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ABSTRACT

Thaumarchaeota — formerly known as Marine Group | Crenarchaeota — are highly
abundant in the world’s oceans, making up ~20% of the total prokaryotic population.
Members of the Thaumarchaeota are capable of oxidizing ammonia using the ammonia
monooxygenase enzyme (amoA), which is the first step in nitrification and a key process
in the global nitrogen cycle. They are most abundant in deeper, colder waters with
appearances in surface waters generally limited to higher latitudes and polar oceans in
winter. Reasons for this distribution have been postulated, but no definitive explanation
has been found to date. A hypothesis tested with this work is that reactive oxygen
species (ROS), particularly hydrogen peroxide (H,O5), play a role in exclusion of

Thaumarchaeota from surface waters.



This dissertation examines the spatial distribution of Thaumarchaeota in coastal
and open-ocean, polar and temperate marine environments, where correlations with
increased depth and decreased oxygen were common regardless of sample site. We also
investigated the temporal distribution of Thaumarchaeota on Sapelo Island, Georgia,
where annual spikes in abundance correlated to summer conditions (increased
temperature; decreased pH, oxygen). The potential for Thaumarchaeota to use urea as an
alternate substrate for ammonia oxidation was also investigated; our findings suggest that
this is not a widespread attribute and is most likely due to removal of amine groups that
are subsequently oxidized. Additionally, we found that nitrification is inhibited with
increased [H,0O,] in open ocean samples, with the most sensitive populations coming
from the Southern Ocean. Populations from Sapelo Island, Georgia, were not as
sensitive, but these microbial communities encounter high daily H>O, concentrations.

In conclusion, we have found that Thaumarchaeota distributions correlate to a
variety of environmental factors and it is unlikely that any single one can be used to
predict dynamics of the entire group. However, evidence from this work indicates that
clades of Thaumarchaeota could be differentially affected by certain conditions,
justifying the separation of this group into ecotypes for future studies. We have shown
that direct oxidation of urea by Thaumarchaeota is unlikely, and that ROS can inhibit
ammonia oxidation. This may explain why Thaumarchaeota are typically absent from
surface waters.

INDEX WORDS: Thaumarchaeota, Ammonia oxidation, Ammonia-oxidizing
Archaea, Nitrification, 16S rRNA, ammonia monooxygenase

(amoA), Reactive oxygen species (ROS), Ammonia, Urea, Nitrite,
Nitrate, Nitrogen cycle, Quantitative PCR (qPCR)
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CHAPTER 1

INTRODUCTION AND LITERATURE REVIEW

Marine Thaumarchaeota — An Important Environmental Microorganism

The first evidence of mesophilic marine Archaea was obtained by PCR-based
surveys of 16S rRNA genes in the coastal (DeLong, 1992) and open ocean (Fuhrman et
al., 1992). Itis now estimated that about one-third of all prokaryotic cells in the ocean
are planktonic Archaea (Herndl et al., 2005; Karner et al., 2001). DeLong (DeLong,
1992) identified two major groups of Archaea in the oceans: the Marine Group 1
Crenarchaeota (MG1C) and the Marine Group Il Euryarchaeota, the former being the
most abundant and widespread of all non-extremophilic Archaea (Fuhrman et al., 1992,
Karner et al., 2001; Wuchter et al., 2006). MG1C alone is thought to account for around
20% of all the bacterial and archaeal cells in the global ocean (Karner et al., 2001).
Recently a new phylum, Thaumarchaeota, has been proposed for the Archaea that would
include the MG1C (Brochier-Armanet et al., 2008) and phylogenetic evidence suggests
that Thaumarchaeota are the last common ancestor with eukaryotes (Kelly et al., 2011).
The first marine isolate from this group (“Candidatus Nitrosopumilus maritimus” SCM1)
was obtained from gravel in a saltwater aquarium (Konneke et al., 2005). Other
Thaumarchaeota have since been isolated or enriched from coastal waters (Qin et al.,
2014) and the open ocean (Santoro and Casciotti, 2011); from estuaries (Blainey et al.,

2011; Mosier et al., 2012), soils (Jung et al., 2011; Kim et al., 2011; Kim et al., 2012;



Lehtovirta-Morley et al., 2011; Tourna et al., 2011; Zhalnina et al., 2014), and marine
sand (Matsutani et al., 2011); from marine (Park et al., 2010; Park et al., 2014) and
freshwater (French et al., 2012) sediment; from hot springs (de la Torre et al., 2008;
Hatzenpichler et al., 2008; Lebedeva et al., 2013) and a salt flat (Dorador et al., 2008);
and some are sponge symbionts (Hallam et al., 2006a).

Ammonia oxidation involves the conversion of ammonia to nitrite, and is a
component of the marine nitrogen cycle (Figure 1.1). The reaction is catalyzed by the a-
subunit of ammonia monooxygenase, encoded by the amoA gene. Initially, researchers
thought that only certain Bacteria, such as Nitrosomonas, Nitrosospira, and
Nitrosococcus (known as “ammonia-oxidizing Bacteria” or AOB), could oxidize
ammonia (reviewed in Capone et al., 2008; Prosser and Nicol, 2008; Ward, 2011b);
however, metagenomic surveys of the Sargasso Sea identified a unique amoA gene
sequence (Venter et al., 2004) located on a contig containing a 16S rRNA gene sequence
that was most similar to one retrieved from a soil crenarchaeote (Treusch et al., 2005).
This discovery provided the first evidence of putative ammonia oxidation by an archaeon.
The subsequent cultivation of “Ca. N. maritimus” and studies of its growth dynamics
showed that Archaea possessing the amoA gene could in fact oxidize ammonia (known as
“ammonia-oxidizing Archaea” or AOA; Konneke et al., 2005; Martens-Habbena et al.,
2009). Since then, surveys of archaeal amoA genes in the water column and sediment
have documented its high diversity and wide distribution (e.g., Beman et al., 2008;
Church et al., 2010; Coolen et al., 2007; de Corte et al., 2008; Francis et al., 2005;
Galand et al., 2009; Hu et al., 2011; Kalanetra et al., 2009; Kirchman et al., 2007; Mosier

and Francis, 2008; Santoro et al., 2010; Sintes et al., 2013; Yakimov et al., 2011). Other



studies of ammonia oxidation in the oceans have shown that in most locations, the
archaeal amoA gene is 10-1000 times more abundant than bacterial amoA, suggesting
marine AOA play a significant role in the global nitrogen cycle (e.g., Beman et al., 2008;

Francis et al., 2007; Mincer et al., 2007; Santoro et al., 2010; Wuchter et al., 2006).

Distribution of Thaumarchaeota in Marine Systems

In marine environments, populations of Thaumarchaeota (and thus AOA) are
greatest below 100 m and are generally more abundant in the mesopelagic and
bathypelagic zones (Fuhrman et al., 1992; Herndl et al., 2005; Karner et al., 2001,
Massana et al., 1998; Mincer et al., 2007; Murray et al., 1999b; Teira et al., 2006a).
Additionally, greater concentrations of Thaumarchaeota have been observed at higher
latitudes than in subtropical and tropical waters below 200 m depth (Agogué et al., 2008;
Church et al., 2010), with elevated abundances in polar regions (Christman et al., 2011;
Church et al., 2003; Kalanetra et al., 2009; Kirchman et al., 2007; Murray et al., 1999a;
Pedneault et al., 2014).

Seasonal shifts in the abundance of Thaumarchaeota have been observed at high
latitudes and in polar regions (Alonso-Séez et al., 2008; Herfort et al., 2007; Massana et
al., 1998; Murray et al., 1998; Pitcher et al., 2011; Wuchter et al., 2006). In the coastal
North Sea, Thaumarchaeota become increasingly more abundant in winter of each year
and return to background levels in spring (Pitcher et al., 2011; Wuchter et al., 2006). A
decrease in abundance from winter to spring has also been observed in surface waters of
the Southern Ocean near Palmer Station, Antarctica (Murray et al., 1998), and no

Thaumarchaeota were found in the surface layer in summer compared to abundant



populations in deeper water masses (Grzymski et al., 2012; Kalanetra et al., 2009). In
contrast to this observed seasonality, populations in a salt marsh-dominated estuary
displayed a consistent peak in Thaumarchaeota in August (Gifford et al., 2011,
Hollibaugh et al., 2011). The differences in environmental conditions between these two
sites suggest that the factors that control seasonal variation in the abundance of
Thaumarchaeota are varied or unknown (Biller et al., 2012; Hollibaugh et al., 2014,

Pitcher et al., 2011).

Thaumarchaeota Activity and Metabolism

Thaumarchaeota can fix carbon autotrophically through the 3-hydroxypropionate/
4-hydroxybutyrate pathway (Berg et al., 2007; Hallam et al., 2006b). Major enzymes in
this pathway include acetyl-CoA/propionyl-CoA carboxylase (accA; Yakimov et al.,
2009) and 4-hydroxybutyryl-CoA dehydratase (hcd; Offre et al., 2011). Both of these
genes have been observed at quantities matching Thaumarchaeota rrs abundance in the
environment (Hu et al., 2011; Offre et al., 2011; Yakimov et al., 2009; Yakimov et al.,
2011), indicating the potential for chemoautotrophic metabolism (with ammonia
oxidation) through most of the water column, which is supported by studies of “Ca. N.
maritimus” (Konneke et al., 2005; Martens-Habbena et al., 2009) and experiments with
bicarbonate (Herndl et al., 2005; Wuchter et al., 2003) or CO, (Kirchman et al., 2007)
uptake in marine systems. However, there is some evidence that Thaumarchaeota can
take up organic carbon, including amino acids (Ouverney and Fuhrman, 2000; Teira et
al., 2004; Teira et al., 2006b) and a-ketoglutarate (Qin et al., 2014), and may therefore

be mixotrophic or heterotrophic.



As mentioned above, ammonia oxidation is thought to be the primary energy-
generating metabolism for Thaumarchaeota (combined with autotrophy, heterotrophy, or
mixotrophy). Rates of ammonia oxidation have been determined for enrichment cultures
(Mosier et al., 2012; Santoro and Casciotti, 2011), isolates (Kénneke et al., 2005;
Martens-Habbena et al., 2009; Qin et al., 2014), and for a number of locations by
measuring overall nitrification rates (reviewed in Ward, 2011a; Yool et al., 2007). It has
also been proposed, based on the presence of urease (ureC) genes (Alonso-Saez et al.,
2012) and transcripts (Pedneault et al., 2014), that Thaumarchaeota may use urea in place
of ammonia when substrate concentrations are low. However, neither oxidation rates nor
measurements of urea concentrations were reported in these studies. A comparison of
three strains including and similar to “Ca. N. maritimus” SCM1 showed that only one
was able to convert urea-N to nitrite (almost stochiometrically) at rates similar to
ammonia (Qin et al., 2014). Thus the question of whether urea oxidation serves as an

alternative source of energy for Thaumarchaeota metabolism has yet to be answered.

Environmental Factors Proposed to Affect Thaumarchaeota

There are a number of theories as to why Thaumarchaeota abundance varies by
season, latitude, and depth (as discussed above). The most common of these is that
Archaea are simply out-competed by Bacteria (Church et al., 2003; Massana et al., 1997;
Massana et al., 1998; Pitcher et al., 2011). Thaumarchaeota abundance was inversely
correlated with bacterial biomass and activity in the Southern California Bight (Murray et
al., 1999b), for example. It has also been proposed that phytoplankton growth could be

inhibitory to Thaumarchaeota in some way (Murray et al., 1999a; Pitcher et al., 2011;



Wells and Deming, 2003), perhaps due to competition for nutrients or production by
phytoplankton or associated Bacteria of antimicrobials targeting Thaumarchaeota. It is
generally accepted that the Archaea have adapted for slow growth (Valentine, 2007) at
greater depths in the ocean where they face less competition (compared to the photic
zone), where they have access to an abundance of inorganic nitrogen (e.g. ammonia), and
dominate remineralization processes (Church et al., 2003; Massana et al., 1998; Murray
et al., 1998; Murray et al., 1999a). These adaptations could explain Thaumarchaeota
abundance at depth during the summer in the Southern Ocean, but not their sudden
disappearance from the surface layer in spring.

In the Antarctic, a dramatic increase in solar ultraviolet (UV) radiation occurs
during the spring as a result of stratospheric ozone depletion (Meador et al., 2002; Smith
et al., 1992), which may correspond to the observed decrease in Thaumarchaeota
abundance in the Southern Ocean west of the Antarctic Peninsula (Church et al., 2003;
Murray et al., 1998; Murray et al., 1999a). Light inhibition of nitrification in marine
environments has been postulated previously (Ward, 1987), and has been demonstrated
with AOB cultures (Hooper and Terry, 1974; Olson, 1981; Ward, 1985). A comparative
study of photosensitivity in isolates of both AOA and AOB showed inhibition of
ammonia oxidation by light in both groups, though AOA were more sensitive and did not
appear to recover during periods of darkness (Merbt et al., 2012). “Ca. N. maritimus”
and related isolates displayed differential photoinhibition of ammonia oxidation, but all
were inhibited under continuous illumination (Qin et al., 2014).

Since most of what we know about the ecophysiology of Thaumarchaeota has

been inferred from studies of natural populations rather than from isolates in pure culture,



our knowledge of the factors affecting their growth is limited. A study of the growth of
“Ca. N. maritimus” demonstrated its ability to oxidize ammonia under substrate-limited
conditions (< 10 nM ammonium) and showed that growth rate and activity were reduced
significantly if cultures were slightly aerated or mixed (Martens-Habbena et al., 2009).
These results suggest that Thaumarchaeota could be sensitive to unidentified
environmental factor(s) other than light.

The tight inverse relationship between light levels and Thaumarchaeota
abundance in the environment suggest that if direct damage from sunlight is not
influencing Thaumarchaeota abundance, then some other process closely coupled to
irradiance might be. One possibility is the production of reactive oxygen species (ROS)
— highly reactive compounds that can be generated in the surface water directly from
solar irradiation, which can react with oxygen and dissolved organic matter to form ROS,
including H,0,, (Cabiscol et al., 2000; Kieber et al., 2003). Additionally, a number of
cellular processes, such as respiration and photosynthesis, involve reactions that can
generate ROS as by-products (Imlay, 2008; Latifi et al., 2009). There are four major
types of ROS: singlet oxygen (*O.), the superoxide anion (O,), the hydroxyl radical
(OH-), and hydrogen peroxide (H.0,). H,0,, though less reactive than its counterparts,
can be reduced to the more damaging hydroxyl radical via the Fenton reaction:

H,0, + Fe* > OH + FeO* + H* > Fe** + OH™ + OH-
This reaction can occur with a number of divalent transition metal cations (e.g., Fe?",
Cu?") at a rate constant of 5000-20,000 M™ s (Imlay, 2008; Latifi et al., 2009), and as
little as 1 uM H,0; can cause massive levels of DNA damage in some bacteria (Imlay,

2008). In seawater, H,O is detected in concentrations from nM to uM (Miller and



Kester, 1988), with the highest concentrations (~0.1 uM) present at the surface and
decreasing with depth to < 25 nM at the base of the photic zone (Miller et al., 2005).

Cellular components — DNA, RNA, proteins, and lipids — can all be damaged by
ROS, especially by hydroxyl radicals generated from the breakdown of hydrogen
peroxide (Sies and Menck, 1992). These ROS directly attack bases and sugars of nucleic
acids, causing single- and double-stranded breaks, cross-links, and replication-blocking
lesions (Sies and Menck, 1992). Certain moieties in proteins can also be modified upon
exposure to ROS, and polyunsaturated fatty acids in membranes can be directly attacked
by free radicals, causing a decrease in membrane fluidity and lipid degradation (Cabiscol
et al., 2000).

Prokaryotes possess a number of mechanisms to protect against the harmful
effects of ROS, including detoxifying enzymes and DNA repair systems (Imlay, 2008).
Some these include enzymes that scavenge ROS and convert them into less harmful
forms, like O, and water. Superoxide dismutase (SOD) and superoxide reductase both
scavenge O, (Imlay, 2008). H,O, can be neutralized by peroxidases (e.g.,
peroxiredoxins, glutathione peroxidase) and catalases (Cabiscol et al., 2000; Imlay,
2008). Other enzymes are involved in repairing damage to macromolecules, including
DNA base excision (recA, xthA) and recombinational repair (polA, recB). Disulfide
bonds oxidized by ROS can be repaired by thioredoxins and glutaredoxins (Imlay, 2008).
Some of these enzymes are grouped together into larger regulatory responses by the cell
(OxyR and SoxRS systems) that act against H,O, and O, respectively. Activation of

either response system helps to increase resistance to ROS (Cabiscol et al., 2000).



It is difficult to say whether or not Thaumarchaeota possess these same
mechanisms due to limited genomic information, although there seems to be a potential
deficiency in ROS-protective genes in the currently annotated Thaumarchaeota genomes
available in the Integrated Microbial Genomes (IMG) database (http://img.jgi.doe.gov/)
relative to Bacteria and Euryarchaeota (Table 1.1). This suggests that Thaumarchaeota
may be more susceptible to ROS than Euryarchaeota or Bacteria, or that they use an
unknown alternative mechanism to combat oxidative damage. Most of the information
on cellular responses to ROS has been discovered through studies of Bacteria and
Eukaryotes. As a result, very little is known about how Archaea respond to ROS,
particularly the mesophilic Thaumarchaeota and AOA. However, a hyperthermophilic
Crenarchaeota displayed a transcriptional response following UV irradiation that
included an increase in the production of UV-protective compounds (Gotz et al., 2007),
which may indicate the possibility for similar UV repair mechanisms in marine

Thaumarchaeota.

OBJECTIVES

In Chapter Two, we examine natural populations of Thaumarchaeota in the
northern Gulf of Mexico to identify factors responsible for their distribution in March
2010, and to support development of experimental methods. We surveyed the region
surrounding the Mississippi River plume and collected DNA to determine abundances of
Thaumarchaeota genes including 16S rRNA (rrs), amoA (using two different primer
sets), hcd, and accA. Genes for Bacteria (rrs, amoA) were quantified for comparison to

Thaumarchaeota. We measured a suite of environmental variables collected



simultaneously, including depth, temperature, salinity, pH, turbidity, chlorophyll a
fluorescence, and oxygen concentration to determine if Thaumarchaeota abundance was
strongly correlated to any of these factors. Finally, we constructed sequence libraries of
Thaumarchaeota rrs, amoA, and accA to assess Thaumarchaeota diversity at one site
(Station D5), and we compared rrs sequences from Station D5 with others obtained
through a pyrosequencing survey of the entire study region.

Chapter Three describes our investigation of Thaumarchaeota distributions in the
Southern Ocean west of the Antarctic Peninsula near Palmer Station, Antarctica. We
collected samples in austral spring (September 2010) and summer (January 2011) to
quantify the abundance of Thaumarchaeota genes (rrs, amoA, ureC) and transcripts
(amoA), and to measure nitrification rates. We compared samples both by season and
water mass sampled, as populations in the surface mixed layer in spring (Antarctic
Surface Water, AASW) are isolated deeper in the water column by seasonal stratification
during summer (Winter Water, WW). In contrast, the subsurface Circumpolar Deep
Water (CDW) layer remains relatively unchanged throughout the year. Similar
environmental variables were collected as in Chapter 2, with the addition of measuring
dissolved inorganic nitrogen (DIN; ammonia, nitrite, nitrate) concentrations. Finally, we
used pyrosequencing to generate libraries of both rrs and amoA sequences to assess
diversity and distribution of phylotypes by season and water mass, and to compare these
data from our 2010-2011 survey to one conducted in the same region during the summer
of 2006 (Kalanetra et al., 2009).

In Chapter Four, we concentrate on the temporal (seasonal) variability of

Thaumarchaeota populations at a single site in a salt marsh-dominated estuary. Through

10



quarterly sampling (2008-2011) at Marsh Landing in the shallow coastal waters around
Sapelo Island, Georgia, an annual “bloom” of Thaumarchaeota (increase in abundance
100- to 1000-times) in August was discovered and described (Gifford et al., 2011;
Hollibaugh et al., 2011; Hollibaugh et al., 2014). This seasonal distribution is in stark
contrast to distributions seen elsewhere, where Thaumarchaeota are only abundant in
deeper waters or are only found in surface waters during winter. We increased the
frequency of sampling from quarterly to weekly from March 2011 to the present to
quantify fine-scale temporal variability in Thaumarchaeota abundance. We also collected
samples to determine DIN concentrations, along with urea, and collected a variety of
environmental variables from nearby sensors, including water quality (depth,
temperature, salinity, pH, oxygen concentrations), meteorological (air temperature, wind
speed and direction, photosynthetically active radiation, precipitation), and nutrient (DIN,
phosphate, chlorophyll a) data. Finally, we collected samples in shelf waters of the South
Atlantic Bight (off the coast of Georgia) to determine the spatial distribution of
Thaumarchaeota and nitrification rates around Sapelo Island during bloom (October) and
non-bloom (April) seasons for comparison.

Chapter Five investigates the potential for Thaumarchaeota to use urea
preferentially as an alternate substrate for ammonia oxidation as proposed by Alonso-
Séez et al. (2012). We measured rates of ammonia and urea oxidation at Marsh Landing
and in the South Atlantic Bight, Southern Ocean, and Gulf of Alaska to test this in both
coastal and open-ocean environments, as well as polar and temperate waters. We also

determined the abundance of Thaumarchaeota genes (rrs, amoA, ureC) and transcripts

11



(amoA, ureC), and compared them with rates and environmental measurements
(including ammonia and urea concentrations) to look for trends.

Finally, Chapter Six describes our investigation of the hypothesis that reactive
oxygen species (ROS), specifically hydrogen peroxide (H,O,) could explain why
Thaumarchaeota are typically absent from surface waters. We collected samples from a
variety of open-ocean regions, including the Gulf of Mexico, the Southern Ocean, and the
Gulf of Alaska, and set up whole-seawater incubations with varying H,O, additions. We
measured transcription and nitrification rates as a response to ROS addition. Additional
experiments were performed at Marsh Landing (Sapelo Island) for a coastal comparison;

these results are discussed in Appendix E.
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Table 1.1 - Annotated H,O,-responsive genes in Bacteria and Archaea (including Thaumarchaeota)
from the Joint Genome Institute's Integrated Microbial Genome (IMG) database (http://img.jgi.doe.gov/).

. Data obtained

g |T 2 &
E |2 ¢ = | g "
g |Zg| Eg| S| 23|, 2|.,8/1%2] & | =8| 2.
OZB|=3|wED oozl |[483 |92 | N8| B | <2 |<%8
5|93 |J88| S |JEZ|c58|S5| 28|88 | J8|g8¢8
PSIS8|S338| SIOG8|G658 |08 | S8 | GfE| SR (S3E
Bacteria (excl. Cyanobacteria)* 2578
Number of Genomes with this Gene 79 754 | 1362 1402 506 | 2413 875 79 | 2457 2210
Percent of Genomes with this Gene 3 29 53 54 20 94 34 3 95 86
Average Gene Dosage per Genome 1.06 152 | 1.69 1.38 148 | 2.50 1.09 1.06 4.75 1.82
Archaea genomes* 167
Number of Genomes with this Gene 0 5 21 3 1| 155 37 0 160 95
Percent of Genomes with this Gene 0 3 13 2 1 93 22 0 96 57
Average Gene Dosage per Genome 0.00 1.00 | 1.19 1.00 1.00 | 2.09 1.11 0.00 2.34 1.21
Euryarchaeota genomes* 109
Number of Genomes with this Gene 0 5 21 3 1 97 37 0 102 54
Percent of Genomes with this Gene 0 5 19 3 1 89 34 0 94 50
Average Gene Dosage per Genome 0.00 1.00 | 1.19 1.00 1.00 | 2.10 1.11 0.00 2.49 1.31
Crenarchaeota genomes* 50
Number of Genomes with this Gene 0 0 0 0 0 50 0 0 50 35
Percent of Genomes with this Gene 0 0 0 0 0| 100 0 0 100 70
Average Gene Dosage per Genome 0.00 0.00 | 0.00 0.00 0.00 | 2.22 0.00 0.00 2.22 1.00
Thaumarchaeota genomes* 6
Number of Genomes with this Gene 0 0 0 0 0 6 0 0 6 6
Percent of Genomes with this Gene 0 0 0 0 0| 100 0 0 100 100
Average Gene Dosage per Genome 0.00 0.00 | 0.00 0.00 0.00 | 1.17 0.00 0.00 1.17 1.50

*only finished genomes queried
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Figure 1.1: The Marine Nitrogen Cycle. Figure from Francis et al. (2007) that
highlights both aerobic (oxic) and anaerobic (anoxic) microbial processes involved in the
nitrogen cycle, including ammonia oxidation which is catalyzed by the enzyme encoded

by the ammonia monooxygenase (amo) gene.
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CHAPTER 2
AN ANALYSIS OF THAUMARCHAEOTA POPULATIONS FROM THE

NORTHERN GULF OF MEXICO?

! Tolar, B.B., G.M. King, and J.T. Hollibaugh. 2013. Frontiers in Microbiology. 4:72.
Reprinted here with permission of publisher.

24



ABSTRACT

We sampled Thaumarchaeota populations in the northern Gulf of Mexico,
including shelf waters under the Mississippi River outflow plume that are subject to
recurrent hypoxia. Data from this study allowed us to: 1) test the hypothesis that
Thaumarchaeota would be abundant in this region; 2) assess phylogenetic composition of
these populations for comparison with other regions; 3) compare the efficacy of
quantitative PCR (qPCR) based on primers for 16S rRNA genes (rrs) with primers for
genes in the ammonia oxidation (amoA) and carbon fixation (accA, hcd) pathways; 4)
compare distributions obtained by gPCR with the relative abundance of Thaumarchaeota
rrs in pyrosequenced libraries; 5) compare Thaumarchaeota distributions with
environmental variables to help us elucidate the factors responsible for the distributions;
6) compare the distribution of Thaumarchaeota with Nitrite-Oxidizing Bacteria (NOB) to
gain insight into the coupling between ammonia and nitrite oxidation.

We found up to 10° copies L™ of Thaumarchaeota rrs in our samples (up to 40%
of prokaryotes) by qPCR, with maximum abundance in slope waters at 200-800 m.
Thaumarchaeota rrs were also abundant in pyrosequenced libraries and their relative
abundance correlated well with values determined by qPCR (r*=0.82). Thaumarchaeota
populations were strongly stratified by depth. Canonical correspondence analysis using a
suite of environmental variables explained 92% of the variance in g°PCR-estimated gene
abundances. Thaumarchaeota rrs abundance was correlated with salinity and depth, while
accA abundance correlated with fluorescence and pH. Correlations of Archaeal amoA
abundance with environmental variables were primer-dependent, suggesting differential

responses of sub-populations to environmental variables. Bacterial amoA was at the limit
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of gPCR detection in most samples. NOB and Euryarchaeota rrs were found in the
pyrosequenced libraries; NOB distribution was correlated with that of Thaumarchaeota

(r?=0.49).

INTRODUCTION

The Mississippi River outflow forms a surface plume up to 10 m thick upon
entering the northern Gulf of Mexico. Stratification and nutrient (especially nitrogen)
enrichment of river water (Turner et al., 2006) lead to elevated primary production in the
plume and thus to increased organic matter deposition 10 to 100 km away from river
discharge sites (Green et al., 2008; Rabalais et al., 2002). Decomposition of this organic
matter is thought to contribute to the formation of a recurrent hypoxic zone in the
northern Gulf of Mexico that profoundly affects the ecology, fisheries biology, and
geochemistry of the region (Cai et al., 2011; Dagg et al., 2007; Rabalais et al., 2002).
Intermittent hypoxia ([O2] <2 ml/L or ~90 uM; Diaz and Rosenberg, 2008) begins to
develop in February and typically is most pronounced from mid-May to mid-September
(Rabalais et al., 2010).

Processes such as coupled nitrification/denitrification that remove excess fixed
nitrogen affect primary production and thus may be important determinants of the extent
and duration of hypoxia. Ammonia oxidation is the first step in the biogeochemical
pathway leading to denitrification. Members of the - and y-subdivisions of the
Proteobacteria (Ammonia Oxidizing-Bacteria, AOB) and Marine Group 1 Archaea
(Ammonia-Oxidizing Archaea, AOA) can grow chemoautotrophically by oxidizing

ammonia to nitrite (Ward, 2011). The nitrite produced can be oxidized further to nitrate
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by Nitrite-Oxidizing Bacteria (NOB) and then denitrified (Francis et al., 2007; Jetten,
2001; Ward et al., 2009).

Ammonia monooxygenase genes (amoA) from AOA have been observed in
marine environments at 10-1,000 times greater abundance than the amoA homolog from
AOB, suggesting that the AOA play a key role in the marine nitrogen cycle (Francis et
al., 2005; Francis et al., 2007; Mincer et al., 2007; Prosser and Nicol, 2008; Santoro et
al., 2010; Ward, 2011). Currently, the functional guild of marine AOA includes members
of the Marine Group 1 Archaea (DeLong, 1992; Fuhrman et al., 1992) and organisms
related to a deeply branching clade (pSL12) of hot spring crenarchaeotes (Barns et al.,
1996) that are predicted to possess the amoA gene (Mincer et al., 2007). Genomic
evidence suggests that Marine Group 1 Archaea and related organisms from benthic,
terrestrial, and hot-spring habitats, as well as a sponge symbiont, should be assigned to a
new phylum, the Thaumarchaeota, within the kingdom Archaea (Brochier-Armanet et al.,
2008; Kelly et al., 2011; Spang et al., 2010). We use this term hereinafter in place of
“Marine Group 1 Archaea.”

Pelagic marine Thaumarchaeota are typically most abundant below ~100 m depth
in the water column (Church et al., 2010; DeLong, 1992; Fuhrman et al., 1992; Karner et
al., 2001; Massana et al., 1997; Mincer et al., 2007; Santoro et al., 2010), in surface
waters at higher latitudes and polar oceans (Alonso-Saez et al., 2008; Church et al., 2003;
Kalanetra et al., 2009; Massana et al., 1998; Murray et al., 1998; Murray et al., 1999a),
and in hypoxic regions and oxygen minimum zones, (OMZs; [O,] < 0.5 mL/L or <22
uM; Levin, 2003) such as the Black Sea, Baltic Sea, Gulf of California, Arabian Sea, and

the eastern tropical Pacific Ocean (Beman et al., 2008; Coolen et al., 2007; Labrenz et
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al., 2010; Lam et al., 2007; Lam et al., 2009; Molina et al., 2010). Previous studies are
contradictory but have pointed to environmental factors such as salinity, light,
temperature, ammonium, oxygen, and sulfide as major determinants of this distribution
(e.g., Bernhard et al., 2010; Caffrey et al., 2007; Gubry-Rangin et al., 2010; Murray et
al., 1999a; Santoro et al., 2008; reviewed in Erguder et al., 2009; Nicol et al., 2011,
Prosser and Nicol, 2008; Ward, 2011). Bacterial or phytoplankton biomass has also been
thought to influence Thaumarchaeota distributions (Church et al., 2003; Murray et al.,
1999a; Murray et al., 1999b), perhaps through competition for resources.

One of the goals of the present study was to quantify the distribution of AOA in
the northern Gulf of Mexico in the area influenced by the Mississippi River plume and
recurrent hypoxia. We hypothesized that ammonia oxidizers would be abundant there
because of the high riverine nitrogen loading to the region and the importance of
respiration (Cai et al., 2011), and thus presumably nitrogen regeneration, in the region
experiencing hypoxia. We also hypothesized that AOA would dominate ammonia
oxidizer populations at pelagic stations, although AOB were found to be more abundant
than AOA in sediments from Weeks Bay, Alabama (Caffrey et al., 2007). To test these
hypotheses, we determined AOA and AOB distributions by quantitative PCR
measurements of the abundance of rrs and amoA genes. We also pyrosequenced rrs
genes from our samples as an independent check on distributions based on gPCR data. A
second goal was to analyze variation in sequences of rrs and compare this to genes from
two metabolic pathways that are important to AOA, ammonia oxidation and carbon
fixation, to provide a more highly resolved description of the composition of

Thaumarchaeota populations than can be obtained from analyses of single genes. AOA
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can grow autotrophically (Koénneke et al., 2005) using the 3-hydroxypropionate/4-
hydroxybutyrate pathway (Berg et al., 2007). The potential for AOA autotrophy can be
detected in the environment using primers targeting the genes in this pathway, notably
acetyl-CoA/propionyl-CoA carboxylase (accA; Yakimov et al., 2009) and 4-
hydroxybutyryl-CoA dehydratase (hcd; Offre et al., 2011). We tested both of these
primer sets with our samples. We compared the phylogenetic diversity present in their
amplicons with diversity represented in amplicons from more widely-used primer sets for
amoA and rrs. We then used rrs sequences from the pyrosequencing effort to extend
phylogenetic inferences based on analyses from samples taken at one station more
broadly across the study area. A third goal was to investigate the relationship between
Thaumarchaeota distributions and environmental variables to provide insight into the
factors controlling their distribution. Pyrosequencing data were also used to compare the
distribution of NOB with AOA to gain insights into the coupling between these two steps

of nitrification.

MATERIALS AND METHODS
Sample collection and DNA extraction

Samples were collected during the R/V Cape Hatteras GulfCarbon 5 cruise in the
northern Gulf of Mexico (30° 07’ N, 088° 02* W to 27° 39" N, 093° 39’W; Figure 2.1)
from March 10 to 21, 2010. Samples were collected using Niskin bottles and a General
Oceanics rosette sampling system equipped with an SBE25 CTD and sensors for [O2],
beam attenuation (turbidity), and relative fluorescence (calibrated to chlorophyll a

equivalents). The [O;] sensor was cross-calibrated against Winkler titrations of [O;] in
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samples collected at fixed depths. pH data were collected using a glass electrode by W-J.
Huang of Dr. W.-J. Cai’s group. Euphotic depth (defined as 1% PAR, 400-700 nm) was
calculated for each station from Aqua MODIS satellite data using an average of the Lee
and Morel models (http://oceancolor.gsfc.nasa.gov) by H. Reader and C. Fichot. Nutrient
data were collected at some of the station/depths we sampled by Dr. S. Lohrenz’s group.
Since nutrient sample collections were biased in favor of near-surface samples on the
continental shelf, these data were used only in BEST analysis (see Appendix A).
Approximately 1 L of water from each Niskin bottle was pressure filtered (at ~60 kPa)
through 0.22 um Durapore filters (Millipore); filters were frozen in 2 mL of lysis buffer
(0.75 M sucrose, 40 mM EDTA, 50 mM Tris; pH 8.3). DNA was extracted by enzymatic
hydrolysis with lysozyme (50 mg mL™), proteinase K (20 mg mL™), and sodium dodecyl
sulfate (100 pL of a 10% solution), and then purified by phenol-chloroform extraction as

described previously (Bano and Hollibaugh, 2000).

Quantitative PCR

Quantitative PCR (qQPCR) was performed using an iCycler iQ™ Real-Time qPCR
detection system (Bio-Rad) and the primers listed in Table A.1. gqPCR reactions were run
in triplicate with standards made from environmental amplicons as described in
Appendix A. TagMan® (Applied Biosystems) chemistry was used to detect amplification
of Bacteria and Thaumarchaeota 16S rRNA genes (rrs) following Kalanetra et al. (2009);
all other amplifications were detected using SYBR® Green Supermix (Bio-Rad). We
compared two primer sets for detecting Archaeal amoA: Arch-amoA-for and Arch-amoA-

rev (“Wuchter primers”; Wuchter et al., 2006) and ArchamoAF and ArchamoAR
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(“Francis primers”; Francis et al., 2005). Reactions using the Wuchter primers were set
up as described in Kalanetra et al. (2009), while PCR conditions for the Francis primers
followed Santoro et al. (2010), except that SYBR® Green Supermix (Bio-Rad) was used
with no additional MgCl,. Amplification of pSL12 rrs followed Mincer et al. (2007),
with the number of amplification cycles reduced to 40 to prevent quenching of the
fluorescence signal. Archaeal accA genes were amplified following Yakimov et al.
(2009) with shorter cycle lengths (Hu et al., 2011). Specificity of SYBR Green®
reactions was confirmed by melting curve analysis; accA amplicons were also checked by
sequencing clones created with qPCR primers Crena_529F and Crena_981R (Yakimov et
al., 2009). We also tested published primers for hcd genes (Offre et al., 2011), but found
that non-specific amplification rendered them unsuitable for quantitative PCR with our
samples (see Appendix A). Inhibition of qPCR reactions was tested using dilutions of
DNA 10-1000X with the bacterial rrs qPCR assay; samples that showed higher copy
number than expected from typical dilution were determined to have PCR inhibitors
present and run at the dilution which gave the highest copy number for all other gene
assays. Calculations of gene abundance and ratios are discussed in the Methods of

Appendix A, and gPCR efficiencies for reactions are reported in Table A.1.

Phylogenetic analysis

We sequenced cloned rrs, amoA, and accA amplicons to obtain phylogenetic
descriptions of the Thaumarchaeota populations in the study area and to verify specificity
of gPCR reactions. Libraries were generated from samples collected at Station D5,

located on the southern edge of the area influenced by the Mississippi River plume and
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over the continental slope (Figure 2.1) using methods described previously (Kalanetra et
al., 2009) and summarized below. This station was chosen for its depth and as
representative of slope stations influenced by hypoxia. We compared samples from
different depths at this station as others (e.g., Beman et al., 2008; Church et al., 2010;
Kalanetra et al., 2009; Lam et al., 2007; Santoro et al., 2010) have shown segregation of
Thaumarchaeota populations by depth. rrs and amoA were amplified from DNA
collected at 100 and 200 m, while accA amplicons were generated from samples collected
at 2, 50, 100, 200, and 450 m to test the accA primer set across a wider depth range. PCR
amplifications of Archaeal rrs, amoA, and accA used the primers listed in Table A.1.
Three separate amplifications were pooled to minimize potential PCR bias and
electrophoresed on a 1% agarose gel. The band of the expected DNA product size was
excised, extracted and purified using the QIAquick® Gel Extraction Kit (QIAGEN), and
incorporated into a TOPO 4 vector (Invitrogen) prior to cloning using chemically
competent TOP10 E. coli cells with the TOPO TA cloning kit (Invitrogen) following the
manufacturer’s instructions. Clones from each library were selected randomly and
sequenced (Genewiz, Inc.) using the plasmid primer M13F(-21). Euryarchaeota rrs
sequences were identified by BLAST (Zhang et al., 2000) and not analyzed further.
Sequences were inspected manually and checked for vector contamination using
Geneious (v. 5.4; Drummond et al., 2010). Thaumarchaeota rrs sequences were checked
for chimeras using Bellerophon (Huber et al., 2004); three chimeric sequences were
identified and discarded. Nucleotide and inferred amino acid sequences for amoA and
accA were aligned in Geneious, while rrs nucleotide sequences were first aligned using

the Silva aligner (v.1.2.5; Pruesse et al., 2007) and then imported into ARB (v. 5.2;
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Ludwig et al., 2004), manually trimmed, and inspected for alignment errors. Sequences
obtained from these libraries have been deposited in GenBank (NCBI) under accession
numbers KC330756 to KC330822 (rrs — Thaumarchaeota, n = 67), KC330823 to
KC330871 (rrs — Euryarchaeota, n = 49), KC349137 to KC349317 (amoA, n = 181), and
KC349318 to KC349551 (accA, n = 234).

Operational taxonomic units (OTUs) were determined from sequence alignments
using mothur (v. 1.21.1; Schloss et al., 2009) with cutoffs of 0.02 (>98% similarity) for
Thaumarchaeota rrs and 0.03 (>97% similarity) for Archacal amoA and accA. Diversity
indices and richness estimates (Shannon, Simpson, Chao and ACE) were calculated in
mothur. Neighbor-joining trees were constructed using ARB (Ludwig et al., 2004) with
the Jukes-Cantor correction and 1,000 bootstrap re-samplings for nucleotide trees; protein
trees were constructed without the Kimura correction and re-sampled 100 times. Trees

were edited using FigTree (v. 1.3.1; http://tree.bio.ed.ac.uk/).

Pyrosequencing analyses

We also analyzed the distribution of ribotypes in 41 of our 52 samples by
massively parallel sequencing (pyrosequencing) using a Roche 454/FLX instrument
running Titanium chemistry. rrsin DNA extracted from our samples were amplified by
PCR using universal rrs primers 515F and 806R (Table A.1), modified for bar-coded
pyrosequencing. PCR protocols and primer sequences, including barcodes, adaptors, and
linkers, followed Bates et al. (2011). Purified DNA from 3 reactions for each sample was
pooled to produce a mixture in which amplicons from each sample were represented

equally. The final mixture was sequenced using standard protocols by Engencore
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(University of South Carolina, Columbia, SC). Sequence data have been deposited with
MG-RAST (metagenomics.anl.gov) at accession numbers 4509220.3-4509263.3.
Metadata are available via the project page: “Analysis of composition and structure of
coastal to mesopelagic bacterioplankton communities in the nGoM.”

A total of 435,290 sequences were filtered and trimmed (minimum length 200 bp,
minimum quality score 20; 221,410 sequences passed) and then sorted into OTUs using
the PANGEA pipeline (Giongo et al., 2010). Phylogenetic affiliations of these sequences
were determined by a megablast analysis using a reference set of more than 170,000 rrs
sequences from described isolates obtained from the RDP Il database (Giongo et al.,
2010). Amplicon sequences were binned into OTUs at domain, phylum, class, order,
family, genus and species levels based on megablast results, and then grouped into
phylogenetic clusters and sorted by station and depth (average number of sequences per
sample: 5,400; range 764 - 9,176). The PANGEA pipeline assigns all Archaea sequences
to one group that also includes divergent Bacteria sequences. In order to more accurately
assess the proportion of Thaumarchaeota in our samples, we manually enumerated hits to
Thaumarchaeota in the megablast output for each sample. We also counted hits to known
AOB, NOB, and Euryarchaeota.

Thaumarchaeota rrs sequences obtained from pyrosequencing were included for
phylogenetic analysis using mothur (v. 1.21.1; Schloss et al., 2009). Unique sequences
were grouped together and aligned against the Silva Archaea reference database
(http://www.mothur.org/wiki/Silva_reference_files). The resulting alignment, including
rrs sequences from Station D5 clone libraries and outgroups, was trimmed to a set length

and 8 chimeric sequences were removed with Uchime (Edgar et al., 2011); additional
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potential chimeras and erroneous sequences were checked manually using BLAST and
removed if necessary. The remaining 23,677 Thaumarchaeota sequences were clustered
and representatives from each OTU obtained. A maximum likelihood tree was
constructing using representative sequences grouped at 98% similarity (2,772 sequences
total) with the RAXML program (Stamatakis et al., 2005) within ARB (Ludwig et al.,
2004); 100 trees were generated using rapid bootstrap analysis, and the consensus tree
was constructed from these iterations. Rarefaction analysis was completed using mothur
as described for clone library samples above. The Bacteria populations of these samples

are analyzed in King et al. (2013).

