanobacterium, UCYN-A, newly renan@ahditatus
Atelocyanobacterium thalassa (Thompson et al. 201 recently been recognized
as an important N fixer in global oligotrophic onsgZehr et al. 2007). Although an
increase in discoveries of fixed N sources in medoosystems, including
contributions from unicellular N-fixing cyanobaate(Zehr et al. 2001), N fixation in
coastal heterotrophic sediments (Fulweiler et@D72 Bertics et al. 2010) and cold
seeps (Dekas et al. 2009), marine N fixation Isgtbssly underestimated, and
therefore balancing the N budget has proved chzilbgn(Brandes et al. 2002; Gruber
2004; Codispoti 2006). Here we report active exgioesof the nitrogenase iron
componentrfifH) of the conserved N fixing enzyme by UCYN-A in bigic
sediments, with the highesifH expression and abundance at offshore continental
shelf sites when the bottom water temperatures &&%. UCYN-A, a known
tropical and subtropical open ocean cyanobactera®,a broader thermal tolerance
than previously believed and are presumably asiivee mRNA transcripts are
detected in the sediments. Once UCYNA gets expaa¢ide benthos, the physiology
of the symbiotic cyanobacterium may allow it totkrafter the lifespan of its
eukaryotic host. This diazotrophic activity is asnenexplored, unanticipated

contribution of fixed N to sediment systems andlehges the N fixation paradigm.
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Results and Discussion

Constraints on oceanic N fixation to oligotropmggical and subtropical
waters was largely based on the temperature anvdlgrequirements of the marine
filamentous cyanobacteriuiirichodesmium (Capone et al. 1997; White et al. 2007),
which was believed to be the most abundant andeaotieanic diazotroph (Capone et
al. 1997) until the discovery of two unicellularazyobacteriaCanditatus
Atelocyanobacterium thalassa, also designated U®@Y Biad Crocosphaera watsonii
(Zehr et al. 2001; Montoya et al. 2004). Althoughtfidentified in the tropical open
ocean at Hawaii Ocean Time-series (HOT) station N Zehr et al. 2001) and
widely distributed in oligotrophic tropical and gudpical waters (Zehr et al. 2001;
Falcon et al. 2002; Church et al. 2005b; Moisamded. 2010), recent evidence has
shown that UCYN-A is found in abundance at col@éenperatures, including higher
latitudes and deeper in subsurface ocean waterséiider et al. 2010). Their domain
has also expanded to include coastal regions (Malmbet al. 2012) suggesting that
oceanic N fixation may be more widespread thaniptesly believed.

Unlike other cyanobacteria, UCYN-A lacks photosygsié RuBisCo, and the
tricarboxylic acid cycle among other crucial metabpathways (Zehr et al. 2008;
Tripp et al. 2010). To support its carbon requirataeén oligotrophic oceans, it has
been proposed that UCYN-A is a symbiont of carbwimd hosts (Tripp et al. 2010)
and has a loose symbiotic association with a ulnieelprymnesiophyte (Thompson et
al. 2012). In exchange for fixed carbon for eneagy biosynthesis, UCYN-A
provides the host with fixed N (Thompson et al. 20T herefore, UCYN-A is a

significant contributor of biologically fixed N tihhe environment, and could also play
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a central role in the vertical downward flux of angc matter to the deep ocean if it is
exported with its associated host.

Estuarine, continental shelf and other coastal magdiments are responsible
for 83% of biogeochemical cycling in the benthaswhver these regions only make
up only 9% of the total area of the seafloor (Josg® 1983). Denitrification, the
sequential reduction of oxidized forms of nitrogerN, gas by anaerobic bacteria, is
responsible for the major loss of fixed N in cobstargins, therefore contributing to
the unbalanced global N budget (Howarth et al. 1988e to the high inputs of
anthropogenic added nutrients, estuaries and @ntahshelves are not typically
considered N limited. Therefore, N fixation was siolered to be an insignificant part
of the benthic N cycle, unless associated with géyithetic microbial mats (Capone
1983; Paerl et al. 1996), seagrass (McGlathery, 0988; Herbert 1999) and salt
marsh plant (Welsh et al. 1996; Herbert 1999) \egg®t in the photic zone. Only
recently has N fixation by anaerobic microorganistasome recognized as an
important process occurring in non-vegetated bergbdiments (Fulweiler et al. 2007;
Bertics et al. 2010; Fulweiler et al. 2013).

Our goal was to use gene expression to determutaabtroph activity was an
underestimated component of the N cycle in margterotrophic sediments. N
fixation is catalyzed by the conserved nitrogernaseéein complex (Howard et al.
1996).nifH, the gene encoding the nitrogenase iron protein oo, is a common
marker for the phylogenetic analysis of diazotrdprersity (Zehr et al. 1989).
UCYN-A nitrogenase expression has been linked tasued rates of N fixation

(Zehr et al. 2007). Expression of the functioreenifH was analyzed in sediments
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collected at four sites (PRE, MNB, RIS2 and MPbnalthe estuarine gradient of
Narragansett Bay (RI, USA) to an offshore contiaéshelf site (Fig 1). Sites PRE,
MNB and RIS2 were sampled over a seasonal cyclge ahsite MP1, sediments
were only collected in August 2011. UnexpectedifHH mMRNA sequences related to
UCYN-A were recovered in sediments at sites MNESR&nd MP1 (Fig 2). At site
MNB, expressed sequences were detected in thecswséiments (1-2 cm in depth),
while the offshore sites contained expressed segsaup to 6 cm, the deepest
subsection collected.

The UCYN-A relatechifH sequences cluster into two sub-groups, designated
Al and A2 (Fig 2). Sub-group Al contains mMRNA sets from all three sites and
are identical to sequences collected from tropoal sub-tropical waters including
station ALOHA, the South China Sea and the NorttifRasub-tropical gyre eddy
(Fig 2). Sub-group A2 contains mRNA sequences fsatsmMNB and RIS2 and are
closely related tmifH sequences detected in temperate waters including/gstern
English Channel and the Mediterranean Sea (Figl#)ough UCYN-A are globally
distributed, unlike other marine bacteria includiradagibacter andProchlorococus,
populations of UCYN-A are homogenous (Tripp e2&l10). Not surprisingly, sub-
groups Al and A2 shared a >98% pairwise sequerceiig and with such low
sequence diversity both UCYN-A sub-groups can Bessed with quantitative PCR.

Abundance, distribution and levelsmfH expression of UCYN-A in the
sediments were determined by quantitative PCR tiaggéhenifH gene. The UCYN-
A genome contains one copyrfH and can be used as a proxy for abundance. The

abundance of UCYN-A increased along the estuamadignt of the Bay, with the
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greatest number of gene copies detected at theoffskore site, MP1 (Fig 3a). At
sites PRE, MNB and RIS2, the highest abundanceratduring the winter in
January (Fig 3a). During July, UCYN-A was undetblgat site PRE and at very low
levels at site MNB (Fig 3a). Diazotroph abundanee B fixation rates in surface
North Atlantic coastal waters were measured betvizsgre Hatteras and Georges
Bank. UCYN-A were the most abundant diazotroph messalong the coast and
among the highest abundances ever recorded faytdmbacterium (Carpenter et al.
2008; Moisander et al. 2010). At several regiorss yuest of Georges Bank and in
Block Island Sound, high rates of N fixation witbncurrent high abundances of
UCYN-A were measured (Mulholland et al. 2012), galing that these microbes are
prevalent and active in the water column near dfghore sites, RIS2 and MP1.
About 53 km to the northeast of our sampling siteIMFig 1), the highest areal rate
of N fixation (873.9 umol N md™) was documented for North American coastal sites
(Mulholland et al. 2012). Corroborating our resulke lowest abundance of UCYN-A
was also measured in an estuary, at the mouth ed&teake Bay (Mulholland et al.
2012).

UCYN-A nifH expression followed a similar trend to abundanat mifH
transcript copies increasing from the head of thg 8 the offshore sites (Fig 3b). At
site PREnifH expression was undetectable during all samplimg fpoints and very
low transcript copies were detected in Octoberariary at site MNB (Fig 3b).
Previous studies have observefH transcripts of UCYN-A at water temperatures as
low as 12° to 19°C (Needoba et al. 2007; Shoit 087). At site MNB, although

low levels, UCYN-A transcripts were detected inuany when the bottom water
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temperature was 2°C. The highest levelsifti expression were detected at site MP1
in August and site RIS2 in January with bottom w&tenperatures at 8° and 5 °C,
respectively (Fig 3b). Although the lowest recordddindance at site RIS2, UCYN-A
were most active in October with a gene expressi@bundance ratio of 54.5 when
the bottom water temperature was 14°C (Fig 3ceSUCYN-A remains
uncultivated, the boundaries of its temperaturdt lare not well understood, and may
be lower than previously predicted. Regardlessatsn, the highest abundance and
nifH expression of UCYN-A was detected at the offshaeeRIS2 (Fig 4). Peak
abundance and expression occurred at site MP13@Fand b), but this location was
only sampled in August 2011, so was disregardeshalysis. Due to UCYN-A’s
symbiotic lifestyle, the bacterium may be constditvy the geographical range of its
eukaryotic partner.

UCYN-A has a loose extracellular association wigirgyle-celled eukaryotic
alga, identified as a prymnesiophyte closely relateBraarudosphaera bigelowii and
Chrysochromulina parkeae (Thompson et al. 2012). Both eukaryotes, although
morphologically distinct, appear to contain cakiifiscales (Gran and Braarud 1935,
Saez 2004), which may help stabilize the fragikoamtion. The distribution d.
bigelowii is restricted to nearshore regions (Hagino et@092, typically in cold, low
salinity waters (Bukry 1974. parkeae was first identified near South West England
and Norway (Green et al. 1972); however, its raaget well-characterized. The
global and widespread distribution of UCYN-A (frastigotrophic tropical oceans to
temperate coastal regions), along with its loogenpaassociation indicates that

UCYN-A may have multiple prymnesiophte hosts. Dgrantwo-year temporal study
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of the Northeastern Atlantic Outer Continental §iteke abundance of coccoliths was
greatest during the winter months and decreast#tteisummer and were replaced by
diatoms southwest of Georges Bank (Aaron, J. 198t)se findings support our
observations, in which we detect the highest abaceland expression of UCYN-A
during January at site RIS2. UCYN-A’s symbiotictparship with potentially

multiple calcifying prymnesiophytes has importanplications for the broad thermal
tolerance of the N fixing unicellular cyanobacteaiad the global export of carbon and
nitrogen into the deep ocean.

When the prymnesiophyte partner sinks to the benth@sumably the loosely
attached UCYN-A gets vertically transported to skediments as well. UCYN-A lacks
key genes for photosynthesis and carbon fixatigipplet al. 2010), and in the water
column, obtains organic carbon from its host (Theampet al. 2012). If UCYN-A is
no longer associated with its partner in the sedtmes genome does contain genetic
machinery to acquire essential nutrients from th@renment, including multiple non-
specific sugar transporters (Tripp et al. 2010) YBICA has a complete suite of
enzymes for upper glycolysis and the pentose platsgiathway to metabolize the
sugars for energy and biosynthetic purposes (Tet@d. 2010). The genome also
encodes for trace metal transporters for iron, imddum and nickel which are
essential for certain enzymatic function, includidixation (Tripp et al. 2010).
UCYN-A would be capable of surviving in the benthlvaghout its partner due to the
sources of organic matter available in the sedirflRatve et al. 1988ifH transcripts
detected up to 6 cm in depth suggests that UCYNmains active in the sediment

after the lifespan of its host. UCYN-A diazotrophictivity in coastal sediments
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strengthens benthic-pelagic coupling and is anecgatented source of fixed N to the
marine system.
Methods Summary:

Sediment cores were collected at four sites (PREBMRIS2 and MP1) in
southern New England coastal waters from May 2018ugust 2011 with bottom
water temperatures ranging from 2 to 18°C. Sediroerdgs were sub-sampled with 60
mL syringes, flash frozen in liquidJNind sectioned into 1cm intervals to 6¢cm in
depth. Total DNA and RNA were extracted from seditrgamples as previously
described (Fulweiler et al. 2013).

RNA was transcribed to cDNA amifH mRNA transcripts were amplified
from the cDNA using nested PCR (Zehr et al. 198gshdein et al. 1991). For every
expresseaifH amplicon, 4-5 sequences were cloned. ExpressaetbamentalnifH
sequences from the four sites that were closestedlto UCYN-AnifH (CP001842)
were combined with the top 100 BLASTn hitsfH nucleic acid sequences were
aligned using the multiple sequence alignment tgit)SCLE (Edgar 2004) within the
Geneious software packagen#H maximum likelihood tree of aligned nucleic acid
sequences was constructed using PhyML in Geneiahsl®00 bootstrap replicates.
Quantitative PCR assays were performed on all enmental DNA and cDNA
samples using primers targeting UCYNa#H (Church et al. 2005a).
Supplementary Information:

Study Sites and Field Collection
Intact sediment cores (10 cm inner diameter anfl &. long) were collected

at four sites in southern New England coastal wsateites PRE (41°46.7’, 71°22.8’)
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and MNB (41°35.3", 71°22.4) are located within teeperate estuary, Narragansett
Bay, Rhode Island. Cores were harvested using gblincorer at site PRE and at site
MNB using SCUBA divers. The offshore sites, RIS2°M7.1’, 71°18.2") and MP1
(40°26.1’, 70°28.9), are located in Rhode Islamdisd and on the continental shelf
110 km south of Cape Cod, Massachusetts, respbcteres were collected using a
box corer (0.25 ) and pre-mounted PVC cores at the offshore s&i¢ss PRE and
MNB were sampled in June and October 2010 and daR204 1. Site RIS2 was
sampled in May, July, and October 2010 and Jar2@ty{. The most offshore site,
MP1, was only sampled in August 2011 (Fig. 1, TdhleAll cores were transported
to and stored in the dark at field bottom-watergenature in a walk-in environmental
chamber at the Graduate School of Oceanograplme afriversity of Rhode Island.
The cores were left uncapped with air gently butgbthrough the overlying water.
Sub-sampling and Nucleic Acid Extractions

The cores were sub-sampled using a 60 mL syrindevane subsequently
flash frozen in liquid M The sub-cores were sectioned into 1 cm segmentsthe
sediment water interface to 6 cm in depth. Thednogediment cross-sections were
cut up to yield 0.25 g and 0.5 g of wet sedimendblA and RNA isolation,
respectively. The MO Bio Powersoil DNA IsolationtKCarlsbad, CA, USA) was
used to extract total DNA from the sediment sampteording to manufacturer’s
instructions. Subsequently, DNA was quantified gdmvitrogen’s Qubit dSDNA HS
Assay Kit and all DNA samples were diluted to acantration of 1 ng/uL for gPCR
analysis. A concentration of 1ng/uL was choserth@s saturation experiments.

Total RNA was extracted using the MO Bio Power&NIA Isolation Kit (Carlsbad,
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CA, USA), however the kit was designed to extradi®Rrom 2 g of soil. A quarter of
the volumes of the Bead, SR1, SR2, SR3 and SRéiamduand phenol-chloroform-
isoamyl alcohol were used to accommodate this temu reaction scale. After the
RNA precipitation step, the dried pellet was resumsfed with 100 pL of nuclease free
water, 10 pL of 10X TURBO DNase buffer and 1 pLT&fRBO DNase from the
TURBO DNase-free Kit (Ambion, Austin, TX, USA) amtcubated at 37°C for 30
min. 10 pL of DNase Inactivation reagent was adatedlincubated at room
temperature for 5 min to inactivate the reactidme Temaining RNA purification steps
were carried out using the RNeasy Mini Kit (Qiag€alencia, CA, USA) according
to the manufacturer's instructions. Total RNA waargified using Invitrogen’s Qubit
RNA Assay Kit and all RNA samples were diluted togl L. cDNA copies of RNA
were generated with Invitrogen’s SuperScript F88tand Synthesis System for RT-
PCR. For all samples, 8 pL of DNase-treated RNA @ncentration of 4 ng/uL was
added to the reaction. Each reaction was primeld WvjiL of 2 uM outer reverse
primer for our gene of interest, nifH3. After treverse transcriptase was added, the
mixture was incubated at 50°C for 50 min. All thber steps followed the
instructions of the manufacturer. For every sampialso included controls that did
not contain reverse transcriptase to confirm tineae no DNA contamination in the
PCR amplification.
Functional Gene Sequence Analysis

nifH mRNA transcripts were amplified from environmerdBINA using
nested PCR with degenerate outer primers nifH43d@Hd inner primers nifH1-nifH2

(Zehr et al. 1989; Kirshtein et al. 1991). Bothmds of PCR consisted of an initial
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denaturation step of 2 min at 94°C, cycling stéyd included: a denaturation step of
30 s at 94°C, an annealing step of 30 s at 50°€ aarextension step of 1 min at
72°C. All reactions had a final extension step ofivi at 72°C. First round reactions
had 25 cycles and the second round reactions hagickés (Zehr et al. 1989;
Kirshtein et al. 1991).