Statistical analyses

Model Il ordinary least squares pairwise regressions were calculated following
Legendre and Legendre (1998) using software available at
http://adn.biol.umontreal.ca/~numericalecology/indexEn.html. Coefficients of
determination and confidence limits of regression equations were calculated from 999
bootstrap permutations. PRIMER (v.6; Clarke and Gorley, 2006) was used to compare
environmental and biological data from each station. We normalized environmental data
in PRIMER to reduce the influence of variable unit scales before principal components
analysis (PCA). The software package CANOCO (v. 4.5; ter Braak and Smilauer, 2002)
was used for canonical correspondence analysis (CCA; ter Braak, 1985) using PCA
values and log-transformed qPCR gene abundances. Significance of CCA was
determined using 499 Monte-Carlo permutations (reduced model) as recommended in the

program documentation. The RAXML tree constructed from 454-generated
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Thaumarchaeota rrs sequences was used in Fast UniFrac (Hamady et al., 2009) to
investigate phylogenetic patterns by sample location and depth. Weighted abundances of
sequences within samples were used in both Principal Coordinates Analysis (PCoA) and
sample clustering, as well as to calculate pair-wise Unifrac distances. Counts were
normalized to reduce the influence of larger sample sizes (greater number of sequences)
at certain stations. The significance of sample clusters was tested using 100 jackknife
permutations and re-sampling of the minimum (2), first quartile (100), or median (520)
number of sequences across all samples; any sample containing less than the number of

re-sampled sequences was eliminated from the analysis.

RESULTS
Gene abundance and distribution

The abundance of bacterial rrs in these samples ranged from 10° to 10*° copies
L (Table 2.1, Table A.2). Thaumarchaeota rrs genes were present in the same samples
at up to 10° copies L™ (Table A.2) with population maxima occurring typically between
100-200m depth and at lower [O;] and temperature (Figure 2.2). The abundance of rrs
genes attributable to the pSL12-like clade was much lower, near the limit of detection
(see Table A.1) in most samples with a maximum abundance of 10° copies L™ (Table
A.2). Similar trends with depth for pSL12 rrs were observed as Thaumarchaeota rrs,
though pSL12 rrs abundance was generally 100- to 10,000-fold lower (Figure 2.2),
except in one sample (Station H1-7 m), where pSL12 rrs was 10% of Thaumarchaeota
rrs. No Thaumarchaeota rrs were detected at the freshwater Mississippi River station

(MR1-2 m) where pSL12 rrs was present at 10° copies L™ (Table A.2).
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Thaumarchaeota accounted for a high proportion (up to 40% by gPCR, up to 54%
of pyrosequenced rrs) of the total prokaryotic community in our samples. This
percentage varied with depth (Figure 2.3), with deeper (>100 m) samples containing an
average of 21% Thaumarchaeota (range 0.5-40%) while samples from near-surface water
(<100 m) contained only 1.8% Thaumarchaeota (range 0-9%). Differences were also
observed with distance from shore, with shallower (<100 m) samples from inshore
stations having fewer Thaumarchaeota than those from offshore stations (1.1% versus
2.8% of prokaryotes, respectively). Pyrosequencing also showed that Thaumarchaeota
rrs genes were most abundant in samples from depths of 100-200 m, though they were
present at low abundances in all samples with the exception of MR1-2 m (Table A.3), in
agreement with qPCR analyses. Thaumarchaeota accounted for 0.1-54% of the
prokaryotes in pyrosequencing libraries and their distributions based on gPCR estimates
of gene abundance compared favorably with the contribution of Thaumarchaeota
ribotypes to pyrosequenced rrs libraries from these samples (Figure 2.4; model 11
regression, n=41, r’* = 0.82, 95% CL of slope = 0.54-0.73).

Archaeal amoA was present at up to 10° copies L™ (Table 2.1, Figure 2.2, Table
A.2). Bacterial amoA was at the limit of detection (Table A.1) in most samples, with a
maximum of 10° copies L™. The ratio of AOA:AOB amoA was found on average to be
2100:1 (Wuchter primers) to 3300:1 (Francis primers). The ratio of bacterial
amoA:bacterial rrs averaged 0.001 across all samples, with a maximum of 0.05 at Station
D3-68 m (Figure A.5a). Abundances of accA genes ranged from the limit of detection
(10* copies L) to 107 copies L™ (Table 2.1, Figure 2.2, Table A.2). Archaeal amoA

(quantified using Wuchter primers) showed similar distribution by depth as
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Thaumarchaeota rrs (Figure 2.2). However, accA abundances showed opposite trends
with depth, leading to higher ratios of amoA:accA or rrs:accA in near-surface (<100 m)
water (Figure 2.2).

We used principal components analysis (PCA, Figure A.3) to identify samples
from similar environments and group them into a few categories to simplify comparisons.
The first two PCA axes explained 63.2% of the variation between samples (Figure A.3;
Table A.5), which supported placing stations into three groups: near-surface inshore,
near-surface offshore, and deep offshore sets. CCA was included (Figure 2.8) to
investigate relationships between gene abundances and environmental conditions (similar
to BEST analysis, see Appendix A). The primary CCA axis (CCAL) explained 47.9% of
the gene abundance-environment relationship; adding the second axis (CCAZ2) increased
the variance explained by 44% (91.7% total; Figure 2.8, Table A.6). A global
permutation test gave a statistical significance of p < 0.05 for station groupings based on
both canonical axes considered together (F = 2.26, p = 0.014), while CCA1 considered
alone did not explain the gene abundance-environment relationship (F = 8.43, p = 0.086).
Thaumarchaeota rrs abundance was negatively correlated with most environmental
variables, except for salinity and depth (Figure 2.8). Bacterial rrs abundance correlated
positively with euphotic zone depth and had a strong negative correlation with pH, with
little influence from any variable primarily contributing to CCA2 (beam attenuation,
oxygen; Figure 2.8). The distribution of archaeal amoA genes as assessed with the
Wuchter primers, in contrast, was not strongly influenced by variables contributing to
CCAL (fluorescence, pH, latitude, longitude; Figure 2.8) but showed a weak positive

correlation with temperature and beam attenuation (turbidity). Archaeal amoA gene
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abundance assessed by the Francis primers showed the opposite trend, with strongest
positive correlations to latitude (which covaries with distance offshore and depth in this
region) and oxygen concentrations (Figure 2.8). Bacterial amoA gene abundance
correlated with beam attenuation (turbidity) and temperature (positive correlation), as
well as depth (negative correlation). accA gene abundance had strong positive

correlations with relative fluorescence (chlorophyll a equivalents) and pH (Figure 2.8).

Thaumarchaeota community composition at Station D5

Phylogenetic analysis of 67 Sanger-sequenced Thaumarchaeota rrs sequences
obtained from 100 m and 200 m depth at Station D5 revealed 10 different OTUs (Figure
2.5, Table A.4; 98% similarity cutoff). All but one of the sequences retrieved from the
100 m sample clustered into a single OTU, (the “Near-Surface Group”, Figure 2.5), that
also contained one sequence retrieved from the 200 m sample and the reference sequence
from Nitrosopumilus sp. NM25 (Matsutani et al., 2011). We did not retrieve any
sequences related to the marine pSL12-like clade. Sequences retrieved from the 200 m
sample displayed greater richness and evenness (Table A.4; 9 OTUs) and included some
OTUs that appear unique to the northern Gulf of Mexico.

We retrieved 184 amoA sequences from Station D5. Phylogenetic analysis of the
translated and aligned amino acid sequences revealed two OTUs (similarity cutoff of
97%) of AmoA (Figure 2.6a): one containing primarily near-surface (100 m) sequences
(“Group A” following Beman et al., 2008) and the other dominated by sequences from
200 m (“Group B”). amoA nucleotide sequences also grouped primarily by depth, but

with greater richness and diversity (Table A.4) at a given depth than we observed for
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Thaumarchaeota rrs genes. Clusters of sequences that appear to be unique to the Gulf of
Mexico were observed in both 100 m and 200 m samples (Figure A.1a).

The top BLASTX hits for all but 30 of 257 sequences obtained from accA
amplicons were to carboxylase or carboxyltransferase genes from Archaea. The
remaining 30 amplicons were most similar to non-Thaumarchaeota reference sequences
with low (<65%) sequence identities. Because they did not return hits to
Thaumarchaeota reference sequences, we did not consider them further. Phylogenetic
analysis of the inferred amino acid sequences for AccA (Figure 2.6b) revealed three
major OTUs: OTU 1 contained a majority of near-surface sequences (2, 50, and 100 m),
while OTUs 2 and 3 contained mostly sequences from deep water (200 and 450 m).
Analysis of accA nucleotide sequences revealed similar clusters with depth as inferred
amino acid sequences for AccA and Thaumarchaeota rrs gene sequences (Figure A.1b)
with a total of 51 OTUs observed at a 97% similarity cutoff (Table A.4). Some of these
seem unique to the Gulf of Mexico (Figure A.1b), but this may be an artifact of the

limited representation of accA sequences in reference databases.

Pyrosequencing: Phylogenetic Patterns and Sample Groupings

Microbial community composition varied dramatically with depth as shown by
comparisons of libraries from surface (< 25 m depth) versus subsurface (> 100 m depth)
samples (Figure A.2, Table A.3; these data are discussed fully in King et al. (2013).
Proteobacteria, especially o- and y-Proteobacteria, dominated the microbial community
of near-surface waters at most stations. Consistent with distributions of rrs and amoA

indicated by gPCR analyses, Thaumarchaeota were greatly enriched in deeper waters.
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Only 14 (out of a total of 221,410) rrs sequences binned to AOB, confirming the much
lower abundance of AOB relative to AOA found by qPCR quantification of amoA. Half
of the AOB sequences were retrieved from one sample: MR1-2m, taken upstream of the
mouth of the Mississippi River with a salinity of 0. Only 4 Thaumarchaeota sequences
were retrieved from this sample (Table A.3), two of which were most similar to the
terrestrial thaumarchaeote, “Candidatus Nitrososphaera gargensis” strain EN76, at 15%
similarity.

Sequences most closely related to NOB were retrieved from most samples (mean
= 0.4%, range 0-1.8% of prokaryotes as calculated in Supplementary Methods (Appendix
A, but assuming 2 rrs per NOB genome from Mincer et al., 2007). These sequences
were primarily identified as Nitrospina sp. 3005 (AM110965), though Nitrospira
ribotypes were also detected. The abundance of NOB rrs was greatest at depth (~200 m,
Table A.3, Figure 2.7a) and was significantly correlated with the abundance of
Thaumarchaeota in the same samples (Figure 2.7a; model 11 regression, n = 41, r* = 0.49,
95% CL of slope = 0.032-0.064). Euryarchaeota only accounted for a few percent of the
microbial community (mean 5.8%, range 0.1-17.6 %). Euryarchaeota were most
abundant in near surface samples (<100 m; Table A.3) and their abundance was poorly
correlated with the abundance of Thaumarchaeota (Figure 2.7b; model 11 regression, n =
41, r* = 0.14, 95% CL of slope = 0.021 to 0.20).

UniFrac distances calculated between samples indicate significant (p < 0.05)
similarities in Thaumarchaeota rrs assemblages among offshore, near-surface samples
and inshore, near-surface samples from Stations A2, A4, D3, E2, and MR2 (data not

shown). The Station D5-100m sample was assigned to the near-surface group (p < 0.05)
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regardless of the method used to obtain rrs sequences (pyrosequencing vs. Sanger
sequencing from clone libraries). Among deep offshore samples, those from 160-950 m
were similar to each other (p < 0.05); sequences from clone libraries generated from
Station D5-200m were also included in this group. The phylogenetic composition of
Thaumarchaeota rrs in the deepest sample, Station A6-1700m, was only similar to
samples from D5-900m and F6-950m (p < 0.05).

Analysis of phylogenetic patterns across samples using PCoA in Fast UniFrac
(Figure 2.9) revealed two major groups of pyrosequenced Thaumarchaeota rrs — one of
deep (>100 m) samples and another including the near-surface samples (both inshore and
offshore), which agrees with PCA groupings (Figure A.3). The primary PCoA axis
explained 70% of the variation in phylogenetic composition of the samples, with the
secondary axis explaining an additional 11% (total 81 %) of the variation. The sample
from Mississippi River Station MR1 was an outlier; however, PCoA analysis with this
sample included revealed the same general pattern (Figure A.7). Samples clustered using
the minimum re-sampling of 2 sequences (Figure A.4a) only showed significant
separation of Station MR1 sample from the rest of the samples (>99.9% jackknife
support). For 100 re-sampled sequences (32 of 43 samples; Figure A.4b), a clear
separation was observed between surface and deep samples (60% support) and between
near-surface inshore samples (excluding Station A4) and near-surface offshore samples
(>99.9% support). When the median number of sequences was applied to cluster analysis
(520 sequences, 22 of 43 samples; Figure A.4c), the separation of deep and near-surface
samples was statistically significant (>99.9% support). Station D3 (inshore, <100 m

depth) samples clustered most closely (>99.9% support), followed by inshore Station A4-
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43m and offshore Station A6-80m (95% support). Amongst deep samples, a further
separation was observed within the deep offshore samples, with the deepest samples
(Stations D5-900m and F6-950m) and those from 350-760 m forming distinct clusters

50% and 61% of the time, respectively (Figure A.4c).

DISCUSSION
Community Comparisons

We found a strong correlation between gPCR and pyrosequencing estimates of
AOA relative abundance indicating that, despite potential biases associated with
individual gPCR primers, gPCR estimates of Thaumarchaeota distributions at this coastal
site are robust. Thaumarchaeota were abundant in deeper waters of the northern Gulf of
Mexico, increasing in abundance with depth to a broad maximum between ~200 and 800
m (Figures 2.2 and 2.3), coinciding with the oxygen minimum (Figure 2.2). Two shallow
water stations (C1, 12 m; MR2, 8 m) contained up to 10° copies L™ of Thaumarchaeota
rrs; both of these stations are near the Mississippi River Plume, which may indicate an
influence of riverine nutrients on AOA. It is important to note, however, that these are
marine ribotypes and not terrestrial or freshwater ribotypes carried into the Gulf by the
Mississippi River, since we did not retrieve similar ribotypes from Mississippi River
sample MRL1. In contrast, AOB amoA genes were below the limit of detection except in a
few near-surface samples from inshore stations (Stations C1, D3, D5, G1, and H1) and in
river stations MR1 and MR2. Consistent with many other studies of amoA in coastal
water columns (Beman et al., 2010; Herfort et al., 2007; Wuchter et al., 2006), AOA

amoA was always >10- to 100-fold more abundant than AOB amoA. The relative
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abundance of Thaumarchaeota and AOB rrs in pyrosequenced libraries (Table A.3) is
consistent with the distribution of amoA genes determined by qPCR, suggesting that the
observed ratio of AOA:AOB amoA is not an artifact of primer bias. Although we do not
have ammonia oxidation rate measurements for these samples, the greater abundance of
AOA than AOB amoA suggests that Thaumarchaeota are likely to dominate nitrification
in this region (Beman et al., 2008).

We did not quantify the distribution of NOB by qPCR (cf. Santoro et al., 2010),
which is limited to Nitrospina); however, we were able to determine the distribution of
all known NOB relative to Thaumarchaeota from pyrosequenced rrs libraries. We found
that NOB abundance correlated well with that of Thaumarchaeota (r* = 0.49), as reported
by others (Mincer et al., 2007; Santoro et al., 2010). The correlation between the
distributions of these two groups suggests relatively tight coupling between them,
presumably leading to efficient conversion of ammonia to nitrate in the northern Gulf of
Mexico. However, NOB rrs abundance was only ~5% of that of Thaumarchaeota (slope
of model Il regression; Figure 2.7a), in contrast to estimates of 20-100% reported by
Mincer et al. (2007) or ~25% reported by Santoro et al. (2010). This ratio would change
if the rrs gene dosages we used in our calculations changed; however, the discrepancy
suggests that alternative pathways, e.g. anammox, might be more significant for nitrite
removal in the northern Gulf of Mexico than in the temperate Pacific upwelling zone

sampled by Mincer et al. (2007) and Santoro et al. (2010).
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Environmental Factors

The connection between pH and AOA abundance has been examined closely in
soils, where archaeal amoA typically dominates in more acidic samples (reviewed in
Erguder et al., 2009; Prosser and Nicol, 2008). The Mississippi River plume is a site of
respiration-induced acidification (Cai et al., 2011), and we observed a negative
correlation between the abundance of Thaumarchaeota rrs and pH in our samples. In
contrast, the abundance of archaeal accA genes and of AOA amoA genes detected by the
Francis primers was positively correlated with pH values (Figure 2.8). AOB amoA
abundance was positively correlated with temperature and negatively correlated with
depth, while AOA amoA abundance showed the opposite trends (Figure 2.8). These
correlations correspond to AOB abundance being greatest in surface samples, versus
AOA abundance being greater in samples from deeper, colder water, as observed in other
studies (e.g., Santoro et al., 2010). We also observed a strong negative correlation
between AOB amoA gene abundances and salinity, but we did not find a statistically
significant (p>0.05) correlation between AOA amoA genes and salinity. This contrasts
with AOA distributions reported for sediments from an aquifer at Huntington Beach, CA
(Santoro et al., 2008) or from the San Francisco Bay Estuary (Mosier and Francis, 2008),
where AOB were more abundant in high salinity sediments, while AOA were more
prominent in low salinity environments.

Fluorescence (chlorophyll @) contributed significantly to PC1 (Figure A.3) and
accA, pSL12 rrs, and archaeal amoA gene abundance (Francis primers) were all
positively correlated with fluorescence in CCA analysis (Figure 2.8). Most other studies

have reported inverse correlations between Thaumarchaeota abundance and chlorophyll a
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(Kirchman et al., 2007; Murray et al., 1999a; Murray et al., 1999b; Wells and Deming,
2003). A study of AOA and AOB dynamics in estuarine sediments, though, showed that
potential nitrification rates and the abundance of archaeal amoA genes (Wuchter primers)
correlated positively with sediment chlorophyll a concentrations (Caffrey et al., 2007).
Archaeal abundance in the Arctic Ocean near the Mackenzie River mouth correlated
positively with chlorophyll a (Wells et al., 2006), although a previous study at similar
sites showed the opposite trend (Wells and Deming, 2003). We observed a strong
positive correlation between bacterial amoA abundance and turbidity in the Gulf of
Mexico while archaeal amoA genes were inversely correlated with turbidity (Figure 2.8).
We detected greatest abundances of AOB amoA genes in shallow, near-shore waters
(especially at Station C1 and all three Mississippi River stations), which may indicate a
salinity effect or an association of AOB with particles originating from estuaries, coastal
embayments, or the river. Since we did not sequence the AOB amplicons we obtained,
we cannot use the phylogenetic position of the AOB to differentiate between these
hypotheses (e.g., O'Mullan and Ward, 2005; Phillips et al., 1999). Caffrey et al. (2007)
reported that AOB were more abundant than AOA in sediments from Weeks Bay,
Alabama, a subembayment of Mobile Bay. Our near-shore waters also had higher
ammonia concentrations (up to 3 uM; data not shown) than at other stations, which is
consistent with the conceptual model that AOB are more competitive in environments
with elevated ammonia concentrations (Martens-Habbena et al., 2009).

Oxygen concentrations are typically higher in surface than deep water, especially
in this region of the Gulf of Mexico where bottom waters become seasonally hypoxic

(Rabalais et al., 2002; Rabalais et al., 2010). Although samples for this study were
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collected before hypoxia had fully developed ([O-] ranged from 3.5 to 8.4 mg L™; 150-
375 uM), we found clades of AOA similar to those observed in other hypoxic waters
(Beman et al., 2008; Labrenz et al., 2010; Molina et al., 2010). Additionally, we
determined that the distribution of amoA phylotypes detected by the Francis primers
correlated positively with [O,] (as did archaeal accA genes), while those detected by the
Wauchter primers were not correlated with [O,] (Figure 2.8). Our data suggests that these
primer sets have different PCR biases such that certain AOA ecotypes are amplified more
efficiently by one set than the other. As we observed correlations between different
environmental variables and amoA phylotypes amplified by each primer, we believe these
differences may reflect ecotype-specific sequence variation, as proposed for the two

primer sets given in Beman et al. (2008).

amoA and accA abundance

The abundance of archaeal amoA genes reported in this study (up to 10° copies L~
1) is comparable to abundances reported for other continental shelf regions (Galand et al.,
2006; Kalanetra et al., 2009; Mincer et al., 2007; Santoro et al., 2010), in the
mesopelagic Pacific Ocean (Church et al., 2010), and in hypoxic zones (Beman et al.,
2008; Mincer et al., 2007). Differences in estimates of amoA abundance depended on the
primer set used. Previous studies using the Wuchter primers reported low abundance of
amoaA relative to rrs in deep waters (Agogué et al., 2008; de Corte et al., 2008) compared
to studies that used the Francis primers (Beman et al., 2010; Church et al., 2010; Santoro
et al., 2010), suggesting that the Wuchter primers are biased against deep water clades of

AOA. Our study supports these conclusions, but we also found that the Francis primers
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underestimated amoA abundance relative to rrs in surface water samples (Figure A.6).
Comparisons of primer sequences to alignments of amoA sequences from this study show
single base-pair differences within Wuchter primer binding sites that could affect primer
annealing and thus amplification (Figure A.8). Our findings support the use of two
different primer sets for the quantification of archaeal amoA in near-surface versus deep
water samples, as recommended by Beman et al. (2008). Alternatively, Thaumarchaeota
abundance in DNA extracted from our samples estimated by qPCR of rrs agreed well
with an independent assessment based on pyrosequencing. This suggests that the
334F/534R rrs primer set originally proposed by Suzuki et al. (2000) for quantifying
Marine Group 1 Archaea may be more robust than amoA primer sets for quantifying
Thaumarchaeota.

The accA gene, a proposed marker for archaeal autotrophy, was found at
abundances almost equal to Thaumarchaeota rrs and amoA (amplified by the Francis
primers) below 100 m depth, in agreement with findings from the original accA survey of
the Tyrrhenian Sea (YYakimov et al., 2009). accA was least abundant in surface water
samples (2-70 m depth; e.g., Figure 2.2), especially at inshore stations and in the
Mississippi River. A similar trend has been reported for South China Sea samples, where
accA approached the limit of detection in samples <100 m (Hu et al., 2011). Since the
accA primers were designed using a very small database, the apparent discrepancy
between accA and Thaumarchaeota rrs abundance in near surface samples may be due to
the presence of populations in surface waters with divergent accA that are not detected by

this primer set.
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Community composition

We identified a number of clades that appear to be unique to the northern Gulf of
Mexico. These were seen in rrs genes from both clone libraries and pyrosequencing
reads (e.g., D5-200m-66 [KC330801], -71 [KC330804], -85 [KC330810]; D5-100m-15
[KC330788]; Figure 2.5), in amoA gene sequences (e.g., D5-100m-amoA-21
[KC349156], -35 [KC349170], -41 [KC349176], -51 [KC349185]; D5-200m-amoA-30
[KC349251], -44 [KC349264]; Figure A.1a), and in accA gene sequences (e.g., D5-2m-
accA-05 [KC349402], -44 [KC349436]; D5-50m-accA-53 [KC349545]; D5-100m-accA-
21 [KC349333], -29 [KC349340], -47 [KC349355]; D5-200m-accA-11 [KC349365], -27
[KC349380], -36 [KC349389], -41 [KC349393]; D5-450m-accA-20 [KC349475], -26
[KC349480]; Figure A.1b). Since the global distribution of accA genes has not been
thoroughly surveyed, it is difficult to determine whether these clades are indeed unique to
the Gulf of Mexico. Generally, the subpopulations of Thaumarchaeota represented by
distinct OTUs of each gene grouped according to sample depth, with the most stringent
segregation by depth observed for rrs and accA, which segregated as deep (200 m and
450 m) and near-surface (2 m, 50 m, and 100 m) OTUEs, as has been observed elsewhere
for amoA (Beman et al., 2008; Beman et al., 2010; Church et al., 2010; Francis et al.,
2005; Kalanetra et al., 2009; Santoro et al., 2010). Archaeal amoA phylotypes retrieved
from Station D5 were also distributed according to sample depth (Figure 2.6a), with a
near-surface “Group A” and deep “Group B” (Francis et al., 2005). Since these
distributions of each of these genes were determined by independent PCR amplifications,
it is not possible to directly associate rrs, amoA and accA genotypes in our samples;

however, the coincident groupings of these 3 markers of completely different
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physiological functions suggest differentiation of these Thaumarchaeota populations at a
genomic level. Unifrac analysis suggests that Thaumarchaeota populations at these
stations resolve into 3 subpopulations, segregated by depth and by factors covarying with
depth, with strongest separation between surface (depth <100 m) and deep water
populations (Figures 2.9, A.4, and A.7).

A few of the accA gene sequences retrieved from Station D5 clustered with
previously defined ecotypes of the ‘Deep Water accA Clade’ (Yakimov et al., 2009;
Yakimov et al., 2011), referred to here as Deep Ecotypes 1a, 1b, and 2 (Figure 2.6b).
Inferred amino acid sequences of all but 8 of the 87 accA amplicons we retrieved from
200 m and 450 m grouped into Deep Ecotype 2. No representatives of Deep Ecotypes 1a
or 1b were identified, although a group of more divergent sequences similar to these
ecotypes was evident (Figure 2.6b). Since previous studies concentrated on samples from
deeper waters, we have added Near-Surface Ecotypes 1a and 1b to the ‘Shallow Water
accA Clade’ (Yakimov et al., 2011). Both of the Sargasso Sea reference sequences from
this clade fit into Ecotype 1a, which contained only sequences from near-surface waters
(<100 m) of the northern Gulf of Mexico. The accA sequence from “Candidatus
Nitrosopumilus maritimus” SCM1 (Walker et al., 2010) grouped with marine sediment
clones and with “Candidatus Nitrosoarchaeum limnia” SFB1 (Blainey et al., 2011); we
have thus allocated these sequences to a ‘Nitrosopumilus-like group’. We also note a
distinct lineage of accA (OTU 2, ‘Near-Surface Ecotype 1b’; Figure 2.6b) containing
sequences from the northern Gulf of Mexico and the South China Sea (*Shallow group II’

in Hu et al., 2011). The sequences we retrieved extend coverage of the diversity of accA
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environmental sequences to near-surface sites and provide additional references for

refining ecotype characterizations as more sequences are added to the databases.

CONCLUSIONS

AOA and Thaumarchaeota were abundant in the northern Gulf of Mexico coastal
waters we sampled, accounting for up to 40% (qPCR) or 54% (pyrosequencing) of the
total bacterioplankton population and outnumbering AOB by 10-100 fold. The ratio of
AOA to NOB in our samples was lower than reported in other studies, suggesting that
other pathways for nitrite oxidation may be more important in the northern Gulf of
Mexico than elsewhere. A diverse community of Thaumarchaeota was observed at
Station D5 near the Mississippi River plume in clone libraries constructed from archaeal
genes of interest (rrs, amoA, and accA), with clades that seem to be unique to waters of
the northern Gulf of Mexico. Consistent with this observation, and in contrast to studies
of many other coastal waters, the amoA sequence most similar to Nmar_1500, the amoA
gene from ““Ca. N. maritimus” strain SCM1, was only 91% similar. Through analysis of
rrs sequences generated using 454 pyrosequencing, we observed distinct clades of
Thaumarchaeota that were distributed primarily by depth, with clear differences between
near-surface (<100 m) and deep (>100 m) populations. The distribution of rrs sequences
in clone libraries generated from samples collected at Station D5 was consistent with this
pattern, suggesting that parallel differences in the composition of Thaumarchaeota
populations defined by other genes observed at this station were applicable to the rest of
the northern Gulf of Mexico. Finally we found correlations between abundances of

Thaumarchaeota genes in this region and environmental variables depth, temperature,
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turbidity, pH, and oxygen; however, the manner in which these variables influence

Thaumarchaeota metabolism and thus distribution remains unclear.
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Table 2.1. Summary of gPCR-estimated gene abundances (copies L™) determined for
samples from the northern Gulf of Mexico. Means for each reaction are listed in bold;
ranges follow the mean in parentheses. amoA W = amplified with Wuchter et al. (2006)
amoA primer set; amoA F = amplified with Francis et al. (2005) amoA primer set. ‘Near-

surface’ is <100 m depth; ‘deep’ is >100 m depth; ‘inshore’ = over the continental shelf

(seafloor depth <100 m); ‘offshore’ = shelf break and beyond (depth >100 m).

Thaum. Thaum. Thaum. Thaum. pSL12 AOB Bacteria
W amoA F amoA accA s s amoA s

Near- | 3.86x10" | 5.82x10° | 1.29x10° | 1.85x10" | 4.77x10" | 3.67x10° | 3.20x10°
surface | (9.74x10* | (9.28x10% | (9.09x10% | (1.37x10°- | (1.12x10% | (6.09x10% | (3.11x10°-
inshore | 1.74x10%) | 2.97x107) | 1.00x10") | 1.10x10% | 3.30x10°) | 2.10x10°% | 1.26x10%)
Near- | 1.16x10" | 4.19x10° | 5.66x10° | 6.95x10° | 1.30x10° | 2.81x10° | 7.16x10°
surface | (3.91x10* | (1.24x10°- | (3.16x10% | (4.79x10* | (1.89x10%- | (1.67x10% | (3.48x10°-
offshore | -3.29x107) | 1.33x107) | 2.79x10°% | 2.14x10") | 3.98x10%) | 7.07x10%) | 1.34x10°)
Deep 3.68x10° | 1.11x10" | 8.72x10° | 1.79x10" | 1.00x10" | 2.93x10° | 2.14x10°
offshore (4.65x10°% | (5.11x10°%- | (1.48x10°- | (3.23x10°%- | (3.52x10°% | (1.34x10% | (2.49x10’-
2.12x107) | 5.86x107) | 1.80x107) | 5.45x107) | 2.92x10%) | 8.80x10% | 1.83x10°%

61




Table 2.2. Mean and ranges of the ratios of Thaumarchaeota gene abundances.
Gene ratios were calculated by dividing the abundance of each of the genes tested by the
abundance of rrs in the same sample. amoA W = amplified with Wuchter et al. (2006)

amoA primer set; amoA F = amplified with Francis et al. (2005) amoA primer set.

amoA W:rrs amoA F:rrs accA:rrs

Near-surface Inshore 2.5(0.71-6.6) 0.32 (0.002-0.69) | 0.06 (0.001-0.22)

Near-surface Offshore 1.2 (0.17-1.8) 0.62 (0.28-1.9) 0.04 (0.0002-0.17)

Deep Offshore 0.19 (0.001-1.0) | 0.57 (0.16-1.1) 0.58 (0.07-1.3)
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Figure 2.1: Stations occupied during the GulfCarbon 5 cruise, March 10 to 21,

2010. Inshore stations represented with a filled star; offshore stations have an open star.

63



Longitude (°W)

(7]
o=

o)
\o

b
oo

27..

*116

*F6 %E6 *D5

94

93 92 91 90 8 88
Latitude (°N)

64



Figure 2.2: Depth profiles of the abundance of selected genes and of environmental
variables at Stations (a) A6, (b) D5, and (c) H6. Gene abundances are given as copies
L™ of sample filtered as determined from triplicate qPCR amplifications of archaeal and
B-Proteobacterial amoA and archaeal accA (left) and Thaumarchaeota, pSL12, and
bacterial rrs (center); note that scales for 3-Proteobacterial amoA and pSL12 rrs are
reduced by 10-100 to allow for visualization variation with depth. Environmental data
were taken from a CTD attached to the frame of the rosette sampler (right). Sampling
depths are shown as X’s on the depth axis; missing points indicate that the measurement

was below the limit of detection (see Table A.1 for detection limits).
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Figure 2.3: Abundance of Thaumarchaeota as a percentage of total

bacterioplankton plotted against sample depth.
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Figure 2.4: Fraction of Thaumarchaeota rrs found in 454 pyrosequencing libraries
versus the fraction of Thaumarchaeota rrs determined from qPCR data. Line

represents a model Il pairwise regression.
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Figure 2.5: Phylogenetic analysis of Thaumarchaeota rrs genes retrieved from
Station D5. Clone libraries were generated from DNA in samples collected at depths of
100 m (green) and 200 m (blue). The Neighbor-Joining tree was constructed using ARB
(Ludwig et al., 2004). Reference sequences in bold are from isolates or enrichment
cultures of AOA. Bootstrap values obtained from resampling 1000 times; only values

above 75% bootstrap support are shown.
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Figure 2.6: Phylogenetic analysis of inferred amino acid sequences from (a) amoA
and (b) accA gene sequences retrieved from Station D5. Numbers beside groups (in
triangles) indicate the number of sequences from each depth sampled according to color:
clades in green are from 2 m, 50 m, or 100 m; clades in blue are from 200 or 450 m.
Neighbor-Joining Trees were constructed with ARB (Ludwig et al., 2004) from
sequences 199 aa (AmoA) or 137 aa (AccA) in length. Sequences in bold were obtained
from isolates or enrichment cultures of AOA. Bootstrap values were obtained from 100

resamplings; only values above 75% bootstrap support are shown.
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Figure 2.7: Comparison of the abundance of rrs from (a) Nitrite-Oxidizing
Bacteria; and (b) Euryarchaeota versus Thaumarchaeota rrs in samples from the
northern Gulf of Mexico. Triangles = near-surface (<100 m) samples; squares = Deep
(>100 m) samples. Lines are model Il regressions (Legendre and Legendre, 1998) of all

data.
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Figure 2.8: Canonical correspondence analysis (CCA) ordination plot of qPCR-
estimated abundances for rrs, amoA, and accA genes and environmental data. The
length and angle of arrows shows the contribution of a particular environmental variable
to the CCA axes. Fluorescence = relative fluorescence, chlorophyll a equivalents; beam
attenuation = turbidity. Eigenvalues, correlation values, and percentage variance for

CCA are given in Table A.6.
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Figure 2.9: Principal Coordinates Analysis (PCoA) of Thaumarchaeota rrs
sequences obtained from 40 samples taken in the northern Gulf of Mexico (excluding
Station MR1). Shapes indicate sample groupings: dark grey squares = deep, offshore;
open triangles = near-surface, offshore; light grey circles = near-surface, inshore. The
percentage of the variance explained by an axis is given in parentheses next to the axis

title.
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CHAPTER 3
SIGNIFICANT AMMONIA OXIDATION RATES IN ANTARCTIC WATERS

ATTRIBUTED TO THAUMARCHAEOTA®

1 Tolar, B.B., M.J. Ross, N.J. Wallsgrove, Q. Liu, L.I. Aluwihare, B.N. Popp, and
J.T. Hollibaugh. To be submitted to The ISME Journal.
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ABSTRACT

We report significant rates of ammonia oxidation (AO; 0.52-140 nM d™) in spring
(Sept 2010) and summer (Jan 2011) samples from the Palmer Long-Term Ecological
Research (PAL-LTER) study area in continental shelf waters west of the Antarctic
Peninsula, where Thaumarchaeota strongly dominated the population of ammonia-
oxidizing organisms. These rates are higher than those previously measured in polar
waters and suggest that the contribution of polar regions to oceanic nitrification has been
underestimated. Higher AO rates were observed in spring samples from near-surface (0-
100 m) waters compared to rates from similar depths (Winter Water; WW) during
summer (mean = 56 versus 12 nM d™, respectively; p < 0.001). AO rates in samples
from the Circumpolar Deep Water (CDW) did not differ between seasons (mean = 21
versus 25 nM d*; p < 0.8), despite summer samples having 10 to 100-fold greater
abundances of Thaumarchaeota genes and transcripts. Overall we observed no consistent
relationship between AO rates and archaeal ammonia monooxygenase (amoA) gene (10
108 copies L™) or transcript (10°-107 copies L™) abundance; or with the ratio of amoA
transcripts per gene, which has been used as a proxy for activity. Analysis of partial
sequences of Thaumarchaeota 16S rRNA (rrs) and amoA obtained by pyrosequencing
showed greater diversity in CDW populations, and a clear separation of populations by
water masses was reflected in statistical analyses of environmental and biotic (both qPCR
and pyrosequencing) data. This suggests that distinct communities of Antarctic

Thaumarchaeota in both WW and CDW are capable of high rates of ammonia oxidation.
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INTRODUCTION

Ammonia oxidation to nitrite is a key reaction of the nitrogen cycle and the first
step of nitrification. Two groups of organisms, ammonia-oxidizing Bacteria (AOB) and
ammonia-oxidizing Archaea (AOA) are known to catalyze this reaction, while the second
step — nitrite oxidation — is carried out by nitrite-oxidizing Bacteria (NOB; reviewed in
Prosser and Nicol, 2008; Ward, 2011). AOA are more prominent than AOB in most
marine environments, with AOA ammonia monooxygenase genes (amoA) 10-1000 times
more abundant than bacterial amoA in the same sample (e.g., Beman et al., 2008; Francis
et al., 2007; Mincer et al., 2007; Santoro et al., 2010; Wuchter et al., 2006). AOA are
widely distributed in the marine environment, with population maxima occurring below
100 m depth and at higher latitudes (Karner et al., 2001; reviewed in Erguder et al., 2009;
Prosser and Nicol, 2008; Ward, 2011). Rates of nitrification have been measured in most
major oceanic regions and range from zero to hundreds of nM d™* (reviewed in Ward,
2008; Ward, 2011; Yool et al., 2007). Nitrification rate measurements have also been
made in the Arctic (Christman et al., 2011) and Southern Oceans (Bianchi et al., 1997;
Olson, 1981); however, Antarctic data are limited to a handful of sites (only three below
60°S) and to depths <100 m.

The waters of the Antarctic continental shelf West of the Antarctic Peninsula
(WAP) are characterized by strong seasonal variations in irradiance, sea ice cover, and
phytoplankton biomass and production. This region is the site of an ongoing long-term
ecological research (LTER) program, the Palmer (PAL) LTER (http://pal.lternet.edu/).
The PAL-LTER’s multi-decadal studies have revealed dramatic interannual variation in

populations of many organisms and processes, with a strong temporal climate signal
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(Ducklow et al., 2007; Ducklow et al., 2012). The Southern Ocean in this region is
vertically stratified into two distinct water masses in the winter (1: Antarctic Surface
Water, AASW; 2: Circumpolar Deep Water, CDW) and three in the summer (1: Summer
Surface Water, SSW; 2: Winter Water, WW,; 3: CDW, e.g., Church et al., 2003,
Hofmann and Klinck, 1998; Kalanetra et al., 2009; Martinson et al., 2008). The CDW is
found at depths >150 m year-round, and has temperatures ranging between 0.2-2°C and
salinities ranging from 34.4-34.7 PSU. During winter, the surface mixed layer (AASW),
which extends from the surface to depths of 100-150 m, is colder (-1.8°C to -0.3°C) and
less saline (33.3-34.3 PSU) than the CDW. This AASW layer stratifies during summer
as a result of warming and meltwater inputs to form the SSW (temperature 0.5 to 1.5°C,
salinity 31.5-33.8 PSU, depth 0-50 m); the remainder of the winter mixed layer deeper in
the water column (50-150 m) is known as the WW and retains the characteristics of the
AASW. Different microbial communities have been found to inhabit these three layers
(Church et al., 2003; Kalanetra et al., 2009; Massana et al., 1998; Murray et al., 1998).
Planktonic Archaea are most abundant in the upper water column of this region
during winter and early spring (May-November) and their population is dominated by
Thaumarchaeota (Murray et al., 1998). High concentrations of archaeal 16S rRNA (rrs)
genes have been detected throughout the water column, with maxima occurring around
100 m (Massana et al., 1998; Murray et al., 1998). Archaeal populations decrease as
sunlight increases during the transition from winter to summer. These reductions are
most significant at the surface, with very few Archaea (1-2% of the population of
prokaryotes) remaining in the newly formed SSW, as compared to high abundances in the

WW (5-10%) and CDW (13-17%) along the WAP (Church et al., 2003).
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Our previous analysis of summer populations of AOA in the WAP found lower
abundances of amoA and lower ratios of amoA:rrs in WW than in CDW samples
(Kalanetra et al., 2009). We returned to this region to determine whether the distribution
of amoA genes and transcripts was reflected in the distribution of ammonia oxidation
rates. We sampled the region during spring and summer to determine if populations of
Thaumarchaeota changed during the transition from AASW to WW in summer.
Thaumarchaeota diversity was characterized using 454 pyrosequencing of rrs and amoA
genes, which allowed robust comparisons of assemblage composition by season, as well
as by location across nearly the entire WAP region. We also measured biogenic silica
(BSi) concentrations and diatom 18S rRNA abundance to test a hypothesis that
Thaumarchaeota distributions in the WAP are coupled to ammonia regeneration from
sinking diatom blooms, and measured the abundance of Nitrospina — a prominent group
of NOB - to investigate connections between the two guilds of nitrifying
microorganisms. Finally we investigated the distribution of Thaumarchaeota urease
(ureC) genes after Alonso-Séez et al. (2012) and Pedneault et al. (2014), as their
presence has been proposed to indicate the use of urea as a substrate for archaeal

ammonia oxidation in polar waters.

MATERIALS AND METHODS
Sample Collection

Samples were collected from the ARSV Laurence M. Gould in September 2010
(LMG 10-06; LTER 600 line only) and January 2011 (LMG 11-01, entire WAP region)

using Niskin bottles attached to a rosette frame equipped with a CTD. Stations were
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located on the Antarctic continental shelf West of the Antarctic Peninsula (WAP, Figure
B.1, Table B.1) within the PAL-LTER sampling region (http://pal.lternet.edu/).
Environmental data — including temperature, salinity, dissolved oxygen (DO), beam
attenuation (turbidity), and chlorophyll a (chl a) fluorescence — were obtained from a
CTD during bottle casts. Water masses sampled (Figures B.2, B.3) include the WW and
CDW in summer (although the greatest depth sampled was <500 m), and AASW in
spring, which was subdivided for analyses into ‘Upper AASW’ (UAASW; 10 m depth)
and ‘Lower AASW’ (LAASW, 55-75 m depth), as samples collected from the LAASW
come from the same depths as WW (Figure B.4; Table B.1). Nutrient samples were
collected and analyzed using previously described methods for ammonium (NH,,
Soldrzano, 1969); nitrite (NO>) and nitrite + nitrate (NOy; Jones, 1984; Strickland and
Parsons, 1972); and biogenic silica (BSi; Brzezinski and Nelson, 1989). Additional
nutrient data (including the concentrations of NOy, SiO4, and PO,4) were collected by the
PAL-LTER on LMG 11-01 and are available through their data portal. Seawater samples
(0.5-14.5 L) for DNA analysis were filtered onto 0.22 um pore size Sterivex filters (EMD
Millipore, Billerica, MA). Each cartridge received 1.8 mL of lysis buffer (0.75 M
sucrose, 40 mM EDTA, 50 mM Tris; pH 8.3), then they were capped and frozen at -80°C
until analysis. DNA was recovered from the filters using a phenol-chloroform extraction
method (Bano and Hollibaugh, 2000) and eluted in Tris-EDTA buffer (pH 8.0). Seawater
samples for RNA analysis were filtered onto 0.22 um pore size, 47 mm (n = 67; 0.5-3.5
L) or 142 mm (n = 6; 24-33 L) diameter Millipore GVWP filters (EMD Millipore), that
were placed in Whirl-Pak (Nalgene, Penfield, NY) bags with 2.0 mL (47 mm filters) or

8.0 mL (142 mm filters) of RNAlater (Ambion, Austin, TX) and immediately frozen at
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-80°C. RNA was extracted as described in Poretsky et al. (2009) and Gifford et al.
(2011) with the substitution of 200 um zirconium beads (OPS Diagnostics, Lebanon, NJ)
in the initial bead-beating step and a final extract volume of 100 uL. DNA was removed
from 30 pL of RNA extract with the TURBO DNase-Free Kit (Ambion) following the

manufacturer’s instructions with a second enzyme treatment at 2X concentration.