Amplified PCR products were loaded on to a 1% asm(wt/vol) TAE gel and
bands of the correct size were purified using th®eoQick Gel Extraction Kit
according to the manufacturer’s protocol (Qiageteweia, CA, USA). PurifieahifH
products were cloned into pGEM-T vectors (Prom&fgdison, WI, USA),
transformed into JM10HB.coli competent cells (Zymo Research, Irvine, CA, USA)
and identified by blue-white screening. The plasmiere purified using the QlAprep
Spin Miniprep Kit (Qiagen, Valencia, CA, USA) anegsienced on the Applied
Biosystems 3130x| Genetic Analyzer (Applied Biogyss, Foster City, CA, USA) at
the RI Genomic Sequencing Center at the Unived§ighode Island. For every
expresseaifH amplicon, we cloned 4-5 sequences.

Expressed environmentaifH sequences from sites PRE, MNB, RIS2 and
MP1, that grouped with UCYN-AiIfH (CP001842), accession numbers KF285290,
KF285296, KF285342-KF285345, KF285364-KF285371, 8%393-KF285397,
were combined with the top 100 BLASTn hits in GenBé&Benson et al. 2009). All
nifH nucleic acid sequences were aligned using the pheibiequence alignment tool,
MUSCLE (Edgar 2004) within the Geneious softwarekage. AnifH maiximum
likelihood tree of aligned nucleic acid sequences wonstructed using PhyML in

Genious with 1000 bootstrap replicates.
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Quantitative real-time PCR

Quantitative PCR assays targeting UCYNii#H were performed all on DNA
and cDNA samples using the Roche’s LightCycler B8ibes Master Mix and were
analyzed using Stratagene’s Mx3005 qPCR Systemplearnwere amplified using
primers, probe and thermocycling conditions presigpaescribed (Church et al.
2005a). The gPCR reactions consisted of 10 uLeRbache LightCycler 480 Probes
Master mix, 5.7 uL of water, 2 uL of a primers/peahix (at concentrations of 0.4 uM
and 0.2 uM, respectively), and 0.3 uL of referedge (ROX). The gPCR cycling
conditions were: 1 cycle of 96 for 10 minutes, followed by 45 cycles of°*@5for 30
seconds and 6C for 1 minute. A standard curve was produced wighicate 10-fold
dilution series ranging from 1 ng to 1 ag of linead plasmid containing a sequenced
nifH clone from UCYN-A sub-group Al. The standard cumeas used to determine
absolutenifH gene copy or transcript copy number in the envirental samples.
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Figure 1. Map of sampling sites in Narragansett Bay andledfgouthern coast of
Rhode Island and Massachusetts. Sampling sitestfi@enstudy are represented by
closed circles. Open circles indicate sites in Whigh rates of areal N fixation
(GBGM1 = 208 umol N mid™, GBGM2 = 873.9 umol N ffid'1 and MASN1 = 152.3
umol N m’d™) were documented (Mulholland 2012).
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KF285396 - RIS2 January ‘11 3.0cm

KF285290 - MNB June ‘10 2.0cm

KF285343 - RIS2 May ‘10 6.0cm
KF285344 - RIS2 May ‘10 6.0cm
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UB - FI756624 (Western mid-Atlantic Ocean 23m)
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UB - HQ611363 (Cape Verde Surface Water - mRNA)
UB - DQ481427 (North Pacific Ocean 5m)
UMB - HQ456060 (South China Sea)
UMB - EU187567 (South Pacific Ocean 50m

Canditatus Atelocyanobacterium thalassa (UCYN -A) - CP001842
UMB - EU187549 (South Pacific Ocean 70m)

UC - EF470528 (English Channel)
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UMB AY896464 (Atlantic Ocean)
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|- UMB - HQ456068 (South China Sea)
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UMB - EU187568 (South Pacific Ocean 50m)
LUMB - HQ456059 (South China Sea)

UMB - EU187524 (HOT 70m)

L UMB - EU187507 (HOT 70m)
KF285395 - RIS2 January ‘11 3.0cm
KF285296 - MNB October ‘11 1.0cm
UC - EF470542 (English Channel)
UB - EF568475 (Mediterranean)

UC - EF470544 (English Channel)
UB - FI1756630 (Western mid-Atlantic Ocean 2m)
KF285394- RIS2 January ‘11 3.0cm
KF285393 - RIS2 January ‘11 3.0cm
UMB - AAF299420 (HOT)
UB - HMZlOSS?éSouth Pacific G re)

UB - HM210400 (South Pacific yre)
UB - HM210398 (South Pacific Gyre)
UB - HQ611838

Sub-group A2

Mid Narragansett Bay (MINB)
Rhode Island Sound (RIS2)

UB = uncultured bacterium
UMB = uncultured marine bacterium
UC = uncultured cyanobacterium

Sub-group Al

Cyanobacterium enodsymbiont of Rhopalodia gibba - AY728387
UMB - HQ455916
Gloeocapsa sp. KO30D1 - AB264109
Cyanothece sp. ATCC 51142 - AF003336
Cyanothece sp. PCC 7822 - NC_014501
Cyanothece sp. PCC 8801 - NC_011726
Cyanothece sp. PCC 8802 - NC_013161

0.2

—<]Group - 51 UMB
L———Cyanothece sp. PCC 7424 -
NC_011729

Figure 2. Maximum-likelihood nucleotide tree (PhyML) of expeedifH sequences
obtained from sediment samples and the top 100 BIpA8ts includingCanditatus
Atelocyanobacterium thalasedH gene sequenceifH sequences from this study are
highlighted in color according to site and samplmngnth and depth in the sediment
are denoted. If there were two identical BLASTnwsatpes from the same location,
only a representative sequence was shown. Theubrg®ups Al and A2 are

indicated on the tree.
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Figure 3. Abundance andifH expression of UCYN-A along the estuarine gradiént o
the bay to the most offshore site, MP1. Each shepeesents a month sediment
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A. UCNY-A abundance, BiifH expression, and C. gene expression to abundance
ratio integrated over depth as a function of insiegdistance from site PRE.
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B PRE
B MNB
H RIS2

Figure 4. A. Average UCYN-A abundance. B. Average UCYNi#H expression. At
sites PRE (pink) and MNB (green), June and Oct@b&0 and January 2011 were
averaged. At site RIS2 (blue), July and Octobe02&id January 2011 were
averaged. MP1 was not included as it was only sednipl August 2011.

87



Table 1.Bottom water temperatures of study sites duringnsext collection.

Site | Month Sampled| Temperature (°C)
PRE June ‘10 18
October ‘10 18
January ‘10 2
MNB June ‘10 18
October ‘10 18
January ‘10 2
RIS2 May ‘10 8
July ‘10 13
October ‘10 14
January ‘11 5
MP1 August ‘11 8
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Abstract:

Episodic hypoxia is becoming a common occurrena®astal systems
globally, yet it remains unknown how water columxygen depletion influences
nitrogen (N) cycling processes in the sedimentu&iste sediments are generally
considered areas of net N loss through the couptatication-denitrification.
Conversely, inputs of N through N fixation are tgdly considered negligible.
Recently, anaerobic diazotrophs have been showa topotentially important source
of N in coastal benthic habitats. Sediments wellected at several sites prior to and
after hypoxia in Narragansett Bay (RI, USA). Sdtpre-hypoxic cores were
incubated under oxic and hypoxic conditions. Benfigdiment characteristics (e.g.
C/N ratio, oxygen penetration and porewater N) vegralyzed to determine the
influence of oxygen depletion on sediment N cyclnmigrobial activity. Concurrently,
nitrogenase subunibifH) gene expression was used to identify the likehve
nitrogen fixers in the surface sediments. The gtdiulknifH expression was
detected at the site most heavily impacted by higpaxth anaerobic sulfur/iron and
sulfate reducers dominating expression. After enpo$o severe hypoxia, a
disappearance of porewater nitrate was detectseldiments, indicating coupled
nitrification-denitrification was possibly represis@xygen depletion in the water
column potentially influences natural sediment sedependent N transformations
and while also stimulating anaerobic N fixation.