Quantitative PCR

Relative abundances of Archaea, Bacteria, and diatom genes were determined on
an iCycler iQ™ Real-Time gPCR detection system (BioRad, Hercules, CA) using either
SYBR® Green | dye (BioRad) or TagMan® (Applied Biosystems, Carlsbad, CA)
chemistries. Primers and probes used in this study are listed in Table B.2. gPCR
reactions were set up in triplicate and analyzed against a range of standards (10*-10’
copies L™ DNA) as described in Tolar et al. (2013). gPCR conditions for Archaea and
Bacteria amoA and rrs genes have been described previously (Kalanetra et al., 2009;
Tolar et al., 2013). Thaumarchaeota ureC genes were quantified under the same
conditions as amoA with an annealing temperature of 53°C (from Alonso-Séez et al.,
2012). Nitrospina (a nitrite-oxidizing Bacteria, NOB) rrs genes were quantified as in
Mincer et al. (2007) and diatom 18S rRNA genes were quantified as described in Nguyen
et al. (2011) and Baldi et al. (2011). amoA transcripts from Archaea and Bacteria were
quantified as above using the iScript™ One-Step RT-qPCR Kit with SYBR® Green
(BioRad) with an additional 10 minute reverse transcription step at 50°C at the beginning
of each run. Raw abundance data (copies pL™* of RNA extract) were converted to

transcripts L™ using the volume filtered and an elution volume of 100 pL and assuming
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100% extraction efficiency. The percent of total prokaryotes that Thaumarchaeota
represented was calculated using rrs gene abundance (Bacteria and Thaumarchaeota)
determined by qPCR and corrected using an average of 1.8 Bacteria rrs gene per genome
(Biers et al., 2009) and 1.0 Thaumarchaeota rrs gene per genome as described previously

(Tolar et al., 2013).

Archaeal Diversity

Thaumarchaeal rrs and amoA amplicons were sequenced from a subset of
samples (Table B.1) using a Roche 454 GS-FLX instrument (454 Life Sciences,
Branford, CT) with Titanium chemistry (maintained by the Georgia Genomics Facility,
University of Georgia, Athens, GA). Thaumarchaeal rrs primers were tested for
specificity using TestPrime 1.0 (http://www.arb-silva.de/search/testprime/) after
Klindworth et al. (2012). The first of the five 517F primers used to sequence the Archaea
v6-v4 region (5’-GCCTAAAGCATCCGTAGC -3°) by the VAMPS project
(http://vamps.mbl.edu/) was found to amplify 93.3% of Marine Group | Thaumarchaeota
and only 11% of Euryarchaeota (with no mismatches allowed), and so was selected for
this study (hereinafter referred to as 517Fa). Primers 517Fa and 1058R (Archaea rrs;
VAMPS project — http://vamps.mbl.edu/resources/primers.php) and CamoA-19f and
CamoA-616r (Archaea amoA; Pester et al., 2012) were modified with Titanium (Lib-L)
adaptors and sample-specific barcodes.

Samples were amplified in triplicate using 1 uL of DNA extract, Q5® High-
Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA), and 1 pL of each

primer with the following PCR conditions: initial denaturation at 98°C for 3 minutes; 30
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cycles of denaturation at 98°C for 10 seconds, annealing at 63°C (rrs) or 59°C (amoA)
for 30 seconds, and extension at 72°C for 30 seconds; followed by a final extension at
72°C for 2 minutes. PCR reactions were pooled following amplification and purified
using the AMPure® XP PCR purification kit (Agencourt Bioscience, Beverly, MA) with
a modified 1:1 volume of PCR product to AMPure® bead solution. Purified amplicons
were quantified using the Quant-iT™ PicoGreen® dsDNA Kit (Invitrogen, Carlsbad,
CA), pooled in equimolar concentrations, and submitted for sequencing at the Georgia
Genomics Facility.

Post-sequencing processing of reads to assess the diversity of Thaumarchaeota rrs
and amoA genes followed the Schloss laboratory 454 SOP
(http://www.mothur.org/wiki/454 SOP - accessed January 2014; Schloss et al., 2011)
using mothur (v. 1.32; Schloss et al., 2009). Chimeric sequences were removed using
UCHIME (Edgar et al., 2011) within mothur. Sequences were aligned using the SILVA
(Release 115; Quast et al., 2013) database (rrs) or the Pester et al. (2012) database
(amoA) before importing into ARB (Ludwig et al., 2004), where neighbor-joining trees
were constructed (1000 bootstrap replications) and formatted. Euryarchaeota rrs
sequences were removed prior to analysis. OTUs were defined using a 98% (rrs) or 97%
(amoA) similarity cutoff, and OTUs containing a single sequence (singletons) were not
used in subsequent analyses. Clusters in trees were defined at 95% similarity. Analysis

of molecular variance (AMOVA) was calculated using mothur (see 454 SOP for details).
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Activity Rates

Nitrification rates (hereinafter referred to as ammonia oxidation rates, or AO
rates) were measured in incubations at the in situ temperature for 96 h with *>N-labeled
ammonium (>99 atom-percent >’NH,Cl; Cambridge Isotope Laboratories, Tewksbury,
MA\) added to a final concentration of 50 nM (Beman et al., 2012; Santoro et al., 2010).
Controls were filtered sample water or were frozen immediately after tracer addition.
Incubations were terminated by freezing at -80°C. Production of *>NO, was measured
using the “denitrifier method’ (Sigman et al., 2001) with Pseudomonas aureofaciens
cultures maintained in the Stable Isotope Biogeochemistry Laboratory (University of
Hawai‘i — Manoa, Honolulu, HI) as described in Popp et al. (1995), Dore et al. (1998),
and Beman et al. (2011). Briefly, NO, and NOj3 present in each sample were converted
to N,O gas through denitrification by P. aureofaciens, transferred from the reaction vial,
cryo-focused, and separated from other gases using a CP-PoraBOND Q capillary column
(0.32 mm inner diameter x 25 m x 5 um; Agilent Technologies, Santa Clara, CA) at room
temperature. The masses of N,O were measured using a Finnigan MAT-252 isotope ratio
mass spectrometer (Thermo Fisher Scientific, Waltham, MA) to quantify the amount of
N tracer introduced to the NOx pool through ammonia oxidation (Beman et al., 2008;
Christman et al., 2011). Calculation of the AO rate from §°N values was performed as
described previously (Beman et al., 2012; Christman et al., 2011). Ammonium
concentrations were at the limit of detection (<100 nM) in some samples (Table B.1), so

the rates measured should be considered as potential rates in some cases.
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Statistical Analysis

We used both Principal Components Analysis (PCA) and Non-metric Multi-
dimensional Scaling (NMDS) to identify environmental factors that might control
Thaumarchaeota distributions and activity. These analyses were performed in R
(http://www.r-project.org/) using the prcomp (stats package; PCA), metaMDS (vegan
package; NMDS), and Im (stats package; pairwise linear regression) commands as in
Hollibaugh et al. (2014). PCA analysis was run separately on LMG 11-01 and LMG 10-
06 data sets to include variables not collected during LMG 10-06 (turbidity, DO, BSi)
and to reduce bias from oversampling along the LTER 600 line. Temperature and
salinity were combined into one variable, sigma-t (o, @ measure of seawater density;
Table B.1, Figure B.3), to describe water mass characteristics, and NO, and NO3 were
summed as NOy for LMG 11-01. Both qPCR-estimated gene abundances and 454-
generated OTUs (rrs and amoA) were used in NMDS analysis (separately). Student’s T-
test and correlation tests using Pearson’s product moment correlation coefficient (r; here
we used r?) were also performed in R using the t.test and cor.test commands (stats

package), respectively.

RESULTS
Thaumarchaeota Abundance

Thaumarchaeota genes were detected at all stations and depths sampled in the
PAL-LTER study area (Figure B.1) in both spring and summer (Table B.1). In contrast
to our previous work in this area (Kalanetra et al., 2009), we found close to a 1:1 ratio of

archaeal amoA:rrs (r* = 0.31) for all water masses sampled (Figures 3.1, B.5). amoA and
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rrs genes were more abundant in the CDW (means = 1.2 x 10’ copies L™, 1.4 x 10’
copies L™, respectively) versus WW (means = 4.0 x 10° copies L™, 2.9 x 10° copies L™,
respectively) during summer (p < 0.005, Student’s t-test; Figures 3.2a-b, B.6a-b), though
WW exhibited greater variability in abundance (Figure B.7a). The opposite trend was
observed in spring, with ~2-fold higher abundances in AASW compared to CDW (during
summer, abundance in CDW was 3- to 5-fold greater than in WW) though this difference
was not statistically significant (p < 0.18 for rrs, 0.09 for amoA; Student’s t-test).
Summer populations of Thaumarchaeota accounted for up to 29% of total prokaryotes in
the CDW (mean =14 + 8.8 %; 1.4 =+ 2.4 % in WW samples). Quantification of archaeal
amoA genes using the Francis et al. (2005) primer set led to an underestimation of amoA
genes in the AASW and WW as compared to analyses made using the Wuchter et al.
(2006) primer set (Figure B.7b; see also Tolar et al., 2013, Chapter 2), thus the Wuchter
primers were used for the remainder of these analyses. The abundance of
Thaumarchaeota ureC genes was similar to the abundance of amoA and rrs genes in a
sample (Figure B.6¢-d, with ratios of ureC vs. rrs genes (mean = 0.42; Figure B.8)
matching values of amoA vs. rrs (mean = 0.32; p < 0.4, Student’s t-test).

The abundance of amoA transcripts was 10°-10" copies L™ for both AASW and
CDW during spring, with 10-fold higher amoA transcripts in summer versus spring CDW
samples (mean = 2.7 x 10° versus 1.3 x 10°) though not statistically different (p < 0.10;
Student’s t-test). WW and LAASW transcripts averaged 4.4 x 10° copies L™ (Table B.1;
Figure 3.2c-d), but were only significantly different from CDW transcript abundance in
spring (p < 0.02). The ratio of archaeal amoA transcripts (MRNA) per amoA gene (DNA)

in summer was 4.4 = 12 for WW samples and 0.44 = 0.67 for CDW samples (Figure
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3.3a; no significant difference, Student’s t-test, p < 0.1). Spring data exhibited lower
variability and the difference between water masses was statistically significant (p <
0.02), with amoA transcript to gene ratios of 4.1 + 3.6 for AASW and 0.22 + 0.18 for
CDW (Figure 3.3a). AOB amoA transcripts were either below the limit of detection or

on average 29X lower than Archaeal amoA transcripts for all samples (Table B.1).

Ammonia Oxidation Rates.

Measured AO rates indicate active ammonia oxidizer populations in all water
masses sampled (Table B.1). The highest summer AO rates (n = 47) were found in CDW
samples (mean = 25 nM d*) compared to WW samples (mean = 12 nM d*; Figure 3.2e-
f), though the difference between water masses was not significantly different (Student’s
t-test, p < 0.7). Spring AO rates (n = 18) were significantly higher in samples from the
AASW than the CDW (means of 58 nM d* versus 21 nM d™, respectively; p < 0.05).
This is consistent with higher overall amoA and rrs abundances in the AASW in spring
versus WW in summer.

We found significant correlations between AO rates and Thaumarchaeota amoA
(r* = 0.13, p < 0.02; Figure 3.3b) and rrs (r* = 0.20, p < 0.002; Figure B.9a) gene
abundances in summer samples, but not with amoA transcript abundance (r* = 6.1 x 10,
p = 0.9; Figure B.9b) or with the number of amoA transcripts per gene (r* = 0.25, p = 0.3;
Figure 3.3c). Correlations between AO rates and Thaumarchaeota rrs (r* = 0.30, p <
0.007) and amoA (r? = 0.32, p < 0.003) gene abundances in the subset of WW samples
were significant, but AO rates were not correlated with either measure of

Thaumarchaeota abundance in the subset of summer CDW samples. AO rates measured
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in spring were not significantly correlated with rrs (r* = 0.062, p = 0.3) or amoA gene
abundances (r* = 7.7 x 10”, p = 1.0), amoA transcript abundance (r* = 0.16, p < 0.1), or
the amoA transcript to gene ratio (r* = 0.16, p < 0.1). Correlations between AO rates and
AOB amoA abundance were not significant. Nitrospina (NOB) rrs abundance was
significantly correlated to AO rates measured in both WW and CDW samples during

summer (r? = 0.27 and 0.18, respectively; p < 0.05).

Thaumarchaeota Diversity

A total of 399,389 (rrs; mean = 353 bp) and 154,037 (amoA; mean = 358 bp)
useful sequences were retained after processing (Table B.1; unique sequences deposited
to GenBank SRA under study PRINA268106, Accession # SRP050086). Analysis of
this data set revealed that Thaumarchaeota populations in the PAL-LTER region were
diverse with 76 rrs OTUs (defined at 98% similarity) and 175 amoA OTUs (defined at
97% similarity). Some of these OTUs were retrieved from all water masses (11 rrs, 27
amoA; Figure B.10a-b). The diversity of both genes was greater in the CDW population
of Thaumarchaeota as compared to AASW and WW populations (46 vs. 3 unique rrs
OTUs, 71 vs. 14 unique amoA OTUs; respectively; Figure B.10a-b). Eighty-five percent
of amoA sequences retrieved from AASW and WW samples fell into one OTU [OTU #1,
within subcluster 13 as defined by Pester et al. (2012); Figure 3.4] along with 27% of
CDW amoA reads. The majority of the remaining CDW sequences grouped into OTU #2
(35%; within subcluster 13) or within subcluster 9.1B (32%; Figure 3.4). The
distribution of Thaumarchaeota rrs phylotypes was similar to the distribution of amoA

phylotypes, with a majority of sequences (87%) grouping into a single cluster at 95%
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similarity (Cluster #2; Figure B.11). As with amoA, WW and AASW rrs populations
were less diverse (96% and 99% of sequences, respectively, grouped in Cluster #2), while
CDW rrs populations were more diverse (67% in Cluster #2, 29% in Cluster #1; <5%
elsewhere).

AASW samples grouped with WW samples, with no significant difference in the
composition of the populations of amoA (AMOVA,; p <0.6) or rrs (p < 0.7) sequences
they contain. Thaumarchaeota populations from both the UAASW and LAASW share a
majority of rrs and amoA OTUs with the WW layer (10 and 23 OTUs, respectively;
Figure B.10c-d); however, each subset also contained unique OTUs and some that were
shared only with WW. This indicates that both AASW populations contribute to the
Thaumarchaeota population found in WW samples, despite weak stratification within the
AASW observed during spring sampling (Figure B.4). A majority of Thaumarchaeota
rrs (99.8%) and amoA (99.1%) sequences in CDW samples were common to both spring
and summer populations; however, because the populations were dominated by a few
OTUs, the number of OTUs shared between these populations was much smaller (43 or
37% of OTUs shared, respectively; Figure B.10e-f). Populations of both rrs and amoA

genes differed significantly between WW and CDW samples (AMOVA; p < 0.001).

Environmental Correlations

Distributions of AO rates and thaumarchaeal gene abundances within the AASW,
WW, or CDW did not show clear spatial trends (Figures 3.2, B.6); therefore, we used
PCA and NMDS to relate Thaumarchaeota abundance, activity, and diversity to

environmental variables. PCA analysis of the physicochemical characteristics of samples
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taken during LMG 11-01 explained 52.3% (axes PC1 and PC2) of the total variation in
the dataset and supported division of samples into WW and CDW water masses (Figure
3.5a), which agrees with their characterization based on temperature and salinity alone
(Figure B.3). Significant environmental characteristics of the CDW identified in analysis
include greater depth, salinity, temperature, AO rate, and [NOg3] along with lower [NO;],
[NH,], and turbidity (Figure 3.5a). Distributions of DO, POy, SiO4, and chl a did not
contribute significantly to differences between water masses in the PCA. NMDS based
on gPCR-estimated gene abundances also grouped samples by water mass, with samples
from the CDW clustering closely based on abundances of Thaumarchaeota genes (rrs,
amoA, and ureC) and Nitrospina rrs, while grouping of WW samples was driven by
increased Bacteria rrs and diatom 18S rRNA gene abundances (Figure 3.5b). A pairwise
linear regression between sample scores from the primary axes of each analysis (PC1 and
MDS1 from PCA and NMDS, respectively) highlighted the correlation (R* = 0.48; p <
0.05) of increased archaeal gene abundances in the CDW. There was no significant
correlation between values for MDS1 and PC2, which represented BSi and the LTER line
sampled (a surrogate for north-south trends). Similar water mass-associated groupings
were observed in PCA and NMDS analyses from LMG 10-06 (Figure B.12), except that
increased AO rates corresponded to the AASW. Chl a fluorescence was also significant
for PC3 during LMG 10-06, though we found no correlation with gene abundance.
NMDS analysis of the distribution of OTUs agreed with analyses based on qPCR
estimates of gene abundances (Figure 3.5b), with both different Thaumarchaeota rrs and
amoA OTUs found in WW versus CDW samples (Figure B.13a-b). The primary axis for

rrs OTUs (MDS1) showed significant correlations with AO rates (r* = 0.14, p < 0.05),

97



amoA transcript abundance (r* = 0.34, p < 0.001), and the ratio of amoA transcripts to
genes (r* = 0.15, p < 0.04); however, there were no correlations between MDS1 from
amoA OTU data and these variables. Increased AO rates and amoA transcript
abundances therefore correspond to OTUs from CDW samples. Interestingly, MDS1 for
Thaumarchaeota rrs OTUs also showed a significant correlation to Nitrospina rrs
abundance (r* = 0.18, p < 0.03). The PCA run on the subset of samples used for 454
pyrosequencing (Figure B.13c) corresponded to that run for all LMG 11-01 samples

(Figure 3.5a).

DISCUSSION
Active Thaumarchaeota in Polar Oceans

The pattern of Thaumarchaeota abundances we measured match previous studies
of this area of the Southern Ocean, with higher abundances in CDW during summer
compared to winter/spring (Church et al., 2003) and in CDW versus WW (Church et al.,
2003; Kalanetra et al., 2009). The abundances of both rrs and amoA genes we measured
(10°-108 copies L™ are of the same order of magnitude as reported for Antarctic waters
previously (Alonso-Séez et al., 2012; Kalanetra et al., 2009) or 10°-10" cells L™ (Church
et al., 2003; Murray et al., 1998). The abundance of Thaumarchaeota ureC genes (10*
10° copies L™) in the Amundsen Sea (Alonso-Séez et al., 2012) and Arctic Ocean
(Pedneault et al., 2014) was comparable to that of both rrs and amoA, which agrees with
our findings. The percentage of prokaryotes represented by Thaumarchaeota, estimated
by qPCR to be 7.2 + 8.8% on average (max = 29%; Table B.1), agrees with estimates

made using fluorescence in situ hybridization (up to 17%; Church et al., 2003; Massana
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et al., 1998), and prokaryote abundance determined by gPCR correlates with total cell
counts made by the Palmer LTER during LMG 06-01 (Kalanetra et al., 2009) and LMG
11-01 (slope = 0.54, r* = 0.57, p < 0.05; Figure B.14).

Although there are no other comparable data from the Southern Ocean, the
abundances of Thaumarchaeota amoA transcripts (10°-10" copies L) we found are
comparable to measurements made in the Arctic Ocean (Pedneault et al., 2014), the
Pacific Ocean (Church et al., 2010), and the Baltic Sea (Labrenz et al., 2010). Antarctic
Thaumarchaeota have higher (p < 0.05) ratios of transcripts per amoA gene (WW = 0.03
to 65; CDW = 0.02 to 3.0) relative to populations from below 100 m in the Pacific Ocean
(2.8 x 10™ to 0.52), but WW ratios are of the same magnitude (p < 0.2, Student’s t-test)
as those from < 100 m in the Pacific (0.15 to 56; Church et al., 2010). The ratio of amoA
MRNA transcripts per rrs gene was also higher in our samples (0.13-0.56) than measured
in the Baltic Sea (up to 0.4; Labrenz et al., 2010). As we observed higher rates of
ammonia oxidation and abundances of amoA and rrs in spring, Williams et al. (2012)
also showed increased Thaumarchaeota protein abundance compared to summer.

Rates of ammonia oxidation (AO) have been measured previously in the Southern
Ocean, though no measurements have been made with samples from depths >90 m depth
(i.e., CDW) or at latitudes >60°S, other than in the Ross Sea (Bianchi et al., 1997; Olson,
1981). Bianchi et al. (1997) measured rates of 2.6 nM d* (averaged over depths 0-100
m) in the southern Indian Ocean (52°S, 62°E) during the fall. AO rates measured in
samples from depths <100 m in the Scotia Sea during spring averaged 2.8 nM d™* (55-
60°S; Olson, 1980; Olson, 1981). This is an order of magnitude lower than rates we

measured in spring (means = 56 and 21 nM d™* for AASW and CDW, respectively) along
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the Palmer 600 Line (63.9°S, 66.9°W to 64.7°S, 65.0°W). Two samples retrieved from
the Ross Sea during summer (Olson, 1981), had AO rates of 6.0 and 8.9 nM d™ at 30 m
and 300 m, respectively; these rates are lower than our summer measurements (mean =
18 nM d'*). We found higher AO rates in our samples (overall mean = 25 nM d™)
compared to Arctic coastal communities, which ranged from 3.6 nM d™* (winter mean) to
0.14 nM d* (summer mean; Christman et al., 2011). Specific nitrification rates (Antif),
calculated by dividing the nitrification rate (nM d™) by the concentration of ammonia
(nM) in a sample, ranged from 107 to 10" (mean = 0.550 d™) across the global ocean
(Yool et al., 2007), with Antarctic samples from Olson (1981) an order of magnitude
lower on average (mean = 0.017 d™*). Aniwir calculated from our dataset (Table B.1) was
on average 2.4 times higher than found in the Olson (1981) study (mean = 0.040 d™*;
range = 2.95 x 10“ — 0.307 d*). This suggests the coastal Southern Ocean may be a
“hotspot” for nitrification when compared to the Arctic and in contrast to low rates
previously measured at other Southern Ocean sites.

The AO rates we measured were significantly (p < 0.05) correlated with
Thaumarchaeota gene and transcript abundances for some subsets of samples, in contrast
with the lack of correlation between rates and amoA abundance reported for the central
California Current (Santoro et al., 2010). As postulated by Santoro et al. (2010) and
others, this may be due to differences in cell-specific ammonia oxidation rates among
Thaumarchaeota ecotypes, which has been shown in Monterey Bay by significant
correlations between AO rates and amoA genes quantified from the “surface water” clade
(WCA; Smith et al., 2014a), but not with amoA from the “deep water” clade (WCB) or

with total amoA abundance. While there seems to be a relationship between AO and
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gene abundance in some sets of samples (this study, Beman et al., 2008) the
inconsistency of this relationship seems to indicate that the only reliable means of
estimating AO rates is to measure them directly. Presumable environmental factors like
[NH,], the availability of unknown cofactors, or other as yet unidentified aspects of
Thaumarchaeota biology play a more important role in modulating AO rate than gene or
transcript abundance.

We found that Nitrospina (NOB) abundance in the Southern Ocean co-varied
with Thaumarchaeota gene abundance, in agreement with distributions observed by
Mincer et al. (2007) in the Pacific Ocean. We also observed correlations between
Nitrospina abundance and AO rates, suggesting a tight coupling of AO and nitrite

oxidation in this region.

Diversity and Distribution of Polar Thaumarchaeota

Most of the archaeal amoA sequences we retrieved group with “surface water’
clade A (Francis et al., 2005), while only one subcluster (9.1B; 15% of sequences)
contained sequences assigned to ‘deep water’ clade B (Figure 3.4). Since Pester et al.
(2012) did not include representatives of these established clades in their analysis, we
added amoA reference sequences belonging to clades A and B to their database before
using it in our phylogenetic analysis. Only seven of the *Nitrosopumilus’ subclusters
defined by Pester et al. (2012) could be confirmed as belonging to clade A (Figure 3.4),
while members of both clades A and B were found within subcluster 9.1 (which led to
our division of it into subclusters 9.1A and 9.1B; Figure 3.4). Almost all of the WW and

AASW amoA sequences (94 and 98%, respectively) fit into a cluster with representative
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‘shallow’ clade A amoA sequences (subcluster 13; Figure 3.4), indicating that depth
distributions of these amoA ecotypes (e.g., Beman et al., 2008; Biller et al., 2012; Church
et al., 2010; Francis et al., 2005; Hu et al., 2011; Pedneault et al., 2014; Santoro et al.,
2010; Sintes et al., 2013) are not driven by water temperature (since shallower WW is
colder than deeper CDW in the Southern Ocean; Figure B.2). This strong grouping by
depth has also been observed for Thaumarchaeota rrs, accA, and ureC genes (Hu et al.,
2011; Tolar et al., 2013; Yakimov et al., 2009; Yakimov et al., 2011) and appears to be a
genomic characteristic (Luo et al., 2014).

Previous studies have shown high diversity of Archaea in the CDW (Alonso-Séez
et al., 2011; Kalanetra et al., 2009), which agrees with our data (Figure 3.4, Figure B.11).
Archaeal amoA and rrs sequences collected from the PAL LTER region in 2005-2006
(Kalanetra et al., 2009) clustered with our 2010-2011 sequences, and sequences from
both studies had similar distributions by water mass (Table B.3).

Seasonal shifts in the relative abundance of Thaumarchaeota in surface waters of
polar regions have been noted previously (Christman et al., 2011; Church et al., 2003;
Luria et al., 2014; Murray et al., 1998), with higher abundances in winter compared to
summer. We observed a decrease in AO rates in surface waters (AASW and WW) from
spring to summer, with no corresponding change in AO rates in the deeper CDW. This
suggests that Thaumarchaeota populations in the AASW and WW, which are dominated
by a single “ecotype’ (Figures 3.4, B.11; Kalanetra et al., 2009), are more strongly
affected changes in water properties accompanying the seasonal transition of spring to
summer than the CDW population (Figure B.10), or simply that the physicochemical

environment of the CDW is more stable, though we expected CDW populations to
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respond to enhanced particle export accompanying melt pack ice and the spring
phytoplankton bloom (Ducklow et al., 2008).

We found the strongest correlations between archaeal gene abundance and water
mass characteristics (Figure 3.5) that covary strongly with depth: temperature (+), salinity
(+), turbidity (-), NH4 (-), and NOy (+). Thaumarchaeota abundance also increased with
dissolved inorganic nitrogen (NH4 and NOy) and PO, concentrations in Arctic studies
(Kirchman et al., 2007; Pedneault et al., 2014), though we found an inverse correlation
with [NH,] and no correlation with PO,4. Although we found no significant correlations
with chl a concentration, negative correlations between Archaea abundance and [chl a] in
the Arctic Ocean have been reported (Wells and Deming, 2003), and Pedneault et al.
(2014) showed a positive correlation of Thaumarchaeota rrs and amoA transcripts and
[chl a]. We did, however, observe a strong positive correlation between diatom 18S
rRNA abundance and spring AO rates (r* = 0.59, p < 0.003), potentially displaying a
connection in the cycling of DIN between these two groups as discussed previously
(Dugdale and Goering, 1967; Ward, 2011; Yool et al., 2007). In contrast, diatom
abundance negatively correlated with summer Thaumarchaeota rrs (r* = 0.096, p < 0.02)
and ureC (r* = 0.089, p < 0.03) abundance in our study, which agrees with the proposed
phytoplankton competition with Thaumarchaeota for nutrients (e.g., Murray et al., 1998;
Murray et al., 1999a; Smith et al., 2014b; Wells and Deming, 2003). Dissolved oxygen
(DO) concentrations were reported to be positively correlated to ammonia oxidation rates
in the Southern Ocean (Bianchi et al., 1997), but we did not observe such a trend in this

study despite differences in [DO] between water masses (Figure B.4).
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CONCLUSIONS

Antarctic AO rates ranged from 0.52 to 140 nM day™ and are higher than rates
previously reported for other austral waters (Scotia Sea, southern Indian Ocean). AASW
AOA populations oxidize ammonia at higher rates than those in WW (Figure 3.3b);
however, on average AO rates were highest and most consistent in CDW samples
(Figures 2f, 3b). AO rates from CDW populations have not been measured previously,
leading to underestimates of the global nitrification rate. Archaeal amoA transcripts were
more abundant in AASW and WW samples than in CDW samples (Figures 3.3a, B.9b)
despite lower average AO rates. Transcript abundance was 0.02 - 40% of amoA gene
abundance across all water masses — this is greater than or equal to values reported from
studies of the Pacific Ocean and the Baltic Sea. Despite this large dynamic range, we
only found a significant relationship between AQO rates and transcript abundance or
transcript/gene ratio in a subset of samples collected in summer, which is suggests that
caution is warranted when interpreting transcript abundance or transcript to gene ratios
as metabolic activity. Statistical analysis, including PCA and NMDS (Figures 3.5, B.12-
13), showed clear separation between WW and CDW samples that match water mass
characteristics highlighted in temperature-salinity plots (Figure B.3). The diversity of
both Thaumarchaeota rrs and amoA in our samples also reflects these differences, with
sequences clustering primarily by water mass (Figures 3.4, B.11). Phylogenetic
composition of these populations was comparable to that reported for this region in
previous studies. A distinctive characteristic of Thaumarchaeota populations in WW or
AASW samples is strong dominance by one OTU, while the population is more diverse

in CDW (Figures 3.2f, B.10).
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Figure 3.1: Thaumarchaeota abundance in spring (Sept 2010) compared to summer
(Jan 2011). Gene abundance is plotted as a ratio of Thaumarchaeota rrs to amoA,
against depth. Shapes represent water masses sampled, including Upper Antarctic
Surface Water (UAASW, circles), Lower AASW (LAASW, filled squares) and Winter
Water (WW; open squares), and Circumpolar Deep Water (CDW; triangles). Spring

samples are filled dark grey and black; summer samples are filled light grey or white.
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Figure 3.2: Spatial distribution of ammonia oxidation during LMG 11-01.
Distribution of Archaea amoA gene (a-b) and transcript (c-d) abundance, and ammonia
oxidation rates (e-f) in WW (a, c, €) and CDW (b, d, f) water masses of the Palmer LTER
study region from summer (January 2011). Color scales are identical for each data type.

Spatial plots were created with DIVA gridding using Ocean Data View (Schlitzer, 2014).
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Figure 3.3: Thaumarchaeota activity in the Southern Ocean. (a) qPCR-estimated
archaeal amoA gene versus transcript abundance by season (the 1:1 line indicates which
populations were more transcriptionally active; samples that fall above this line have
more transcripts per amoA gene), and *°N-ammonia oxidation rates plotted against (b)
archaeal amoA gene abundance and (c) the ratio of amoA transcripts (MRNA) to genes

(DNA).
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Figure 3.4: Phylogenetic tree of archaeal amoA genes. Partial sequences (359 bp) of
Thaumarchaeota amoA genes were obtained by pyrosequencing and were aligned against
the Pester et al. (2012) database with OTUs defined at 97% similarity. Numbers
following each OTU give the number of sequences and % of total sequences it represents.
For the four major clusters, additional notations indicate % of sequences from each water
mass (AASW, WW, CDW) sampled. OTU color indicates the water mass that
contributed the most sequences in the OTU. Dashed boxes represent archaeal amoA
groups A (surface water) and B (deep water) as defined in Francis et al. (2005). Only

bootstrap values > 50% are shown.
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Figure 3.5: Multivariate statistical analysis of data from LMG 11-01. (a) Principal
Components Analysis (PCA) plot of samples in environmental data space, displayed on
the first two axes, representing 52.3% of the variability in the dataset; AO Rate =
ammonia oxidation rate, LTER.Line = Palmer LTER Line (proxy for north-south
variability), BSi = biogenic silica. (b) Nonmetric Multidimensional Scaling (NMDS)
plot of samples distributed by qPCR-based estimates of gene abundance; AOB =
ammonia-oxidizing bacteria, Thaum = Thaumarchaeota. Both graphs highlight distinct
features of Winter Water (WW) and Circumpolar Deep Water (CDW) masses in the

Southern Ocean.
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CHAPTER 4
SHORT-TERM VARIABILITY OF AMMONIA OXIDIZER POPULATIONS IN A SE

USA SALT MARSH ENVIRONMENT!

! Tolar, B.B., P. Hagan, M.J. Ross, and J.T. Hollibaugh. To be submitted to The ISME
Journal.
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ABSTRACT

We have monitored the population dynamics of ammonia-oxidizing Archaea
(AOA, Thaumarchaeota), ammonia-oxidizing Bacteria (AOB), and nitrite-oxidizing
Bacteria (NOB) since 2008 at Marsh Landing, Sapelo Island, Georgia; initially quarterly
then at weekly intervals. AOA display pronounced, mid-summer blooms (~100-fold
increases in abundance to 6.4% of prokaryotes) at this site, while AOB and NOB
population levels remain low and do not fluctuate seasonally. The maximum net
population growth rate we observed was ~0.4 d*, comparable to specific growth rates
reported in pure cultures (0.78 d™). The bloom has a profound effect on the composition
of dissolved inorganic nitrogen (DIN), with a peak of NOy concentration (up to 14 uM) in
August correlating with AOA abundance. Similar patterns in DIN dynamics are
observed at other salt marsh-dominated sites along the SE USA coast, suggesting that this
is a general characteristic of these ecosystems. Statistical analysis indicates that the
bloom coincides with a variety of factors (temperature, dissolved oxygen, pH) associated

with the summer increase in net ecosystem heterotrophy reported for the study site.

INTRODUCTION

Excess nitrogen loading to watersheds and the transport of fixed nitrogen through
them has resulted in increasing dissolved inorganic nitrogen (DIN) concentrations in
coastal regions (Seitzinger et al., 2005; Turner et al., 2012; Verity, 2002), leading to
eutrophication and the formation of “dead zones” (Diaz and Rosenberg, 2008; Doney,
2010). A significant fraction of this nitrogen introduced to the coastal zone is removed

by denitrification, a process that can depend on nitrification — the oxidation of ammonia
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to nitrite and subsequently nitrate (Seitzinger, 1988; Seitzinger et al., 2005). Nitrification
and denitrification can both release nitrous oxide (NO), a powerful greenhouse gas
(Santoro et al., 2011). Because of these connections to other processes, nitrification is
central to the global nitrogen cycle and to ameliorating the effects of excess nitrogen
loading in coastal waters (reviewed in Capone et al., 2008; Ward, 2011).

Our understanding of the organisms responsible for nitrification has expanded
greatly over the last decade with the adoption of molecular techniques by microbial
ecologists and geochemists. Formerly, ammonia-oxidizing Bacteria (AOB) — composed
of members of the B-Proteobacteria (e.g. Nitrosomonas, Nitrosospira) and -
Proteobacteria (Nitrosococcus) — were assumed to be the dominant nitrifiers in marine
systems (Kowalchuk and Stephen, 2001; Ward et al., 2000). However, recent evidence
from a variety of sources (reviewed in Francis et al., 2007; Jetten, 2001; Schleper, 2010;
Ward, 2011) strongly suggests that Archaea of the phylum Thaumarchaeota are
chemoautotrophs, depending on ammonia oxidation to supply the energy needed for
carbon fixation (also referred to as “ammonia-oxidizing Archaea”, or AOA). Although
they are abundant and widely distributed (Church et al., 2010; Fuhrman and Hagstrém,
2008; Karner et al., 2001; Nicol et al., 2011), Thaumarchaeota have proven difficult to
culture. Thus what is known about Thaumarchaeota is based primarily on inferences
from culture-independent methods (e.g., Francis et al., 2005; Hollibaugh et al., 2011;
Kirchman et al., 2007; Ouverney and Fuhrman, 2000; Teira et al., 2004; Treusch et al.,
2005; Tully et al., 2012; Venter et al., 2004; Wuchter et al., 2006) and our understanding

of their metabolism has remained obscure until recently.
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Successful isolation of a thaumarchaeote into pure culture has led to an
understanding of the basic features of their ecophysiology (Kénneke et al., 2005;
Martens-Habbena et al., 2009; Urakawa et al., 2010; Walker et al., 2010a), including
their reliance on ammonia oxidation to generate energy; however, the factors controlling
their seasonal abundance are not known (Biller et al., 2012; Pitcher et al., 2011). A
seasonal cycle of Thaumarchaeota populations — abundant in surface waters in the winter,
essentially absent in the summer — is commonly observed at high latitudes (Alonso-Saez
et al., 2008; Herfort et al., 2007; Massana et al., 1998; Pitcher et al., 2011; Wuchter et
al., 2006). Most authors have attributed this difference to competition with
phytoplankton for nutrients during the onset of the spring bloom, or with Bacteria that are
hypothesized to be able to respond more rapidly to this bloom than Thaumarchaeota
(Church et al., 2003; Massana et al., 1998; Murray et al., 1998; Pitcher et al., 2011;
Wauchter et al., 2006).

Analysis of a set of samples collected quarterly at a site on the Georgia coast
(Marsh Landing, Sapelo Island; Gifford et al., 2011; Hollibaugh et al., 2011) revealed a
midsummer Thaumarchaeota “bloom”, as Thaumarchaeota were ~3 orders of magnitude
more abundant in August than in samples collected in February, May or November
(Hollibaugh et al., 2011; Hollibaugh et al., 2014). The bloom was detected consistently;
however, the relative magnitude of the peak in Thaumarchaeota abundance varied from
year to year. This could be due either to true interannual variation in the magnitude of
the bloom or, since samples were always collected during the same week in early August,
to interannual variation in the timing of the bloom, which may have peaked before or

after sampling in some years. In order to distinguish between these two alternatives, we
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began sampling Marsh Landing on a weekly basis in March 2011. We report here the
results of those analyses and of accompanying changes in DIN concentrations.
Comparison of annual cycles of DIN speciation at this site with data from other locations
along the eastern United States suggests that these blooms are a common feature of salt

marsh-dominated coastal ecosystems.

MATERIALS AND METHODS
Study site

The Duplin River is a salt marsh-dominated tidal creek on the Georgia (USA)
coast (Figure 4.1). Despite the name, freshwater inflow to the Duplin “River” is via
groundwater from adjacent Sapelo Island or rainfall — it is overall a marine system. Near-
surface water samples were collected approximately weekly at or around the daytime
high tide from a floating dock at Marsh Landing (31° 25'4.08 N, 81° 17' 43.26 W) from
March 2011 to September 2014 (Table C.1). Samples were collected by immersing a
clean, sample-rinsed, 2 L wide-mouth bottle ~10 cm below the surface with the mouth
facing upstream. The sample was taken directly to the laboratory where it was filtered
through 0.2 um pore size, 47 mm diameter Durapore (polyvinylidene difluoride, PVDF;
Millipore) filters. The filter was placed in a 4 oz. WhirlPak bag (Nasco) with 1 mL of
lysis buffer (0.75 M sucrose, 40 mM EDTA, 50 mM Tris; pH 8.3) then frozen at -20°C
before storage at -80°C until analysis. Fifty milliliters of the filtrate was retained for

nutrient analysis, frozen and stored as above.
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DNA extraction and qPCR analysis

In the laboratory, an additional 1 mL lysis buffer was added to filters (2 mL total)
prior to DNA extraction. Briefly, a phenol:chloroform extraction method was used (Bano
and Hollibaugh, 2000) with a two-step enzymatic lysis (1% lysozyme, 50 mg/mL; 2"
20% SDS + proteinase K, 20 mg/mL) performed within the WhirlPak bag following
Tolar et al. (2013). DNA was eluted in Tris-EDTA buffer (pH 8.0) and diluted 10-1000X
to reduce PCR inhibitors found in coastal samples prior to using the eluent as template
for quantitative PCR (qPCR). The amount of dilution for each sample was determined
from measuring the abundance of Bacteria 16S rRNA (rrs) by gPCR across a dilution
series and selecting the dilution yielding the highest, and thus presumably non-inhibited,
concentration estimate. Primers and protocols used to determine the abundance of
Bacteria (rrs), Archaea (Marine Group | Archaea, or Thaumarchaeota, rrs), AOA
(archaeal amoA), AOB (B-proteobacterial amoA), and NOB (Nitrospina rrs) using an
iCycler 1Q5 (BioRad, Inc.) have been described in detail previously (Hollibaugh et al.,
2014; Kalanetra et al., 2009; Tolar et al., 2013; Table C.2). Calculation of gene copies
per 1,000 cells used the following equation:

Gene copies  Average of triplicate gPCR (copies ul™h

1000 cells Bacteriarrs . Archaearrs
( 18 T 10

X 1000

Bacteria and Archaea rrs are corrected for the total rrs copies per genome after Biers et
al. (2009) and genome queries using the Integrated Microbial Genomes (IMG) database

(http://img.jgi.doe.gov/), respectively.
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Net population growth rates (u, d*) were calculated from the time series of gPCR

estimates for Thaumarchaeota rrs and amoA abundance using an exponential growth

model:
N
In(g5)
N¢_ In(N¢) - In(N¢_,)
N=N, X et = —L1 =
o X et orp AL or u AL

Where N is the standardized qPCR abundance (here, copies L™, smoothed using a
centered, 3-point running average) at time t, and At represents the difference between

sampling dates in days.

Environmental data

Dissolved inorganic nitrogen (DIN) concentrations were determined
spectrophotometrically using previously described methods for ammonia (NHyg;
Soldrzano, 1969), nitrite (NO,) and nitrite + nitrate (NOy; Jones, 1984; Strickland and
Parsons, 1972). Urea was also measured during the last year and a half of the study
(April 2013 to August 2014) with the diacetylmonoxime method (Rahmatullah and
Boyde, 1980) as modified for use in seawater by Mulvenna and Savidge (1992).
Additional environmental data were obtained from the Sapelo Island National Estuarine
Research Reserve web portal (http://cdmo.baruch.sc.edu), including water quality (water
temperature, salinity, pH, dissolved oxygen concentration, chlorophyll fluorescence, and
turbidity sampled at 15 min intervals using Y SI 6600 datasondes), meteorological (air
temperature, wind speed, photosynthetically-active radiation or PAR, and precipitation
sampled at 15 min intervals), and nutrient (DIN, chlorophyll a, and phosphate

concentrations sampled over two days monthly) data. SINERR data were block averaged
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over the day of sampling (water quality, meteorological) or by month (nutrients) for use

in statistical analyses that follow.