Introduction:
Anthropogenic fertilization of coastal marine systeby excess nitrogen (N)

can lead to undesirable impacts including eutragioo-induced hypoxia (Diaz et al.
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2008; Rabalais et al. 2010; Zhang et al. 2010).axypzones form when river
freshwater and excess nutrients from natural atltt@pogenic sources enter coastal
waters promoting phytoplankton blooms (Brickerle808). Eutrophication
enhances deposition of organic matter to the bentlibich in turn promotes
microbial decomposition and respiration (Meyer-Reial. 2000). Consequently, the
increased demand for oxygen in the benthos cowpiddwater column stratification
can deplete the system of dissolved oxygen (Rabatal. 2010). Hypoxia and anoxia
are one of the most deleterious anthropogenicenftes facing our marine
environments (Diaz et al. 2008; Zhang et al. 2010).

Hypoxia is expanding in coastal regions globallyaiDet al. 2008), yet the
impact of oxygen-depletion on benthic N cyclingidl poorly understood. In
estuarine sediments, nitrogen is removed from yeem through coupled
nitrification-denitrification (Seitzinger 1988). Amonia is first oxidized into nitrate by
specialized groups of nitrifiers. Subsequently,ittéiers anaerobically reduce the
oxidized forms of nitrogen to N\gas. Hypoxia can indirectly inhibit denitrificatio
through the suppression of nitrification, an oxygequiring pathway (Childs et al.
2002), potentially repressing the loss of fixedrdhfi coastal systems.

Benthic nitrogen fixation, the reduction of Nas to biologically available
ammonia, is typically considered an insignificaoinponent in most estuarine
nitrogen budgets (Howarth et al. 1988a; Gallowasl e2004). However, biological N
fixation is a critical source of nitrogen in spécibenthic habitats, including sediments
vegetated by rooted macrophytes (McGlathery €t38; Herbert 1999; Welsh 2000)

and photosynthetic microbial mats (Capone 1983tIRaal. 1996). More recently,
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unvegetated coastal sediments have also been reedgs a periodic source of fixed
N (Gardner et al. 2006; Fulweiler et al. 2007; Bsret al. 2010).

Biological N fixation is catalyzed by the nitrogeeeenzyme, which is highly
conserved and distributed throughout diverse pyakar taxa (Young 1992hifH, the
gene encoding the nitrogenase iron protein subigrite gene marker largely used to
study diazotroph diversity in various environmefztshr et al. 2003; Jenkins et al.
2008; Gaby et al. 2011). Phylogenetic analysisittf DNA in the aforementioned
benthic habitats, all revealed that anaerobesackkat sulfate reducing bacteria were
likely significant contributors of fixed N to thgstem (Lovell et al. 2000; Steppe et al.
2005; Bertics et al. 2010). Microbes respiring ieord sulfur compounds, along with
sulfate reducers dominated activéH gene expression in unvegetated sediments in
Narragansett Bay, a temperate estuary in southewnBhgland (Fulweiler et al.
2013; Brown et al. submitted). Because of the abnod and activity of anaerobic
diazotrophs recovered from unvegetated sedimertigiragansett Bay, we
hypothesize that a reduction in oxygen supply edverlying water and surface
sediments during hypoxic and anoxic events withgtate N fixation by these
anaerobic organisms. Hypoxia may perturb the fonatig of coastal ecosystems by
potentially inhibiting denitrification while alsdisulating anaerobic nitrogen fixation.
Exploring areas impacted by hypoxia may help resthe global marine N budget
discrepancy.

For the last several decades, episodic hypoxicteveve been documented in
Narragansett Bay (Oviatt et al. 1984; Bergondd.€2@05; Deacutis et al. 2006;

Melrose et al. 2007; Deacutis 2008; Saarman @08&I8). Over the course of the 2013
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summer season, water column oxygen concentrasatfigjty and temperature were
monitored at several sites in upper Narragansett Bediments were harvested at the
end of May, prior to hypoxia and at the beginnifidogust, after a hypoxic event.
Sets of pre-hypoxic sediment cores collected aetiteof May were incubated in oxic
or hypoxic conditions. To investigate the sourcé processing of organic matter
deposited to the benthos, we measured total organbon and nitrogen in the
sediments. Analysis of other benthic charactegshcluding oxygen penetration and
porewater nutrients can provide insight into therotial processes occurring in the
surface sediments. DominamfH-transcribing microbial populations were identified
and quantitative PCR was used to follow changedbimdance andifH expression of
these bacterial groups in response to fluctuatottpn water oxygen concentrations.
The overall goal of this study was to determineh@y hypoxia influences benthic
microbial activities through analysis of sedimen&@cteristics and (2) if changes in
sediment characteristics reflects the activityiakdtrophs.

Results:

Water quality parameters, sediment characteriaticsexpression afifH, the
functional gene associated with nitrogen fixateye analyzed during the 2013
summer season at three sites, Bullock Reach (B#l); Bock (SR) and Hope Island
(HI) in Narragansett Bay, RI (Fig 1, Table 1). (Bxeto Experimental Procedures for
more in-depth collection and site description.)

May and August 2013 Field Measurements

Bottom Water Dissolved Oxygen
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Sediment cores were harvested prior to hypoxiheaehd of May when
bottom water dissolved oxygen (DO) concentratiamged from 7.39-9.09 mg/L (Fig
2, Table 2). Throughout much of July, sites BR &Rdexhibited severe hypoxia (Fig
2). Near anoxic conditions (0.0 mg/L DO) were oledrat site SR (Fig 2). Sediment
cores were collected in early August after hypdgkig 2). At site BR, the bottom
water DO was 3.49 mg/L while the concentrationsengebit higher at sites SR and
HI, 6.25 mg/L and 5.43 mg/L, respectively (Fig apble 2).

Sediment Characteristics

Molar carbon to nitrogen (C/N) ratios of the sedninéid not vary more than
+0.33 from the average along depth profiles or ketwmonths sampled at each site
(Fig 3). The average C/N ratio was 11.4 and 11s3tas BR and HlI, respectively,
with a slightly lower average C/N ratio of 10.4s¢e SR. Weight percent total organic
carbon (TOC) and weight percent total nitrogen (oNhe sediment were much
lower at site HI, with an average of 1.91% TOC ar#0% TN compared with sites
BR (3.62% TOC and 0.37% TN) and SR (3.34% TOC aB8% TN) (Fig 4).

Sediment downcore oxygen profiles differed acraes ind months sampled
(Fig 5). At all three sites in May and August, D@sadepleted in the sediment by 0.5
cm in depth (Fig 5). The oxygen profiles for sedmneollected in May and August at
site BR were very similar (Fig 5a). Converselysia SR the oxygen percent
saturation in the surface sediment in August wasmtower and depleted more
quickly compared to sediment collected prior todwip in May (Fig 5b). At site HI,
the sediment oxygen profiles in May and Augustawlia similar trend with oxygen

penetrating slightly deeper (~0.5 mm) into the sediin May (Fig 5c¢).

94



Nitrite plus nitrate in the sediment porewater gdrbetween sites and months
sampled (Figs 6a, 7a and 8a). The highest levelgrite plus nitrate were detected in
the porewater of site BR (Fig 6). At the sedimeatew interface in May, the
porewater nitrite plus nitrate concentration rangetiveen an average 0.6 uM to 5.6
UM depending on the site (Figs 6a, 7a, and 8&ulyust, the concentration of nitrite
plus nitrate was nearly undetectable along theeeaadiment depth profile of all three
sites (Figs 6a, 7a and 8a). Sediments from siteaBRSR exhibited similar
porewater ammonium concentration profiles (Figauéd 7c), while slightly lower
concentrations of ammonium were detected at sité-ldI8c). Between May and
August at each site, the concentration of ammonemmained relatively stable (Fig
6¢c, 7c and 8c).

Oxic and Hypoxic Incubation Measurements
Bottom Water Dissolved Oxygen

Sets of pre-hypoxia cores collected in May werelloated under oxic and
hypoxic conditions. The overlying bottom water D@ncentrations of the oxic
treatment cores were between 8.46-8.83 mg/L fahedle sites (Fig 2, Table 2). For
the hypoxic incubated cores, the DO concentratidrtse water at the sediment water
interface ranged from 1.5-3.3 mg/L (Fig 2, Table 2)

Sediment Characteristics

Sediment C/N ratios and weight percent TOC and Ttieincubated cores
did not vary from the field cores with the exceptif site SR. A slightly lower
average C/N ratio of 10.1 at site SR was obsemé¢ka surface sediments (0-2 cm) of

the oxic and hypoxic treatment cores (Fig 3). Amojncrease in weight percent TOC
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and TN (3.51% and 0.41%, respectively) was detdatéite surface sediments of site
SR incubated cores compared sediment collectecaw (Kig 4).