Statistical analysis

Principal components analysis (PCA,; environmental data) and non-metric multi-
dimensional scaling (MDS; gene abundance data) were performed in R (http://www.r-
project.org/) after Hollibaugh et al. (2014) using the prcomp (stats package; PCA),
metaMDS (vegan package; MDS), and Im (stats package; pairwise linear regression)
commands. Data were classified by season based on standard date ranges for spring
(March 21 — June 20), summer (June 21 — September 20), fall (September 21 — December

20), and winter (December 21 — March 20).

RESULTS

An annual peak in Thaumarchaeota abundance was observed in August or
September of each of the four years sampled (Figure 4.2a), consistent with previous
observations at this site (Figure C.1; Hollibaugh et al., 2014). Weekly sampling reveals
that the bloom commences in June with rapid growth during July, with abundance
peaking in mid-August before declining more slowly throughout the fall. By late
November, Thaumarchaeota relative abundance returned to background levels (10° amoA
and rrs copies L™), 1% of their abundance during the peak of the bloom when they were
present at 10° copies L™ (Figure 4.2a; Table 4.1; Table C.1). In contrast, neither AOB (B-
Proteobacteria) nor NOB (Nitrospina) show the same seasonal dynamic (Figure 4.2Db),

with AOB amoA and NOB rrs gene abundances remaining between 10°-10° copies L™
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throughout the year (Table 4.1; Table C.1). AOB gene abundance increases slightly (on
average 4-fold) in summer, but this is much less than the 35- to 95-fold increases of
Thaumarchaeota genes. Little or no seasonality was observed with Bacteria rrs (2-fold
average increase in summer) or Diatom 18S rRNA (1.4-fold increase from spring to
summer, 1.8-fold increase from fall to winter; Figure C.2; Table 4.1).

This spike in AOA abundance [and presumably activity — additional samples
collected less frequently indicate an increase in both nitrification rates (4.1 to 450 nmole
L™ d™) and amoA transcription in August versus April 2012 (Figure D.3)] is accompanied
by a biogeochemical signal from nitrite concentrations that increase relative to the
background (0.1 to 2 uM) during the AOA bloom (Figures 4.2c, 4.3). We attribute this to
enhanced ammonia oxidation over nitrite oxidation, since the NOB population of
Nitrospina (which is the most abundant NOB at Sapelo Island — GCE-LTER MIRADA
Data, http://vamps.mbl.edu/portals/mirada/mirada.php) does not appear to respond to the
‘pulse’ of nitrite (Figure 4.2b). Further, the net accumulation of NOy in the system
(Figures 4.2c, 4.3) suggests that the AOA bloom also uncouples ammonia oxidation from
denitrification.

Seasonality of AOA abundance and DIN composition was reflected in both Multi-
Dimensional Scaling (MDS) and Principal Components Analysis (PCA), respectively. A
strong separation along the primary MDS axis (MDSL1) clearly shows that AOA
abundance relative to other microbial groups is distinct during the summer and fall
(Figure 4.4a). Variation in the abundance of both Thaumarchaeota rrs and AOA amoA

genes contributed significantly to the distribution of samples on MDS1 (0.57 and 0.51,
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respectively), while all other microbial genes measured did not contribute significantly to
either MDS axis (Table C.3).

Environmental data (Figure 4.2d; Figure C.3) also distinguished samples by the
season in which they were collected (Figure 4.4b), with the primary PCA axis (PC1)
explaining 28% of the overall variance (Table C.4). Nitrite — the product of ammonia
oxidation — was a strong contributor to PC1 (+0.68, correlation coefficient), in addition to
nitrate (+0.53) and total DIN (+0.56). Dissolved oxygen (DO; -0.92), temperature (both
air and water; +0.81 and +0.88, respectively), and pH (-0.85) — all variables with strong
seasonal signals — were also components of PC1. Other variables were significantly
correlated with other PC axes (PC axes 1-5 were statistically significant; Table C.4),
including ammonia (PC2; +0.44). Comparison of PCA and NMDS scores showed that
seasonal variation in AOA amoA and Thaumarchaeota rrs was most strongly correlated
with variation in PC1 (R* = 0.37, p < 0.0001; Figure C.4a; Table C.5), while the
correlations with other PC axes were very weak (r* < 0.1), even if statistically significant.
When we subdivided our environmental data (water quality, nutrient, or meteorological
data), we observed primarily the same patterns as above (Figures C.4b-d, C.5a-c). The
only exception was that ammonia became more significant when using nutrient data
alone (+0.79, PC2 — 29% of variance explained; Table C.4), and was negatively
correlated with AOA gene abundance (R? = 0.30, p < 0.0001; Figure C.4d, Table C.5).

We also used the SINERR nutrient dataset (monthly) for PCA (Figure C.5d),
which added phosphate (PO,4) and chlorophyll a (chl a) to measurements of nitrite, NOy,
and ammonia, which we collected separately. The results using SINERR nutrients agreed

with analysis using only our nutrient data (Table C.4), with nitrite (+0.77) and NOy
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(+0.91) as significant contributors to PC1 (45% of variance explained), as well as PO,
(+0.83). PC2, which explained 26% of the variance in the dataset, was comprised of
ammonia (+0.75), nitrite (-0.52), and chl a (-0.67). However, only PC1 showed a
significant correlation (R? = 0.55, p < 0.0001) with a reduced MDS1 from SINERR data
only (Figures C.4e, C.5f; Table C.5), indicating that increased [PO,4], in addition to nitrite
and NOy, is indicative of AOA bloom conditions. Finally, PCA of a reduced data set
(April 2013 to August 2014) to include urea concentrations measured at Marsh Landing
(Figure C.5e) showed that the abundance of Thaumarchaeota rrs (but not amoA; Figures
C.4f, C.5g; Table C.4) was negatively correlated with urea (R? = 0.39, p < 0.0001; Table
C.5). Urea was also a significant contributor (+0.58) to PC2 in this analysis (23% of
variance explained; Table C.4) along with nitrite (-0.75), which again positively
correlated with Thaumarchaeota genes.

We estimated the net population growth rate (which would include mortality, as
well as dilution and mixing in the water column) of Thaumarchaeota using both rrs and
amoA genes (Figure 4.5a-c). During the bloom (summer), net growth rates averaged 0.04
d™* for amoA (range = -0.13 to 0.42 d™) and 0.06 d™* for rrs (range = -0.13 to 0.43 d™),
and showed a strong linear relationship (R? = 0.58, Figure 4.5d). This net population
growth rate was highest in 2013, but all years showed similar growth rates during the
immediate bloom period (Figure 4.5c, Table 4.1). Calculated net population growth rates
of amoA and rrs during non-bloom periods averaged 0.01 and 0.02 d* for spring, -0.03

and -0.05 d™ for fall, and -0.01 and -0.01 d™* for winter, respectively.
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DISCUSSION

The magnitude of the mid-summer peak in Thaumarchaeota relative abundance at
Marsh Landing varies from year to year (Figure 4.2a). This appears to be a true
interannual variation in the magnitude of the bloom rather than an artifact of the quarterly
sampling interval used previously (Hollibaugh et al., 2011; Hollibaugh et al., 2014). The
data also provide evidence for a shift in the start date and duration of the bloom,
depending on the year sampled. A similar seasonal “bloom” of Thaumarchaeota has been
described in the coastal North Sea, where shifts in the timing of population maxima were
also observed, though in winter (Herfort et al., 2007; Pitcher et al., 2011; Wuchter et al.,
2006). Mid-winter blooms have also been reported elsewhere, including the Southern
Ocean (Church et al., 2003; Murray et al., 1998), Arctic Ocean (Alonso-Séaez et al.,
2008), California coastal waters (Massana et al., 1997), and Mediterranean coastal waters
near Spain (Galand et al., 2010). In contrast, the Thaumarchaeota bloom in Georgia
coastal waters occurs in mid-summer, making it a relatively unique event.

The North Sea Thaumarchaeota bloom is quite abrupt, ramping up over a period
of weeks (Wuchter et al., 2006) to approximately the same standing stock each year
(Pitcher et al., 2011). Elevated abundances persisted for a period of 2-3 months before
rapidly returning to background levels. The start of each of these two blooms is
comparable, with rapid growth at the beginning; however, the Sapelo Island bloom shows
a more gradual rate of decline throughout the fall as the bloom is dispersed (Figure 4.2a).
Calculated net population growth rates from Sapelo Island (Figure 4.5) approached the
maximum growth rate of the ““Candidatus Nitrosopumilus maritimus” SCM1 culture

(0.78 d*; Kénneke et al., 2005). In both the North Sea and around Sapelo Island,
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Thaumarchaeota transition from being members of the “rare biosphere” (Sogin et al.,
2006) to being one of the more abundant taxa in the sample, which appears to differ
significantly from the apparently stable population abundance observed in the
mesopelagic ocean and oxygen minimum zones (e.g., Church et al., 2010; Fuhrman and
Hagstrom, 2008; Karner et al., 2001; Mincer et al., 2007; Santoro et al., 2010; Ward,
2011). The population dynamics we observed at Marsh Landing (and at the other sites
mentioned above) contrast with the model of Archaea adaptive strategy proposed by
Valentine et al. (2007), which posits that Archaea are adapted to cope with
“environmental stress” by maintaining low but constant activity (k- versus r-selected) and
thus are not a group whose population dynamics should include significant blooms.

The Thaumarchaeota bloom in Georgia coastal waters seems to cause an
uncoupling of the two steps of the nitrification process, resulting in the transient
accumulation of nitrite produced by AOA before it can be oxidized to nitrate by NOB
(Figures 4.2c, 4.3). This was also observed with winter blooms in the North Sea (Pitcher
etal., 2011; Wuchter et al., 2006), and the Mediterranean Sea (Galand et al., 2010);
however, these studies did not include NOB data to test the hypothesis that NOB
populations don’t increase in response to enhanced nitrite fluxes resulting from elevated
ammonia oxidation during AOA blooms. The geochemical response was most obvious
in Georgia coastal waters in 2011 (Figure 4.3) when AOA abundances were the highest
observed in the time series, and NOx and NO, concentrations measured in September
reached a maximum of 14.0 and 6.8 uM respectively (most of the NOy measured in these
samples is NO,). This proposed uncoupling appears to be a common feature of the

nitrogen dynamics of many east-coast, salt-marsh dominated estuaries, as GCE-LTER
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data from Sapelo and Doboy Sounds (Figure 4.6a) show a similar, August spike in NOy
concentration (nitrite was not determined). The same pattern is seen in nitrite data from
the Skidaway River (near Savannah GA; Figure 4.6b) and from the Virginia Coast
Reserve (VCR) LTER (Figure 4.6¢). All of these data sets also show interannual
variation in the magnitude of the spike. Interestingly, samples from river-dominated
systems (Altamaha Sound, GCE-LTER data; Neuse River, Mod-Mon program/H. Paerl
laboratory; or the CM stations in the VCR-LTER data set, data not shown) do not display
this seasonal pattern, or it is obscured by the high DIN concentrations (10’s to 100’s of
uM) found in these systems.

The variation in nitrogen dynamics that seems to accompany these population-
level responses might also affect the fluxes of other compounds (e.g. the greenhouse gas
N,O) and other geochemical processes (e.g. anammox, an anaerobic process that uses
nitrite to oxidize ammonia directly). Santoro et al. (2010) demonstrated a link between
AOA abundance and N,O concentration in waters off the central California coast.
Further work presented in Santoro et al. (2011) demonstrated that the N,O was derived
from AOA metabolism and that AOA (versus denitrifiers, which also produce N,O as a
by-product of their metabolism) are the major source of the oceanic N,O flux. Walker et
al. (2010b) have shown significant N,O production in hypoxic waters of the northern
Gulf of Mexico, and further that N,O production was enhanced by water column
oxygenation associated with the passage of a storm. Tolar et al. (2013) showed that this
area contains high populations of AOA (Chapter 2). If changes in DO affect N,O
production, the Thaumarchaeota bloom at Sapelo Island may be a significant source of

N0, since decreased [DO] was characteristic of environmental conditions during the
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bloom. Nitrite concentration has been shown to be a key regulator of the abundance of
anammox organisms in sediment (Dang et al., 2010), suggesting the possibility that the
anammox assemblage in sediment around Sapelo Island might respond to the nitrite pulse
resulting from the AOA bloom. However, the net accumulation of NOx during the fall
suggests that neither anammox nor denitrification is occurring at the same rate as
ammonia oxidation in this system. As neither NO,, NOs, nor carbon should be limiting
during this period, some other factor must be involved in limiting anammox and
denitrification in this system.

What causes a Thaumarchaeota “bloom™? The increase in coastal North Sea
populations coincides with a mid-winter increase in ammonia (Pitcher et al., 2011);
however, ammonia concentrations were higher (1-3 uM) than those thought to limit AOA
growth (< 10 nM; Martens-Habbena et al., 2009), and both temperature and salinity co-
varied with Thaumarchaeota abundance. In the Puget Sound estuary, Thaumarchaeota
abundance and nitrification was correlated with low ammonia concentrations (Urakawa et
al., 2014); however, we did not observe a connection of our bloom with ammonia in
Sapelo Island waters (Figure 4.4b; Tables C.4, C.5). At our study site, there is strong
seasonal variation in temperature, DO, phosphate and to some degree, pH (Figure 4.2d;
Figure C.3). All of these variables were significantly correlated to Thaumarchaeota gene
abundance during the bloom (Figure 4.4b; Tables C.4, C.5), indicating a strong
connection based solely on conditions present during summer. Temperature was
significant in our analysis, as in Pitcher et al. (2011, but with the opposite sign), and
additional laboratory experiments with AOA enrichments from Sapelo Island (Appendix

C; Figure C.6) show a link between temperature and ammonia oxidation (and also nitrite
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oxidation), in contrast to findings in Hood Canal, Washington (Horak et al., 2013).
Phosphate concentrations have also been indicated as potentially important to
Thaumarchaeota distributions based on the absence of a high-affinity phosphate uptake
operon in metagenomic samples from the Gulf of Maine (Tully et al., 2012).

Other environmental variables that seemed to characterize the summer bloom
period included elevated NOx, which are cycled through nitrification. Increases in nitrite
and nitrate should correspond to increased Thaumarchaeota abundances if AOA are
actively oxidizing ammonia, which is indicated by data presented here and by rates
measured during the bloom period (Appendix E). We found only a negative correlation
between levels of ammonia and abundances of AOA or AOB on the Georgia coast
(Figure C.4d, Table C.5), indicating that ammonia concentrations cannot be used reliably
to predict the prevalence of one type of ammonia oxidizer, as proposed by Urukawa et al.
(2010). Thaumarchaeota abundance on Sapelo Island also showed a negative correlation
with urea concentrations, perhaps indicating oxidation of urea as suggested by Alonso-
Séez et al. (2012) although rates measured during the bloom are much slower than
ammonia oxidation rates (Chapter 5; Tables 5.1, 5.2; Figures 5.2a-b, 5.3).

The water at Marsh Landing is turbid (Figure 4.1; Figure C.3d), but
Thaumarchaeota abundance was not significantly correlated with turbidity in the analysis
presented here and preliminary experiments (Hollibaugh lab, unpublished data) have
shown that the Thaumarchaeota population is not associated with particles, indicating that
the summer peak is not simply a resuspension event. Surveys around Sapelo Island in

August (2011, 2012) indicate that the AOA bloom is a general feature of the salt marsh-
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dominated portions of the GCE-LTER study site (Figure D.4). Offshore transects also
indicate that the bloom is restricted to shallow coastal waters (Figure D.5).

As no single variable emerged in our statistical analyses, Thaumarchaeota blooms
may ultimately be controlled by combinations of environmental factors indicating general
ecosystem characteristics such as net heterotrophy. Alternatively, the bloom may be
triggered by an unidentified single variable that co-varies with those that we measured,
for example trace metal availability (Amin et al., 2013; Jacquot et al., 2014; Morel and
Price, 2003; Mosier and Francis, 2008). This highlights the necessity for more
substantial exploration of factors controlling Thaumarchaeota growth, both inside and
outside the laboratory. The consistent, annual bloom of Thaumarchaeota on Sapelo
Island makes it an ideal site to study how environmental conditions can impact this
abundant and important phylum of marine nitrifying organisms. Additionally, this site
appears to be representative of coastal estuaries throughout the southeastern United
States, and therefore whatever factor(s) control(s) the Sapelo Island bloom could have a

profound effect on a much greater scale.

CONCLUSIONS

We have shown here that Thaumarchaeota populations in an estuary on the
Georgia coast have a dynamic range in abundance of at least 2 orders of magnitude,
featuring an annual summer bloom. In contrast, the dynamic range of AOB or NOB
abundance during the same period of observation was much smaller, < 1 order of
magnitude. This bloom of AOA leads to a rapid oxidation of ammonia, depletion of the

NH, pool and accumulation of NO4. Ammonia oxidation apparently outstrips the ability
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of NOB to oxidize the NO; produced further to NO3 and of denitrifiers to remove the
accumulated NOx by conversion to N,. Although we found significant relationships
between Thaumarchaeota abundance and various environmental factors (e.qg.,
temperature, DO, pH, POy, DIN), most of these factors co-vary and no single factor
clearly explained the seasonal distribution of Thaumarchaeota. Ammonium
concentration did not stand out as a significant variable at Sapelo Island, in contrast to its
relationship with Thaumarchaeota blooms in the North Sea. Finally, as evidenced by the
August nitrite spikes at other locations, the bloom seems to happen at more or less the
same time up and down the US east coast, which suggests that whatever is driving it is a

pervasive annual phenomenon, at least in salt marsh environments.
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Table 4.1: Summary of gene abundances, net population growth rates, and DIN concentrations, averaged by season, for the three

years sampled.

gPCR Data* Growth Rate Nutrient Data”

Year | Season i i i i
T | Camoa | e | Camon | e | 18SrRNA | s | amo | NO: | NO: | NH. | DIN | Urea
Spring 6.08E+05 | 2.91E+05 | 6.24E+09 | 7.98E+05 | 5.13E+05 | 4.33E+09 0.048 0.045 | 0.16 | 0.85| 4.05 505| ND
2011 | Summer | 1.29E+08 | 7.37E+07 | 1.45E+10 | 7.83E+06 | 7.42E+05 | 7.25E+09 0.045 0.043 | 366 | 583 | 1.20 | 10.69 | ND
Fall 8.23E+06 | 8.85E+06 | 2.20E+09 | 1.73E+05 | 4.01E+05 | 1.96E+09 -0.043 -0.027 | 0.88 | 3.73 | 2.68 7.28 | ND
Winter | 1.34E+06 | 9.40E+05 | 1.04E+10 | 3.62E+05 | 2.02E+05 | 2.84E+09 0.005 -0.018 | 0.03 | 0.47 | 1.25 177 | ND
2012 Spring 7.11E+05 | 5.27E+05 | 4.30E+10 | 6.37E+05 | 4.15E+05 | 2.95E+09 0.002 0.004 | 0.07 | 0.38 | 1.33 171 | ND
Summer | 9.11E+07 | 4.32E+07 | 3.08E+11 | 1.46E+06 | 1.02E+06 | 7.43E+09 0.047 0.030 | 1.13 | 220 | 1.14 3.34| ND
Fall 1.06E+07 | 7.54E+06 | 1.72E+11 | 7.31E+05 | 6.98E+05 | 7.79E+09 -0.056 -0.050 | 058 | 1.85| 199 | 3.83| ND
Winter | 2.79E+05 | 2.81E+05 | 9.03E+10 | 4.59E+05 | 4.02E+05 | 8.82E+09 -0.026 -0.017 | 0.13 | 0.93 | 2.27 321 | ND
2013 Spring 1.26E+06 | 5.32E+05 | 7.05E+10 | 9.90E+05 | 6.41E+05 | 1.13E+10 0.030 0.017 | 020 | 093 | 2.03| 3.48| 0.54
Summer | 9.48E+07 | 3.19E+07 | 6.10E+10 | 8.72E+05 | 6.33E+05 | 1.12E+10 0.069 0.063 | 1.34 | 2.69 | 2.13 575 | 0.65
Fall 2.30E+07 | 1.14E+07 | 3.64E+10 | 1.87E+05 | 9.64E+05 | 4.37E+09 -0.049 -0.024 | 0.85 | 2.27 | 1.68 239 | 0.35
Winter | 2.32E+06 | 4.26E+06 | 4.16E+10 | 6.89E+05 | 5.96E+05 | 1.20E+10 -0.019 0.000 | 0.07| 001 | 0.73| 0.44]| 025
2014 | Spring 1.54E+06 | 4.21E+06 | 1.05E+11 | 4.41E+05 | 5.43E+05 | 8.91E+09 -0.010 -0.008 | 0.11 | 1.06 | 1.40 2.46 | 0.27
Summer | 7.61E+07 | 4.74E+07 | 1.31E+11 | 1.80E+06 | 6.56E+05 | 1.20E+10 0.073 0.030 | 043 | 1.02| 130 2.60 | 0.43

*= qPCR data is copies L™ filtered sample; Nspina = Nitrospina (genera of NOB).

A= Nutrient data is uM
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Figure 4.1: Map of Sapelo Island, GA (USA), indicating where samples were collected
weekly from a floating dock at Marsh Landing (31" 25.075° N, 81" 17.75” W). Note the

turbidity of this strongly tidally mixed water.
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Map data ©2014 Google Imagery ©2014 TerraMetrics

148



Figure 4.2: Time series of weekly sampling at Marsh Landing, Sapelo Island, GA,
showing: qPCR measurements of gene abundance for (a) Archaeal amoA and rrs, and (b)
AOB amoA and Nitrospina (NOB) rrs (note the difference in scales for abundance); (c)
DIN and urea concentrations; and (d) temperature and salinity measured from March

2011 to September 2014.
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Figure 4.3: DIN concentrations from weekly sampling, binned by month, averaged

across the four years sampled.
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Figure 4.4: Statistical analysis of seasonal variability in (a) gene abundance
(Multidimensional Scaling, MDS) and (b) environmental variables measured, including
DIN (Principal Components Analysis, PCA). Samples are represented in both plots as
circles colored by the season in which each was collected. Gene names plotted in MDS
space are plotted with the center of each name representing a gene’s score. DO =
dissolved oxygen, BP = barometric pressure, RH = relative humidity, Sal = salinity, DIN
= dissolved inorganic nitrogen, Precip. = cumulative (48h) precipitation, PAR = total

photosynthetically-active radiation, Wind Dir. = wind direction.
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Figure 4.5: Growth rate of Thaumarchaeota populations during the Sapelo Island
bloom. Raw gene abundance data (closed circles) versus smoothed (3-point running
average) data (open circles) for (a) Thaumarchaeota rrs and (b) Archaea amoA. (c)
Calculated net population growth rate of rrs (closed circles) and amoA (open circles).
Shaded area represents negative growth (below 0 d%). (d) Relationship between
calculated growth rates of Thaumarchaeota rrs and amoA genes. The linear regression

equation is included in the figure.
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Figure 4.6: DIN concentrations, binned by month from estuarine sites along the SE
USA, (a) at stations near Sapelo Island (GCE-LTER data); (b) in the Skidaway River,
GA (data courtesy P. Verity/SklO); and at stations in the (c) Machipongo and Oyster Bay

(excluding CM stations) transects (coastal Virginia, USA; VCR-LTER data).
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(a) GCE-LTER Data (2001-2009)
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(b) Skidaway River Data (1986-2009)
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(c) VCR-LTER Data (2005-2008)
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CHAPTER 5
COMPARISON OF OXIDATION OF AMMONIA VERSUS UREA BY

MARINE NITRIFYING ORGANISMS?

! Bradley B. Tolar, Natalie J. Wallsgrove, Brian N. Popp, and James T.

Hollibaugh. To be submitted to Nature Geoscience.
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SUMMARY

Thaumarchaeota are found in almost every environment and all may be capable of
oxidizing ammonia to nitrite for energy — the first part of nitrification. Some
thaumarchaeote genomes contain a gene that is homologous to urease and it has been
proposed that thaumarchaeotes oxidize urea-N when ammonia concentrations are low;
and that they preferentially incorporate urea C versus DIC. We compared rates of
ammonia and urea-N oxidation in marine nitrifier communities dominated by
Thaumarchaeota in both polar and temperate ocean regions. Ammonia oxidation rates
were always higher (1.3 - to 120-fold difference) than urea-N oxidation rates (means =
210 vs. 34 nmole L™ d™, respectively) in temperate waters (coastal Georgia, USA; South
Atlantic Bight). Rates of ammonia oxidation were only exceeded by urea-N oxidation
rates in samples from 70-200 m from the Southern Ocean and the Gulf of Alaska (mean =
3.3 versus 9.5 nmole L™ d™); while ammonia oxidation rates were higher in all other
high-latitude samples (7.3 versus 22 nmole L™ d™), most of which were 350-800 m
depth. Isotope dilution experiments indicated that urea is hydrolyzed to ammonia
extracellularly prior to oxidation. Our data suggest that the contribution of urea-N to
nitrification is likely minor at most locations but may represent a significant portion of
the nitrification flux in polar waters. We have also shown that urea could be a significant
source of ammonia and can thus provide the substrate for nitrification despite a lack of

preferential oxidation of urea-N.
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MAIN TEXT

Thaumarchaeota, members of a deeply-branching phylum of the kingdom
Archaea, are one of the most abundant groups of prokaryotic organisms in the ocean
(Karner et al., 2001). They play an important role in the marine nitrogen cycle through
the autotrophic oxidation of ammonia (NH3) to nitrite (reviewed in Capone et al., 2008;
Prosser and Nicol, 2008; Ward, 2011). These ammonia-oxidizing Archaea (AOA) are
the primary ammonia-oxidizing organisms (AOQ) in most marine systems, with
abundances of the gene encoding their catalytic subunit of ammonia monooxygenase
(amoA) up to 10° copies L™ (e.g., Beman et al., 2010; Church et al., 2010; Kalanetra et
al., 2009; Santoro et al., 2010; Tolar et al., 2013; Wuchter et al., 2006). Bacteria from
the B- and y-Proteobacteria can also take part in ammonia oxidation (known as ammonia-
oxidizing Bacteria, or AOB), but they are thought to be relatively minor contributors in
most marine environments (reviewed in Ward, 2011).

Observations of reduced incorporation of bicarbonate and high abundance of
urease genes in plankton communities from the Arctic and Southern Oceans have
suggested that Thaumarchaeota can use urea as an alternative source of energy when
NH3 availability is low (Alonso-Séez et al., 2012; Pedneault et al., 2014). These studies
propose that the Thaumarchaeota urease enzyme can be used to break down urea into
NH3 for ammonia oxidation and CO, for carbon fixation (shown by increased **C-urea
uptake; Alonso-Séez et al., 2012). However, these studies only provided indirect
evidence for this conclusion based upon the abundance of urease (ureC) genes and
transcripts, and lacked direct rate measurements. A recent study examined the capacity

for urea oxidation among “Candidatus Nitrosopumilus maritimus” SCM1 and two new
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isolates (both within the Nitrosopumilus cluster). One strain (PS0) showed an almost
stoichiometric conversion of urea to nitrite, though ammonia concentrations were not
reported (Qin et al., 2014).

Here we compared the oxidation of ammonia and urea by nitrifying communities
from a variety of marine environments to determine whether AOA populations were
capable of directly oxidizing urea-N (i.e., without prior hydrolysis of urea to yield
ammonia and CO;). We measured the production of nitrite and nitrate (NO,) from °N-
labeled ammonia and urea in samples from near-shore, coastal, and offshore
environments, and temperate and polar oceans (Figure 5.1; Table 5.1). Incubations
proceeded at in situ temperatures with tracer-level additions (50 nM) of each substrate
(see Methods). We also compared rates of *°N-ammonia oxidation in the presence of
unlabeled urea and ammonia, and measured the production of *>N-ammonia in
experiments amended with **N-urea to quantify urea hydrolysis. Finally, we extracted
DNA and RNA from samples to investigate relationships between amoA and ureC
transcripts and ammonia and urea oxidation rates, respectively.

Continental shelf waters of the South Atlantic Bight (SAB) are characterized by
two water masses: a near-shore plume that is strongly influenced by river runoff and tidal
exchange with salt marsh-dominated estuaries, and an offshore water mass that
exchanges with slope waters (Atkinson and Menzel, 2013; Cai et al., 2003; Gardner and
Stephens, 1978; Liu et al., in press). The turbid near-shore water mass has lower salinity,
higher dissolved organic matter, and higher suspended particulate loads than the
continental shelf water further offshore. Rates of NOy production from NH3 (Table 5.1)

were higher in samples from the near-shore water mass (n = 18, mean = 380, range 160-
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780 nM d*; Figures 5.2a-b, 5.3a) compared to samples taken further offshore in the SAB
(n=15, mean = 21, range 0-120 nM d™*; Figures 5.2c-d). Rates of urea-N oxidation by
Antarctic samples (n = 6, mean = 19, range 6.3-40.0 nM d*; Figure 5.2¢) were
comparable to rates measured in the SAB, while the lowest urea-N oxidation rates were
found in Gulf of Alaska (GoA) samples (n =5, mean = 11, range 0-20 nM d'*; Figure
5.2f). However, when normalized to the abundance of Thaumarchaeota in these samples,
rates were more narrowly constrained (n = 40, mean 14, range 0-50 fmole cell* d%), with
little difference between populations from the Antarctic or from coastal Georgia (Sapelo
Island): mean rates of 5.5 versus 8.2 fmole cell™ d*, respectively (Table 5.1). This was
surprising given the large difference in environmental factors between these sites.

We found that nitrogen supplied as urea was oxidized in most samples; however,
urea-N always contributed less than ammonia to total nitrification by the same population
of AOO. This contribution was lowest with samples from Sapelo Island (mean = 21%,
range = 3.5-75% of the ammonia oxidation rate; Figures 5.2a-b, 5.3a) and the SAB (mean
= 9.4%, range 0.83-29%); Figures 5.2c-d). Ammonia was oxidized 1.7 or 32-fold faster
than urea-N by nitrifiers in most samples from the Antarctic and GoA, respectively
(Antarctic mean = 130%, range = 27-320% of the ammonia oxidation rate; GOA mean =
69%, range = 1.1-180%; Figures 5.2e-f). In contrast to this general trend, urea-N was
oxidized more rapidly than ammonia in 5 samples from below the euphotic zone (70-200
depth) in the GoA and Southern Ocean (Table 5.1). Urea oxidation was higher in
Antarctic samples from the Winter Water (50-100 m; Church et al., 2003) versus the
Circumpolar Deep Water (150-400 m; mean = 8.7 versus 2.3 fmole cell* d*,

respectively; p < 0.003, Student’s t-test), while there was no significant difference in
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ammonia oxidation rates between these water masses (mean 6.0 vs. 5.1 fmole cell™ d*?,
respectively; p < 0.8, Student’s t-test). This is especially interesting given the marked
differences in phylogenetic composition of Thaumarchaeota in Winter Water compared
to Circumpolar Deep Water (Kalanetra et al., 2009; Chapter 2), where Winter Water
communities were dominated (~98% of sequences; Chapter 2) by a single phylotype of
thaumarchaeote.

Rates of oxidation of urea-N were most comparable to NH3 in Antarctic samples
(15 versus 19 nM d™, respectively; 130% of ammonia oxidation rate on average);
however, in all other samples, including all samples from Georgia coastal waters, the rate
of urea-N oxidation was lower than that of ammonia in the same sample (Sapelo Island =
20% of ammonia oxidation rate, SAB = 9.4%, GoA = 69%). We should not be
underestimating the rate of urea-N oxidation as urea concentrations are on the same order
of magnitude as ammonia concentrations (0.47 versus 0.87 uM on average across all
sample sites, respectively), and pool turnover rates were comparable for both urea and
ammonia (mean = 0.14 versus 0.19 d, respectively). Additionally, urease genes are not
highly transcribed in Georgia coastal Thaumarchaeota populations (Hollibaugh et al.,
2011; Hollibaugh et al., 2014; Table 5.1) compared to polar populations sampled by
Pedneault et al. (2014) and those in this study. This suggests that the contribution of urea
to thaumarchaeote chemoautotrophy is more important at high latitudes and in polar
oceans, which contribute significantly to global nitrification (Christman et al., 2011,
Olson, 1980; Chapter 3).

There was no clear trend of urea oxidation in Georgia coastal waters with tide or

time of day during either year sampled (Figures 5.2a-b), and rates were on the same order
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of magnitude each year. We also examined the competition between these substrates in a
sample from Sapelo Island (2013). Production of *°N-NO, from **N-NH, decreased
significantly following the addition of unlabeled ammonia to the sample (20.0 £ 6.3 nM
d™ vs. 484.9 + 29.6 nM d™* in the unamended control; p < 0.003; Figure 5.3b). Adding
unlabeled urea had no effect on the rate of *>N-NO, production from *>N-NH, (478.6 +
52.5nM d*; p > 0.5 vs. control). Incorporation of NaH*CO3 by a thaumarchaeote-
dominated enrichment culture growing on NH, decreased when unlabeled urea was
added (0.13 versus 1.5 pM h™, in the urea-amended versus unamended control,
respectively). This seems to indicate that urea-N is not being used to promote
chemoautotrophy for thaumarchaeotes present in coastal waters around Georgia.
Nonetheless, urea-C could be preferentially incorporated (as both a C source and for
ammonia oxidation) as suggested by Alonso-Séaez et al. (2012) for polar waters.

Additionally, we examined the extent of urea hydrolysis to ammonia in some
experiments by measuring production of *°N-NH, in urea-amended treatments following
Holmes et al. (1998). We found that **N-labeled ammonia was recovered from **N-urea
amended treatments in samples taken from both Sapelo Island (Figure 5.4a) and the Gulf
of Alaska (Figure 5.4b). This suggests that urea hydrolysis precedes oxidation of urea-N,
with subsequent oxidation of the ammonia produced.

Finally, we examined the relationship between amoA and ureC transcripts with
oxidation of ammonia or urea, respectively (Table 5.2). No significant relationships were
observed when comparing rates (nM d*) with transcript abundance (data not shown);
however, there were weak correlations between cell-specific oxidation rates (fmole cell™

d™) and the transcript:gene ratio (Figure 5.5). The strongest relationship we found was
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between AO rates and amoA gene abundance in the South Atlantic Bight in April 2011
(r* = 0.85; Figure 5.5c) and the Gulf of Alaska (r* = 0.50; Figure 5.5f).

Overall, we have shown that oxidation of urea-N can occur with populations of
marine nitrifiers dominated by Thaumarchaeota (Table 5.2); however, the contribution of
urea to nitrification is almost always significantly less than that of ammonia. Therefore,
it appears that the ability and preference of Thaumarchaeota for urea as an alternate
substrate is variable and highly dependent on sample location and likely determined by
the ecotypes present. Additionally, isotope dilution experiments suggest that it is likely
that urea is hydrolyzed to release ammonium, which is then oxidized, rather than being

oxidized directly.

METHODS
Sample Collection

A variety of marine environments were sampled to compare rates of ammonia and
urea oxidation (Table 5.1). Samples were collected from surface waters at Marsh
Landing on Sapelo Island, Georgia — a coastal estuary dominated by salt marshes — in
August 2011 and 2012, and September 2013, during the annual Thaumarchaeota bloom
(Figure 5.1a). The South Atlantic Bight (SAB) was sampled during near- to offshore
transects on the R/V Savannah in April and October of 2011 (Figure 5.1a). Antarctic
experiments were performed with samples from the Winter Water (WW) and
Circumpolar Deep Water (CDW) water masses of the Southern Ocean collected on the

ARSV Laurence M. Gould in January 2011 (Figure 5.1b). Water was collected for
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experiments in the Gulf of Alaska (GoA) from 200 m and 800 m on board the R/V

Melville in August 2013 (Figure 5.1c).

Experimental Setup and Rate Measurements

Stable isotope-labeled ammonium chloride (**NH4ClI; >99 at-% *°N, Cambridge
Isotope Laboratories) and urea [(**NH-),*CO; >99 at-% *°N, CIL] were added to a final
concentration of 50 nM. Substrates were tested in either duplicate or triplicate samples
of seawater contained in 50 mL polypropylene screw-cap, conical tubes (Sapelo Island,
SAB, GoA) or 250 mL polycarbonate bottles (Antarctic). Sample incubations proceeded
at in situ temperature in the dark for 24 hours (Sapelo Island, SAB), 48 hours (GoA), or
124-139 hours (Antarctic; Table 5.2) before termination by freezing at -80°C; samples
were kept frozen until analysis. Concentrations of dissolved inorganic nitrogen and urea
were measured using previously described methods [ammonia (Solérzano, 1969); nitrite
(NOy) and nitrite + nitrate (NOy; (Jones, 1984, Strickland and Parsons, 1972); and urea
(Mulvenna and Savidge, 1992; Rahmatullah and Boyde, 1980)], or estimated from the
literature, depending on the sample location (Table 5.1). The competition experiment
was conducted in September 2013with a sample from Marsh Landing, Sapelo Island, by
adding labeled *N-ammonium (50 nM final conc.) to bottles containing either unlabeled
urea or ammonium (5 pM final conc.). Controls with only *>N-ammonium additions
were also included.

The amount of *°N oxidized to nitrite or nitrate (NO,) was measured with the
denitrifier method (Sigman et al., 2001) as described previously (Beman et al., 2011;

Dore et al., 1998; Popp et al., 1995) using a MAT-252 isotope ratio mass spectrometer
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(Finnigan). Ammonia or urea oxidation rates were calculated from 5'°N values as
described previously (Beman et al., 2012; Christman et al., 2011), with urea
concentrations substituted for ammonia in urea oxidation rate calculations and using 2
moles of >N added per mole of urea. Formation of >NO, was negligible in filtered
controls or in samples taken immediately after substrate addition, and no *°N,O was
formed by direct addition of *°N-labeled substrates to denitrifier cultures of Pseudomonas
aureofaciens (data not shown), indicating that microbial assemblages are the source of
any >NO, formed in samples.

We also used an enrichment culture [raised from an inoculum collected at Marsh
Landing, Sapelo Island in August 2012, and grown on ammonium-amended (50 pM)
filtered seawater] to measure incorporation of **C-labeled bicarbonate (NaH*CO3,
Perkin Elmer; 40 uCi per 200 mL sample) with either ammonia or urea as a substrate for
chemoautotrophic metabolism (10 or 5 uM final conc., respectively). The experiment
was sampled over a 52-hour period. At each time point, samples were filtered onto 0.22
GSWP filters (Millipore), dissolved with 1 mL of ethyl acetate, suspended in 7 mL
EcoLume scintillation cocktail (MP Biomedicals), and counted using a Packard 2910
liquid scintillation counter.

Urea hydrolysis was determined using a modified ammonia diffusion method
(Holmes et al., 1998) to measure >N-NH, in treatments with 50 nM amendments of
either *°N-urea or *°N-ammonia. Water samples were from Sapelo Island, Georgia
(September 2013) and the Gulf of Alaska (August 2013). An ammonia trap [filter pack;
containing combusted 1 cm GF/D filters (Whatman) acidified with H,SO,4 and sealed

between two 2.5 cm, 10 pm Teflon membranes (Millipore LCWP)] was added to each
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sample, followed by addition of 1.5 g MgO = to convert all NH;* to NH3. Samples were
incubated for 4 weeks with shaking at 40°C to allow NH3 to diffuse onto the filter pack.
Each filter was then dried and the §'°N of ammonia from each sample was obtained using
an isotope ratio mass spectrometer (maintained by T. Maddox, UGA School of Ecology

Analytical Chemistry Laboratory).

DNA and RNA Extraction and Quantification

Quantification of bacterial 16S rRNA, AOB amoA, Marine Group | Archaea
(Thaumarchaeota) 16S rRNA, and archaeal amoA genes was performed after a
phenol:chloroform DNA extraction (Bano and Hollibaugh, 2000) using primers and
protocols as described previously (Kalanetra et al., 2009; Tolar et al., 2013; Table B.2)
with an iCycler iQ™ Real-Time gPCR detection system (BioRad). Archaeal ureC genes
were quantified under the same conditions as amoA with an annealing temperature of
53°C (Alonso-Séez et al., 2012; Chapter 3). RNA was extracted following previous
protocols (Gifford et al., 2011; Poretsky et al., 2009) with 200 pum zirconium beads (OPS
Diagnostics) used for the initial bead-beating step. The TURBO DNase-Free Kit
(Ambion) was used to remove DNA after extraction, and manufacturer’s instructions
were followed with a second enzyme treatment at 2X concentration. Both amoA (AOA
and AOB) and ureC (Thaumarchaeota) transcripts were quantified with the iScript™
One-Step RT-gPCR Kit with SYBR® Green (BioRad). Each transcript RT-gPCR assay
used the same cycling conditions as the gene gPCR assay, with the addition of a 10

minute reverse transcription step at 50°C before the initial denaturation step.
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Table 5.1: Summary of nutrient and *>N-oxidation rate data collected for experiments.