Downcore oxygen profiles of the incubated sedintenés varied depending
on oxygen treatment. In all cores incubated under conditions, the oxygen
saturation at the sediment-water interface incitése 100% and oxygen penetrated
deeper into the sediments compared to the cordresacollected in May (Fig 5). At
site BR, the oxygen decreased more rapidly in fip@kic incubated cores compared
to sediment collected in May and August (Fig 5&)site SR, similar oxygen profiles
were observed in hypoxic treated sediment and sadiovllected in August after
hypoxia (Fig 5b). The oxygen profiles for sedimeoliected in May, August and
exposed to hypoxic conditions were very similardibe HI (Fig 5¢).

Sediment porewater nitrite plus nitrate from sBésand SR differed between
the incubated cores and sediments collected in (Ai@y6a,b and 7a,b). For site HI,
little variation in nitrite plus nitrate concenti@s was detected between May, oxic
treatment and hypoxic treatment cores (Fig 8a,bhoth sites BR and SR, a spike in
nitrite plus nitrate (up to 22 UM and 18 uM, respaty) was detected in the surface
sediments of one set of oxic treatment cores (6ligand 7b). At all three sites,
porewater ammonium concentrations increased in thetloxic and hypoxic incubated
cores compared to the May control cores (Figs @dand 8d). The overall highest
ammonium concentrations were detected in the hgpogatment cores (Fig 6d, 7d
and 8d).

Phylogenetic Relationships of ExpressedifH Sequences
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Expression of theifH gene was observed at all three sites and wasZdedab
the top 3 cm of sediment (Fig 9). The spatial thstron of nifH MRNA transcripts
was variable between months sampled and treatr(féigt9). The greatestifH bulk
expression was detected at site SR, particularlyerhypoxic treatment sediment (Fig
9).

Phylogenetic analysis of expressefH mRNA transcript sequences from the
sediments revealed that they are limiteditél Clusters | and Ill, as previously
defined (Chien et al. 1996). Many expressdH sequences group with known
sulfate, sulfur and iron reducing bacteria (Fig. ®9veral of these phylogenetic
groups (NB2, NB3, NB5, NB7 and NB10) have been joesly reported from
unvegetated sediments in the same estuary (Fulvetibd. 2013; Brown et al.
submitted). Three novel groups (NB12-NB14) wer@veced in this study. Group
NB3 contains the majority of expressatH sequences (41) and is most closely
related to a sulfur and iron reducing anaerét®bacter carbinolicus (Lovley et al.
1995) (Fig 10). The second largest group of expeesisH sequences (13), group
NB7 also contains the sulfate reducBesulfovibrio salexigens andDesulfovibrio
vulgaris (Fig 10). At site HI, only groups NB3 and NBifH mRNA transcripts were
detected in the sediments (Fig 11). A higher ditaeif microbes expressingfH was
identified at sites BR and SR (Fig 11).

Targeting Specific Diazotroph Groups with QPCR

Quantitative PCR was used to follow changes in dbooe and levels oifH

expression of the two dominant microbial groupsreggingnifH, groups NB3 and

NB7 (Fig 10). The greatest abundance of group NBS ebserved at site Hl at 1 cm
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in depth in the hypoxic treatment sediments (Fig)1Zhe distribution of group NB3
was similar at sites BR and SR, with a slight iaseein abundance in the surface
sediments of the oxic and hypoxic treatment coteg@ SR (Fig 12a,b). Similar
levels of NB3nifH expression were detected at sites BR and SR @ge]) Little to
no nifH expression was observed between 3-5 cm in degikeatl (Fig 12f). The
overall abundance of group NB7 was greater than,MB®ever, a difference
between sites was not observed (Figs 12a-c and)13de lowest NB7 abundance
was detected along the entire depth profile at&Ran May prior to hypoxia (Fig
13b). The expression affH by group NB7 followed a similar distribution toagip
NB3 (Fig 12d-e and 13d-e). No significant differenc NB3 and NB7 abundance and
nifH expression was observed between months sampletieatichent.

Discussion:

Summer hypoxic events have been the subject odasang concern in
Narragansett Bay. Episodic hypoxia has been redardthe bay for the last several
decades (Oviatt et al. 1984; Bergondo et al. 20@%zicutis et al. 2006; Melrose et al.
2007; Deacutis 2008; Saarman et al. 2008), anduhemer of this study was no
different. Severe hypoxia was documented for séwvezaks during July in
Providence River Estuary and Greenwich Bay, locstiof site BR and SR,
respectively (Fig 2) (BART 2013; NBFSMN 2013). Addnally, near-hypoxic
conditions reached as far south as site HI for gladuly (Fig 2) (NBFSMN 2013).
Interestingly, high rates of net nitrogen fixataere measured (up to -65@nol No-N
m? h™) at several sites in upper Narragansett Bay ir6ZB0lweiler et al. 2007)

during the same summer months that these regioressegerely impacted by
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widespread hypoxia (Codiga et al. 2009). We presediment TOC, TN, oxygen and
porewater nutrient profiles with concurreggne expression data framsitu and
incubated sediments under varying water column erygpnditions. After severe
hypoxia in upper Narragansett Bay, the concentrasiqgporewater nitrite plus nitrate
has disappeared in the sediment. In oxic incubateels, an increase in nitrite plus
nitrate was observed in the surface sedimentsevamlaccumulation of ammonium
was detected in cores exposed to hypoxic conditidgpoxic and anoxic conditions
in the water column may in fact be driving a chamgl cycling in coastal marine
sediments.

Organic Matter Sources and Processing

The ratio of C/N can be a useful indicator of tbarse of organic matter
preserved in sediments. Organic matter produceddnne algae and phytoplankton
have C/N ratios of 6-9 (Bordovsky 1965), whereasestrial organic matter tends to
have C/N ratios greater than 20 (Meyers et al. 2001e C/N ratio of estuarine
sediments, including sites BR, SR and HlI, reflectsixture of both marine and
terrestrial sources. Site SR has a slightly lowt atio compared to the other sites,
indicating that marine algae may be a slightly morportant source of organic matter
to those sediments.

Measurements of total organic carbon (TOC) and totaogen (TN) can also
provide evidence for the long-term impacts of hyipoXhe concentration of total C
and N are indicators of primary productivity angnesent the proportion of organic
matter that remains after sedimentary remineratinatncreased TOC and TN

concentrations have been attributed to severabfaatcluding, higher water column
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productivity, greater terrestrial organic mattgsuts or increased preservation in
sediments due to hypoxic conditions (Gooday €2@09). In Chesapeake Bay
sediments, several studies observed increasesaarpd OC and TN corresponding
to both higher primary productivity and periodshgpoxia (Cooper et al. 1991;
Bratton et al. 2003). Higher concentrations of T& TN detected in sediments from
sites BR and SR than in site HI sediments correlaith higher levels of primary
productivity (Oviatt et al. 2002; Oviatt 2008) amibre severe seasonal hypoxia
(Melrose et al. 2007; Deacutis 2008; Saarman €0&8) observed at sites BR and SR
in comparison to site HI. Site HI may have lowenoentrations of TOC and TN due
to differences in sediment composition (King et28l08). We did not observe a shift
in C/N ratio or concentrations of total C and Nthie sediments at any of our sites
during the course of the sampling, including s&&sand BR that experienced severe
hypoxia. It may be that one summer of sampling ma@senough to detect a shift in
the C/N ratio. However, differences in total C aothl N concentrations between sites
suggests that long-term hypoxia may impact orgaratter preserved in the sediment.
Hypoxic Conditions Alter Sediment Porewater Nutriert Profiles

Redox dependent nitrogen transformations in thevsad are potentially
influenced by low oxygen events occurring in théavaolumn. Monitoring
concentrations of porewater oxygenated nitrogegispénitrite plus nitrate) and
reduced species (ammonium) can provide insightrmtwobial N cycling activities
occurring in the sediment. In comparison to sedingetiected in May, concentrations
of nitrite plus nitrate disappear to nearly undible levels throughout the entire

sediment depth profile after hypoxia in early Augd$e depletion of nitrite plus
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nitrate suggests nitrification has been repreddgdrogen sulfide, a respiratory
poison (Wang et al. 1999) has been shown to spatfiinhibit nitrification (Joye et
al. 1995). Hypoxic waters in Chesapeake Bay haweutdted sulfate reduction and
therefore heightened hydrogen sulfide levels (Ketngl. 1990). Increased
concentrations of hydrogen sulfide and low oxygenditions associated with
hypoxia are likely limiting nitrification.

Conversely, in the oxic incubated cores from d8Bsand SR, increased
oxygen penetration in the surface sediments appedave stimulated nitrification
activity as increased concentrations of nitritesphitrate were observed at the
sediment water interface. Similar findings wereedttd in a Denmark estuary in
which changes in oxygen penetration depth fueledication (Rysgaard et al. 1995).
Unlike the sediments collected after hypoxia in Asigwe did not observe depletion
in nitrite plus nitrate in the hypoxic treatmente®. Perhaps in this short incubation,
the low oxygen concentrations repress nitrificatiom the hypoxic incubation was not
long enough to allow denitrification to completegduce the stock of oxidized forms
of nitrogen available in the sediment.

High concentrations of ammonium were observedliseiment depth
profiles, and fall within concentrations reported dther estuarine sediments (Bertics
et al. 2010; Rao et al. 2011). Higher porewater amom concentrations were
detected at sites BR and SR in comparison withHit@ossibly correlating with
strong down bay gradients in water column inorgawittients and primary production

(e.g (Oviatt 1980; Oviatt et al. 2002)).
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An accumulation of porewater ammonium was obsenvédxbth oxic and
hypoxic treatment cores at all three sites, withlifghest concentrations detected in
sediment incubated under hypoxic conditions. Amaase in porewater ammonium
was not detected in the situ cores. The dissimilatory nitrate reduction to ammon
(DNRA) pathway retains available N in the systenthie form of ammonium. In
estuarine sediments, several studies have proplbaednder low oxygen conditions,
DNRA is favored over denitrification (Tiedje et 4B83; Rysgaard et al. 1996)
resulting in an increase in ammonium, supportingfioalings in the hypoxic
incubated sediments. However, we also observedaiedse in porewater ammonium
in the oxic treatment cores, but generally the éggltoncentration was detected below
oxygen penetration (0.5 cm). Perhaps an increasgrate due to oxygen-stimulated
nitrification in the oxic cores, promoted competitifor nitrate by microbes involved
in the denitrification and DNRA pathways resultingan increase in ammonium
compared to the May control cores.

Low oxygen concentrations in overlying bottom watappear to, at least in
part, influence sediment N cycling. For exampleygen depletion and increased
sulfate reduction associated with hypoxic condgipotentially inhibit nitrification,
which has likely consequences for decreasing sulesegates of denitrification. The
repression of coupled nitrification-denitrificatiomay open a niche for other N cycling
microbes to thrive and become active.

Sulfur and Sulfate Reducers are the Dominate Diazoaphs in Benthic Habitats

Due to the high input of N into coastal systemswidadh et al. 1988a; Howarth

et al. 1988b) and N fixation being repressed bylmaed N (Postgate 1982), benthic
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sediments were not consider a source of fixed Nvé¥@r, in some marine
environments, N fixation may not be as sensitivdissolved inorganic N, as
previously believed (Knapp 2012)fH expression was detected in surface sediments
with concentrations of ammonium generally >40 phlicating that these potentially
active diazotrophs are not sensitive to high leeélsombined N in the sediments. The
greateshifH expression was detected at the two sites mostlgeanpacted by

seasonal hypoxia and with the highest concentratidmporewater nitrite plus nitrate
and ammonium.

Similar to previous findings in other upper Narnagett Bay sediments
(Fulweiler et al. 2013; Brown et al. submitted) two microbial groups dominating
nifH expression at all three sites are related tortw@sulfur reducePel obacter
carbinolicus (group NB3) and the sulfate reducBrssulfovibrio salexiges andD.
vulgaris (group NB7). A few novel groups were detectedtasBR and SR. OunfH
RNA sequences phylogenetically group witfH DNA sequences reported from
unvegetated sediments in other coastal systemgdingi Chesapeake Bay in
Maryland, Catalina Harbor in California and Eckémnde Bay in the Baltic Sea (Burns
et al. 2002; Bertics et al. 2010; Bertics et all20 indicating these potentially active
diazotrophs are widely distributed in coastal magediments.

Various sulfur and sulfate reducing bacteria amgegeally capable of fixing N
(Zehr et al. 2003) and have been shown to do saltare (Sisler et al. 1951; Widdel
1987), suggesting these microbes may be potewtistss of fixed N in benthic
sediments. Phylogenetic analysis of tifél gene in benthic habitats including

sediments vegetated by macrophytes, microbial araisunvegetated sediments have
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identified sulfate reducers as being the dominafikx& (Lovell et al. 2000; Brown et
al. 2003; Steppe et al. 2005; Bertics et al. 2G:LOyveiler et al. 2013; Brown et al.
submitted). Based on acetylene reduction and suléspiration inhibition assays,
several studies have confirmed that sulfate redumex responsible for the N fixation
rates detected in these benthic habitats (Capoale E282; Welsh et al. 1996; Steppe
et al. 2002; Bertics et al. 2010).
Steady Abundance andhifH expression of the Dominant Diazotrophic Groups

We hypothesized low oxygen conditions associatéld ypoxia would
stimulate N fixation in the benthic sediments arelwould detect this potential switch
in N cycling with an increase in NB3 and NBifH expression under low DO levels.
However, the abundance anidH expression of groups NB3 and NB7 did not appear
to respond to changing bottom water oxygen conagatrs. At each site, a steady
abundance anaifH expression of both microbial groups was observedgthe
entire depth profile, with slight variation. Persape did not capture an increase in
nifH expression by these microbial groups becauserottater oxygen
concentrations were too high. All sediments analyzad an overlying DO
concentration of >2 mg/L. The acetylene reductissag was used to determine the
rates of N fixation at the sites in this study aglas Greenwich Cove, near a
wastewater treatment plant. Higher rates of N foratvere measured at Greenwich
Cove with DO concentrations of <1 mg/L comparedddiments from sites BR, SR,
and HI with DO concentrations ranging from 2-9 m@Rodrigue Spinette,

unpublished). Based on these results, our assumgdiems likely. If we sampled
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during anoxia in July or incubated the cores longeter lower oxygen conditions, we
may have detected a greater changefid expression.

Alternatively, perhaps we are not following the miosv oxygen responsive
nifH expressing microbial group. The two phylogenetmugs (NB3 and NB7)
targeted with gPCR are the most abundant and aafideexpressers under low
oxygen (2-4 mg/L DO) and oxygenated conditionshim sediment. By cloningfH
transcripts in the surface of sediments exposeg&n-anoxic conditions, we may
identify novel groups with increasetfH expression under oxygen depletion.
Conclusions

Hypoxic regions are expanding and predicted tosiase in the near future due
to human activities and climate change (Diaz e2@08). However, little is known
about how low oxygen waters influences nitrogeringadynamics in coastal marine
sediments. The global N cycle is driven by micrblmatabolism and oxygen
depletion has the potential to perturb N transfdioms. In Narragansett Bay
sediments, microbes expressmtH are related to sulfur/iron and sulfate reducers.
Close relatives of these microbes have been showaatively fix N in other benthic
habitats (Steppe et al. 2002; Bertics et al. 20Bp)sodic hypoxic events in the bay
not only may stimulate N fixing activity by theseagrobes, but if low oxygen
conditions persistent over time, may also selectifese diazotrophic microbial
communities. An increase in N fixation in the sednts could establish a positive
feedback loop, exacerbating hypoxic conditions. éfathnding the impacts of low
oxygen on N transformations in coastal sedimentsusial for predicting how these

expanding hypoxic events will influence the marheycle globally.
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Experimental Procedures:
Study Sites and Field Measurements

Sediments were sampled at three sites (BR, SR §nihHhe temperate
estuary, Narragansett Bay, Rhode Island, USA eaNéy and early August 2013. All
sites are located near Narragansett Bay FixedM®tatoring Network (NBFSMN)
buoys which record continuous measurements of ldsd@xygen (DO), chlorophyll,
temperature and salinity (Fig 1, Table 1).