. . BNH, | ®NUrea | ®NH, BUrea
E:crggg)en Station ID -ngir?,{ [N]O 2 [N]OX [N]H4 [Urea]” Ir_]r(;lrjnbea?h(;n Rate_1 Rate_1 Rate P$er Rate P$er
(nMd) | (nMd)) Cell Cell
MLD1-11 | 0455PM | 514| 857| 095| 131 24.53 394 296 7.68 5.77
MLD2-11 | 10:33PM | 234| 385| 115 120 24.13 405 95.2 33.6 7.90
Savelo lslang | MED3-LL | 09:12AM | 542 7.53] 048] 0.64 24.18 314 10.9 3.44 0.12
/f‘fgeuit'ié‘fl MLD4-11 | 11:10AM | 442 | 581| 069| 0.8 24.18 326 50.2 115 177
MLD5-11 | 05:11PM | 364| 528| 098] 0.73 24.13 245 74.0 453 1.37
MLD6-11 | 11:10PM | 333| 426| 052| 089 24.24 382 167 17.7 7.73
ML7-11 10:13AM | 7.10| 1057 | 0.13| 0.0 24.15 160 27.4 4.74 0.81
MLD1-12 | 04:29AM | 257| 381| 158 0.37 23.71 393 ND 5.89 ND
MLD2-12 | 08:48AM | 252| 404| 208| 037 27.76 330 17.9 2.90 0.16
MLD3-12 | 11:18 AM | 329| 469| 205| 037 25.06 647 ND 6.35 ND
MLD4-12 | 03:20PM | 136| 256| 3.12| 037 24.33 271 12.9 2.13 0.10
Sapelo Island
August2012 |MLD5-12 | 06:32PM | 268 | 4.43| 1.38| 037 24.95 369 ND 21.4 ND
MLD5R-12 | 06:45PM | 284 401| 142| 037 26.01 327 ND 3.21 ND
MLD6-12 | 09:40PM | 261 593| 179| 037 24.66 457 26.0 5.58 0.32
MLD7-12 | 12:03AM | 258 7.11| 315| 037 47.42 775 ND 9.32 ND
MLD8-12 | 03:25 AM | 217| 523| 1.04| 037 26.33 428 37.6 5.27 0.46
SapeloIsland | ML13-2F | 11:30 AM | 298| 17.16| 543| 0.2 26.05 273 42.6 1.49 0.23
September 2013 | ML13-3F | 11:30 AM | 3.13| 11.13| 046| 0.3 25.35 268 55.3 1.46 0.30
SAB-P #4 15 002 149| 049| 012 24.99 1.12 -0.01 50.5 ND
SAB-P #4 13 002| 081| 044] 022 24.99 0.27 0.03 0.49 0.06
South Atlantic |- SABP#8 2 004| 096| 024] 015 25.70 -1.14 0.01 ND 1.08
Bight April 2011 | SAB-P #8 30.5 000 062] -003] 013 25.70 1.31 -0.01 23.11 ND
SAB-P #12 10 001 | 059| -0.09| 0.10 24.62 -0.05| -0.001 ND ND
SAB-P #12 70 203| 3.07| 241| 026 24.62 82.9 4.20 3.19 0.16
SAB-P #12 500 0.00 | 3226 | -0.13| 0.08 24.65 0.62 -0.98 0.02 ND
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Sample : Time or # | Incubation “NH, | PN Urea | “NH, “Urea
L ocation Station ID Depth* [NO,] | [NO,] | [NH4] | [Urea] Time (h) Rate_l Rate_l Rate F;er Rate F;er
(nMd?) | (nMd?) Cell Cell
SAB-P2 #12 20 0.01 148 | -0.77 0.83 24.11 0.17 -0.63 10.8 ND
SAB-P2 #12 80 0.14 3.13 | -1.26 0.04 24.11 6.04 0.67 0.21 0.02
. SAB-P2 #12 200 0.05| 17.46 1.25 0.20 24.11 3.84 0.38 0.08 0.01
SB?;;T é;'tf)rgé‘; SABP2#12 | 445 0.00 | 2289| -079| 1.00 2411 1.60 0.01 0.20 0.00
2011 SAB-P2 #8 4 0.05 0.09 0.46 1.34 24.76 7.90 1.15 26.9 39.1
SAB-P2 #8 32 0.09 0.09 | -0.39 0.08 24.76 0.01 -0.08 0.10 ND
SAB-P2 #4 4 0.07 1.02 1.71 0.28 24.91 120 1.31 4.83 0.05
SAB-P2 #4 9 0.13 0.68 0.85 1.18 24.91 86.5 24.8 18.4 5.27
600.040 80 0.19 | 30.22 0.91 0.52 138.75 22.1 17.6 1.89 9.19
600.040 400 0.08 | 25.65 2.39 0.55 138.77 39.9 10.6 0.07 0.69
Southern Ocean | 200.040 70 0.19 | 31.16 0.59 0.52 124.88 9.81 21.9 0.31 8.60
January 2011 | 200.040 400 0.07 | 36.35 0.05 0.55 124.05 17.8 11.2 1.02 3.93
000.100 100 0.09 | 25.26 1.91 0.52 126.89 6.34 20.5 0.01 8.21
000.100 350 0.02 | 29.49 0.91 0.55 127.65 20.2 7.43 0.71 2.37
Stn 002 200 0.22 | 36.73 0.05 0.13 48.56 LD 1.79 ND 0.15
Stn 002 800 031 | 47.13| 0.03 0.13 48.90 20.4 -0.35 0.71 ND
Gulf of Alaska | Stn 015 180 0.11 | 38.24 | -0.63 0.11 48.11 16.8 3.71 0.10 0.08
August 2013 | Stn 017 200 0.11 | 47.47 | 0.27 0.09 49.05 0.24 0.44 0.01 0.01
Stn 017 800 0.12 | 38.85 0.08 0.11 49.05 15.4 0.17 8.10 0.07
Stn 033 200 -0.29 | 41.67| -0.42 0.20 49.34 -0.21 3.02 0.00 0.23

Units for nutrient samples (NO,, NOy, NH4, Urea) are uM. Negative rates in bold should be viewed as below the limit of detection.

*Time for surface samples collected from Sapelo Island; depth (m) from all other locations

*Actual concentrations measured or estimated from literature or other nearby sample sites (italic)

®per cell rates (fmol cell™ d) calculated using Thaumarchaeota rrs copies L™ as copies cell™, using 1.0 rrs per genome (see text).
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Table 5.2: Summary of data collected for ammonia versus urea oxidation experiments, including gene and transcript abundance.

. Depth . . DNA Vol. | RNA Vol. | Thaum. Archaea | Archaea amoA
Station ID (rﬁ) Date Latitude Longitude Filt. (L) Filt. (L) (rs amoA W W mMRNA
MLD1-11 0.2 8/14/2011 0.5 0.9 5.13E+07 6.62E+07 4.63E+05
MLD2-11 0.2 0.7 ND 1.21E+07 | 4.67E+07 ND
MLD3-11 0.2 0.575 ND 9.15E+07 7.79E+07 ND
MLD4-11 0.2 31°25'4.08 N | 81°17'43.26 W 0.65 ND 2.84E+07 5.15E+07 ND
MLD5-11 0.2 8/15/2011 0.75 ND 5.41E+07 9.39E+07 ND
MLD6-11 0.2 0.65 ND 2.16E+07 2.73E+07 ND
ML7-11 0.2 0.6 0.65 3.36E+07 5.84E+07 3.44E+05
MLD1-12 0.2 0.6 0.6 6.67E+07 9.43E+07 5.35E+04
MLD2-12 0.2 0.6 0.6 1.14E+08 1.74E+08 1.94E+06
MLD3-12 0.2 0.6 0.6 1.02E+08 1.27E+08 6.06E+05
MLD4-12 0.2 8/7/2012 0.6 0.6 1.27E+08 1.22E+08 6.27E+04
MLD5-12 0.2 31°25'4.08 N | 81°17'43.26 W 0.6 0.6 1.73E+07 6.53E+07 3.98E+04
MLD5R-12 0.2 0.6 0.6 1.02E+08 1.12E+08 1.29E+06
MLD6-12 0.2 0.65 0.65 8.19E+07 9.52E+07 7.91E+04
MLD7-12 0.2 0.6 0.6 8.32E+07 8.61E+07 6.04E+04
MLD8-12 0.2 8/8/2012 0.6 0.6 8.13E+07 1.24E+08 6.47E+04
ML13-2F 0.2 - o 1o 0.35 ND 1.83E+08 | 4.75E+07 ND
ML13-3F 0.2 9/1/2013 | 31°25'4.08N | 81°17°43.26 W 0.35 ND 1.83E+08 | 4.75E+07 ND
15 o , o , 0.9 0.9 2.23E+04 1.18E+05 5.47E+04
SAB-P#4 13 4/20/2011 | 30°42.92'N 8l721.36'W 0.9 0.9 5.45E+05 1.81E+05 2.27E+04
2 o . R , 1.0 1.0 1.07E+04 | 4.36E+04 3.29E+03
SAB-P#8 30.5 4/20/2011 | 30°31.38'N 807 42.86'W 1.1 1.1 5.68E+04 1.37E+05 1.52E+04
10 1.2 1.2 8.04E+02 3.20E+02 3.23E+02
SAB-P #12 70 4/20/2011 | 30°19.05'N 79°56.12' W 1.0 1.1 2.60E+07 6.82E+07 5.68E+06
500 1.0 1.0 2.56E+07 1.13E+06 5.93E+04
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. Depth . . DNA Vol. | RNAVol. | Thaum. Archaea | Archaea amoA

Station ID (m) Date Latitude Longitude Filt. (L) Filt. (L) (rs amoA W W mMRNA

20 1 1 1.61E+04 | 1.56E+04 5.10E+03

80 o , o , 1 1 2.82E+07 | 2.12E+07 1.49E+07

SAB-P2 #12 200 10/4/2011 | 30°19.05'N 79°56.12' W 1 1 4.89E+07 | 2.04E406 LE7E+05

445 1 1 7.98E+06 | 7.30E+05 4.99E+05

4 . , . , 1.01 1 2.94E+05 | 1.26E+05 8.59E+03

SAB-P2#8 32 10/4/2011 | 30°31.38'N 80" 42.86'W 0.8 0.8 1.44E+05 | 5.01E+05 7.87E+03

4 o , o , 0.95 1 2.49E+07 | 1.96E+07 7.93E+05

SAB-P2 #4 9 10/4/2011 | 30°42.92'N 81°21.36'W 0.95 1 470E+06 | 5.09E+06 8.36E405

ANT 11 80 4.5 1.1 1.92E+06 | 6.42E+06 2.01E+06
1/11/2011 | 64° 55.900' 64° 24.160' W

600.040 400 — > S 3.95 1.1 1.53E+07 | 3.07E+07 7.11E+05

ANT 11 70 4 0.9 2.55E+06 | 5.97E+06 7.43E+06
1/23/2011 | 67°30.731'S | 70° 35.350'W

200.040 #2 400 3.2 0.95 2.84E+06 | 2.10E+06 2.58E+06

ANT 11 100 4 1 2.49E+06 | 4.50E+06 2.91E+06
1/30/2011 | 68° 16.625' 75° 7.576' W

000.100 350 130/ 8”16 S >° 7576 4 1 3.13E+06 | 4.16E+06 1.16E+06

200 o , o , 1.25 1.1 1.18E+07 | 1.05E+07 7.57E+06

GoA Stn 002 800 8/5/2013 | 48°58.191' N | 130°40.128'W 145 11 8.42E+06 | 3.71E+05 9.22E+04

GOA Stn 015 180 | 8/12/2013 | 58°59.968' N | 140° 59.956' W 1.50 1.00 4.75E+07 | 5.43E+07 6.63E+06

200 o , o , 1.80 1.1 3.40E+07 | 1.86E+07 8.29E+06

GoA Stn 017 800 8/13/2013 | 57°09.242' N | 148° 42.755' W 160 11 > 39E+06 | L.30E+05 = 75E+04

GoA Stn 033 200 | 8/21/2013 | 49°57.343'N | 132° 40.094' W 2.60 1.1 1.31E+07 | 8.86E+06 3.91E+04
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Archaea Thaum. . AOB
Station ID D(erﬁ;h 'Z‘;g‘:es amoA F Tzfélén ' ureC Baﬁirla :\m%i amoA
MRNA MRNA MRNA

MLD1-11 0.2 ND ND 2.97E+06 LD 2.72E+09 | 1.16E+05 LD
MLD2-11 0.2 ND ND 1.20E+06 ND 1.44E+09 | 9.38E+04 ND
MLD3-11 0.2 ND ND 1.66E+06 ND 3.09E+09 | 2.98E+05 ND
MLD4-11 0.2 ND ND 2.20E+06 ND 2.25E+09 | 1.72E+05 ND
MLD5-11 0.2 ND ND 3.02E+06 ND 2.60E+09 | 1.85E+05 ND
MLD6-11 0.2 ND ND 1.92E+06 ND 9.40E+08 | 9.84E+04 ND
ML7-11 0.2 ND ND 2.79E+06 LD 4.19E+09 | 2.40E+05 LD
MLD1-12 0.2 ND ND 2.09E+07 | 9.50E+03 | 1.01E+11 | 1.87E+05 LD
MLD2-12 0.2 ND ND 3.44E+07 | 3.39E+02 | 1.93E+11 | 6.60E+05 LD
MLD3-12 0.2 ND ND 2.24E+07 LD 7.82E+10 | 1.11E+06 LD
MLD4-12 0.2 ND ND 4 75E+07 LD 1.79E+11 | 6.58E+05 LD
MLD5-12 0.2 ND ND 1.05E+07 LD 1.33E+10 | 7.91E+05 LD
MLD5R-12 0.2 ND ND 1.86E+07 LD 1.37E+11 | 5.45E+05 LD
MLD6-12 0.2 ND ND 2.98E+07 LD 1.21E+11 | 9.22E+05 LD
MLD7-12 0.2 ND ND 2.79E+07 LD 8.54E+10 | 6.27E+05 LD
MLD8-12 0.2 ND ND 3.59E+07 LD 1.18E+11 | 7.34E+05 LD
ML13-2F 0.2 ND ND ND ND 9.48E+10 | 6.29E+05 ND
ML13-3F 0.2 ND ND ND ND 9.48E+10 | 6.29E+05 ND

SAB-P #4 1.5 ND ND 3.04E+05 | 2.85E+04 | 4.78E+09 | 5.56E+04 | 1.60E+05
13 ND ND 4,13E+04 | 2.97E+04 | 6.35E+09 | 1.52E+06 LD

SAB-P #8 2 ND ND 1.16E+05 LD 5.25E+09 | 5.65E+05 | 9.55E+03

30.5 ND ND 2.10E+05 | 3.45E+03 | 2.42E+09 | 3.13E+04 | 6.57E+03

10 7.29E+01 ND 1.85E+04 LD 1.60E+08 | 9.44E+02 | 3.02E+03

SAB-P #12 70 4.31E+07 ND 2.65E+07 | 5.47E+03 | 6.45E+08 | 7.13E+03 | 7.49E+03
500 1.68E+07 1.27E+04 1.33E+06 | 8.15E+03 | 1.85E+08 | 3.94E+03 LD
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Archaea Thaum. . AOB
Station ID D(?E;h 'Z‘;%‘:e; amoA F Tzfélcr:n ' ureC Baﬁirla :\m%i amoA
MRNA MRNA MRNA

20 2.17E+04 ND 2.10E+05 LD 5.92E+08 | 4.53E+03 | 2.90E+03
SAB-P2 #12 80 2.28E+07 ND 3.31E+07 LD 1.12E+09 | 1.27E+04 | 5.30E+03
200 | 2.36E+0Q7 3.08E+04 4 53E+06 LD 1.81E+08 | 8.19E+03 | 1.42E+04
445 | 2.17E+07 7.75E+04 2.96E+06 | 6.70E+03 | 3.38E+07 | 9.05E+02 | 3.55E+03
SAB-P2 #8 4 ND ND 1.36E+06 | 6.00E+03 | 4.37E+09 | 4.66E+04 | 1.17E+04
32 ND ND 4 46E+06 | 5.19E+03 | 6.66E+09 | 8.28E+04 | 1.44E+04
SAB-P2 #4 4 ND ND 2.35E+06 LD 4,18E+09 | 1.78E+05 | 4.05E+04

9 ND ND 3.73E+06 LD 2.75E+09 | 5.76E+05 LD
ANT 11 80 1.65E+04 8.45E+03 2.07E+06 | 1.04E+03 | 5.22E+08 | 3.78E+04 | 1.11E+05
600.040 400 | 2.18E+06 3.09E+04 2.97E+07 | 4.44E+03 | 1.51E+08 | 4.65E+04 | 3.17E+03
ANT 11 70 3.38E+05 3.90E+02 4 98E+06 | 3.94E+02 | 7.13E+07 | 1.13E+04 | 6.83E+04
200.040 #2 400 | 4.57E+02 2.20E+04 7.41E+05| 8.95E+03 | 6.13E+08 | 1.64E+04 | 5.99E+03
ANT 11 100 | 3.41E+03 ND 1.19E+06 | 1.19E+03 | 2.61E+08 | 1.30E+05 | 4.44E+05
000.100 350 | 7.91E+05 ND 8.52E+06 | 4.96E+03 | 1.19E+08 | 8.44E+03 | 3.02E+03
GoA Stn 002 200 | 1.01E+07 ND 5.89E+07 | 4.10E+03 | 1.24E+09 | 4.08E+04 | 3.17E+03

800 | 1.05E+07 1.52E+04 4. 75E+06 LD 6.38E+08 | 1.24E+04 LD
GoA Stn 015 180 | 2.07E+07 4.12E+05 2.32E+08 | 2.54E+04 | 6.19E+09 | 1.32E+06 | 7.84E+03
GoA Stn 017 200 | 5.68E+07 ND 2.01E+08 | 1.78E+04 | 3.14E+09 | 1.21E+04 | 1.94E+04

800 | 4.88E+06 1.47E+04 1.84E+06 LD 4.34E+08 | 9.92E+03 LD

GOA Stn 033 200 | 1.89E+07 8.00E+03 4 77E+07 LD 8.27E+08 | 8.38E+03 LD

*ND = not determined; LD = below the limit of detection.
Gene and transcript abundance data are given in copies L™ sample filtered. For Archaea amoA genes, “W” refers to Wuchter et al.

(2006) primers and “F” refers to Francis et al. (2005) primers (see Table A.1 and Chapter 2 Discussion)
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Figure 5.1: Sample locations for experiments, including (a) Sapelo Island, Georgia,
and the South Atlantic Bight, (b) the Gulf of Alaska, and (c) the Southern Ocean near

Palmer Station (P), Antarctica.
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(a) Sapelo Island, Georgia, and the South Atlantic Bight

Map data ©2014 Google Imagery £2014 TerraMetrics
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(b) Gulf of Alaska

British
Columbia

‘Washi ﬁg ton

Map data ©2014 Google Imagery 82014 NASA, TerraMetrics
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(c) Southern Ocean near Palmer Station (P), Antarctica

' ‘

2 R A
Map data ©2014 Google Imagery £2014 NASA, TerraMetrics
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Figure 5.2: Comparison of *®°N-NO, production rates from *°N-ammonia and °N-
urea in samples taken from Sapelo Island, Georgia (a-b); transects into the Atlantic
Ocean from the coast of Georgia — South Atlantic Bight (c-d); the Southern Ocean (e);
and the Gulf of Alaska (f). Black (blue) bars indicate ammonia oxidation rate, gray
(orange) bars indicate urea-N oxidation rate. Urea oxidation was not measured at some

time points (indicated by a *; ND in Table 5.1).
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Figure 5.3: Replicate experiments performed with the same water sample from
Sapelo Island (2013) showing *>N-NO, production rates. (a) A comparison of *°N-
ammonia and >N-urea oxidation rates in two separate experiments set up similar to those
in Figure 5.2. (b) Competition experiment investigating whether ammonia oxidation
rates from samples amended with *>N-labeled ammonia (50 nM) would change with the
addition of unlabeled ammonia or urea (5 uM). Two separate non-addition controls
(Controls #1, #2) were also run, showing that only ammonia decreased oxidation of °N-

ammonia.
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Figure 5.4: Hydrolysis of urea in samples collected (a) near Sapelo Island, Georgia, and

(b) in the Gulf of Alaska.
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Figure 5.5: Cell-specific rates of ammonia (blue circles) or urea-N (orange circles)
oxidation plotted against the transcript:gene ratio of amoA or ureC, respectively, for
each of the sample sites: Sapelo Island, Georgia in 2011 (a) and 2012 (b); transects into
the Atlantic Ocean from the coast of Georgia — South Atlantic Bight in April (c) and
October (d); the Southern Ocean (e); and the Gulf of Alaska (f). Regression lines and r?

values are shown for sites with more than two data points.
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CHAPTER 6
AMMONIA OXIDATION IN THE OPEN OCEAN IS INHIBITED BY HYDROGEN

PEROXIDE!

! Tolar, B.B., L.C. Powers, W.L. Miller, N.J. Wallsgrove, B.N. Popp, and J.T.
Hollibaugh. To be submitted to Nature Geoscience.
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SUMMARY

Thaumarchaeota are one of the most abundant groups of microorganisms,
estimated to be about 20% of total picoplankton in the ocean. They are chemoautotrophs
that oxidize ammonia to nitrite, mediating a key step in the global nitrogen cycle and are
thought to generate the greenhouse gas N,O in the process. Despite their almost
ubiquitous distribution, marine Thaumarchaeota are rarely observed in open-ocean
surface (<100 m) waters. We tested the hypothesis that this vertical distribution is driven
by reactive oxygen species (ROS), specifically by H,O,, which is generated by
photochemical and biological processes. Here we show that H,O, can be surprisingly
toxic to open-ocean Thaumarchaeota, with ammonia oxidation in Southern Ocean
samples inhibited by additions of as little as 10 nM H,0,. This sensitivity could explain
the seasonal disappearance of Thaumarchaeota from polar surface waters and suggests a

potential impact on the global nitrogen cycle.

MAIN TEXT

Photoinhibition has been postulated to reduce ammonia oxidation (AO), the first
step of nitrification, in both ammonia-oxidizing Bacteria (AOB; Hooper and Terry, 1973,
Olson, 1981; Ward, 1985) and Archaea (AOA; Church et al., 2003; Murray et al., 1998;
Murray et al., 1999a; Qin et al., 2014). Nitrification links key processes within the
nitrogen cycle (e.g., nutrient regeneration, assimilation, respiration) by converting the
most reduced form of inorganic N (ammonium) into the most oxidized (nitrate), which
can then be used by phytoplankton for primary production or denitrified and removed

from the pool of fixed N (reviewed in Ward, 2011). Early measurements of nitrification
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showed reduced or undetectable rates in surface waters (reviewed in Alleman et al.,
1987), which were attributed to light sensitivity of AOB. AOA are now generally
regarded as the dominant ammonia-oxidizing organisms (AOQ) in marine environments
(reviewed in Ward, 2011) and are members of the marine Thaumarchaeota (Spang et al.,
2010) — a group estimated to account for ~20% of the total prokaryotic cells in the ocean
(Karner et al., 2001). However, Thaumarchaeota do not often achieve high abundances
in the surface ocean (Agogué et al., 2008; Fuhrman et al., 1992; Herndl et al., 2005;
Karner et al., 2001; Massana et al., 1998; Mincer et al., 2007), with notable exceptions
during winter at higher latitudes and in polar regions (Massana et al., 1998; Murray et al.,
1998; Murray et al., 1999a; Pitcher et al., 2011; Wuchter et al., 2006). Attempts to
explain these patterns have focused primarily on competition with bacteria or
phytoplankton and on light inhibition (Church et al., 2003; Merbt et al., 2012; Murray et
al., 1999a; Smith et al., 2014b; Wells and Deming, 2003). However, most of these
theories are derived from negative correlations between environmental variables and
abundance. In the Southern Ocean, Thaumarchaeota populations decrease — especially in
surface waters (Church et al., 2003) — as irradiance increases during the transition from
winter to summer (Murray et al., 1998). This could indicate that photoinhibition or a
product of increased irradiance (such as reactive oxygen species, or ROS) has an impact
on Thaumarchaeota and, perhaps, on nitrification in general.

The photochemical production of ROS (i.e., H,O,, superoxide, singlet oxygen,
and hydroxyl radical; Imlay, 2008) proceeds at significant rates in sunlit waters (Figure
6.1a-d), creating a daily increase in ROS concentration that is ubiquitous in surface

seawater (Kieber et al., 2003). Since ROS can also be formed internally as by-products
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of biochemical reactions like photosynthesis and respiration, they must be removed to
prevent cell damage (Diaz et al., 2013; Dixon et al., 2013; Marshall et al., 2005).
Prokaryotes possess a number of mechanisms to protect themselves against the harmful
effects of ROS, including detoxifying enzymes and DNA repair systems (Imlay, 2008;
Figure 6.1e). A survey of the Integrated Microbial Genomes (IMG) database
(http://img.jgi.doe.gov/), however, indicated a potential deficiency of ROS-related genes
in Thaumarchaeota relative to Bacteria or Euryarchaeota (Table 1.1). All
Thaumarchaeota genomes sequenced to date possess at least one copy of superoxide
dismutase, which converts superoxide into H,O,; however, only Nitrososphaera
gargensis (isolated from a hot spring; Hatzenpichler et al., 2008) has an annotated
catalase (Table 1.1) — the most efficient enzyme known for detoxifying H,O, (Imlay,
2008). Thaumarchaeota have genes annotated as peroxiredoxin; however, peroxiredoxin
is less efficient than catalase and has been shown to remove H,0O, effectively only at low
intracellular concentrations (Imlay, 2008). The other peroxidases encoded in
Thaumarchaeota genomes may or may not directly detoxify H,O, (Mishra and Imlay,
2012). It is therefore possible that the distribution of Thaumarchaeota could be explained
by the absence of ROS detoxifying enzymes rather than by “competition” with Bacteria
or phytoplankton for ammonia.

Here we test the hypothesis that apparent photoinhibition of AO is actually the
result of toxic effects of H,O, generated external to the cell. We examined the sensitivity
of AO to the ROS species H,O, in AOO assemblages dominated by Thaumarchaeota
(Table 6.1) from a wide range of marine environments, including the Southern Ocean

near Palmer Station (Antarctica), the Gulf of Mexico, and the Gulf of Alaska (Figure
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6.2). Whole-seawater incubations were performed at in situ temperatures with additions
of *>N-labeled ammonium to determine rates of AO in the presence of H,0, added at
environmentally relevant (nM) concentrations (see Methods). We also quantified the
abundance of transcripts from amoA, which encodes one subunit of the ammonia
monooxygenase enzyme that catalyzes ammonia oxidation. Finally, we measured overall
microbial activity using leucine incorporation to determine the effects of H,O, on a
general cellular function (protein synthesis) for comparison.

AO rates were below detection in the Southern Ocean following addition of 30
nM H,0, to samples (Figure 6.3a-b), indicating that AOO in this region are extremely
sensitive to H,O,. This sensitivity could be due to typically low [H,05] during winter,
allowing microorganisms to survive without ROS detoxification systems. Measurements
of H,0, made in spring are low (2.9-14 nM) and match previous ranges (Resing et al.,
1993). The abundance of AOA amoA transcripts did not reflect the drastic decrease in
AO rates observed in treatments with H,O, additions (this was observed at all sites
sampled; Figure 6.4). Southern Ocean leucine incorporation rates were also reduced with
increasing H,O, concentration (Figure 6.5a); this reduction was less than that in AO rates
and was significantly different (average 17% vs. 67% reduction; t-test, p < 0.01).

The AO response to H,O, additions was variable in both the Gulf of Mexico
(Figure 6.3c) and the Gulf of Alaska (Figure 6.3d), with the greatest inhibition observed
at Stations B4 (GoM) and 033 (GoA) with any H,0O, addition. At Station C4 (GoM)
there was no difference in AO between samples with 0 or 100 nM added H,0,, and no
change was observed with amendments of up to 300 nM H,O, at Station 015 (coastal

GOA, 50 m). This may be due to the efficiency with which the surrounding microbial
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community detoxified H,O, (Table 6.2; Figure 6.6); however, differences in net decay
rate do not fully explain this variability, which may indicate a difference in the
composition of thaumarchaeote populations where some “ecotypes’ could be more or less
resistant to ROS stress. Rates of leucine incorporation (protein synthesis) also varied
with sample location; for example, we found no significant difference with increased
additions of H,O, at Stations C4 or A6 (GoM; Figure 6.5b).

Our data show that nanomolar concentrations of H,O, are harmful to open-ocean
AOQOOQ, with the most sensitive communities found in polar waters. We observed a
significant reduction of AO rates measured after the introduction of H,O, when
evaluating the entire dataset together (ANOVA, F =14.85, p < 0.001). Rates from both
low (target: 10-100 nM) and high (target: 30-300 nM; Table 6.2) H,0, additions were
significantly lower than control incubations (p < 0.001; Tukey’s HSD). There was no
significant difference between treatments when examining leucine incorporation rates (F
=0.17, p < 0.9), indicating that AO is more sensitive to H,O, toxicity than general
microbial metabolism.

Controlled light inhibition experiments have indicated that AO is reduced in the
presence of increased light for both AOB (Guerrero and Jones, 1996; Hooper and Terry,
1973; Hyman and Arp, 1992) and AOA (Merbt et al., 2012). None of these studies
measured concentrations of ROS produced in experiments. We have shown that
environmentally relevant [H,O,] can inhibit AO in bacterioplankton where
Thaumarchaeota are the dominant AOO. The sensitivity of AOA ammonia oxidation to
H,0, could explain their absence from surface waters, consistent with early theories for

photoinhibition of AO (Alleman et al., 1987); additionally, Hooper and Terry (1973)
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indicated that AO by Nitrosomonas europaea was inhibited by the addition of catalase
inhibitors. H,0, is produced in all sunlit marine waters, through both abiotic and biotic
processes where it can enter and damage cells that do not have detoxifying enzymes
(Figure 6.1).

The question remains as to why some Thaumarchaeota are sensitive to H,0,
(especially compared to Bacteria), given that they likely evolved in an oxygenic world
(Kelly et al., 2011; Spang et al., 2010). Most Thaumarchaeota reside in deeper waters
(Agogué et al., 2008; Fuhrman et al., 1992; Herndl et al., 2005; Karner et al., 2001;
Massana et al., 1998; Mincer et al., 2007) with lower H,O, concentrations, but some
clades have been found in the surface and coastal oceans, primarily at higher latitudes
(Massana et al., 1998; Murray et al., 1998; Murray et al., 1999a; Pitcher et al., 2011;
Wuchter et al., 2006). However, we have also described an abundant and active
community of Thaumarchaeota in coastal Georgia (Hollibaugh et al., 2011; Hollibaugh et
al., 2014; Chapter 4, Appendices C and D), where [H,0] are high especially during
summer (Appendix E). These Thaumarchaeota are less sensitive to H,O, (Figure E.1),
and the overall community at Sapelo Island appears to be distinct from other open-ocean
‘ecotypes’ and more similar to “Candidatus Nitrosopumilus maritimus” SCM1
(Hollibaugh et al., 2011; Hollibaugh et al., 2014). Thus, it appears that sensitivity to
H,0, may be a characteristic that could assist in subdivision of Thaumarchaeota into
meaningful ecotypes and could also support the previously described differences between
‘Group A’ (near-surface) and “Group B’ (deep) phylogeny (Beman et al., 2008; Beman et

al., 2010; Francis et al., 2005; Luo et al., 2014) and activity (Smith et al., 2014a).
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Mechanisms of H,O,-induced stress for Thaumarchaeota include iron, which can
increase oxidative damage through the Fenton reaction, leading to the formation of the
toxic hydroxyl radical (Imlay, 2008) and inactivation of iron-containing enzymes (Anjem
and Imlay, 2012; Sobota and Imlay, 2011). This process could occur inside the cell; in
addition, membrane-bound enzymes or transporters could also be damaged by exogenous
ROS. Enzyme damage can be reversed (or prevented) by replacement of Fe(l1l) with a
divalent metal, such as manganese (Anjem and Imlay, 2012), and analysis of
Thaumarchaeota genomes indicate replacement of Fe by Cu in the active site of many
enzymes, including ammonia monooxygenase and proteins in the electron transport
system (Amin et al., 2013; Walker et al., 2010). It is therefore possible that
Thaumarchaeota evolved to use Cu in place of Fe to reduce the burden of ROS stress,
rather than as a response to low Fe bioavailability. However, this comes at a cost in that
these organisms can now be copper-limited (Amin et al., 2013), particularly in coastal
ecosystems where bioavailable [Cu] may be low (Amin et al., 2013; Jacquot et al., 2014).

H,0, inhibition should lead to reduced nitrification, which could have profound
effects in systems where coupled nitrification-denitrification is important; for example, in
eutrophied coastal waters where this process removes excess fixed N. An increase in
concentrations of fixed N in coastal waters can support blooms of harmful algae and
excess primary production, which can lead to the formation of hypoxic (“dead”) zones
that can harm coastal fisheries (Rabalais et al., 2010). However, H,O, addition
experiments from Sapelo Island, Georgia, suggest that communities in coastal waters are
more resilient to ROS stress (Appendix E). Increased [Fe] in polar waters as a result of

glacial meltwater accompanying global warming (Bhatia et al., 2013; Raiswell et al.,
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2008) should also increase ROS production and phytoplankton growth (Paerl and Otten,
2013), which could lead to an altered N-cycle in these waters. As trends of decreased sea
ice cover in polar regions (and thus increased light penetration and photochemical
activity) are predicted to continue, the resulting ice melt (and therefore increased
exposure of surface communities to light) may negatively impact nitrification in polar
waters. Finally, open-ocean waters are where most nitrification occurs (Yool et al.,
2007), even in the euphotic zone (Smith et al., 2014a). As we have shown here that
open-ocean Thaumarchaeota are sensitive to H,O,, the potential impact of ROS on

ammonia oxidation worldwide should be a priority for future studies.

METHODS
Experimental Setup

Seawater samples were collected (Figure 6.2) in the Gulf of Mexico (GoM - R/V
Pelican, May 2012; Station C4 — 27° 55.169' N, 90° 22.072"' W; Station B4 — 28° 26.551'
N, 89° 45.577' W; Station A6 —28° 39.744' N, 88° 00.443' W), along the Palmer LTER
600 line in the Southern Ocean (Pal — ARSV Laurence M. Gould, September 2010;
Station 600.160 — 64° 12.657' S, 66° 15.600' W; and Station 600.080 — 64° 41.682' S, 65°
01.849' W), and in the Gulf of Alaska (GoA — R/V Melville, August 2013; Station 004 —
49° 34.194' N, 138° 40.188' W; Station 015 — 58° 59.968' N, 140° 59.956" W; Station 033
—49°57.343' N, 132° 40.094' W). Seawater was added to 4 L (Pal) or 10 L (GoM, GoA)
carboys and kept at in situ temperature (shipboard incubators — Pal; seawater flow-
through tank — GoM, GoA\) in the dark. *N-labeled ammonium (**NH,Cl; Cambridge

Isotope Laboratories) was added at a concentration of 50 nM (Beman et al., 2012;
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Santoro et al., 2010) to determine ammonia oxidation (AO) rates, and hydrogen peroxide
(H20g; Fisher — Pal; J.T. Baker — GoM, GoA) was added to experimental treatments at
target concentrations designated as either ‘low’ (10-100 nM) or ‘high’ (30-300 nM);
approximate H,O, additions varied by sample site (Table 6.2). H,O, concentrations in
stock solutions were determined by absorbance at 240 nm and a molar absorptivity of
38.1 Mt cm™ (Miller and Kester, 1988). Due to variability in measuring stock solutions,
adding H,O, to carboys, and subsequent mixing, measured concentrations of H,O,
additions at T=0 did not always correspond to the target concentration. Therefore, initial

[H20,] was estimated by modeling H,O, decay (Table 6.2) when possible.

RNA Extraction and Quantification

After incubation for 6 hours with H,0,, samples were filtered directly onto 47
mm (Pal) or 142 mm (GoM, GoA) 0.22 um pore size GVWP filters (Millipore), which
were frozen in RNAlater (Ambion) until extraction. RNA was extracted following
previously described methods (Gifford et al., 2011; Poretsky et al., 2008) with the
replacement of 200 um zirconium beads (OPS Diagnostics) for the initial bead-beating
step. DNA was removed after extraction with the TURBO DNase-Free Kit (Ambion)
following manufacturer’s instructions with an additional enzyme treatment at 2X
concentration. RT-gPCR reactions targeting amoA transcripts were performed using the
One-Step RT-gPCR SYBR Mix (BioRad), archaeal amoA primers (Wuchter et al., 2006),
and 1-2 pL of RNA template. AOB amoA transcripts were either not detected or below
the limit of detection in any of our samples (data not shown). gPCR reaction conditions

follow previous methods Kalanetra et al. (2009) with the addition of a 15 minute
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incubation step at 50°C for reverse transcription of RNA to cDNA prior to the initial
denaturation at 95°C. Raw transcript abundance (copies L™ of RNA extract) was
converted to transcripts L™ using the volume filtered and an elution volume of 100 pL,
assuming 100% extraction efficiency. DNA extraction, quantification of Archaeal and
Bacterial genes using qPCR, and calculation of gene copies L™ were performed as

previously described (Tolar et al., 2013; Chapter 2).

Ammonia Oxidation Rate Measurements

Ammonia oxidation (AO) rates were measured during dark incubations at in situ
temperature for 24 h (GoM), 48 h (GoA), or 96 h (Pal) with >°NH,CI. Controls were
filtered sample water or frozen immediately after addition of tracer. Incubations were
terminated by freezing samples at -20 or -80°C and kept frozen until analysis. Samples
were analyzed using the “denitrifier’ method (Sigman et al., 2001) with Pseudomonas
aureofaciens cultures maintained in the Stable Isotope Biogeochemistry Laboratory at the
University of Hawai‘i — Manoa and the 8"°N value of the resultant N,O measured as
described previously (Dore et al., 1998; Popp et al., 1995). Briefly, NO, and NO3
present in each sample were converted to N,O gas through denitrification by P.
aureofaciens, transferred from the reaction vial, cryofocused, and separated from other
gases using a CP-PoraBOND Q capillary column (0.32 mm inner diameter x 25 m x 5
um) at 20-25°C. The mass of N,O was measured using a MAT-252 isotope ratio mass
spectrometer (Finnigan) to determine how much of the *>NH; tracer was introduced to the
NOy pool through AO (Beman et al., 2008; Christman et al., 2011). Catalase (0.6 ug L™

final concentration) was added to thawed samples that were then incubated at room
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temperature for 30-60 minutes to prevent inhibition of P. aureofaciens growth or
denitrification ability by residual H,O,. Calculation of the AO rate from 5"°N values was

performed as previously described (Beman et al., 2012; Christman et al., 2011).

Leucine Incorporation Rate Measurements

The response of all prokaryotes to H,O, was measured using *3C-leucine (GoM,
GoA) or *H-leucine (Pal), added to a final concentration of 100 nM. For *C-leucine
incorporation, samples were incubated for 6 hours at in situ temperature, filtered through
GF/F filters, and killed using ice-cold 5% trichloroacetic acid. Filters were frozen until
analysis on an Isotope Ratio Mass Spectrometer (IRMS) after flash combustion of sample
carbon to 3*CO, by R. Culp (UGA Center for Applied Isotope Studies; GoA) and T.
Maddox (UGA School of Ecology Analytical Chemistry Laboratory; GoM). Samples
from the Antarctic amended with *H-leucine (100 nM) were incubated for 6 hours in 10
mL test tubes at in situ temperature in the dark, filtered onto 0.22 um GSWP filters
(Millipore), dissolved in ethyl acetate, and counted directly using a Perkin Elmer Tri-carb

2900 liquid scintillation counter.

Hydrogen Peroxide Concentrations

H,0, was measured first in the Southern Ocean using the POHPAA method
(Miller and Kester, 1988) on samples that were first reacted, then frozen and measured on
an Aqualog fluorometer (Horiba Scientific). As this was a preliminary experiment, only
a subset of samples had detectable H,O, concentrations (Table 6.2). For the remaining

experiments, we switched to a more sensitive method using a FeLume
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chemiluminescence (CL) system (Waterville Analytical; Figure 6.7) with modifications
to previous protocols (King et al., 2007). Briefly, H,O, reacts with 10-methyl-0-(p-
formylphenyl)-acridinium carboxylate trifluoromethanesulfonate (acridinium ester, AE;
provided by James Kiddle, University of Western Michigan) at alkaline pH, forming a
chemiluminescent product that can be quantified using flow injection analysis. In the
FeLume system, we used a peristaltic pump (Rainin, operated at 15 RPM) to run the
reagent and the carrier/sample plug to a flow cell located in front of a photomultiplier
tube (PMT) detector (Hamamatsu HC135 photon counter, operated at 900 V with an
integration time of 400 ms). The sample loop (195 uL volume) was filled with sample
seawater using a plastic syringe to flush at least 1 mL of sample through the loop. This
system takes about 60 seconds for each measurement, and H,O, can be measured in
solution in real time. In addition, it is very sensitive, with a limit of detection of 350 pM
for open ocean seawater (King et al., 2007).

Operating conditions and instrument set-up (Figure 6.7) were as follows: (1)
sample syringe, (2) peristaltic pump: carrier — 0.2 M HCI, CL reagent— 1 uM AE,
carbonate buffer — 0.1 M pH 10.4, (3) acid wash loop (unused), (4) 10-port valve dual
injection (VICI), (5) sample loop, and (6) flow cell. The optimal pH for the reaction of
H,0,and AE is 11.3 (King et al., 2007), but mixing seawater and alkaline carbonate
buffer causes the precipitation of magnesium hydroxide in the flow cell. To prevent this
precipitate from blocking the flow cell and decreasing the PMT signal, King et al. (2007)
added an acid wash loop to the injection valve. Instead, we decided to lower the buffer
pH to 10.4 and to use dilute acid as the carrier, which also helped to deceased background

CL. A2 mM H,0, stock solution was prepared from 30% H,O, (J.T. Baker) in ultrapure
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water and checked spectrophotometrically as above. Standards were prepared in aged
seawater and checked for low H,0O, with H,O, blanks of aged seawater with added
catalase (20 uL of 100 units L™ catalase to 20 mL seawater). Under these conditions, the
H,0O, detection limit, defined as three times the standard deviation of the blank, was 2-5
nM.

While the overall decay of hydrogen peroxide should be second order (Zepp et
al., 1987), decay in addition experiments generally followed first-order kinetics with

respect to hydrogen peroxide concentration,

m == obs[Hzoz]

dr (6.1)
where kqps is the observed rate constant (h™). By integrating Equation (6.1), H,0, decay
can be modeled with the following equation

[H,0,]=[H,0,],e (6.2)
where [H20:]o is the initial peroxide concentration. For each experiment, H,O, data were
fit to Equation (6.2) with a non-linear regression of H,O, vs. time using the curve fitting
toolbox in MATLAB® and both [H,0-]o and ks Were used as fitting parameters. Half-
lives varied for each environment, ranging from 5 to over 120 h (Table 6.2).