At each site, a YSI 6920 V2 was used to measuret®@perature and salinity
of the entire water column (Table 1). SCUBA diveesvested intact sediment cores
(10 cm inner diameter and 30.5 cm long). In May,csires were collected from each
site. Two cores were sacrificed on day of collecand referred to as pre-hypoxic
May cores. The four remaining cores were stordtiendark in an incubator at the
University of Rhode Island at averaigesitu bottom water temperature (17°C). Two
cores were capped to mimic hypoxic conditions (reféto as hypoxic treatment) and
two cores were left uncapped with air gently bufdplihrough the overlying water
(referred to as oxic treatment). Capped cores wenatored and when the DO
dropped below ~3 mg/L of oxygen (7 days after coibe, all four cores were
sacrificed. In August, two cores were collectedrfreach site and were sacrificed on
day of collection and referred to as August contarks. Before sediment cores were
sectioned, triplicate profiles of DO in the sedimgumrface of one core per treatment
were measured with Unisense’s oxygen microsensibi@tion of the instrument and
measurements were performed based on the manw@astprotocol. Triplicate

measurements were averaged for the sediment oypagestration profiles. Oxygen
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percent saturation was measured in 250 pm intefeatbe May, oxic and hypoxic
cores and 500 um intervals for the August cores.
Sediment Core Sectioning and Sub-sampling

Sediment cores were sectioned in 0.5 cm increnfentie top 2 cm and then
in 1 cm increments to 5 cm in depth. For each sectuplicate 0.25 mL and 0.5 mL
samples were flash frozen for DNA and RNA isolati@spectively. A ~5 mL sub-
sample was saved for carbon and nitrogen analisesremaining sediment was
transferred into a 50 mL conical tube and centetligt 4,000 rpm for 5 min. The
overlying water was saved for porewater analysis.
Carbon and Nitrogen Analysis

Samples were analyzed in 1cm increments, so setlinoem the surface water
interface to 1 cm in depth were pooled and sedirfrent 1 cm to 2 cm in depth were
pooled. Samples were dried at 60°C for 18-24 hing. Sediment was then
homogenized using a clean mortar and pestle. ~10gL6f sediment was weighed
into an ultra-clean tin capsule on a microbalanmtaen placed into a nickel sleeve.
Sediment samples and acetanilide standards welgzadavith a Carlo Erba EA1108
CHN analyzer.
Porewater Nitrite plus Nitrate

Porewater nitrite and nitrate samples were redbgemivanadium (lll) solution
to nitric oxide for chemiluminescence detectionhatNQ box as previously
described (Hendrix et al. 1995). Standards werpagsesl from dilutions of potassium
nitrate.

Porewater Ammonium
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Porewater ammonium concentrations were measuredneelrically using a
modified version of the Koroleff method. Standandse prepared from dilutions of
ammonium sulfate. In order, 20 pL of a 0.04% sodnitroprusside and 3.8% phenol
solution, 10 pL of a 48% trisodium citrate dehydrsplution and 20 pL of 1.5%

hypochlorite solution were added to 450 pL of staddr sample. Solutions were

mixed thoroughly between additions of each read@.pL of the standard or sample

mixture was transferred to a Costar 96-well blalekepwith clear bottoms and
incubated at room temperature for 90 min to allowthe reaction to complete. The
absorbance of all standards and samples were neelau830nm using a SpectraMax
Plus384 Absorbance Microplate Reader in Rhode dsEEnSCoR’s Molecular
Ecology Preparatory Laboratory.
Nucleic Acid Extractions

Total DNA was extracted using the MO Bio Power&iNA Isolation Kit
(Carlsbad, CA, USA) and quantified using Invitroge@ubit dsDNA HS Assay Kit.
All DNA samples were diluted to 1 ng/pL for quaative PCR analysis. Total RNA
was extracted using the MO Bio Powersoil RNA IsolaKit (Carlsbad, CA, USA).
Detailed methods regarding RNA isolation and pcaifion are previously described
(Brown et al. submitted). Total RNA was quantifiggsing Invitrogen’s Qubit RNA
Assay Kit and all RNA samples were diluted to 4uig/Invitrogen’s SuperScript
First-Strand Synthesis System was used to geneldd@ copies of RNA for RT-
PCR and quantitative RT-PCR. For all samples, ®fuDNase-treated RNA at a
concentration of 4 ng/pL was added to the react@ch reaction was primed with 1

ML of 2 UM outer reverse primer for our gene oérast, nifH3. After the reverse
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transcriptase was added, the mixture was inculztg@°C for 50 min. All the other
steps followed the instructions of the manufacturer every sample, we also
included controls that did not contain reversedcaiptase to confirm there was no
DNA contamination in the subsequent PCR amplifarati
Functional Gene Sequence Analysis

ThenifH gene from environmental cDNA was isolated usingfed PCR with
degenerate outer primers nifH4-nifH3 and inner presmifH1-nifH2 (Zehr et al.
1989; Kirshtein et al. 1991). Both rounds of PCRsisted of an initial denaturation
step of 2 min at 94°C, cycling steps that inclucgedenaturation step of 30 s at 94°C,
an annealing step of 30 s at 50°C, and an extessapnof 1 min at 72°C. All
reactions had a final extension step of 7 min &C7First round reactions had 25
cycles and the second round reactions had 30 cféts et al. 1989; Kirshtein et al.
1991).

Amplified nifH PCR products were loaded on to a 1% agarose (WNATE
gel and purified using QIAquick Gel Extraction Kitcording to the manufacturer’s
protocol (Qiagen Valencia, CA, USA). The purifiesbg@ucts were cloned into pGEM-
T vectors (Promega, Madison, WI, USA). Plasmidsenesnsformed into JM109
E.coli competent cells (Zymo Research, Irvine, CA, USAJ alentified by blue-
white screening. The plasmids were purified usimg@IAprep Spin Miniprep Kit
(Qiagen, Valencia, CA, USA) and sequenced on thaigg Biosystems 3130xI
Genetic Analyzer (Applied Biosystems, Foster Oy, USA) at the RI Genomic
Sequencing Center at the University of Rhode Isl&od every expresseulfH

amplicon, we collected 4 sequences.
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Expressed environmentaifH sequences from sites BR, SR and HI, were
combined with nifH sequences (23) from closelytezlecultivated species in
GenBank (Benson et al. 2009) as determined by tofpS3n hits. All nifH DNA
sequences were translated into NifH protein seqegeand aligned using the multiple
sequence alignment tool, MUSCLE (Edgar 2004) withenGeneious software
package. AnifH maximum likelihood tree of aligned protein sequenwas
constructed in Geneious using PhyML with 1000 bwapsreplicates.

Quantitative Real-Time PCR

All environmental DNA and cDNA samples were analyby quantitative
PCR using Roche’s LightCycler 480 Probes Master M@ were measured using
Stratagene’s Mx3005 gPCR System. Sets of degergP&& primers and dual-
labeled TagMan probes were previously designedrtgget thenifH gene specifically
related tanifH groups NB3 and NB7 (Fig 10) (Brown and Jenkins nsitied). Both
probes were labeled with a fluorophore FAM on theril and BHQ1 quencher on the
3’ end and reactions were run separately. A stahdanve was produced with
triplicate 10-fold dilution series ranging from diarized plasmid containing a
sequencedifH clone from group NB3 and NB7, respectively. Th€gRreactions
consisted of 10 pL of the Roche LightCycler 480d@soMaster mix, 5.7 uL of water,
2 uL of a primers/probe mix (at concentrations df ®M and 0.2 uM, respectively),
and 0.3 pL of Stratagene Brilliant 1l gPCR refereye (ROX). A saturation test was
used to determine the optimal concentration of Dawdl cDNA template going into
the reaction. It was determined that 2 pL of 1 hg)NA sample or 2 pL of 1.5

ng/pL cDNA sample was added to the reaction taga?@ pL. The gPCR
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thermocycling conditions were identical for bothgited groups, except for the
annealing temperature: 1 cycle of@5for 10 minutes, followed by 45 cycles of°@5
for 30 seconds and 80 (NB3) or 55C (NB7) for 1 minute. The standard curve was
used to determine groups NB3 and NB7’s absaiifté gene copy or transcript copy
number in the environmental samples.
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expression (d-f) of enumerated by quantitative POR sediment samples collect at
sites BR (a,d), SR (b,e) and HI (c,f). Graphs doé&ted on a log scale.
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Group NB7 nifH Gene Copies
per Gram of Sediment

Group NB7 nifH Transcript Copies
per Gram of Sediment
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Figure 13: Group NB7 (related . salexigens andD. vulgaris) downcore abundance
(a-c) anahifH expression (d-f) of enumerated by quantitative ROR sediment
samples collect at sites BR (a,d), SR (b,e) anftH). Graphs are plotted on a log

scale.
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Table 1: Coordinates of study sites anditu bottom water temperature and salinity
during sampling.

Site Coordinates I‘?’r%t:r?&g[itg Bottom Water
(Latitude Longitude) °C) Salinity (ppt)
Bullock Reach (BR) 41 43.985'N 71 22.062’'W
May 15.42 27.92
August 21.71 24.90
Sally Rock (SR) 41 40.613'N 71 25.222'W
May 19.73 28.00
August 23.00 27.65
Hope Island (HI) 41.35.556'N 71 22.218'W
May 14.52 29.92
August 20.00 29.41

Table 2: Bottom water dissolved oxygen (DO) condians during collection and
incubations. May and August values are reporteti@average DO concentration

131



collected with the NBFSMN buoys a week prior to pling. Standard deviations are
denoted. Values in parentheses are DO concentsatmlected at time of sampling.
For the oxic and hypoxic treatments, values foniaidial cores on day of sampling

are reported.