Statistical analysis was performed with R (http://www.r-project.org/) using the
commands ‘aov’ for one-way analysis of variance (ANOVA), ‘TukeyHSD’ for the
Tukey’s honestly significant difference (HSD) test, and ‘t.test” for Student’s t-test (all
from the stats package included with R). Rate data were scaled to remove negative

values and log-transformed to prevent bias from higher rates obtained in some samples.
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Percent reduction of rates (AO and leucine incorporation) was calculated by dividing a

given rate by the average rate from a non-H,O; addition control.
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Table 6.1: Summary of data from ROS Experiments with H,O, additions.

site | station | PePth/ | H202Addn | Avg N Oxid. Rate | Avg Leu. Incorp. Rate Initial [H,0,]
Time (nM) (nM d?) SD (pM h™) SD (nM) SD
600.080 | 10m 0 2.46 0.96 ND ND
600.080 | 10m 30 0.21 1.03 ND ND | 1427 | 27.16
600.080 | 10m 100 20.04 0.34 ND ND
600.080 | 75m 0 7.96 0.34 ND ND
600.080 | 75m 30 2.56 2.18 ND ND| 2.86 8.85
600.080 | 75m 100 20.97 0.79 ND ND
600.080 | 300m 0 7.06 3.25 ND ND
600.080 | 300m 30 0.60 0.55 ND ND| 6.95 11.88
Sg‘f:aer:” 600.080 | 300m 100 353 0.01 ND ND
010 | 600160 | 10m 0 72.35 6.36 8.80 1.89
600.160 | 10m 30 0.69 0.24 6.92 292| ND ND
600.160 | 10m 100 0.10 0.21 2.29 1.82
600.160 | 55m 0 219.53 44.05 13.02 0.23
600.160 | 55m 30 216 0.71 3.12 159 | ND ND
600.160 | 55m 100 0.72 1.14 1.47 0.77
600.160 | 300m 0 34.94 6.16 2.68 1.10
600.160 | 300m 30 2.01 1.75 5.59 249| ND ND
600.160 | 300m 100 0.15 0.27 271 0.08
C4 200 m 0 36.21 0.09 19404 |  194.19
C4 200 m 100 27.69 7.72 -34.62 23.00| 1633 | 457
fﬂgglg(f) C4 200 m 300 24.21 3.11 37.23 50.38
012 B4 200 m 0 42.49 0.45 2.64 457
B4 200 m 100 31.81 7.08 22.37 19.09 | 28.06 6.14
B4 200 m 300 15.82 7.45 114.03 18.38
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site | station | PePth/ | H202Addn | Avg N Oxid. Rate | Avg Leu. Incorp. Rate Initial [H,0,]
Time (nM) (nM d?) SD (pM h™) SD (nM) SD
Gulf of A6 200 m 0 8.03 2.65 276.45 291.79
Mexico A6 200 m 100 5.95 0.27 55.06 26.25 | 14.62 3.36
2012 AB 200 m 300 2.73 1.18 280.02 107.54
004 200 m 0 24.88 14.36 563.63 184.81
004 200 m 100 23.84 0.09 619.79 58.62 | 6.87 3.94
Gulf of 004 200 m 300 10.88 9.76 686.16 130.21
Alaska 010 200 m 0 2.88 0.48 ND ND
2013 010 200 m 30 4.90 0.78 ND ND
010 200 m 100 2.95 0.32 ND ND 12.11 167
010 200 m 300 1.14 0.01 ND ND
015 50 m 0 81.97 1.44 4811.39 | 9620.10
Gulf of 015 50 m 30 76.04 5.18 6137.09 | 3802.80 | . g 357
Alaska 015 50 m 100 77.07 5.91 1149.03 |  4355.20
2013 015 50 m 300 77.37 6.17 864.17 | 7385.51
033 200 m 0 32.99 2.61 165.98 12.25 | 1 oo 154
033 200 m 30 20.78 1.98 359.37 163.28
015 50 m 0 81.97 1.44 4811.39 | 9620.10
Gulf of 015 50 m 30 76.04 5.18 6137.00 | 3802.80 | . g 357
Alaska 015 50 m 100 77.07 5.91 1149.03 |  4355.20
2013 015 50 m 300 77.37 6.17 864.17 | 7385.51
033 200 m 0 32.99 2.61 165.98 1225 | 1, 154
033 200 m 30 20.78 1.98 359.37 163.28

ND = not determined; LD = below limit of detection; SD = standard deviation

Values in bold indicate negative rate values due to a high control - these values are assumed to be zero.
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Site Station Depth / ;Iégrz] Archaeal Archaeal Thaum. | AOBamoA | Bacteria
Time (nM) amoA mRNA | amoA gene | 16S rRNA gene 16S rRNA
600.080 10m 0 3.60E+06
600.080 10m 30 1.29E+06 4.80E+06 4.20E+06 1.29E+05 9.53E+07
600.080 10m 100 1.51E+06
600.080 75 m 0 6.86E+06
600.080 75m 30 1.78E+06 3.27E+06 3.04E+06 5.06E+04 1.17E+08
600.080 75 m 100 1.67E+06
600.080 300m 0 1.47E+06
600.080 300m 30 1.52E+06 2.15E+06 1.29E+06 7.30E+03 1.06E+07
Sg‘fg‘:r:” 600.080 | 300m 100 5.24E+05
2010 600.160 10m 0 6.97E+06
600.160 10m 30 1.13E+07 2.84E+06 3.43E+06 8.40E+03 1.11E+08
600.160 10m 100 3.52E+06
600.160 55m 0 8.36E+06
600.160 55m 30 3.58E+06 2.69E+06 4.73E+06 7.41E+03 1.44E+08
600.160 55m 100 5.47E+06
600.160 300m 0 1.51E+06
600.160 300m 30 1.96E+05 1.88E+06 1.16E+06 4.21E+03 1.23E+07
600.160 300m 100 1.79E+05
C4 200 m 0 7.24E+04
C4 200 m 100 3.88E+04 2.22E+06 1.25E+06 9.95E+02 3.13E+09
SI‘;'I"‘:’; C4 200 m 300 7.99E+04
2012 B4 200 m 0 2.40E+04
B4 200 m 100 7.99E+03 6.99E+06 4.68E+06 3.22E+03 3.83E+09
B4 200 m 300 4.63E+03
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Site Station Depth / :égrz] Archaeal Archaeal Thaum. | AOBamoA | Bacteria
Time (NM) amoA mRNA | amoA gene | 16S rRNA gene 16S rRNA
Gulf of A6 200 m 0 1.07E+04
Mexico A6 200 m 100 6.33E+04 1.07E+05 2.70E+06 3.13E+03 1.97E+09
2012 A6 200 m 300 1.87E+04
004 200 m 0 2.36E+04
004 200 m 100 6.57E+04 1.27E+07 1.33E+07 1.93E+04 2.39E+09
Gulf of 004 200 m 300 1.21E+04
Alaska 010 200 m 0 2.11E+04
2013 010 200 m 30 3.66E+04
. + . + . + . +
010 200 100 4395404 1.40E+07 2.20E+07 1.85E+04 3.78E+09
010 200 m 300 1.66E+04
015 50 m 0 4.76E+05
Gulfof —L° S0 m 30 L87E+05S | 4 j4p07 | 1.08E407 | 2.47E+06 | 3.01E+09
015 50 m 100 6.58E+05
Alaska
013 |t em T 0 | o
m
. + . + . + . +
033 200 30 ND 5.89E+06 7.05E+06 5.45E+03 8.88E+08
015 50 m 0 4.76E+05
Gulf of 0% S0 m 30 L8TE+0S | 4 ap+07 | 1.08E+07 | 2.47E+06 | 3.01E+09
015 50 m 100 6.58E+05
Alaska
2013 gég 25000m 380 3.32NE[;05
m
5.89E+06 7.05E+06 5.45E+03 8.88E+08
033 200 m 30 ND

ND = Not determined.

Gene (amoA, 16S rRNA) and transcript (AOA amoA only) abundance data is in copies L™ filtered sample.
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Table 6.2: Decay rates and initial H,O, concentrations in ROS incubations.

. . | mitiar | Nominal Decay Rate , | Initial [H,0.1° | | Prokarya | [H,0,],
ample ID* |y 5y | [H202] (NM/h) R T Cells/L | (modeled)” | Ko | g2 | T
Addition m SD b SD (1/h) (h)
GOM12C4 | . | 100nM 074 | 005 | 009 | 1631 | 0.84 | | 313E+09 | 2001 | 0025 | 0.77 | 27.41
GOM12 C4 300 NM 459 | 175 | 078 | 4643 | 30.60 | | 313E409 | 5606 | 0.031 | 0.83 | 22.40
GOM12B4 | o | 1000M 283 | 016 | 009 | 2342 | 273 | | 3.83E+09 | 2812 | 0033 | 0.86 | 20.82
GOM12 B4 300 NM 11093 | 453 | 075 | 731.0 | 79.00 | | 3.83E+09 | 839.3 | 0.032 | 0.93 | 2161
GOM12A6 | , ., | 100nM 398 | 045 | 098 | 1973 | 8.69 | | 1076409 | 1611 | 0019 | 0.73 | 36.85
GOMI2 A6 300 M 1223 | 245 | 094 | 5558 | 4160 | | 1.97E+09 | 4637 | 0.022 | 0.74 | 31.90
GoASN004 | . | 100nM 051 | 038 | 032 | 1122 | 1990 | | 240E+09 | 1431 | 0011 | 0.87 | 61.45
GoA Stn 004 300 M 098 | 024 | 081 | 3122 | 1230 | | 240E+09 | 4183 | 0011 | 0.91 | 63.77
GoA Stn 010 30 M 046 | 006 | 090 | 6419 | 549 | | 2126409 | 7337 | 0016 | 0.88 | 44.49
GOASIN010 | 877 | 100nM .07 | 011 | 094 | 15757 | 9.26 | | 2126409 | 1683 | 0012 | 0.84 | 56.77
GoA Stn 010 300 nM 264 | 039 | 089 | 4020 | 3348 | | 2126409 | 4186 | 0011 | 0.76 | 63.42
GoA Stn 015 30 M 005 | 007 | 005 | 529 | 309 | | 3026409 | 5971 | 0.005 | 055 | 127.6
GOA Stn015 | 1559 | 100 nM 089 | 022 | 067 | 1602 | 7.58 | | 3.02E409 | 1688 | 0.010 | 0.88 | 70.39
GoA Stn 015 300 NM 271 | 027 | 003 | 4329 | 1170 | | 3.02E+09 | 4535 | 0010 | 0.97 | 68.97
GOASIN033 | 1427 | 30nM 254 | 081 | 071 | 692 |11.60| | 8.95E+08 | 8334 | 0129 | 0.93 | 539

*GOM12 = Gulf of Mexico (May 2012); GoA = Gulf of Alaska (August 2013); Stn = Station.

*Decay rate determined from slope, a negative slope indicates decay; *Initial [H,0-] determined from y-intercept;

"Calculations for [H,0,]o modeled are described further in the Methods; Model: [H,0] = [H20,]o*e™™

Decomposition of H,0, is overall 2" order (1% order with respect to [H,0,], 1% order with respect to algal biomass (Zepp et al., 1987)
*d[H20,]/dt = -kops[H20] (modeled using nonlinear curve fit)
*d[H20,]/dt = -k¢g[H202][biomass] (kq = specific decay rate) Kq = - Kops/[Diomass]
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Figure 6.1: Sources and effects of ROS in marine environments. ROS (here,
superoxide and hydrogen peroxide) can be introduced in surface waters via (a)
phytoplankton as by-products of photosynthesis, (b) photochemical reactions of colored
dissolved organic matter (CDOM) and metals, (c) rain, and (d) production by
heterotrophic bacteria. When prokaryotic cells come into contact with ROS (e),
molecules such as DNA, protein, and lipids can become damaged unless enzymes like
superoxide dismutase (SOD) or catalase (Cat) are produced to detoxify ROS (Imlay,
2008). As shown above, ammonia oxidation by marine Thaumarchaeota (AOA) is

particularly sensitive to ROS.
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Figure 6.2: Locations of sample sites where H,O, experiments were performed. (a)

Gulf of Mexico; (b) Southern Ocean west of the Antarctic Peninsula; (c) Gulf of Alaska.
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Figure 6.3: >’N-Ammonia oxidation rates. Rates of ammonia oxidation as measured
with a >N-ammonium tracer after addition of H,O, in the Southern Ocean (a, b; symbols
represent sample depth), Gulf of Mexico, and Gulf of Alaska (c and d, respectively;

symbols represent stations sampled).
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Figure 6.4. Archaeal amoA transcripts quantified by RT-qPCR using RNA collected
from the Southern Ocean (a, b; symbols represent sample depth), Gulf of Mexico, and

Gulf of Alaska (c and d, respectively; symbols represent station sampled).
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Figure 6.5. Bacterial incorporation of L-leucine measured in the Southern Ocean (a;
symbols represent sample depth), the Gulf of Mexico, and the Gulf of Alaska (b, c,
respectively; symbols represent station sampled). Incubations were performed using *H-

(a) or C-labeled (b, c) L-leucine.
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Figure 6.6: Decay of hydrogen peroxide in ROS experiments from the Gulf of Mexico
(a-c) and Gulf of Alaska (d-f) in control (black), 30 nM H,0, (purple), 100 nM H,0,
(orange), and 300 nM H,O; (blue) incubations. Symbols represent measured H,O,

concentrations, while curves represent modeled decay rates.
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Figure 6.7: Modifications to the FeLume parameters as described in King et al.
(2007). Operating conditions indicated with bracketed numbers [#] described in the

Methods section.
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CHAPTER 7

CONCLUSIONS

This dissertation aimed to determine the factors controlling distribution patterns
of Thaumarchaeota abundance and ammonia oxidation in a variety of marine
environments. | collected samples from coastal (Sapelo Island, Georgia) and open ocean
environments (Gulf of Mexico, Gulf of Alaska), as well as polar (Southern Ocean) and
temperate (South Atlantic Bight) waters to gain a broad understanding of global
distributions of marine Thaumarchaeota. Quantitative PCR (qPCR) was primarily used
to determine this abundance, and | used assays targeting Thaumarchaeota genes (16S
rRNA - rrs, amoA, accA, ureC) and transcripts (amoA, ureC) in addition to pSL12 rrs (a
proposed group of AOA), Bacteria rrs, AOB amoA genes and transcripts, Nitrospina rrs
(NOB), and Diatom 18S rRNA. This combination of assays allowed me to compare
distributions of Thaumarchaeota against other microorganisms in the same water sample,
especially those involved in the nitrogen cycle. 1 also used *>N-labeled ammonia to
determine rates of ammonia oxidation and thus query the apparent activity of
Thaumarchaeota (AOA) in a given system. We examined a suite of environmental
variables in each study presented here, to determine correlations with Thaumarchaeota
abundance, transcriptional activity, and ammonia oxidation through the use of a variety
of statistical techniques including Principal Components Analysis (PCA) and Multi-

Dimensional Scaling (MDS).
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As a preliminary survey of natural populations of Thaumarchaeota to test g°PCR
primers and to identify factors responsible for their distribution, samples were collected
in the northern Gulf of Mexico in March 2010 (Chapter 2). | surveyed the region
influenced by the Mississippi River plume and found that Thaumarchaeota abundances
correlated with depth, temperature, oxygen concentration, and pH. | found a diverse
community of Thaumarchaeota in the Gulf of Mexico, with distinct differences in
composition at different sample depths. Finally, estimates of Thaumarchaeota rrs
relative abundance determined using qPCR and pyrosequencing were strongly correlated
(r* = 0.82), indicating that either method is an acceptable means for determining
Thaumarchaeota distributions in marine systems.

A second research cruise was taken to Palmer Station, Antarctica, in September
2010, where samples were collected to measure abundance, activity, and nitrification
rates during the austral spring (Chapter 3). These samples were analyzed with others
collected in the same region during the summer (January 2011, and 2006). Comparison
of the data sets showed that Thaumarchaeota abundances were equivalent at surface and
mid-depths in the spring (Antarctic Surface Water, AASW), but were virtually absent
from surface waters sampled in summer (Summer Surface Water, SSW) and had
decreased in abundance at mid-depths (Winter Water, WW). Thaumarchaeota abundance
in deep waters (Circumpolar Deep Water, CDW) was relatively constant, regardless of
season. Regardless of water mass, nitrification rates were high in this region (0.52-140
nM d™*) compared to previous measurements made in the Southern Ocean, indicating that
this process has been significantly underestimated in Antarctic waters. Interestingly,

ammonia oxidation rates did not show a consistent relationship with the abundance of
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Thaumarchaeota ammonia monooxygenase (amoA) genes or transcripts, or with the ratio
of genes to transcripts, which calls into question the use of these molecular measurements
as a proxy for ammonia oxidation rates. Overall, properties of Southern Ocean water
masses (depth, salinity, temperature) were the most significant in explaining differences
in Thaumarchaeota gene abundances, indicating distinct communities between the WW
and CDW in particular.

Quarterly sampling at Marsh Landing in the shallow coastal waters around Sapelo
Island, Georgia, from 2008-2014 revealed a mid-summer “bloom” of Thaumarchaeota
(increase in abundance 100- to 1000-times) that appears to occur each year. This
dynamic is in stark contrast to distribution patterns elsewhere, where Thaumarchaeota are
only abundant in deeper waters or are only found in surface waters in winter. In Chapter
4, | analyzed samples collected weekly at Marsh Landing to tease out fine-scale temporal
variability in Thaumarchaeota abundance. | found that this bloom corresponded with
increased temperature and nitrite, and decreased pH and oxygen; any of these factors
could potentially “cause” this bloom on Sapelo Island (save for nitrite, which is produced
by ammonia oxidation resulting from the bloom), but another perhaps unmeasured factor
(possibly copper or another trace metal) could be involved. Additional samples collected
in waters surrounding Sapelo Island and in shelf waters of the South Atlantic Bight
(Appendix D) indicate that this bloom is restricted to coastal regions in summer (August)
and fall (October), and Thaumarchaeota abundances are not above background anywhere
during spring (April).

Previous studies suggested the possibility that Thaumarchaeota could be

mixotrophic, and anomalous amoA:rrs ratios detected in the Antarctic WW layer during a
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cruise in 2006 suggested that the Southern Ocean could be an ideal location to investigate
further. 1 used a variety of *>N-labeled organic substrates, including urea, to test this
hypothesis. Subsequently, it was proposed that Thaumarchaeota in polar regions (and
elsewhere) could use urea as an alternate substrate for ammonia oxidation, particularly in
situations where ammonia concentrations were limiting. 1 used both *>N-labeled urea and
ammonia as tracers to compare rates of NOy production in both polar and temperate
regions (Chapter 5). The results from this study showed that oxidation of urea-N was
variable, with the majority of samples we tested exhibiting rates of ammonia oxidation
1.3 to 130-fold higher than oxidation of urea-N. The exceptions where oxidation of urea-
N was faster than oxidation of NH, (15 versus 5.4 nM d', respectively) were all at high
latitudes (Southern Ocean and Gulf of Alaska) and between 70-200 m depth (including
Antarctic Winter Water samples). Additional evidence indicates that the N in urea is
released into the ammonia pool by hydrolysis prior to oxidation. This implies that direct
oxidation of urea-N by marine Thaumarchaeota is not likely to contribute significantly to
either nitrification or to the energetics of Thaumarchaeota, except in polar waters. The
cases we found for preferential use of urea over ammonia suggest that there may be
specific ecotypes of Thaumarchaeota adapted to using urea either directly or more
efficiently.

Thaumarchaeota distributions are commonly observed to covary with depth and
oxygen in my data sets (and elsewhere). | pursued a hypothesis that reactive oxygen
species (ROS) could be important to determining Thaumarchaeota distributions. These
studies are described in Chapter 6. Near surface waters are subjected to photochemical

perturbation by solar irradiation, which can react with oxygen and dissolved organic
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matter to form ROS. ROS are also formed as by-products of photosynthesis and
respiration, and could be why Thaumarchaeota are absent in surface waters. Although
most organisms produce enzymes to combat ROS, Thaumarchaeota do not have catalase,
which detoxifies H,O,. This hypothesis was tested in a variety of marine environments
using seawater incubations with varying H,O, additions. We measured transcription and
nitrification rates and found that in all locations, nitrification is inhibited with increased
H,0,, with the most sensitive populations coming from Antarctic waters and the least
sensitive populations from Sapelo Island, Georgia (Appendix E). We believe this is a
result of differences in the surrounding microbial community’s ability to remove H,0,
via catalase and reduce the toxicity to Thaumarchaeota.

As methods to study uncultured organisms improve — including single-cell
genomics and transcriptomics, advanced microscopy techniques, better cultivation
strategies, etc. — molecular-based surveys of gene distributions like those showcased in
this dissertation will become useful for preliminary ecosystem analysis. Correlations
between Thaumarchaeota abundances and environmental measurements are important for
targeting more experimental-based approaches and manipulations (much like ROS
additions presented in Chapter 6) to tease out factors that directly influence the growth
and activity of this group. Environmental factors (including water temperature and pH)
that | found to be potentially important drivers of Thaumarchaeota distributions will
change as a result of global climate change. Therefore, directed experiments using
mesocosms, enrichment cultures, or pure cultures are crucial to understand and predict

the effects of a changing world on the global nitrogen cycle.
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APPENDIX A
SUPPLEMENTARY MATERIAL: AN ANALYSIS OF THAUMARCHAEOTA

POPULATIONS FROM THE NORTHERN GULF OF MEXICO*

! Tolar, B.B., G.M. King, and J.T. Hollibaugh. 2013. Frontiers in Microbiology. 4:72.
Reprinted here with permission of the publisher.
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SUPPLEMENTARY METHODS
Quantitative PCR (qPCR) standards

Standards for gPCR reactions were constructed as in Kalanetra et al. (2009).
Briefly, environmental DNA was amplified using gene-specific sequencing primers
(Thaumarchaeota rrs, Archaeal amoA, Bacterial amoA) or gPCR primers (accA) under
standard PCR conditions. For Bacterial rrs gPCR, E. coli genomic DNA was used. The
resulting PCR product was loaded onto an agarose gel, electrophoresed, and a band of
expected product size was excised. This band was purified using the QIAquick® Gel
Extraction Kit (QIAGEN) and cloned into E. coli TOP10 chemically competent cells
after insertion into a TOPO 4 vector (Invitrogen) using the manufacturer’s instructions.
Clones were selected at random and sequenced to check insert specificity. Those with
positive insertions were grown overnight in LB broth with ampicillin, and plasmids were
extracted using the QIAprep Spin Miniprep Kit® (QIAGEN). Plasmids were linearized
using the restriction enzyme Notl (New England Biolabs), then purified in the same
manner as PCR products above. Concentrations of linearized plasmid DNA were

T™ PicoGreen® dsDNA reagent (Invitrogen) using a Picofluor

measured with the Quant-i
handheld fluorometer (Turner Designs). Gene concentration calculations were based on
measured DNA concentrations, plasmid length, and insert sequence length. Standards

were then diluted to a range of 10" to 10" copies pL™* for each reaction.

Thaumarchaeota hcd gene assay
In addition to accA, another gene in the 3-hydroxypropionate/4-hydroxybutyrate

pathway, hcd, encoding the enzyme 4-hydroxybutyryl-CoA dehydratase, has been
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suggested as a potential marker for carbon fixation in Thaumarchaeota (Offre et al.,
2011). Primers for this gene have been developed and tested on soil Thaumarchaeota
populations (Offre et al., 2011). We explored using these primers to quantify hcd
abundance in our samples. We were unable to obtain the desired amplification specificity
with these primers and our samples (determined by agarose gel electrophoresis then

cloning and sequencing putative amplicons, see below).

Gene abundance and ratio calculations

The number of gene copies detected by gPCR (copies per reaction) was converted
to environmental concentrations (copies L™) using the original sample volume filtered
(~1 L), the portion of the lysate purified (800 of 2000 pL), the final volume of the
purified extract (50 uL, we also measured DNA concentration in this extract), and the
portion of the purified DNA extract used in each qPCR reaction (2 uL). This calculation
assumes that all bacterioplankton cells were collected on the filter, that the DNA
contribution from eukaryotes was negligible, that all of the DNA from all of the cells
collected on each filter was released into the lysate, then extracted and purified from the
lysate and detected by qPCR with 100% efficiency by our methods (see discussion and
calibration in Kalanetra et al., 2009). The contribution of Thaumarchaeota to the
prokaryotic population was estimated from Thaumarchaeota and Bacteria rrs abundance
by assuming 1.8 rrs per Bacteria genome (Biers et al., 2009), 1.0 rrs per Thaumarchaeota
genome (IMG database) or 2.0 rrs per NOB genome (Mincer et al., 2007).
Thaumarchaeota abundance was then divided by the total prokaryotic abundance

(Bacteria plus Thaumarchaeota; Euryarchaeota were present in some samples but were
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never abundant, see below, and were not measured by gPCR) to calculate the
contribution of Thaumarchaeota cells to the prokaryotic community. Ratios of gene
abundance in a given sample were calculated directly from the qPCR data (copies uL’l of

extract).

BEST analysis

BEST analysis was performed for all samples collected in addition to the subset
of samples for which nutrient data were available. Nutrient data were collected by
researchers interested in modeling phytoplankton growth and thus were only available for
near-surface samples. For these samples, gene abundances were log transformed and
resemblance distances for each gene between samples were calculated using Bray-Curtis
similarity; resemblances for environmental data were calculated using the Euclidean
distance. The resultant similarity matrices were combined and analyzed with Biota
and/or Environment matching (BioEnv) through the BEST (Clarke, 1993) procedure in
PRIMER (Clarke and Gorley, 2006). The significance of BEST results for each gene was
tested using 999 permutations, and the null hypothesis of no species-environment

relationship was rejected for all results with p <0.001.

SUPPLEMENTARY RESULTS
Gene ratios

Ratios of archaeal amoA: Thaumarchaeota rrs ranged from 0.001 (B5-760 m) to
6.6 (G1-15 m) when using the Wuchter primers to quantify Thaumarchaeota amoA

(Table 2.2, Figure A.5a). Low ratios of amoA:rrs seemed to coincide with deep (>100 m)
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samples (Table 2.2, Figure A.5a). In contrast, ratios of amoA:rrs ranged from 0.002 to
1.9 with an average of 0.5 when Thaumarchaeota amoA abundance was estimated using
the Francis primers. The Francis primer set detected more amoA genes below 200 m
depth, sometimes up to 1000 times more than the Wuchter primer set (Figure A.6). In
contrast, estimates of amoA abundance in near-surface (<100 m) samples using the
Wuchter primers were 10 to 100-fold greater than estimates based on the Francis primers
(Figure A.6). Ratios of accA:Thaumarchaeota rrs ranged from 0.0002 to 1.3 (Table 2.2).
We detected the fewest copies of accA per Thaumarchaeota rrs in near-surface (<100 m)

samples (Figure A.5b).

Thaumarchaeota hcd genes

hcd PCR products were also obtained using the primer set from Offre et al.
(2011). However, the hcd primers yielded 3 bands of ~200 bp, ~350 bp and ~400 bp by
agarose gel electrophoresis. Analysis of sequences from the ~200 bp band indicated non-
specific amplification, so these sequences are not considered further. Sequences from the
~350 and ~400 bp bands were most similar to hcd from Thaumarchaeota (BLASTX to the
RefSeq database). Since non-specific amplification prevented reliable gPCR
quantification of hcd in our samples, we did not pursue this marker further. The
sequences obtained from ~350 and ~400 bp bands have been submitted to GenBank

(NCBI) under accession numbers KC409223 to KC409237.
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Community composition

As expected, phylogenetic analysis of amoA nucleotide sequences (Figure A.1a)
revealed more diversity than was apparent in inferred amino acid sequences, with 47
OTUs (97% similarity cutoff; Table A.4) identified in the 100 m and 200 m samples from
Station D5. Seventeen of the 47 amoA OTUs only contained sequences from 100 m (1-
22 sequences in each OTU), while 23 OTUs only contained sequences from 200 m (1-8
sequences in each). The amoA sequence most similar to either “Candidatus
Nitrosopumilus maritimus™ strain SCM1 or to Nitrosopumilus sp. NM25 was obtained
from the 100 m library, and it was only 91% similar to either sequence.

The accA nucleotide alignment contained 51 OTUs (97% similarity cutoff; Table
A.4) that clustered primarily by depth (Figure A.1b). Sequences from deep samples (200
m and 450 m) were assigned to 26 OTUs (1-13 sequences in each); only 4 of these OTUs
contained any near-surface (2 m, 50 m, or 100 m) sequences. Twenty-one of the OTUs
contained sequences exclusively from near-surface (<100 m) samples (1-34 sequences in
each). Almost half (101) of the sequences we retrieved were at least 77% similar to accA
from “Ca. N. maritimus” strain SCM1; all of these were retrieved from near-surface

waters except for 6 sequences from 200 m.

BEST Analysis

Gene abundances determined by gPCR were compared to environmental data
using the BEST procedure (Clarke, 1993). Results of this analysis (Table A.7) show that
abundances of Bacterial amoA, Archaeal accA, and pSL12 rrs — but not Bacterial rrs —

were significantly correlated with fluorescence (chlorophyll a). Abundances of both
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Thaumarchaeota and Bacteria rrs were correlated with beam attenuation (turbidity), in
combination with salinity and either fluorescence or temperature. Archaeal amoA
abundance correlated with latitude, fluorescence, and salinity. Interestingly, BEST
analysis (Table A.7a) showed that amoA abundance estimates obtained using the Wuchter
et al. (2006) primers correlated with temperature (p = 0.442; p < 0.001), while amoA
abundance estimated with the Francis et al. (2005) primers correlated with oxygen
concentration (p = 0.474; p <0.001).

Nutrient data (including nitrite, nitrate, ammonia, phosphate, and silicate;
provided by S. Lohrenz) were only available for near-surface samples. Gene abundances
for Bacterial rrs, pSL12 rrs, and Archaeal amoA amplified with Wuchter primers (Table
A.7b) correlated with silicate in combination with other variables, although only the
Bacterial rrs result was significant (p < 0.001). Only the results with the highest
Spearman’s rank correlation coefficient (p) are shown in Table A.7b; however, weaker
correlations to nutrients were found with the second highest result. Archaeal amoA
amplified with Francis primers (p = 0.446; p <0.010; data not shown) and Bacterial rrs
(p = 0.583; p < 0.001; data not shown) were correlated with nitrate, while
Thaumarchaeota rrs (p = 0.409; p < 0.018; data not shown) also correlated with nitrite

and silicate together.

SUPPLEMENTARY DISCUSSION
Community composition
Almost all of the near-surface (<100 m) Thaumarchaeota rrs sequences were >

98% similar to the rrs from “Ca. N. maritimus” strain SCM1, as well as to
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Nitrosopumilus sp. NM25, retrieved from sand taken from a Zostera seagrass bed
(Matsutani et al., 2011). The group containing these sequences included a sequence
retrieved from cloned PCR amplicons sequenced from a tidal creek (the Duplin River)
adjacent to Sapelo Island, Georgia (Hollibaugh et al., 2011), as well as “Candidatus
Nitrosoarchaeum limnia” strain SFB1 (Blainey et al., 2011), which was enriched from a
sample taken in the oligohaline reach of North San Francisco Bay. This contrasts with
clones recovered from 200 m in the northern Gulf of Mexico, where sequences were
distributed among 9 OTUs, indicating a richer community of Thaumarchaeota (agreeing
with the Shannon index of these samples calculated from pyrosequencing data; Table
A.4). We did not recover any clones related to the pSL12-like clade at Station D5, which
IS consistent with their low rrs abundance as estimated by qPCR.

A nucleotide alignment of accA genes from this study produced a phylogenetic
tree (Figure A.1b) that supported the groupings found in trees generated from inferred
amino acid alignments (Figure 2.6b); however, some samples from Station D5 (mostly
from 200 m depth) clustered with representatives from Deep Ecotype 1a (Yakimov et al.,
2011) at the nucleotide level. Additionally, a novel deep cluster of sequences from the

Gulf of Mexico and the South China Sea was identified (‘Deep Ecotype 3’; Figure A.1b).

Gene ratios

High ratios of amoA: Thaumarchaeota rrs genes at certain stations (Figure A.5a)
could indicate a population of AOA with multiple amoA copies per genome or the
presence of a group of Archaea that are not detected by the rrs primer set we used (e.g.,

Beman et al., 2008; Teske and Sorensen, 2008), but that contain a homologue of the
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amoA gene (for example the pSL12-like clade). The latter seems less likely for pSL12 in
particular, given the low abundance of rrs from this group at most stations in the northern
Gulf of Mexico. However, in the Mississippi River at station MR1 (salinity of 0), the
abundance of pSL12 rrs genes was equal to Archaeal amoA gene abundance, regardless
of the amoA primer set used, while Thaumarchaeota rrs genes were undetectable. Low
ratios of amoA:rrs have been proposed to indicate a potential for heterotrophy in
Thaumarchaeota (Agogué et al., 2008; de Corte et al., 2008; Kalanetra et al., 2009);
however, this has yet to be confirmed definitively and may simply reflect depth-
dependent shifts in sub-populations that affect our ability to quantify them by qPCR, as
shown by Beman et al. (2008) and others.

Our data indicate that the ratio of amoA:rrs gene abundance decreases with depth;
however, we also observed increases in the accA:rrs ratio for deeper waters (Figure
A.5b). The amoA:accA:rrs ratios we found are not consistent with the expected 1:1:1
ratio found in the “Ca. N. maritimus” strain SCM1 genome (Walker et al., 2010). In
samples <100 m, this ratio is 1.8:0.1:1 or 0.5:0.1:1, while deeper samples show 0.2:0.6:1
or 0.6:0.6:1 depending on whether the Wuchter or Francis amoA primer sets were used.
In deeper waters where Thaumarchaeota rrs are most abundant, using the Francis primers
produces ratios most similar to those found in “Ca. N. maritimus” strain SCM1. Direct
comparison of amoA abundances in our samples as determined by the Wuchter versus

Francis primer sets (Figure A.6) demonstrate this clearly.
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Table A.1: Primers used in this study

Target . o s o I Detection gPCR
Gene* Primer/Probe Sequence (5°—3°) Application Limit Efficiency Reference
Archacal | 21F TTCCGGTTGATCCYGCCGGA PCR and
rrs 958R YCCGGCGTTGAMTCCAATT Sequencing N/A N/A Delong (1992)
Thaum- G1_334F AGATGGGTACTGAGACACGGAC X .
archaeal | G1_554R CTGTAGGCCCAATAATCATCCT qPCR ‘ébopﬁeé }_91 ﬁg?% Suzuki et al. (2000)
rrs TM519AR TTACCGCGGCGGCTGGCAC ' Suzuki et al. (2000)
pSL12 pSL12_750F GGTCCRCCAGAACGCGC 1.07x10° | 96.9- .
PCR X0 M t al. (2007

rrs pSL12_876R GTACTCCCCAGGCGGCAA q copies L | 103.1% incer et al. (2007)
cocteria] | BACTL369F CGGTGAATACGTTCYCGG Cax10t | oL
rr"’s‘Cte”a PROK1492R GGWTACCTTGTTACGACTT gPCR cbpie); il 11300 Suzuki et al. (2000)

TM1389F CTTGTACACACCGCCCGTC '

5155 GCCTTGCCAGCCCGCTCAGGTGTGCCA
Universal GCMGCCGCGGTAA pyro- .
rrs —— GCCTCCCTCGCGCCATCAGNNNNNNNN | sequencing | VA NIA King et al. (2013)

NNNNGGGGACTACVSGGGTATCTAAT
- - 4 _

Archaeal | Arch-amoA-for [ CTGAYTGGGCYTGGACATC 4PCR 144 x 10° 95.1- Wuchter et al. (2006)
amoA (W) [ Arch-amoA-rev | TTCTTCTTTGTTGCCCAGTA copies L 103.6%
Archaeal ArchamoAF STAATGGTCTGGCTTAGACG gqPCR and 1.79 x 10* 0 .
amoA (F") [ ArchamoAR GCGGCCATCCATCTGTATGT Sequencing | copies L™ 88.4-96.0% Francis et al. (2005)
Bacterial amoA-1F GGGGTTTCTACTGGTGGT PCR 1.63 x 10* 88.4-95.6% Rotthauwe et al. (1997)
amoA amoA-r New CCCCTCBGSAAAVCCTTCTTC q copies L™ T Hornek et al. (2006)
Archaeal Crena_529F GCWATGACWGAYTTTGTYRTAATG gqPCR and 1.25 x 10* 0 .
accA Crena _981R TGGWTKRYTTGCAAYTATWCC Sequencing | copies L | 80:5-91:1% | Yakimov etal. (2009)
rchaeal | TG0-465F (S) GGHGGTGCWATGACTGAT SCR. aPCR
g% [hed911F (Q) | AGCTATGTBTGCAARACAGG Seql;eqncing' N/A N/A Offre et al. (2011)

hcd-1267R (S,Q) | CTCATTCTGTTTTCHACATC

*rrs = 16S rRNA gene; amoA = ammonia monooxygenase gene, Bacteria amoA primers only amplify amoA genes from B-Proteobacteria; accA = biotin-
dependent acetyl-CoA/propionyl-CoA carboxylase gene; hcd = 4-hydroxybutyryl-CoA dehydratase. **(S) = Sequencing, (Q) = gPCR, TM = TagMan
Probe. *Archaeal amoA (W) and (F) refer to Wuchter et al. (2006) and Francis et al. (2005) primer sets, respectively (as mentioned in text). “For primer
806R, N’s in sequence = barcode sequence region.
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Table A.2: gPCR estimates of the abundance of rrs, amoA, and accA genes in samples from the northern Gulf of Mexico.

Wouchter | Francis Thaum
Amount Arch Arch Arch Thaum pSL12 AOB Bacteria % of
Station Filtered amoA amoA accA rrs rrs amoA rrs Total
ID Depth (L) copies/L | copies/L | copies/L | copies/L | copies/L | copies/L | copies/L | Prokarya
A2 18 m 1.0 ND ND ND 5.85E+05 | 1.12E+02 ND 4.60E+08 0.23%
A4 17m 1.2 ND ND ND 2.08E+06 ND ND 8.70E+08 0.43%
A4 43 m 1.2 ND ND ND 2.20E+06 ND ND 4.32E+08 0.91%
A6 2m 1.1 2.32E+06 | 8.82E+05 | 6.48E+02 | 2.62E+06 | 4.50E+01 | 2.79E+02 | 5.27E+08 0.89%
A6 20m 1.1 1.15E+07 | 3.24E+06 | 1.33E+05 | 9.52E+06 | 1.72E+03 | 5.23E+03 | 1.02E+09 1.66%
A6 80m 1.1 3.29E+07 | 7.61E+06 | 3.30E+05 | 1.81E+07 | 1.52E+03 | 7.07E+03 | 3.48E+08 8.54%
A6 160 m 1.1 1.46E+07 | 5.86E+07 | 1.80E+07 | 5.45E+07 | 1.32E+04 | 8.80E+03 | 2.42E+08 28.88%
A6 200 m 1.1 4.72E+06 | 1.25E+07 | 5.83E+06 | 2.00E+07 | 6.57E+03 | 1.43E+03 | 1.77E+08 16.94%
A6 250 m 1.1 1.74E+06 | 9.41E+06 | 8.56E+06 | 2.34E+07 | 5.98E+03 | 1.03E+03 | 1.28E+08 24.80%
A6 350 m 1.1 5.86E+05 | 4.64E+06 | 3.95E+06 | 8.86E+06 | 4.50E+03 | 5.50E+02 | 4.46E+07 26.36%
A6 700 m 1.1 2.42E+05 | 8.36E+06 | 3.47E+06 | 9.28E+06 | 3.61E+03 LD 2.49E+07 40.17%
A6 1700 m 1.2 1.53E+05 | 5.11E+05 | 1.74E+06 | 3.23E+06 | 1.05E+04 ND 4.31E+07 11.92%
B4 200 m 1.1 6.20E+06 | 9.20E+06 | 1.56E+07 | 2.28E+07 | 1.30E+04 | 3.52E+03 | 3.30E+08 11.06%
B4 530 m 1.2 6.45E+05 | 6.05E+06 | 5.46E+06 | 1.42E+07 | 5.78E+03 | 5.24E+03 | 1.08E+08 19.11%
B5 2m 1.1 9.62E+06 | 8.21E+06 | 5.54E+05 | 8.50E+06 | 2.71E+03 | 4.71E+03 | 6.07E+08 2.46%
B5 200 m 1.1 6.05E+06 | 3.43E+07 | 1.21E+07 | 3.25E+07 | 3.52E+04 | 1.92E+03 | 3.68E+08 13.72%
B5 450 m 1.1 9.08E+05 | 1.60E+07 | 1.32E+07 | 3.38E+07 | 1.54E+04 | 2.27E+03 | 2.04E+08 23.01%
B5 760 m 1.1 4.65E+03 | 1.36E+06 ND 3.48E+06 | 4.17E+03 | 1.34E+02 | 4.40E+07 12.49%
Cl 12m 1.1 1.74E+08 | 1.50E+07 | 9.53E+05 | 1.10E+08 LD 2.10E+06 | 1.08E+10 1.79%
C4 2m 1.0 ND ND ND 1.76E+06 LD ND 6.03E+08 0.52%
C4 200 m 1.0 7.21E+06 | 1.66E+07 | 1.00E+07 | 4.93E+07 | 2.39E+04 | 3.35E+03 | 2.04E+08 30.29%
C4 700 m 1.0 3.84E+05 | 4.62E+06 | 7.17E+06 | 1.26E+07 | 1.21E+04 | 2.35E+03 | 4.33E+07 34.30%
D3 25m 1.1 7.66E+07 | 1.01E+07 | 5.10E+05 | 1.47E+07 | 7.17E+03 | 2.54E+05 | 6.60E+08 3.85%
D3 68 m 1.1 8.13E+06 | 7.53E+05 | 1.02E+03 ND 5.27E+02 | 1.53E+04 | 3.11E+05 0.30%
D5 2m 1.1 7.31E+06 | 1.91E+06 | 1.46E+05 | 4.71E+06 | 6.21E+02 | 4.55E+02 | 7.34E+08 1.14%
D5 50m 1.1 5.42E+06 | 2.40E+06 | 3.14E+05 | 5.37E+06 | 1.64E+03 | 1.29E+03 | 8.93E+08 1.07%
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Wouchter | Francis Thaum
Amount Arch Arch Arch Thaum pSL12 AOB Bacteria % of
Station Filtered amoA amoA accA rrs rrs amoA rrs Total
ID Depth (L) copies/L | copies/L | copies/L | copies/L | copies/L | copies/L | copies/L | Prokarya
D5 100 m 1.1 2.85E+07 | 7.08E+06 | 1.36E+06 | 2.14E+07 | 3.61E+03 | 2.28E+03 | 3.89E+08 9.00%
D5 200 m 1.2 1.94E+06 | 1.08E+07 | 1.08E+07 | 1.69E+07 | 8.86E+03 | 2.77E+03 | 1.23E+08 19.84%
D5 350m 1.1 9.70E+05 | 8.69E+06 | 1.39E+07 | 2.45E+07 | 6.54E+03 | 1.49E+03 | 8.53E+07 34.08%
D5 450 m 1.0 4.88E+05 | 3.76E+06 | 7.18E+06 | 1.08E+07 | 4.47E+03 | 5.24E+03 | 3.56E+07 35.34%
D5 900 m 1.1 4.43E+05 | 2.72E+06 | 6.84E+06 | 7.50E+06 | 6.27E+03 | 2.34E+03 | 5.50E+07 19.72%
E2 6 m 1.0 ND LD ND ND ND ND 4.50E+09 0.00%
E6 200 m 1.1 3.63E+06 | 1.25E+07 | 1.55E+07 | 1.57E+07 | 1.63E+04 | 4.83E+03 | 1.80E+08 13.56%
E6 800 m 1.1 5.40E+05 | 3.49E+06 | 6.05E+06 | 4.73E+06 | 5.30E+03 | 1.14E+03 | 1.49E+08 5.41%
F4 50m 1.1 1.12E+07 | 7.60E+05 | 7.42E+04 | 5.92E+06 | 9.58E+02 | 4.23E+04 | 5.17E+08 2.02%
F6 2m 1.1 ND ND ND 4.79E+04 LD ND 4.08E+08 0.02%
F6 200 m 1.2 1.03E+07 | 1.17E+07 | 1.75E+07 | 1.56E+07 | 1.23E+04 | 3.18E+03 | 2.59E+08 9.80%
F6 950 m 1.1 4.52E+05 | 1.79E+06 | 5.42E+06 | 5.19E+06 | 5.43E+03 | 2.78E+03 | 3.52E+07 20.99%
G1 15m 1.1 6.46E+06 | 2.50E+05 | 9.09E+02 | 9.80E+05 | 6.41E+02 | 2.37E+04 | 9.27E+08 0.19%
Gb 80m 1.1 2.39E+07 | 2.69E+06 | 5.93E+05 | 9.77E+06 | 2.56E+03 | 6.09E+03 | 6.20E+08 2.76%
H1 7m 1.0 3.79E+05 | 9.28E+02 | 7.73E+04 | 5.17E+05 | 5.93E+04 | 5.14E+04 | 5.68E+09 0.02%
H3 20m 1.2 9.74E+04 | 6.01E+04 ND 1.37E+05 | 1.75E+02 ND 6.74E+08 0.04%
H6 2m 1.1 7.64E+04 | 1.24E+05 | 3.16E+02 | 4.45E+05 | 4.14E+01 ND 1.04E+09 0.08%
H6 25m 1.1 3.91E+04 | 3.95E+05 ND 2.05E+05 | 3.41E+02 | 1.67E+02 | 1.34E+09 0.03%
H6 45m 1.1 3.18E+06 | 1.00E+06 | 2.67E+04 | 1.86E+06 | 6.21E+02 | 1.02E+03 | 9.42E+08 0.35%
H6 80m 1.1 2.64E+07 | 1.33E+07 | 2.79E+06 | 1.59E+07 | 3.98E+03 | 5.64E+03 | 4.72E+08 5.74%
H6 110 m 1.1 2.12E+07 | 1.39E+07 | 1.48E+06 | 2.03E+07 | 8.10E+03 | 8.18E+03 | 3.17E+08 10.33%
H6 200 m 1.2 2.16E+06 ND ND 1.66E+07 ND 1.23E+03 | 1.13E+08 20.98%
H6 280m 1.1 2.71E+06 | 4.57E+06 | 2.16E+06 | 4.80E+06 | 2.92E+03 | 2.29E+03 | 1.83E+09 0.47%
MR1 2m 0.6 2.02E+05 | 3.79E+05 | 2.02E+05 ND 3.30E+05 | 7.44E+05 | 1.26E+10 0.00%
MR2 8m 1.1 6.52E+07 | 1.02E+07 | 4.24E+05 | 2.96E+07 | 7.68E+04 | 2.83E+05 | 7.43E+09 0.71%
MR3 110 m 1.0 5.82E+07 | 2.97E+07 | 1.00E+07 | 4.60E+07 | 2.93E+04 | 1.50E+05 | 1.78E+09 4.46%

ND = Not determined; qPCR abundance undetectable for this specific gene in this sample; LD = Limit of detection; sample ran below

limit of detection with high variability in assay. *Note that some values shown below the limit of detection (italicized).
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Table A.3: Abundance of Thaumarchaeota, Euryarchaeota, Nitrite-Oxidizing Bacteria (NOB), and Ammonia-Oxidizing

Bacteria (AOB) rrs sequences in pyrosequenced libraries from DNA samples collected in the northern Gulf of Mexico.
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Table A.4. Diversity indices for sequenced clones obtained from Station D5
calculated using mothur (v. 1.21.1; Schloss et al., 2009). OTU similarity cutoffs were
2% (rrs) or 3% (amoA, accA). Statistics for rrs sequences (“rrs 454”) obtained from

pyrosequencing are included for comparison.

Observed Chao ACE Shannon | Simpson
accA 51 74.0 109 3.02 0.0862
amoA 47 86.4 107 3.19 0.0615
amoA 100m 22 35.2 55.7 2.39 0.139
amoA 200m 30 39.4 41.8 2.89 0.0801
rrs 10 11.0 12.8 1.30 0.451
rrs 100m 2 2.00 0.000 0.103 0.957
rrs 200m 9 10.0 11.8 1.96 0.141
rrs_454 2768 18700 57100 4.15 0.0654

257



Table A.5: Variables contributing to principal components axes. Coefficients (values)
are a measure of contribution of each variable to each of the principal component axes
(PC1 and PC2) such that the higher the value, the greater the influence of the variable. A
positive or negative sign represents the type of correlation each variable has on each axis.
The total amount of variance explained by PC1 was 38.9% and 24.3% for PC2. Depth =
water column depth; Rel. Fluorescence = Relative fluorescence, chlorophyll a

equivalents; beam attenuation = turbidity; euphotic depth = photic zone depth.

Variable PC1 PC2
Latitude (°N) -0.26 +0.30
Longitude (°W) +0.066 +0.24
Depth (m) +0.39 +0.21
Temperature (°C) -0.36 -0.38
Salinity (PSU) +0.19 -0.49
Dissolved Oxygen (mg/L) -0.36 -0.12
Rel. Fluorescence (ug/L) -0.39 +0.15
Beam Attenuation (1/m) -0.21 +0.44
pH (NBS) -0.42 -0.32
Euphotic Depth (m) +0.31 -0.30
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Table A.6: Results of CCA analysis of relationship between gPCR-estimated gene
abundances and environmental data in the northern Gulf of Mexico. Values for all
four canonical axes are shown, but only CCA1 and CCA2 were used to construct a biplot

of the data (Figure 2.8).

Axes CCAl CCA2 CCA3 CCA4
Eigenvalues 0.148 0.135 0.012 0.008
gene-environment correlations 0.655 0.765 0.352 0.230

Cumulative percentage variance

of gene abundance data 17.0 32.6 34.0 34.9

of gene-environment relation 47.9 91.7 95.7 98.3
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Table A.7: Results of BEST analysis comparing gene abundance to (a) environmental

factors and (b) environmental factors and nutrients (only near-surface samples used with

nutrients). BEST analysis (Clarke, 1993) performed with PRIMER v6 software (Clarke

and Gorley, 2006). Archaeal amoA W = amplified with Wuchter et al. (2006) amoA

primer set; Archaeal amoA F = amplified with Francis et al. (2005) amoA primer set; RF

= relative fluorescence (chlorophyll a equivalents); beam attenuation = turbidity.

(a) BEST analysis with Environmental VVariables

# of Correlation
Gene Contributing Environmental Variables
Variables (p™)
Thaumarchaeota rrs 3 0.507 salinity, RF, beam attenuation
pSL12 rrs 1 0.457 RF
Bacterial rrs 3 0.613 temperature, salinity, beam attenuation
Archaeal amoA W 4 0.442 latitude, temperature, salinity, RF
Archaeal amoA F 4 0.474 latitude, salinity, oxygen, RF
Bacterial amoA 1 0.462 RF
Archaeal accA 1 0.460 RF

*p is the Spearman rank correlation coefficient where p > 0 rejects the null hypothesis; all

results had a significance p < 0.001, determined from 999 permutations.
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(b) BEST analysis with Environmental Variables and Nutrients

#of  Correlation p- Contributing Environmental
Gene
Vars (p™) value® Variables and Nutrients
Thaumarchaeota rrs”* 1 0.429 0.018 beam attenuation
pSL12 rrs 5 0.337 0.102 latitude, salinity, RF, nitrate, silicate
Bacterial rrs” 2 0.587 0.001 beam attenuation, silicate
Archaeal amoA W 3 0.374 0.067 latitude, RF, silicate
Archaeal amoA F* 2 0.374 0.010 latitude, RF
Bacterial amoA 2 0.264 0.269 latitude, RF
Archaeal accA 2 0.269 0.246 latitude, RF

*p is the Spearman rank correlation coefficient where p > 0 rejects the null hypothesis.

*p is the significance of the result, determined from 999 permutations; *p < 0.05
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Figure A.1: Phylogenetic analysis of (a) amoA and (b) accA genes retrieved from
Station D5. Numbers beside groups (in triangles) indicate the number of sequences from
each depth sampled according to color — 2, 50, or 100 m (green) and 200 or 450 m (blue).
Neighbor-Joining Trees built with ARB (Ludwig et al., 2004) from nucleotide sequences
595 bp (amoA) or 411 bp (accA) in length. Sequences in bold obtained from isolates or
enrichment cultures. Bootstrap values obtained from resampling tree 1,000 times; only

values above 75% bootstrap support shown on tree.
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Figure A.2: Distribution of various taxa in pyrosequenced libraries of rrs in samples
from the northern Gulf of Mexico: (a) samples taken from depths <25 m; (b) samples

from depths >100m.
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(a) Sample depth <25 m
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(b) Sample depth >100 m
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Figure A.3: Principal components analysis (PCA) of samples using environmental
variables. Fluorescence = relative fluorescence, chlorophyll a equivalents; beam
attenuation = turbidity. Samples are shown as symbols representing three groupings
based on depth and location: orange circles = near-surface inshore (<100 m depth, over
the continental shelf), green diamonds = near-surface offshore (<100 m depth, shelf break

and beyond), and blue squares = deep offshore (>100 m, shelf break and beyond).
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Figure A.4: Jackknife Clustering Analysis of pyrosequenced Thaumarchaeota rrs
genes using Fast UniFrac (Hamady et al., 2009). Resampling of (a) 2 (minimum), (b)
100 (1** quartile), or (c) 520 (median) sequences were performed for each of 100
iterations of the jackknife analysis. Colors on nodes indicate percentage of iterations
where a given cluster was formed - red (>99.9%), yellow (90-99.9%), green (70-90%),
blue (50-70%), or grey (<50%). IS# = inshore, near-surface; OS# = offshore, near-

surface; OD# = offshore, deep.
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(a) Clustering with resampling of minimum (2) sequences for each sample (n=43)
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(b) Clustering with resampling of 1% quartile (100) sequences for each sample (n=32)

Isfhd.43m
0S#A6.20m
0SA6.2m
0s#c4.2m
054D5.50m
0S4A6.80m
084D5.2m
054D5.100m
Is#D3.25m
Is#D3.66m
Is$E2.6m
R OD§A6.160m
OD#F6.200m
oD#C4.200m
OD$E6.200m
OD#B4.200m
OD#H6.280m
o OD#B5.200m
OD#A6.350m
OD#D5. 350m
OD#A6.700m
0oD#C4.700m
OD#D5. 450m
OD#B4.530m
OD#E6.800m
OD#B5 . 450m
OD#B5.760m
OD#D5. 900m
OD}F6.950m
_______________________________ OD#H6.110m
OD#MR3.110m
B o OD#A6.1700m

o ——

(c) Clustering with resampling of median (520) sequences for each sample (n=22)
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Figure A.5: Scatter plot of Archaeal (a) amoA and (b) accA versus rrs gene
abundance in samples from the northern Gulf of Mexico. Solid lines indicate the 1:1
ratios expected from the “Ca. N. maritimus” strain SCM1 genome (Walker et al., 2010);
dashed lines indicate ratios of 0.1 or 10. ‘Inshore’ = over the continental shelf; ‘offshore’

= shelf break and beyond.
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Figure A.6: Comparison of Archaeal amoA gene abundance estimated by gPCR
reactions with primers from Wuchter et al. (2006) or Francis et al. (2005). (a)
Profiles of amoA abundance at Stations A6 and B5 obtained using each primer set. Red
diamonds = Wuchter, blue circles = Francis. (b) Abundance of amoA genes estimated
using Francis primers versus abundance estimated using the Wuchter primers. ‘Deep’ =
>100 m sample depth; ‘near-surface’ = <100 m sample depth; ‘inshore’ = above

continental shelf; ‘offshore’ = shelf break and beyond.

279



(a) Station profiles of amoA quantified with different primer sets
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(b) amoA quantified by Wuchter et al. (2006) primers versus Francis et al. (2005)
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Figure A.7: Principal Coordinates Analysis (PCoA) of Thaumarchaeota rrs
sequences obtained through 454 pyrosequencing of 41 samples and clone libraries
generated from two depths at Station D5. Shapes indicate sample groupings: dark grey
squares = deep, offshore; open triangles = near-surface, offshore; light grey circles =
near-surface, inshore. The percentage of the variance explained by an axis is given in

parentheses next to the axis title.
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Figure A.8: Mismatches between amoA primer sequences and environmental
sequences retrieved from samples taken in the northern Gulf of Mexico. Sequences
shown were collected from Station D5, 200 m depth, and were trimmed to regions
complementary to the Wuchter et al. (2006) and Francis et al. (2005) primer sets. The top
line represents the consensus sequence, while arrows indicate key differences between

environmental and primer sequences.
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Wuchter (F)

CTGAYTGGECYTGGACATC
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CTGATCGECTSCACATC
CTGATTGGECTGGACATC
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Francis (R)

ACATACAGATGGATGG-CCGE

LCATACRERATCEATCEE CCGE
BCATACAGARTCGEATGSE CCGC
LCATACARCATCGCGATCE CCGE
RCATACAGRATCGEATCE CCGEO
BRCATACARGATGEATGS COGO
ACRGATCEATGE COGE
LCATRACRGRATCGEATGCS CCGEO
BCATRACAGRTCEATCEE CCGC
LACATACACATCEATCE CCGE
LCATRCRGRTCGEATCEE CCGC
ACATACAGRATCGEATCSE CCGO
LCR BERATCEEATGEGECCGC
LCATACACATCGEATCE CCGE
ACATRACAGRTGGATGEYCCEC
ACATACAGATGEATEE CCGE
ACATRACAGRTGEATCEYCCEC
LCATACAGATCEATCGEECCEE
BCATACAGRATCGEATGSE CCGC




APPENDIX B

SUPPLEMENTARY MATERIAL: SIGNIFICANT AMMONIA OXIDATION RATES

IN ANTARCTIC WATERS ATTRIBUTED TO THAUMARCHAEOTA'®

1 Tolar, B.B., M.J. Ross, N.J. Wallsgrove, Q. Liu, L.I. Aluwihare, B.N. Popp, and
J.T. Hollibaugh. To be submitted to The ISME Journal.
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Table B.1: Summary of samples from this study.

Chla .
Cruise | Station* Depth Wateg Date Time | Latitude | Longitude ;:E[ijr; Salinity | Fluor. Turbiglity D(')S;;é\éid
(m)* | Mass (GMT) | (°S) (W) ° (PSU) | (mg (m™) k]
°C) m?) (mg L")
10 | UAASW 63.9657 | 66.8533 -1.79 33.96| ND ND ND
600.200 75 LAASW | 9/17/10 | 04:47 | 63.9657 | 66.8533 -1.76 33.99| ND ND ND
260 CDW 63.9657 | 66.8533 2.09 3464 | ND ND ND
10 | UAASW 64.2111 | 66.2579 -1.76 33.97 0.14 ND ND
600.160 75 LAASW | 9/17/10 | 13:34 | 64.2111 | 66.2579 -0.82 34.13 0.09 ND ND
300 CDW 64.2111 | 66.2579 1.57 34.68 0.05 ND ND
10 | UAASW 64.6960 | 65.0277 -1.83 33.90 0.15 ND ND
600.080 75 LAASW | 9/22/10 | 02:03 | 64.6960 | 65.0277 -1.75 33.93 0.14 ND ND
LMG 300 CDW 64.6960 | 65.0277 1.39 34.63 0.05 ND ND
10-06 10 | UAASW 64.4549 | 65.6659 -1.84 33.91 0.13 ND ND
600.120 70 LAASW | 9/22/10 | 07:25 | 64.4549 | 65.6659 -1.81 33.93 0.12 ND ND
330 CDW 64.4549 | 65.6659 1.32 34.61 0.05 ND ND
10 | UAASW 64.2110 | 66.2600 -1.77 33.95 0.14 ND ND
600.160M | 55 LAASW | 9/23/10 | 13:29 | 64.2110 | 66.2600 -1.76 33.96 0.13 ND ND
300 CDW 64.2110 | 66.2600 1.57 34.68 0.06 ND ND
10 | UAASW 64.6947 | 65.0308 -1.84 33.91 0.12 ND ND
600.080M | 75 LAASW | 9/24/10 | 04:27 | 64.6947 | 65.0308 -1.83 33.91 0.12 ND ND
300 CDW 64.6947 | 65.0308 1.38 34.63 0.05 ND ND
100 WW 64.5750 | 65.3400 0.27 33.96 0.21 -0.04 8.43
600.100 400 CDW Vil | 1732 64.5750 | 65.3400 1.40 34.65 -0.01 -0.07 4.75
LMG 70 WW , 63.9785 | 66.8412 -0.11 33.93 0.81 0.01 7.91
11-01 600.200 400 CDW /11 | 10:15 63.9785 | 66.8412 1.80 34.66 0.00 -0.08 4.05
80 WW 64.6033 | 68.2770 -0.41 34.03 0.38 -0.03 7.56
500.200 400 CDW L8/l | 22:00 64.6033 | 68.2770 1.90 34.71 0.00 -0.09 4.18
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Chl a .
Cruise | Station* Depth | Water Date Time | Latitude | Longitude ;ZR% Salinity | Fluor. | Turbidity Dols;f’OI\é?]d
(m)* | Mass’ GMT) | (°S) (W) ooy | (PSU) | (mg | (m?) e
(°C) m?) (mgL™)
500.120 100 ww 05:45 65.1098 | 67.0923 -0.06 33.98 0.81 -0.01 7.86
400 | CDW 1/9/11 65.1098 | 67.0923 1.52 34.69 0.00 -0.08 4.18
500.060 100 ww 13:30 65.4788 | 66.1495 -0.53 33.93 0.07 -0.07 7.66
' 270 | CDW ' 65.4788 | 66.1495 1.41 34.65 0.01 -0.05 4.45
80 ww . 64.9317 | 64.4027 -0.66 34.00 0.06 -0.06 7.55
600.040 400 | CDW 1/10/11 | 00:30 64.9317 | 64.4027 1.23 34.62 0.02 -0.07 4.34
80 ww . 66.2489 | 67.3354 -0.89 33.97 0.27 -0.01 7.15
400.040 160 | CDW 11311 04:00 66.2489 | 67.3354 0.19 34.32 0.07 -0.01 5.66
400.100 80 ww 11-45 65.8825 | 68.2933 -1.02 34.02 0.20 -0.04 7.75
' 350 | CDW ' 65.8825 | 68.2933 1.59 34.70 0.05 -0.06 3.97
100 wWw . 66.5054 | 69.3703 -1.13 33.99 0.04 -0.06 7.98
300.100 400 | CDW 04:37 66.5054 | 69.3703 1.51 34.71 0.01 -0.07 4.16
LMG 125 ww . 66.8877 | 68.9541 -1.02 33.95 0.07 -0.06 7.90
11-01 300.040 400 | CDW /14711 | 10:05 66.8877 | 68.9541 1.40 34.68 0.01 -0.05 4.07
100 ww . 67.1228 | 715432 -1.18 34.00 0.05 -0.06 7.78
200.100 400 | CDW 21135 67.1228 | 715432 1.42 34.70 0.02 -0.03 3.87
900.040 110 ww 03:35 67.5082 | 70.5797 -1.53 33.93 0.80 0.03 7.79
440 | CDW 67.5082 | 70.5797 1.38 34.67 0.01 -0.07 4.09
100 ww . 67.7717 | 69.9444 -1.02 33.98 0.04 -0.06 7.98
200.000 400 | CDW V15111 1050 67.7717 | 69.9444 1.43 34.68 0.01 -0.07 4.08
900.-040 100 ww 17-20 68.0320 | 69.2853 -1.42 33.92 1.53 0.10 7.85
' 400 | CDW ' 68.0320 | 69.2853 1.38 34.67 0.01 -0.07 4.09
75 ww . 66.7133 | 72.4400 -1.61 33.94 0.75 -0.01 7.45
200.160 400 | CDW U17H1 06:45 66.7133 | 72.4400 2.04 34.69 0.03 -0.08 4.12
221.-019 80 WWwW 99-45 67.7740 | 69.2762 -0.95 33.97 0.25 -0.01 7.73
P2 80#2 | WW ' 67.7740 | 69.2762 -0.89 33.95 1.00 0.09 7.88
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Chla

. . . Temp- - . .. | Dissolved
. . Depth | Water Time | Latitude | Longitude Salinity | Fluor. | Turbidity

C Station* Dat t : o)
TR e | mass” | PR My | es) | ew) | TRG T (PsY) | (g | (m?) |
°C) m?) (mgL™)
203.031 80 WW | 111011 | 1g:35 | B7:5488 | 70.4117 151 | 33.90 1.21 0.05 7.32
P2-#5 400 | CDW 67.5488 | 70.4117 1.35| 34.68 0.01 -0.06 4.09
200.04 70 WW | 1 oan | 1815 | B87:5122 | 705892 -1.38 | 33.92 0.33 0.02 7.22
#2 400 | CDW 67.5122 | 70.5892 1.25| 34.67 0.01 -0.05 4.08
100.-040 100 | Ww 03:p4 | 08:6456 | 71.0493 -1.20 | 33.86 0.24 0.02 6.52
250 | CDW | 10y 68.6456 | 71.0493 0.46 | 34.44 0.07 -0.01 4.82
100.040 80 WW 1140 | 681101 | 72.3562 -1.39 | 33.95 0.25 -0.01 7.16
' 325 | CDW ' 68.1191 | 72.3562 1.45| 34.66 0.04 -0.03 3.93
80 WW _ 67.7060 | 73.2783 -1.27 | 33.98 0.08 -0.04 7.81
100.100 400 | CDW 1/25/11 | 18:40 67.7060 | 73.2783 151 | 34.72 0.02 -0.04 4.09
LMG | 000.180 70 WW o4:50 | 67-7110 | 76.2057 -0.10| 33.96 1.44 0.08 8.07
11-01 400 | CDW | /neis 67.7110 | 76.2957 1.87| 3471 0.01 -0.06 4.10
100.180 |70 WW 16:30 | 08:2487 | 78.2039 -1.77 | 33.97 1.20 0.06 7.22
' 400 | CDW ' 68.2487 | 78.2039 201 | 34.67 0.01 -0.06 4.01
100 | Ww _ 69.1086 | 76.4462 -141| 33.87 0.17 -0.01 7.27
-100.060 30T cpw 12111 02:40 69.1086 | 76.4462 1.28 | 34.65 0.02 -0.06 4.11
-120.- 80 WW | et | ogia0 |89:8307 | 755068 -1.64 | 33.83 0.07 -0.02 7.20
025 500 | CDW ' 69.8307 | 75.5068 1.28 | 34.70 0.03 -0.04 4.08
-158.- 100 | Ww 0g:50 | 700881 | 76.1416 -1.68 | 33.89 0.13 -0.04 7.38
034 285 | CDW | 1/29/11 ' 70.0881 | 76.1416 052 | 3447 0.10 -0.05 452
-100.000 | 100 | ww 15:45 | 69.5291 | 75.5046 -157 | 33.83 0.60 0.04 7.56
100 | Ww _ 68.2771 | 75.1263 -1.38 | 33.95 0.08 -0.03 7.52
000.100 —2c5 T cow 1/30/11 | 06:40 68.2771 | 75.1263 1.77| 34.70 0.02 -0.06 4.11

*Stations/Depths in bold used for pyrosequencing; ND = not determined; data from CTD casts.
#Water Mass Abbreviations: UAASW = Upper Antarctic Surface Water, LAASW = Lower Antarctic Surface Water,

WW = Winter Water, CDW = Circumpolar Deep Water
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Ammonia

. Biogenic S Specific Leucine
Cruise | Station D(erg;[h V'://Iz;tsesr Slg_lr_n a (Nl(\)/IZ) (Nl?/[‘”’) (Nl\H/B Silicate Oxlgj;tgon Nitrification | Incorporation
e g M) | gy | RateGaw) | Rate (pMhr)

10 | UAASW | 27.3311 | 0.21 | 31.98| 0.56 ND 15.41 0.028 1.80

600.200 75 LAASW | 27.3572 | 0.19 | 31.24| 0.63 ND 28.13 0.044 2.58

260 CDW |27.6756| 0.21| 33.60| 1.11 ND 3.11 0.003 1.81

10 | UAASW | 27.3389 | 0.19| 31.81| 0.58 ND 61.50 0.105 5.66

600.160 75 LAASW | 27.4396 | 0.18 | 30.94 | 0.61 ND 69.32 0.114 9.77

300 CDW | 27.7474 | 0.03 | 35.03 | 0.53 ND 21.55 0.040 2.43

10 | UAASW | 27.2898 | 0.12 | 32.88 | 0.66 ND 43.65 0.066 4,78

600.080 75 LAASW | 27.3133 | 0.13 | 32.89 | 0.66 ND 65.05 0.099 4.81

LMG 300 CDW | 27.7218 | 0.08 | 35.29 | 0.89 ND 36.41 0.041 5.38
10-06 10 | UAASW | 27.2960 | 0.13 | 28.18| 0.96 ND 73.81 0.077 3.56
600.120 70 LAASW | 27.3078 | 0.12 | 32.64 | 0.76 ND 86.39 0.114 3.96

330 CDW | 27.7114| 0.08 | 37.07 | 0.81 ND 25.89 0.032 0.99

10 | UAASW | 27.3301 | 0.17 | 25.71| 0.97 ND 77.86 0.080 ND

600.160M | 55 LAASW | 27.3321 | 0.16 | 30.05| 1.14 ND 143.28 0.126 ND

300 CDW | 27.7464 | 0.07 | 2957 | 1.11 ND 29.35 0.026 ND

10 | UAASW | 27.2928 | 0.10| 36.94| 0.36 ND 2.65 0.007 ND

600.080M | 75 LAASW | 27.2936 | 0.15| 36.55| 0.62 ND 7.93 0.013 ND

300 CDW | 27.7188 | 0.09 | 38.29 | 0.69 ND 6.86 0.010 ND

600.100 100 WW | 27.2491 | 0.20| 21.04| 3.82 LD 3.04 0.001 ND

400 CDW | 27.7372| 0.08 | 26.60 | 2.10 0.33 85.89 0.041 ND

LMG 600.200 70 WW | 27.2448 | 0.13 | 30.44 | 2.05 0.00 LD ND ND
11-01 ' 400 CDW | 27.7185| 0.08 | 38.30 | 0.64 0.27 21.46 0.034 ND
500.200 80 WW | 27.3419| 0.12| 28.36 | 5.60 0.00 18.53 0.003 ND

400 CDW | 27.7449 | 0.13 | 31.05| 4.04 0.18 9.84 0.002 ND
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Ammonia

. Biogenic S Specific Leucine
Cruise | Station* I?fnp)t*h V,\\A/Zgig Slg_lrp & (Nl(\),[z) (Nl?/[?’) (N;f) Silicate OXS{;SO” Nitrification | Incorporation
. a . (“M) (nM dl) Rate O‘-nitrif) Rate (pM hr_l)
500.120 100 WW | 27.2886 | ND ND ND 0.00 ND ND ND
400 | CDW | 27.7595| ND ND ND 0.30 ND ND ND
500.060 100 WW | 27.2705| ND ND ND 0.00 ND ND ND
270 | CDW | 27.7324 | ND ND ND 0.00 ND ND ND
600.040 80 WW 273268 | 0.19] 30.22| 0.91 0.30 31.43 0.035 ND
400 | CDW | 27.7267 | 0.08 | 25.65| 2.39 0.28 22.69 0.009 ND
400.040 80 WW 273154 | 0.15] 23.18| 114 1.42 6.22 0.005 ND
160 | CDW | 275443 | 0.14]| 2045| 1.64 1.34 18.94 0.012 ND
400.100 80 WW 273591 | 0.25| 26.66 | 4.83 LD 13.95 0.003 ND
350 | CDW | 27.7630 | 0.08 | 34.03| LD LD 9.78 ND ND
300.100 100 WW 273381 | 0.26| 25.40| 5.43 0.00 0.00 ND ND
400 | CDW | 27.7742| 0.09| 2341 | 0.70 0.29 23.17 0.033 ND
LMG | 300 040 125 WW 273002 | 0.26| 32.08| 2.89 LD 37.07 0.013 ND
11-01 ' 400 | CDW |27.7612| 0.12| 37.03| 0.05 0.00 16.51 0.307 ND
900.100 100 WW 273490 | 0.14] 29.83| 194 0.34 3.18 0.002 ND
400 | CDW |27.7715| 0.13] 2471 | 1.26 0.48 3.83 0.003 ND
200.040 110 WW 273059 | 0.21] 26.26| 1.38 0.00 42.49 0.031 ND
440 | CDW | 27.7567 | 0.07| 36.73| 0.43 0.00 25.88 0.060 ND
200.000 100 WW 273294 | 0.14| 2790 | 2.02 0.16 1.23 0.001 ND
400 | CDW | 27.7600 | 0.05] 37.26 | 0.34 0.17 32.18 0.094 ND
900.-040 100 WW 272946 | 0.21| 31.85| 0.93 0.00 26.44 0.028 ND
' 400 | CDW | 27.7567 | 0.14| 3476 | 211 0.00 144.50 0.068 ND
200.160 75 WW 273181 | 0.13] 3254 | 1.23 0.00 1.44 0.001 ND
400 | CDW | 27.7186| 0.05] 36.77 | 0.64 0.00 1.72 0.003 ND
221.-019 80 WW 273200 0.17| 2731 | 1.49 1.12 1.52 0.001 ND
P2 80#2 | WW |27.2960 | 0.17 | 29.05| 1.70 0.00 ND ND ND
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. Biogenic Ammonla Specific Leucine
Cruise | Station* Depth | Water | Sigma- | NO; | NOs; | NH, Silicate Oxidation Nitrification | Incorporation
(m)* | Mass” T M) | (uM) | (pM) Rate g1
(“M) (nM dl) Rate O‘-nitrif) Rate (pM hr )
203.031 | 80 WW |27.2778 | 0.13| 13.82| 1.37 0.00 11.53 0.008 ND
P2-#5 400 | CDW |27.7656 | 0.08 | 14.58 | 0.94 0.14 6.49 0.007 ND
200.04 70 WW |27.2875| 0.19| 31.16 | 0.59 1.41 9.81 0.017 ND
#2 400 | CDW |27.7644 | 0.07 | 36.35| 0.05 0.00 6.30 0.117 ND
100.-040 |00 | WW ]27.2373 | 0.17 ] 3171 109 0.00 10.33 0.009 ND
250 | CDW |27.6261| 0.09 | 2553 | 1.52 6.09 3.69 0.002 ND
100.040 89 WW |27.3171| 0.19| 20.29 | 2.74 0.00 33.20 0.012 ND
' 325 | CDW |[27.7382| 031 36.23| 0.16 0.35 32.61 0.202 ND
100.100 |89 WW |[27.3378| 0.10| 19.14| 256 LD 0.76 0.000 ND
' 400 | CDW |27.7813| 0.17| 35.43| 0.30 LD 8.09 0.027 ND
LMG | 000.180 |70 WW |27.2731| 0.19| 23.63| 1.93 0.00 LD ND ND
11-01 400 | CDW |27.7491| 0.11] 33.78| 0.15 0.00 1.62 0.011 ND
100280 |79 WW |[27.3399 | 0.13| 29.86 | 1.32 0.00 0.52 0.000 ND
400 | CDW |27.7104| 0.08| 23.69| 1.27 0.00 11.59 0.009 ND
100,060 100 | WW | 27.2493 | 05| 2874 | 192 0.00 7.69 0.004 ND
' 400 | CDW |27.7420| 0.03] 35.41| 053 LD 39.27 0.074 ND
-120.- 80 WW |27.2233| 0.25| 28.76 | 1.26 0.00 ND ND ND
025 500 | CDW |27.7829 | 0.11| 12.62 | 1.11 0.00 ND ND ND
-158.- 100 | WW |[27.2765| 022 2841 | 0.94 0.00 19.47 0.021 ND
034 285 | CDW |27.6528 | 0.05| 34.24| 0.18 0.00 16.07 0.090 ND
-100.000 | 100 | WW |[27.2212 | 0.21| 29.07 | 1.27 0.00 5.41 0.004 ND
000.100 100 | WW | 27.3114 | 0.09| 25.26 | 191 0.29 6.54 0.003 ND
' 350 | CDW |27.7513| 0.02 | 29.49 | 0.91 0.00 25.20 0.028 ND

*Stations/Depths in bold used for pyrosequencing; ND = not determined; LD = limit of detection; Sigma-T calculated as in text.
#Water Mass Abbreviations: UAASW = Upper Antarctic Surface Water, LAASW = Lower Antarctic Surface Water,
WW = Winter Water, CDW = Circumpolar Deep Water
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DNA RNA gPCR Data (units are copies L™ sample filtered
Cruise | Station D(erg;[h V'://Iz;tsesr Fi\lite):'ed Fi\liglréd Archaeal | Thaum. | Thaum. 2;22\ AOB ;A‘mOOBA
(L) (L) amoA s ureC Transcripts amoA transcripts
10 UAASW 14.0 3.1 4,15E+05 | 5.51E+06 | 2.58E+05 | 7.29E+05 | 1.71E+02 | 5.66E+03
600.200 75 LAASW 14.5 2.6 1.22E+06 | 4.97E+06 | 4.61E+05 | 1.03E+06 | 1.12E+05 | 1.19E+05
260 CDW 14.0 3.1 4.78E+05 | 3.39E+06 | 1.54E+06 | 3.58E+04 | 2.61E+03 LD
10 UAASW 14.0 3.0 1.68E+06 | 1.04E+07 | 8.31E+05 | 3.11E+06 | 4.90E+04 | 9.23E+04
600.160 75 LAASW 14.0 3.5 1.84E+06 | 1.26E+07 | 9.32E+05 | 6.78E+06 | 9.02E+04 | 2.89E+05
300 CDW 14.0 3.5 1.79E+06 | 6.89E+06 | 5.26E+06 | 1.84E+05 | 7.01E+04 | 4.60E+03
10 UAASW 10.7 3.1 1.53E+06 | 6.10E+06 | 6.12E+05 | 3.40E+06 | 2.99E+04 | 1.24E+05
600.080 75 LAASW 4.8 3.0 7.47E+05 | 1.96E+06 | 2.49E+05 | 6.12E+06 | 3.62E+04 | 3.77E+05
LMG 300 CDW 115 3.4 8.72E+05 | 9.63E+05 | 1.35E+06 | 2.21E+05 | 1.62E+04 | 7.27E+03
10-06 10 UAASW 8.5 3.0 9.07E+05 | 6.47E+06 | 5.27E+05 | 2.87E+06 | 4.46E+03 | 8.65E+04
600.120 70 LAASW 10.0 3.1 3.97E+05 | 3.44E+06 | 3.73E+05 | 4.39E+06 | 8.71E+03 | 2.73E+05
330 CDW 13.0 3.1 6.15E+05 | 3.91E+06 | 1.69E+06 | 2.87E+05 | 3.30E+04 | 6.44E+03
10 UAASW 10.0 29.9 1.13E+06 | 3.43E+06 | 3.12E+05 | 6.68E+04 | 8.40E+03 | 6.40E+04
600.160M 55 LAASW 9.8 32.8 9.98E+05 | 4.73E+06 | 4.05E+05 | 1.87E+05 | 7.41E+03 | 1.15E+05
300 CDW 9.8 23.5 4.22E+05 | 1.16E+06 | 1.21E+06 | 1.36E+04 | 4.21E+03 | 6.00E+03
10 UAASW 10.0 31.0 2.40E+06 | 4.20E+06 | 6.04E+05 | 2.28E+05 | 1.29E+05 | 2.69E+03
600.080M 75 LAASW 9.7 29.8 9.70E+05 | 3.04E+06 | 3.41E+05 | 1.84E+05 | 5.06E+04 | 1.60E+04
300 Cbw 10.0 30.0 5.33E+05 | 1.29E+06 | 3.00E+06 | 3.31E+04 | 7.30E+03 | 1.45E+02
600.100 100 WwWw 4.0 1.1 1.75E+04 | 2.07E+04 | 2.04E+04 | 1.88E+04 | 1.19E+03 | 6.46E+03
' 400 CDW 2.7 1.1 6.41E+06 | 1.13E+07 | 2.09E+07 | 4.58E+05 | 5.46E+04 | 8.64E+03
LMG 600.200 70 Ww 4.0 1.0 5.36E+04 | 5.44E+04 | 1.11E+05 | 2.41E+04 | 4.53E+03 | 1.56E+04
11-01 ' 400 CDW 4.0 1.0 8.60E+06 | 1.54E+07 | 2.43E+07 | 9.53E+05 | 2.05E+04 | 1.28E+04
500,200 80 WwWw 4.3 1.0 5.11E+05 | 8.15E+05 | 1.13E+06 | 4.11E+05 | 7.21E+04 | 6.01E+04
' 400 CDW 4.3 1.0 3.82E+06 | 1.38E+07 | 9.98E+06 | 4.40E+05 | 2.69E+03 LD
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DNA RNA gPCR Data (units are copies L™ sample filtered
Cruise | Station™ %np)ih VI\\/IIZE,(:,’E Fi\lig:.ed Fi\ligtl"ed Archaeal | Thaum. | Thaum. ﬁn:((;g AOB ?&i
(L) (L) amoA rs ureC Transcripts amoA transcripts

500.120 100 WW 2.0 1.0 1.89E+05 | 2.33E+05 | 1.50E+05 | 2.45E+05 | 6.15E+04 | 1.08E+05

400 CDwW 3.5 1.0 7.32E+06 | 1.31E+07 | 2.06E+07 | 5.10E+05 | 2.15E+04 LD
500.060 100 WW 3.5 1.0 444E+05 | 6.18E+05 | 2.77E+05 | 1.26E+06 | 9.61E+04 | 4.34E+05
' 270 CDW 4.2 1.1 1.98E+07 | 3.01E+07 | 5.32E+07 | 2.96E+06 | 4.11E+04 | 1.89E+04
600.040 80 WW 4.5 11 2.15E+06 | 1.92E+06 | 2.07E+06 | 2.01E+06 | 3.78E+04 | 5.08E+05
400 CDwW 4.0 11 1.15E+07 | 1.53E+07 | 2.97E+07 | 7.11E+05 | 4.65E+04 | 9.15E+03
400.040 80 WW 2.5 0.5 1.42E+06 | 2.09E+06 | 9.12E+05 | 1.64E+06 LD 3.53E+05
160 CDW 2.3 0.6 7.10E+06 | 7.22E+06 | 1.26E+07 | 2.94E+06 | 1.24E+05 | 1.87E+05
400.100 80 WWwW 3.8 0.8 2.72E+05 | 3.49E+05 | 3.38E+05 | 4.66E+05 | 2.29E+04 | 6.20E+04
' 350 CDwW 3.7 1.0 1.63E+07 | 2.40E+07 | 5.07E+07 | 1.79E+06 | 2.07E+05 | 3.66E+03
300,100 100 WW 4.0 1.1 1.14E+06 | 1.15E+06 | 2.28E+05 | 4.83E+05 | 2.64E+05 | 1.18E+05
' 400 CDW 4.1 1.0 6.48E+07 | 2.71E+06 | 3.01E+07 | 3.05E+06 LD 1.23E+03
LMG 300.040 125 WW 3.3 0.6 2.15E+07 | 1.78E+07 | 4.17E+07 | 6.24E+05 | 6.97E+04 | 3.06E+04
11-01 400 CDwW 3.5 0.6 8.10E+05 | 1.28E+06 | 5.39E+05 | 1.09E+06 LD 2.48E+03
200.100 100 WW 3.8 1.2 2.16E+06 | 1.84E+06 | 8.50E+05 | 2.29E+06 | 6.77E+05 | 2.62E+04
' 400 CDW 4.0 1.2 2.97E+07 | 2.66E+07 | 1.16E+08 | 6.61E+06 | 6.25E+04 | 1.16E+03
200.040 110 WW 3.9 1.0 9.51E+06 | 3.69E+06 | 1.54E+06 | 8.18E+06 | 1.13E+05| 4.03E+05
440 CDwW 3.8 1.0 1.62E+07 | 1.96E+07 | 3.80E+07 | 8.80E+05 | 3.21E+04 | 2.25E+03
200.000 100 WW 4.0 1.0 2.89E+05 | 9.84E+04 | 1.43E+05 | 3.09E+05 | 8.50E+04 | 8.37E+03
400 CDW 4.0 1.0 3.12E+07 | 2.89E+07 | 1.22E+08 | 1.09E+06 | 4.25E+04 | 9.76E+02
200.-040 100 WW 4.0 1.0 1.15E+07 | 5.91E+06 | 4.68E+06 | 6.19E+06 | 9.81E+05 | 6.23E+04

' 400 CDwW 4.0 1.0 2.76E+07 | 2.80E+07 | 5.08E+07 | 1.01E+06 | 5.00E+04 LD

200.160 75 WW 3.0 1.1 2.52E+06 | 4.42E+05 | 1.44E+05 | 5.89E+05 LD LD
400 CDW 4.0 1.2 2.67E+06 | 9.38E+06 | 1.16E+07 | 6.48E+04 | 1.18E+03 | 8.23E+02
221.-019 80 WW 3.0 0.9 7.28E+05 | 8.13E+05 | 3.74E+05 | 1.82E+06 | 1.99E+03 | 2.12E+03

P2 80 #2 WW 5.9 11 1.26E+04 | 1.12E+06 | 2.29E+05 | 8.26E+05 LD LD
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DNA RNA gPCR Data (units are copies L™ sample filtered
Cruise | Station™ %np)ih V,\\A/Zgig Fi\lig:.ed Fi\ligtl"ed Archaeal | Thaum. | Thaum. ﬁn:((;)g AOB ?&i
(L) (L) amoA rs ureC Transcripts amoA transcripts
203.031 80 WW 4.0 11 3.71E+06 | 2.63E+06 | 1.25E+06 | 7.22E+06 | 4.81E+04 | 6.93E+04
P2+#5 | 400 | CDW 4.0 1.2 | 5.71E+06 | 1.58E+07 | 4.23E+07 | 7.46E+05 | 1.28E+04 LD
200.04 70 WWwW 4.0 0.9 1.44E+06 | 2.55E+06 | 4.98E+06 | 7.43E+06 | 1.13E+04 | 1.37E+05
#2 400 CDW 3.2 1.0 2.43E+06 | 2.84E+06 | 7.41E+05 | 2.58E+06 | 1.64E+04 | 1.20E+04
100.-040 100 WW 4.0 0.9 6.26E+06 | 1.32E+07 | 5.46E+06 | 2.15E+07 | 1.32E+05 | 2.40E+05
250 CDwW 0.5 0.6 4.39E+05 ND ND 3.46E+03 | 3.68E+04 LD
100.040 80 WW 4.0 0.9 2.15E+06 | 3.11E+06 | 2.07E+06 | 1.01E+07 | 2.14E+04 | 1.83E+05
' 325 CDW 4.0 1.0 1.23E+07 | 1.67E+07 | 1.15E+07 | 1.60E+07 | 1.08E+04 | 2.86E+04
100.100 80 WW 4.0 0.9 7.33E+05 | 4.91E+05 | 2.46E+05 | 1.74E+06 | 1.53E+05 | 6.20E+04
' 400 CDwW 3.7 11 3.69E+06 | 5.41E+06 | 1.10E+07 | 1.10E+07 | 2.78E+04 | 9.32E+04
LMG | 000.180 70 WW 4.0 1.1 8.46E+04 | 3.56E+02 | 1.12E+04 | 6.67E+03 LD LD
11-01 400 | CDW | 4.0 11 | 5.13E+06 | 1.47E+07 | 2.66E+07 | 1.31E+06 | 1.88E+03 LD
-100.180 70 WWwW 4.0 0.9 2.32E+04 | 2.48E+04 | 2.36E+04 | 4.59E+05 LD 12925.93
400 CDwW 4.0 11 4.12E+06 | 9.34E+06 | 2.11E+07 | 1.15E+06 | 1.74E+03 | 2.77E+03
-100.060 100 WW 4.0 1.1 1.51E+07 | 1.14E+06 | 7.63E+05 | 2.51E+06 LD 2.42E+05
' 400 CDW 4.0 14 6.77E+06 | 9.56E+06 | 3.45E+07 | 2.39E+06 | 3.56E+04 | 6.34E+03
-120.- 80 WW 4.0 1.0 8.88E+06 | 9.06E+06 | 2.38E+06 | 2.80E+07 | 1.16E+06 | 8.23E+05
025 500 CDwW 4.0 1.2 1.03E+07 | 1.49E+07 | 3.90E+07 | 3.51E+06 | 2.03E+04 LD
-158.- 100 WW 4.0 1.1 1.45E+07 | 7.69E+06 | 2.38E+06 | 2.47E+07 | 1.49E+06 | 3.43E+04
034 285 CDW 4.2 1.1 6.48E+06 | 7.71E+06 | 2.18E+07 | 6.87E+06 | 1.35E+05 | 3.24E+03
-100.000 100 WW 4.0 1.0 3.64E+06 | 3.84E+06 | 8.83E+05 | 1.18E+06 | 1.05E+05 | 1.34E+04
000.100 100 WW 4.0 1.0 3.78E+06 | 2.49E+06 | 1.19E+06 | 2.91E+06 | 1.30E+05| 8.89E+05
' 350 CDW 4.0 1.0 2.75E+06 | 3.13E+06 | 8.52E+06 | 1.16E+06 | 8.44E+03 | 6.04E+03