Site

Bottom Water
DO (mg/L)

Bullock Reach (BR)
May
Oxic Treatment
Hypoxic Treatment
August

Sally Rock (SR)
May
Oxic Treatment
Hypoxic Treatment
August

Hope Island (HI)
May
Oxic Treatment
Hypoxic Treatment
August

7.06 +0.3 (7.42)*
8.83* and 8.71
3.02* and 2.08

3.02 £0.7 (3.49)*

7.92 +0.5 (9.09)*
8.46* and 8.54
2.18* and 2.49

5.32 +0.3 (6.25)*

7.39 0.2 (7.39)*
8.63* and 8.74
3.27* and 1.69

4.94 +0.4 (5.43)*

*Sediments analyzed for microbial analysis
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CONCLUSION

Marine nitrogen cycling is complex and the transfations between different
chemical forms of N are driven by extremely diverserobial communities (Zehr et
al. 2002; Gruber 2004). Functional genes encodatiglar proteins that mediate these
biogeochemical processes can provide insight medunctioning of an ecosystem.
Additionally, phylogenetic analysis of these geoas be used to investigate the
diversity of specific groups of microorganisms (dgnitrifiers and nitrogen fixers) in
the environment, however the analysis does notigeanformation on what fraction
of these microbes are metabolically active. Thsselitation aimed to use a gene
expression approach to identify and follow the lijkactive microbes responsible for
the removal and input of N to coastal marine sediswander different environmental
conditions.

During the summer of 2006, benthic sediments ir&Ensett Bay exhibited a
seasonal switch in N cycling with high rates of Ndixation (Fulweiler et al. 2007).
We proposed that timing of organic matter depasitathe benthos might be
important in determining which process (denitrifioa vs. nitrogen fixation)
dominates (Fulweiler et al. 2013). Using mesocoaitts sediment from the same site,
we analyzed expression of functional genes assatiaith nitrogen fixationr{fH)
and denitrificationifirS) in response to varying the timing of organic matt
deposition. We discovered that both processes a@rarring simultaneously
(Fulweiler et al. 2013). Phylogenetic evidence ssted that sulfur/iron respiring

microbes and sulfate reducers were responsiblgnéonitrogen fixation activity
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(Fulweiler et al. 2013). These findings led usneeistigate the spatial extent of
heterotrophic sediment N fixation in temperate oegi

Expression ohifH andnirSwere analyzed along the estuarine gradient of
Narragansett Bay to an offshore continental shidfa/er a temporal cycle. The
biodiversity of N fixers expressingfH decreased along the gradient of the bay. The
freshwater head of the bay experiences fluctuatarglitions (e.g. oxygen,
temperature, salinity and nutrients) (Granger 19@&dEreas the offshore sites remain
relatively stable throughout the year (Codiga eR@lL0). Exposure to varying
environmental factors may be driving diversity ne upper bay sediments as microbes
are competing to adapt to a continuously changoogestem, while at the more stable
offshore sites, the benthos is dominated by theernompetitive microbes. Again, the
dominant likely active diazotrophs in upper bayiseshts were related to anaerobic
sulfur/iron and sulfate reducing bacteria. Warnsegwater temperatures, low oxygen
events and high organic carbon content in the selimppear to stimulate growth and
activity of these microbial groups as the highéstrelance andifH expression was
detected in the upper bay sediments. Conversellieaiffshore sitesifH expression
was dominated by a unicellular cyanobacteri@anditatus Atelocyanobacterium
thalassa (UCYN-A) (Zehr et al. 2001).

The genome of UCYN-A revealed that this cyanobaateicannot fix carbon,
but does have the capability to fix N (Tripp et2010). In fact, UCYN-A lacks
critical metabolic pathways including photosysténRuBisCo, and the tricarboxylic
acid cycle, yet contains the complete suite obggnase genes (Tripp et al. 2010).

UCYN-A was recently recognized as being a symbadrarbon fixing eukaryotic
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hosts and was reported to have a loose symbiatacagion with a unicellular
prymnesiophyte (Thompson et al. 2012). In returrfifeed carbon, UCYN-A

provides the host with fixed N (Thompson et al. 20RecoveringiifH mRNA
transcripts related to UCYN-A in temperate coastaliments was surprising because
to date this microbe has only been documented smbmportant N fixer in tropical
and subtropical oligotrophic oceans (Zehr et al12@alcon et al. 2002; Church et al.
2005; Zehr et al. 2007; Moisander et al. 2010).d&ected the highest UCYN-A
abundance andifH expression in sediments when bottom water tempesivere 5-

8 °C suggesting this microbe has a broader thewteahnce and may be more
widespread than previously believed. This microlag mso have a wider range of
host associations than currently understood. Prablyywhen the prymnesiophte
partner sinks to the benthos, loosely attached U@Ydets exported to the sediments
as well. UCYN-A’s genome suggests that the micrislghysiologically capable of
thriving in the sediments after the lifespan ofhtst. In fact, we detected mRNA
transcripts from UCYN-A as deep as 6 cm, indicati@jYN-A remains active in
sediments long after burial of any eukyarotic hitstsay be associated with. These
findings from Chapter 2 have implications for beatpelagic coupling and N cycling
in continental shelf sediments.

The results of Chapter 1, demonstrating that bactleat live anaerobically are
the major groups of active N fixers in estuaringisents, led us to further investigate
the influence of hypoxia on microbial activitiesaatuarine sediments. Hypoxia is
increasingly becoming a common occurrence in Namagtt Bay (Saarman 2008), yet

little is known about how oxygen depletion in thater column impacts N cycling in
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the sediments. Based on analysis of porewateremistiit appears that an increase in
oxygen in surface sediments stimulates nitrifica@ some sites, while hypoxic
conditions repress nitrification and perhaps stateihitrogen fixation. The greatest
bulk nifH expression was detected at sites with the higlrgsinic carbon content in
the sediment and most heavily impacted by hyp&imilarly to Chapter 1, the
dominant diazotrophs expressinigH were related to iron/sulfur and sulfate reducers.
The abundance amifH expression of the dominant N fixing groups did waty in
response to fluctuating oxygen concentrations; veweat the times we sampled, the
dissolved oxygen was near the EPA’s hypoxia thresbb2.3 mg/L (USEPA
2000)during sediment collection. Perhaps conditmaser to complete anoxia are
needed to stimulate nitrogenase activity in theaeadrophic communities.

In conclusion, this thesis has provided evidene¢ @inaerobes related to
iron/sulfur respiring bacteria and sulfate reduaans be a source of fixed N in benthic
coastal sediments. We propose that increased vesgreratures, hypoxia and
sediment organic carbon concentrations are kegdripromoting their activity.
Although these microbes are highly abundant in neasediments, their contribution
to the N budget was considered negligible. Theesfitttle is known regarding
controls on N fixation activity in these anaerobacteria. To better predict how an
ecosystem, like Narragansett Bay, may respondttweienvironmental changes,
regulating factors including sensitivity to comhilld and oxygen tolerance need to be
evaluated in these microbes, both in the laboradad/in the environment.

Determining how microbial community composition aawddivity respond to different
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environmental factors and in turn influence N ayglcan be used to help improve
ecosystem-based management.
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APPENDICES
Molecular Biology Terms for Oceanographers

cDNA — complementary DNA single-stranded DNA synthesized from messenger
RNA (mRNA) template in a reaction catalyzed by ¢éineyme reverse
transcriptase

PCR - polymerase chain reactiona biochemical technique that allows a specific
DNA sequence to be exponentially amplified by safag the DNA into two
strands and incubating with oligonucleotide primand DNA polymerase
under cycles of varying temperatures

RT-PCR - reverse transcriptase polymerase chain retion: a variant of the
polymerase chain reaction in which messenger RNRN®) expression is
detected by amplifying complementary DNA (cDNA)

gPCR — quantitative polymerase chain reactior{also calledeal-time polymerase
chain reaction): a method that allows a targeted DNA sequendeto
amplified and simultaneously quantified based a@oiporation of a
fluorescent reporter dye; fluorescent signal insesgproportionally to the
amount of amplified product synthesized

gRT-PCR — quantitative polymerase chain reactiona variant of the quantitative
polymerase chain reaction which allows mRNA expogsto be measured by

amplifying and simultaneously quantifying targefeA
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