*Stations/Depths in bold used for pyrosequencing; ND = not determined; LD = limit of detection.
#Water Mass Abbreviations: UAASW = Upper Antarctic Surface Water, LAASW = Lower Antarctic Surface Water,
WW = Winter Water, CDW = Circumpolar Deep Water
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gPCR Data (units are copies L™)

Pyrosequencing Data (select samples only)**

Cruise | Station | DSPth | Water Nitrospina | Bacteria Diatom | 1o im. | initial# | Fnal# Initial # Final #
(m) Mass rrs rrs 185 % Prok. | rrs Reads s amoA amoA
rRNA ' Reads reads Reads
10 UAASW | 5.14E+05 | 1.08E+08 | 1.60E+07 | 45.04% ND ND ND ND
600.200 75 LAASW | 9.12E+05 | 8.09E+07 | 4.51E+07 | 48.79% ND ND ND ND
260 CDW 3.56E+05 | 2.97E+07 | 2.44E+06 | 64.73% ND ND ND ND
10 UAASW | 1.34E+06 | 1.14E+08 | 6.60E+07 | 14.13% ND ND ND ND
600.160 75 LAASW | 1.26E+06 | 1.19E+08 | 7.60E+07 | 16.02% ND ND ND ND
300 CDwW 5.14E+05 | 3.62E+07 | 6.94E+06 | 25.55% ND ND ND ND
10 UAASW | 1.56E+06 | 2.36E+08 | 7.31E+07 | 4.44% ND ND ND ND
600.080 75 LAASW | 3.70E+05 | 7.27E+07 | 1.05E+08 | 4.63% ND ND ND ND
LMG 300 CDW 1.56E+05 | 9.17E+06 | 4.92E+06 | 15.90% ND ND ND ND
10-06 10 UAASW | 1.20E+06 | 2.21E+08 | 6.97E+07 | 5.02% ND ND ND ND
600.120 70 LAASW | 5.79E+05 | 2.20E+08 | 5.34E+07 | 2.74% ND ND ND ND
330 CDW 4.63E+05 | 2.75E+07 | 1.66E+06 | 20.40% ND ND ND ND
10 UAASW | 6.13E+05 | 1.11E+08 | 5.02E+07 | 5.25% 16,475 12,648 7,643 5,683
600.160M 55 LAASW | 8.65E+05 | 1.44E+08 | 7.64E+07 | 5.60% 18,188 13,757 9,129 6,918
300 CDW 6.74E+05 | 1.23E+07 | 5.69E+06 | 14.55% 17,481 12,520 6,047 3,793
10 UAASW | 5.37E+05 | 9.53E+07 | 2.06E+07 | 7.35% 17,625 14,578 9,116 7,048
600.080M 75 LAASW | 4.85E+05 | 1.17E+08 | 5.16E+07 | 4.47% 60,651 50,498 7,450 5,722
300 Chbw 3.23E+05 | 1.06E+07 | 3.86E+06 | 18.01% 17,650 10,403 7,832 5,073
600.100 100 WWwW 4.83E+03 | 6.03E+08 | 9.99E+07 | 0.01% 14,932 11,867 4,821 3,598
' 400 CDW 1.07E+06 | 9.81E+07 | 5.43E+06 | 17.16% 16,853 10,749 6,071 4,035
LMG 600.200 70 WW 1.09E+04 | 6.06E+08 | 1.33E+08 | 0.02% ND ND ND ND
11-01 ' 400 CDwW 1.27E+06 | 1.11E+08 | 9.01E+06 | 20.08% ND ND ND ND
500.200 80 WWwW 1.29E+05 | 3.24E+08 | 1.39E+08 | 0.45% 15,316 11,197 7,310 5,391
' 400 CDW 5.99E+05 | 1.20E+08 | 9.19E+06 | 17.11% 15,950 10,608 6,726 4,800
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qPCR Data (units are copies L™)

Pyrosequencing Data (select samples only)**

Cruise | Station™ %np)ih V,\\/Ilggig Nitrospina | Bacteria leggm ;I'haum. Initial # F'??SI # Ig:;'gllo\# ';';%IA#
res rrs 'RNA % Prok. | rrs Reads Reads reads Reads
500.120 100 WW 4,15E+04 | 4.83E+08 | 1.59E+08 0.09% ND ND ND ND
400 CDW | 8.86E+05 | 1.48E+08 | 9.73E+06 | 13.76% ND ND ND ND
500.060 100 WW 8.68E+04 | 9.96E+07 | 6.53E+07 1.10% ND ND ND ND
270 CDW | 1.37E+06 | 1.52E+08 | 7.27E+06 | 26.24% ND ND ND ND
600.040 80 WW 2.50E+05 | 5.22E+08 | 9.11E+06 0.66% 18,800 14,495 7,525 5,495
400 CDW | 9.20E+05 | 1.51E+08 | 9.53E+06 | 15.42% 10,098 6,605 6,489 3,859
400.040 80 WW 4.40E+05 | 8.85E+08 | 7.37E+07 0.42% ND ND ND ND
' 160 CDW | 1.20E+06 | 2.12E+08 | 4.15E+07 5.79% ND ND ND ND
400.100 80 WW 5.86E+04 | 3.45E+08 | 1.73E+08 0.18% 20,054 16,745 8,878 7,034
350 CDW | 1.08E+06 | 2.59E+08 | 1.07E+07 | 14.28% 15,608 9,241 7,216 4,349
300.100 100 WW 1.37E+05 | 7.03E+08 | 5.19E+07 0.29% 20,488 17,045 8,296 6,587
400 CDW | 9.97E+05 | 1.19E+08 | 1.19E+07 3.93% 16,880 9,760 7,116 4,478
LMG 300.040 125 WW 7.08E+05 | 2.55E+08 | 4.96E+07 | 11.19% ND ND ND ND
11-01 ' 400 CDW | 1.01E+05 | 1.36E+09 | 7.73E+08 0.17% ND ND ND ND
200.100 100 WW 4,03E+05 | 4.47E+08 | 4.34E+07 0.74% 19,119 15,590 9,324 6,905
' 400 CDW | 1.66E+06 | 2.24E+08 | 1.80E+07 | 17.60% 19,884 10,152 8,209 5,023
200.040 110 WW 1.27E+06 | 4.29E+08 | 4.43E+08 1.52% ND ND ND ND
440 CDW | 9.58E+05 | 8.73E+07 | 3.70E+07 | 28.77% ND ND ND ND
200.000 100 WW 4.66E+04 | 1.80E+08 | 1.55E+07 0.10% ND ND ND ND
' 400 CDW | 2.25E+06 | 2.00E+08 | 2.40E+07 | 20.66% ND ND ND ND
200.-040 100 WW 1.74E+06 | 5.13E+08 | 2.54E+08 2.03% 21,278 16,864 7,040 5,231
' 400 CDW | 1.94E+06 | 1.49E+08 | 2.11E+07 | 25.27% 13,997 8,023 6,746 4,136
200.160 75 WW 3.94E+04 | 2.94E+08 | 3.97E+07 0.27% ND ND ND ND
' 400 CDW | 5.79E+05 | 4.88E+07 | 1.87E+07 | 25.71% ND ND ND ND
221.-019 80 WW 1.13E+05 | 7.79E+08 | 2.16E+08 0.19% ND ND ND ND
P2 80 #2 WW 2.12E+05 | 8.35E+08 | 7.77E+06 0.24% ND ND ND ND
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qPCR Data (units are copies L™)

Pyrosequencing Data (select samples only)**

Cruise | Station* %np)ih V,\\/Ilggig Nitrospina | Bacteria leggm Thaum. | Initial # F'??SI # Ig:;'gllo\# ';';%IA#
rrs rrs 'RNA % Prok. | rrs Reads Reads reads Reads
203.031 80 WW 5.30E+05 | 2.99E+08 | 1.44E+08 1.56% ND ND ND ND
P2-#5 400 | CDW | 7.96E+05 | 7.66E+07 | 6.11E+06 | 27.14% ND ND ND ND
200.04 70 WW | 9.03E+05 | 7.13E+07 | 4.39E+06 | 6.06% 14,387 8,835 7,677 5,225
#2 400 CDW | 5.69E+05 | 6.13E+08 | 7.25E+06 0.83% 21,013 17,490 8,684 6,890
100.-040 100 WW 2.00E+06 | 4.59E+08 | 1.04E+08 4.90% ND ND ND ND
' 250 CDW ND 7.52E+09 ND ND ND ND ND ND
100.040 80 WW 8.26E+05 | 4.53E+08 | 6.12E+07 1.22% 17,366 14,109 5,471 3,607
' 325 CDW | 1.56E+06 | 1.97E+08 | 1.12E+07 | 13.24% 15,636 11,877 7,844 5,530
100.100 80 WW 1.73E+05 | 5.41E+08 | 7.14E+07 0.16% ND ND ND ND
' 400 CDW | 4.24E+05 | 1.04E+08 | 8.02E+06 8.55% ND ND ND ND
LMG | 000.180 70 WW 1.45E+04 | 7.53E+08 | 2.30E+08 0.00% ND ND ND ND
11-01 ' 400 CDW | 1.52E+06 | 1.13E+08 | 1.73E+07 | 18.93% ND ND ND ND
-100.180 70 WW 3.04E+04 | 3.75E+08 | 4.16E+07 0.01% ND ND ND ND
' 400 CDW | 8.88E+05 | 1.34E+08 | 1.97E+07 | 11.17% ND ND ND ND
-100.060 100 WW 3.16E+05 | 6.06E+08 | 2.03E+08 0.34% 16,535 14,086 7,732 6,082
' 400 CDW | 1.94E+06 | 1.56E+08 | 2.79E+07 9.94% 15,682 10,284 6,140 4,188
-120.- 80 WW 2.98E+06 | 6.25E+08 | 2.63E+08 2.54% ND ND ND ND
025 500 CDW | 1.82E+06 | 2.76E+08 | 2.17E+07 8.86% ND ND ND ND
-158.- 100 WW 7.84E+05 | 6.69E+08 | 1.26E+08 2.03% ND ND ND ND
034 285 CDW | 1.41E+06 | 2.86E+08 | 1.66E+08 4.62% ND ND ND ND
-100.000 | 100 WW | 4.97E+05 | 7.28E+08 | 5.80E+08 | 0.94% 19,581 16,534 8,726 6,860
000.100 100 WW 8.42E+05 | 2.61E+08 | 9.41E+07 1.69% 16,670 13,807 8,159 6,446
' 350 CDW | 5.92E+05 | 1.19E+08 | 3.75E+07 451% 13,807 9,022 6,516 4,051
*ND = not determined; Thaum. % Prok. (Prokaryotes) calculated as described in text. 538,004 | 399,389 215,933 154,037

**Processing of pyrosequencing reads described in Materials and Methods

Totals for All Samples

*UAASW = Upper Antarctic Surface Water, LAASW = Lower AASW, WW = Winter Water, CDW = Circumpolar Deep Water

300




Table B.2: PCR Primers and probes used in this study

Target Gene Primer/ Probe Sequence (5°—3°) Application LD* Reference
G1_751F GTC TAC CAG AAC AYG TTC
\ .
G1_956R HGG CGT TGACTC CAA TTG 4PCR 2.04x }_‘?1 Mincer et al. (2007)
copies
Iggligilf Zh?fr‘;t)a TM519AR TTA CCG CGG CGG CTG GCAC Suzuki et al. (2000)
517Fa GCC TAA AGC ATC CGT AGC 454 A VAMPS project
1058R CGACRRCCATGCANCACCT Sequencing (vamps.mbl.edu)
BACT1369F CGG TGA ATACGT TCY CGG
Bacterial PROK1492R GGW TACCTTGTTACGACT T 5.07 x 10° -
16 rRNA (rrs) gPCR copies L™ Suzuki et al. (2000)
389F CTT GTACAC ACC GCCCGT C
Nitrospina NitSSU_130F GGG TGA GTA ACA CGT GAA TAA o 160 x 10° Mincer et al. (2007
16S rRNA (rrs) | NitSSU_282R TCA GGC CGG CTAAMC A a copies L '
Diatom 185 | 928F GCG GTA ATT CCA GCT CCA A PCR 1.22 x 10* Nguyen et al. (2011);
rRNA 650R AAC ACT CTAATT TTT TCA CAG a copies L Baldi et al. (2011)
Arch-amoA-for CTG AYT GGG CYT GGA CAT C 218 x 10°
Arch-amoA-rev | TTCTTC TTT GTT GCC CAG TA aPCR copies Lt | Wuchter etal. (2006)
ArchamoAF STAATG GTC TGG CTT AGA CG 8.94 x 10° _
Archaeal amoA = AR GCG GCC ATC CAT CTG TAT GT PCR copies L? | Francis etal. (2005)
CamoA-19f ATG GTC TGG YTW AGA CG 454
CamoA-616r GCC ATC CAB CKR TAN GTC CA Sequencing N/A Pester etal. (2012)
Thaum-UreC for. | ATG CAATYT GTA ATG GAA CWA CWA C 3
Thaumarchaeota PCR 7.70 x 10 Alonso-Séez et al. (2012)
ureC Thaum-UreC rev. AGT TGT YCCCCAATCTTCATGTAATTTTA g copies L? '
amoA-1F GGG GTT TCT ACT GGT GGT 3 | Rotthauwe et al. (1997)
Bacterial amoA* gPCR 8.13x 10/ '
amoA-r New CCCCTCBGS AAAVCCTTCTTC copies L Hornek et al. (2006)

*Bacterial amoA primers amplify genes from B-Proteobacteria only, and not y-Proteobacteria. “LD = limit of detection.
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Table B.3: OTUs shared between 2006 and 2010/2011.

rrs SSW WWwW CDW Total
Cluster #1 6% 3% 11% 7%
Cluster #2 94% 97% 49% 75%
Cluster #3 0% 0% 7% 3%
# Sequences (n) 16 92 91 199
amoA SSwW Ww CDW Total
Subcluster 13 89% 78% 8% 52%
Subcluster 9.1A 11% 22% 15% 16%
Subcluster 9.1B 0% 0% 77% 32%
# Sequences (n) 9 9 13 31
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Figure B.1: Map of the Palmer LTER study region along the Antarctic Peninsula
showing the stations sampled. Land is shown in white, while grey-scale shading
indicates the bathymetry of the shelf-slope region (medium gray areas bisecting shelf are
submarine canyons and troughs). The Palmer LTER sampling grid is set along lines 100
km apart (north to south) with stations 20 km apart (on to offshore, along a line), with
standard sampling stations indicated by yellow circles. Green circles show process study
stations where extended observations have been made since 2009. Stations colored in
blue (LMG10-06) and orange (LMG11-01) were sampled as part of this study. Palmer
Station is on Anvers Island, near station 600.040 (top-right, orange circle). Map courtesy

of Hugh Ducklow, Lamont-Doherty Earth Observatory.
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Figure B.2: Hydrography of the Palmer LTER study region. Water temperature (top
panel) and salinity (bottom panel) from PAL LTER lines 200-500 averaged across
summer (Dec 21-Mar 21) samples. Station numbers (using PAL LTER coding) roughly
represent the distance from shore in km. Water mass (SSW, WW and CDW) definitions
are from Church et al. (2003). The section plot was created using Ocean Data View
(Schlitzer, 2014) with DIVA gridding. Data for this plot was obtained from the National
Oceanographic Data Center’s World Ocean Database 2009

(http://www.nodc.noaa.gov/OC5/WODOQ9/).
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Figure B.3: Water masses in Antarctic continental shelf waters West of the
Antarctic Peninsula (WAP). Temperature versus salinity plot highlighting the
differences among three major water masses sampled during Sept 2010 and Jan 2011; the
outlier sample of AASW came from the pycnocline. Sigma-t (o;, a measure of density at
a given temperature) is plotted as contours (dotted lines), with the freezing point of
seawater indicated by a dashed line. CDW = Circumpolar Deep water, WW = Winter
Water, AASW = Antarctic Surface Water. Figure courtesy Daniela Di lorio, University

of Georgia.
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Figure B.4: Sample cast data from LMG 10-06 and LMG 11-01. Temperature (blue),
salinity (red), chlorophyll (chl) a fluorescence (green), and dissolved oxygen (black;
LMG 11-01 only) plotted against depth (m). A dashed line represents the depth at which
a given sample was collected. Samples collected from stations selected were used in

pyrosequencing analysis.
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Figure B.5: Thaumarchaeota distribution in summer compared between 2006 and
2011. Gene abundance is plotted as a ratio of Thaumarchaeota amoA to rrs, against
depth. Shapes represent water masses sampled, including Summer Surface Water (SSW;
circles), Winter Water (WW,; squares), and Circumpolar Deep Water (CDW; triangles).
Samples were collected during January-February 2006 (Kalanetra et al., 2009) and

January 2011 (this study).
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Figure B.6: Spatial distribution of Thaumarchaeota genes during LMG 11-01.
Distribution of Thaumarchaeota rrs (a-b) and ureC gene (c-d) abundance in WW (a, c)
and CDW (b, d) masses of the Palmer LTER study region from summer (January 2011).
Spatial plots were created with DIVA gridding using Ocean Data View (Schlitzer, 2014).

Note that color scales are identical for panels (a-c).
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Figure B.7: Ratios of archaeal amoA:Thaumarchaeota rrs calculated using different
primers. Archaeal amoA genes were quantified using either (a) Wuchter et al. (2006) or
(b) Francis et al. (2005) primer sets. The line represents the expected ratio of 1 amoA
gene copy per rrs gene, based on their copy numbers in sequenced Thaumarchaeota

genomes.
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Figure B.8: Thaumarchaeota ureC gene abundance compared to (a) archaeal amoA
and (b) Thaumarchaeota rrs genes. Line represents the expected ratio of 1 ureC gene
copy per rrs or amoA gene based on their copy numbers in sequenced Thaumarchaeota

genomes.
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Figure B.9: Ammonia oxidation (AO) rates versus Thaumarchaeota abundance and
amoA transcription. Measured *>N-AQ rates plotted against (a) Thaumarchaeota rrs

genes or (b) amoA transcripts.
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Figure B.10: Distribution of OTUs among water masses. Venn diagrams of OTUs
obtained from pyrosequencing samples from (a-b) all water masses, (c-d) Antarctic
Surface Water (AASW) and Winter Water (WW) from the LTER 600 line only, and (e-f)
Circumpolar Deep Water (CDW) from the LTER 600 line only. Figures show both
Thaumarchaeota rrs (98% similarity; a, c, €) and Archaea amoA (97% similarity; b, d, f)
OTU distributions determined using mothur (Schloss et al., 2009), with singleton OTUs
removed. Tables include information on the number of OTUs and sequences from a
given water mass, as well as the total number of sequences shared for all water masses

shown (the number of shared OTUs is reflected in the figure).

324



rrs  |# OTUs |# Seqs WW |Su CDW amoA |# OTUs |# Seqs AASW |Sp CDW| WW |Su CDW
AASW 17 91,480 262,601| 203,063| | |AASW 53 25,358| AASW 33,992| 93,644| 74,970
Sp CDW| 39 22,913 194,027 SpCDW| 73 8,853|Sp CDW | 33,992 76,915| 58,563
ww 26  [171,169|WW 262,601 wWw 96 68,427 |WW 93,644| 76,915 118,243
SuCDW| 70 [112,037|Su CDW |203,063 Su CDW| 156 | 50,076|Su CDW| 74,970| 58,563|118,243
Total 76 |397,008| Shared # Sequences Total 175 [151,499 Shared # Sequences
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rrs |# OTUs |# Seqs amoA (# OTUs |# Seqs UAASW|LAASW| ww
UAASW/| 15 27,226 UAASW| 33 12,722|UAASW 25,320| 21,751
LAASW | 12 64,254 LAASW| 45 12,636|LAASW | 25,320 21,649
ww 17 26,361 ww 54 9,085|WW 21,751| 21,649
Total 10 117,808 Shared # Sequences Total 104 34,341 Shared # Sequences
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Figure B.11: Phylogenetic tree of Thaumarchaeota rrs genes. Sequences obtained by
pyrosequencing (353 bp) were aligned against the SILVA database (Quast et al., 2013),
which was also used to construct the tree with OTU representatives set at 98% similarity.
Numbers following each OTU represent the number of sequences and the % of total
sequences. For the two major clusters (defined by sequences with 95% similarity),
additional percentages indicate the distribution of sequences among water masses
(AASW, WW, CDW). OTU colors are shaded by the proportion of sequences obtained
from each water mass. Sequences labeled “ANT 2006 are from the Kalanetra et al.

(2009) study. Only bootstrap values >50% are shown.
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Cluster #2 (inchuding Candidatus "Nitrosopumilus mariimus” SCM1),
36 OTUs (345048, B7T%; 0% 1 96% | 67%)*

Cluster#1, 21 OTUs
(45070, 11°%; DAF4 F 32% § 200

IKOGEE DA B2 00, OTU #61 {3, <0.1%)
IKOEGSDIAH EX0S, OTU 16 (30, <0.1%)
IKOQESD02GLA0, OTU #8, (1638, 0.4%; 0% F 0.3% F 0uB%)™ Cluster #4
IKOGEE DG4, OTU §70 (2, <01%)
JQ224996, uncultured marine archaeon, Saanich Inlet 100m
496 IKOGEESDO2FSWIFA, OTU #20 (22, <0.1%)
IKDGEEDOAHWVUO2, OTU #41 {5, <0.1%)
IKOLESDDAHIBYC, OTU #35 (6, <0.1%)
; JQ220558, uncultured marine archaeon, Northeast subarctic Pacific Ocean 1000m
o JQ220924, unculiured marine at:haem, Nartheast subarctic Pacific Ocean 2000m
4% IKDQESDOZRERGE, OTU #50 (4, <0.1%)
J23221161, uncultlured marine archaeon, Northeast subarclic Pacific Ocean 500m
4% EU199456 Ani 101045, ANT 2008 CIOW 500,180 410m Cluster #3

in

of IKOGESDOZFWI], OTU #4 (4306, 1.1% ; DuDE, §OU3% 7 2.00)~
JQ220698, uncullured marine archaeon, Northeast subarclic Pacific Ocean 1000m
EU199622, Ant26R136G3, ANT 2006 COW 600.040 500nm
IKDGEEDOHR TDE, OTU #3 (7055, 1.8% ; 0.2% § 0.5% 1 4.6%)*
JQ220653, unculiured marine archaeon, Northeast subarctic Pacific Ccean 1000m
IEDQBEDO2GETZ, OTU F47 (4, <0.1%)

AY627434, uncultured archaeon, Eastemn Medilerranean Sea 3342m deep sediment
A.1870929 uncultured uenan:haeme deep—sea sediment

—g9g9% DQ397549, “Cenarchaeiim symbiosum™
IKDQEEDOAGEZVDE, OTU F#19 {23, <0.1%)
HQ529887, uncultured archaeon, sea waler

AF121095, uncultured crenarchaecte ODPB-AT
MEDQGSIDOAHZ 02, OTU #62 {3, <0.1%])

IKOQESDOZFPIGZ, OTU I69 (2, <01%)
HQ529787, uncultured archaeon, sea waler

IKDQGESDDANREI, OTU #7d (2, <0.1%)
MEDEGESDNZL TR, OTU §# (1322, 0.3%; DS F0.1% 1 D% )
EF597697, uncultured crenarchaecte, Mediterranean Sea 3010m
IKOQGSDOZJII.MO OTU #34 (6, d).ﬂﬁ)

FJ150832, uncultured marine group | thaumarchaecie, Iceland—Scotland Cverflow Water{ISOW) 207 1m
CP002408, Candidatus “Nitrososphaera gargensis” Ga9.2
3% ——— FR773157, Candidatus “Nitrososphaera viennensis” EN76
JQ229503, unculired marine archaeen, Saanich Inlet 100m
JQ227543, uncultured marine a'chaem, Saanich Inlet 100m
MENQGEEDOAN SN, OTU #52 (4, <0.1%)
IKDEGESDOZIFFSFO, OTU 53 (4 <0.1%)

JQ221769, uncultured marine archaeon, Northeast subarctic Pacific Ocean 500m
5 MENEESDOAKBNIF, OTU F&3 (3, <0.1%)
GU234595, unculiured marine archaeon, Antarclic seawater 5m
AACY023249168, marine metagenome, GOS surface waler

EU329752, uncultured archaeon, Salton Sea anoxic hypersaline sediment
IEDQGSDOZH =016, OTU #36 (6, <0.1%)
AY500128, uncultured euryarchaeote, marine sediment
DQA17478, unculhwed ewryarchaecte, Ridge Hank Abyssal Hills sea floor

0.10 **(# seqs, % total seqgs; % AASW seqs 1% WW seqs I % CDW seqs)

329



Figure B.12: Statistical analysis of data from LMG10-06. (a) Principal Components
Analysis (PCA) plot of samples arrayed in environmental data space displayed on the
first two principal components axes, which represent 69.7% of the variability in the
dataset. (b) Nonmetric Multidimensional Scaling (NMDS) plot of samples based on
gPCR-estimates of gene abundances. Graphs highlight distinct features of Winter Water
(WW) and Circumpolar Deep Water (CDW) masses, and show that gene distributions in

Antarctic Surface Water (AASW) samples closely match those in the WW layer.
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Figure B.13: Statistical plots from OTU data obtained by 454 Pyrosequencing.
Nonmetric Multidimensional Scaling (NMDS) plots showing Thaumarchaeota rrs (a) and
Archaeal amoA (b) OTUs. Singleton OTUs were excluded from analysis and OTUs
containing two or three sequences were used to construct NMDS plots but were removed
for clarity (rrs OTUs R55-R77; amoA OTUs A98-A176). (c) Principal Components
Analysis (PCA) plot of samples used for pyrosequencing arrayed in environmental data
space; AO = ammonia oxidation. Samples are plotted against the first two axes, which
represent 57.1% of the variability in the dataset. The distinction between Winter Water
(WW) and Circumpolar Deep Water (CDW) layers is again reflected in this data, with

Antarctic Surface Water (AASW) samples grouping with those from the WW layer.
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Figure B.14: Comparison of prokaryotic abundance measurements. Estimates of
prokaryote abundance (Bacteria + Thaumarchaeota) in samples collected during LMG
11-01, were made using rrs gene abundance determined by qPCR and corrected using an
average of 1.8 Bacteria rrs genes per genome (Biers et al., 2009). Flow cytometric cell
counts are courtesy of the Palmer LTER (http://pal.lternet.edu/). Samples are coded
based on water mass: WW = Winter Water, CDW = Circumpolar Deep Water.

Regression includes all data points.
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APPENDIX C

SUPPLEMENTARY MATERIAL: SHORT-TERM VARIABILITY OF AMMONIA

OXIDIZER POPULATIONS IN A SE USA SALT MARSH ENVIRONMENT*

! Tolar, B.B., P. Hagan, M.J. Ross, and J.T. Hollibaugh. To be submitted to The ISME
Journal.
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MATERIALS AND METHODS
Temperature Experiment

Water from Sapelo Island was collected in August 2008, and has been maintained
as an enrichment culture in our laboratory by semi-regular transfers with additions of 50
uM ammonia. It contains both Thaumarchaeota (~5% of Bacteria rrs) and Nitrospina
(nitrite-oxidizing Bacteria, NOB; ~4% of Bacteria rrs). Experiments were set up as batch
cultures in polycarbonate bottles as 1:9 dilutions of the inoculum with filter-sterilized,
low-nutrient offshore water from the South Atlantic Bight (SAB). Care was taken to
minimize handling that might inhibit Thaumarchaeota (Kdnneke et al., 2005), and
samples were kept in the dark. Triplicate samples were placed in incubators with
temperatures of 10, 15, 20, 25, 30, and 34°C; temperature was monitored in real-time
using a HOBO Pendant® temperature data logger (Onset Computer Corporation). Bottles
were amended with either ammonia (to monitor ammonia oxidation) or nitrite (to monitor
nitrite oxidation) at 50 uM final concentration. Samples were collected regularly over a
10-day period to measure DIN concentrations as above. Thaumarchaeota, NOB,
ammonia-oxidizing Bacteria (AOB), and Bacteria abundance was determined by qPCR in

the beginning and end of the experiment as described in Chapter 4.

RESULTS

Manipulation of temperature using an enrichment of Thaumarchaeota and NOB
from Sapelo Island indicated that this variable has a strong effect on both ammonia and
nitrite oxidation (Figure C.6). Nitrite production by Thaumarchaeota was highest at

temperatures >25°C, with complete oxidation of ammonia within 5 days at 30 or 35°C
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(Figure C.6a); no nitrite production was observed after 10 days at either 10 or 15°C,
while the 20°C samples did not have measurable activity until day 6. Measurements of
nitrite + nitrate (NOy; Figure C.6b) in the same samples matched patterns for nitrite
alone, with no change in NOy concentration at 10 or 15°C. Similar trends with
temperature were observed for NOB, with the fastest oxidation of nitrite at temperatures
>25°C (Figure C.6c¢); small, inconsistent changes in nitrite were. No change in nitrite
concentration was observed for any temperature <20°C (Figure C.6c), and only gradual

(but inconsistent) increases in nitrate were measured (Figure C.6d).
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Table C.1:

Summary of samples collected weekly at Marsh Landing, Sapelo Island, GA, from March 2011 to September 2014.

gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Arch Bacteria AOB | Nitrospina | Diatom
Thaum rrs

amoA rrs amoA rrs 18S NO, | NO, NH, DIN | Urea
03/28/11 6.54E+04 | 1.20E+05 | 6.81E+08 | 5.28E+04 | 3.37E+04 | 3.32E+08 | 0.21 1.44 6.48 8.13| ND
04/04/11 | 9:15| 1.14E+05 | 3.62E+04 | 7.17E+08 | 1.35E+05 | 4.99E+04 | 7.78E+08 | 0.21 1.85 2.42 448 | ND
04/11/11 | 13:30 | 4.33E+04 | 2.50E+04 | 8.39E+08 | 1.88E+04 | 1.69E+04 | 4.29E+08 | 0.11 0.96 8.97 | 10.03| ND
04/18/11 | 10:00 | 4.48E+04 | 1.75E+04 | 2.63E+08 | 2.53E+04 | 2.24E+04 | 3.60E+08 | 0.23 1.34| 1955| 21.12| ND
04/26/11 | 15:30 | 1.16E+04 | 8.06E+03 | 2.58E+08 | 1.14E+04 | 5.39E+03 | 6.79E+07 | 0.21 1.60 3.34 5.16 | ND
05/04/11 | 10:30 | 4.80E+04 | 1.69E+04 | 8.93E+08 | 4.07E+04 | 1.44E+04 | 3.90E+08 | 0.21 1.22 1.92 3.35| ND
05/10/11 | 12:45 | 4.35E+04 | 2.61E+04 | 7.51E+08 | 9.68E+03 | 2.09E+04 | 5.79E+08 | 0.11 0.39 3.14 3.63| ND
05/16/11 | 9:15| 1.82E+05 | 1.02E+05 | 1.58E+09 | 8.85E+04 | 1.58E+05 | 4.81E+07 | 0.13 0.22 1.03 1.38| ND
05/24/11 | 13:15 | 9.00E+05 | 4.68E+05 | 8.97E+09 | 4.20E+05 | 4.85E+05 | 5.52E+09 | 0.12 0.53 2.82 3.47 | ND
06/01/11 | 9:30 | 3.11E+05 | 4.22E+05 | 1.40E+10 | 9.55E+05 | 3.25E+05 | 8.76E+09 | 0.11 0.24 0.56 0.91| ND
06/09/11 | 13:00 | 1.14E+06 | 6.63E+05 | 1.26E+10 | 8.47E+05 | 9.84E+05 | 1.07E+10 | 0.11 0.84 1.23 2.18 | ND
06/16/11 | 11:30 | 3.02E+06 | 1.29E+06 | 1.87E+10 | 6.75E+06 | 3.85E+06 | 1.40E+10 | 0.11 0.11 0.42 0.63| ND
06/20/11 | 13:30 | 1.99E+06 | 5.92E+05 | 2.10E+10 | 1.03E+06 | 7.07E+05 | 1.44E+10 | 0.18 0.33 0.71 1.22 | ND
06/28/11 | 9:15| 1.73E+06 | 1.69E+06 | 2.89E+10 | 3.09E+06 | 5.36E+05 | 8.45E+09 | 0.17 0.37 1.08 1.62 | ND
07/14/11 | 9:20 | 1.26E+08 | 7.55E+07 | 2.79E+10 | 2.26E+06 | 1.07E+06 | 2.53E+10 | 1.01 1.40 0.68 3.09| ND
07/18/11 | 11:30 | 2.18E+08 | 7.42E+07 | 9.52E+09 | 5.43E+05 | 6.57E+05 | 1.17E+10 | 5.08 8.12 297 | 16.17 | ND
07/28/11 | 9:10 | 2.34E+08 | 6.94E+07 | 1.12E+10 | 8.83E+05 | 7.34E+05 | 4.65E+09 | 4.17 4.86 0.50 954 | ND
08/02/11 | 11:20 | 1.37E+08 | 1.20E+08 | 2.91E+10 | 1.35E+06 | 7.78E+05 | 5.25E+09 | 4.06 5.25 1.49 | 10.80 | ND
08/15/11 | 11:15 | 2.12E+08 | 1.64E+08 | 1.49E+10 | 1.54E+05 | 7.21E+05 | 4.60E+09 | 5.82 6.83 0.42 | 13.07 | ND
08/22/11 | 15:00 | 1.10E+08 | 1.11E+08 | 1.25E+10 | 1.06E+06 | 1.90E+05 | 4.38E+09 | 0.88 1.17 0.57 2.63 | ND
08/31/11 | 11:15 | 2.65E+07 | 1.93E+07 | 3.12E+09 | 2.92E+05 | 2.59E+05 | 2.60E+09 | 3.85 5.37 154 | 10.77| ND
09/09/11 | 9:15| 7.82E+07 | 1.73E+07 | 2.06E+09 | 6.74E+07 | 2.37E+05 | 2.06E+09 | 6.78 | 13.99 1.19| 2196 | ND
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gPCR Data (copies L™)

Nutrient Data (uM)

Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NOy | NHs | DIN | Urea
09/13/11 | 11:05 | 1.51E+08 | 8.57E+07 | 5.72E+09 | 1.31E+06 | 2.24E+06 | 3.64E+09 | 4.72 | 10.92 | 1.60| 17.24| ND
09/21/11 | 14:00 | 5.66E+06 | 2.97E+06 | 3.32E+09 | 3.85E+05 | 5.37E+04 | 1.12E+09 1.65 5.03| 556 | 12.23| ND
09/29/11 | 11:00 | 2.77E+07 | 1.76E+07 | 3.37E+09 | 3.53E+05 | 8.14E+05 | 2.56E+09 1.34 8.14| 6.12| 15.61| ND
10/04/11 | 14:00 | 3.97E+07 | 1.92E+07 | 4.08E+09 | 5.39E+05 | 1.07E+06 | 4.12E+09 | 2.05 9.37| 206 | 1347 | ND
10/12/11 | 10:30 | 4.19E+06 | 7.86E+06 | 1.10E+09 | 1.70E+05 | 2.82E+05 | 1.07E+09 | 0.88 3.73 | 3.90 8.52 | ND
10/18/11 | 13:30 | 1.04E+07 | 1.03E+07 | 5.79E+08 | 2.79E+05 | 5.85E+05 | 1.11E+09 1.74 6.38 | 2.74 | 10.86 | ND
10/25/11 | 9:20 | 1.09E+07 | 1.65E+07 | 1.35E+09 | 1.70E+05 | 6.69E+05 | 6.29E+08 | 1.11 530 | 2.25 8.67 | ND
11/01/11 | 13:30 | 5.34E+06 | 1.57E+07 | 1.60E+09 | 8.20E+04 | 5.22E+05 | 1.84E+09 | 0.52 2.69 | 3.04 6.25 | ND
11/09/11 | 9:30 | 1.16E+05 | 2.03E+05 | 7.03E+07 | 4.37E+03 | 4.16E+04 | 2.44E+07 | 0.45 1.78 | 1.82 4.05| ND
11/14/11 | 10:30 | 2.04E+06 | 4.32E+06 | 1.13E+09 | 4.75E+04 | 1.24E+05 | 1.90E+09 | 0.50 2.03 | 2.01 453 | ND
11/21/11 | 15:00 | 1.84E+06 | 7.44E+06 | 1.14E+09 | 9.81E+04 | 3.28E+05 | 2.65E+09 | 0.40 133 1.17 2.89 | ND
11/28/11 | 11:00 | 2.84E+06 | 9.60E+06 | 4.57E+09 | 7.51E+04 | 2.74E+05 | 1.56E+09 | 0.61 2.16 | 2.06 482 | ND
12/07/11 | 9:00 | 1.90E+06 | 7.76E+06 | 4.57E+09 | 6.51E+04 | 3.60E+05 | 7.02E+09 | 0.48 2.18 | 1.63 429 | ND
12/13/11 | 10:50 | 1.16E+06 | 2.36E+06 | 3.56E+09 | 3.45E+04 | 2.87E+05 | 8.25E+08 | 0.21 0.43 | 0.98 1.61| ND
12/20/11 | 15:15 | 1.49E+06 | 2.04E+06 | 4.19E+08 | 1.17E+05 | 2.05E+05 | 9.34E+08 | 0.31 161 | 2.20 4.12 | ND
12/27/11 | 10:30 | 1.32E+06 | 3.11E+06 | 3.36E+09 | 5.69E+04 | 2.05E+05 | 1.68E+09 | 0.23 093] 114 2.30| ND
01/03/12 | 14:15 | 5.12E+05 | 8.15E+05 | 2.92E+09 | 5.26E+04 | 8.41E+04 | 7.46E+08 | 0.30 229 | 1.44 4.03| ND
01/12/12 | 11:30 | 3.81E+05 | 1.53E+06 | 8.36E+08 | 4.72E+04 | 1.08E+05 | 3.18E+09 | 0.15 0.56 | 1.08 1.79 | ND
01/17/12 | 16:00 | 1.93E+06 | 1.28E+06 | 1.50E+10 | 2.96E+05 | 1.72E+05 | 3.69E+09 | 0.03 0.85| 0.16 1.00 | ND
01/25/12 | 10:00 | 2.92E+06 | 1.72E+06 | 1.88E+10 | 1.61E+05 | 2.54E+05 | 4.11E+09 | -0.06 0.12 | 0.18 0.30 | ND
01/31/12 | 13:30 | 5.10E+05 | 5.90E+05 | 8.99E+09 | 1.24E+05 | 1.15E+05 | 3.38E+09 | -0.03 | -0.01 | 4.53 453 | ND
02/13/12 | 13:45 | 1.46E+06 | 3.16E+05 | 5.42E+09 | 3.31E+04 | 3.64E+03 | 1.13E+09 | -0.01 0.73 | 0.28 1.01| ND
02/24/12 | 9:45| 7.64E+05 | 3.08E+05 | 1.08E+10 | 1.84E+05 | 1.62E+05 | 3.36E+09 | -0.07 0.08 | 0.08 0.16 | ND
02/29/12 | 14:15 | 1.06E+06 | 4.62E+05 | 1.88E+10 | 2.31E+05 | 2.52E+05 | 4.86E+09 | -0.01 0.22 | 0.26 0.48 | ND
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gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NO, | NHs | DIN | Urea
03/07/12 | 9:10 | 2.23E+06 | 6.50E+05 | 1.56E+10 | 2.64E+06 | 7.16E+05 | 1.83E+09 | -0.07 | -0.15| 0.16 | 0.01| ND
03/12/12 | 12:30 | 2.25E+06 | 1.93E+05 | 1.22E+10 | 1.24E+05 | 7.07E+04 | 1.92E+09 | -0.06 | 0.00| 0.28 | 0.28| ND
03/20/12 | 9:30 | 6.98E+05 | 2.96E+05 | 1.24E+10 | 3.97E+05 | 2.85E+05 | 4.18E+09 | -0.07 | -0.01| 5.36| 535| ND
03/28/12 | 12:00 | 6.33E+05 | 4.13E+05 | 1.62E+10 | 5.36E+05 | 2.91E+05 | 6.42E+09 | -0.01| -0.04| 3.89| 3.85| ND
04/05/12 | 9:30 | 8.77E+05 | 3.08E+05 | 7.86E+09 | 3.90E+05 | 1.43E+06 | 3.40E+09 | -0.04| 0.15| 0.01| 0.16| ND
04/11/12 | 13:20 | 7.28E+05 | 3.60E+05 | 9.76E+09 | 8.22E+04 | 3.81E+05 | 3.51E+09 | 0.03| 0.47| 105| 152| ND
04/23/12 | 10:00 | 5.45E+05 | 2.81E+05 | 1.02E+10 | 2.11E+05 | 9.68E+04 | 5.33E+09 | 0.04 | 0.36| 3.14| 3.50| ND
05/01/12 | 14:45 | 4.93E+05 | 1.37E+05 | 2.21E+10 | 1.77E+05 | 1.05E+05 | 2.08E+09 | -0.02 | -0.12 | 0.06 | -0.06 | ND
05/07/12 | 10:00 | 2.69E+05 | 2.05E+05 | 3.72E+10 | 7.11E+05 | 6.58E+05 | 2.06E+09 | -0.06 | -0.18 | 1.13| 0.95| ND
05/17/12 | 9:15| 2.75E+05 | 3.23E+05 | 2.46E+10 | 8.63E+05 | 3.56E+05 | 1.83E+09 | -0.02| 0.05| 0.78| 0.83| ND
05/22/12 | 10:00 | 3.69E+05 | 3.34E+05 | 9.41E+10 | 9.23E+05 | 3.61E+05 | 1.21E+09 | 0.03| 0.14| 0.23| 0.38| ND
05/30/12 | 15:15 | 3.23E+05 | 1.05E+05 | 2.49E+10 | 5.33E+05 | 2.80E+05 | 1.25E+09 | 0.13| 0.88| 1.15| 2.03| ND
05/31/12 | 15:15 | 4.77E+05 | 2.29E+05 | 2.04E+10 | 3.98E+05 | 6.16E+05 | 7.72E+08 | 0.06 | 0.42| 0.78| 1.20| ND
06/05/12 | 10:30 | 2.50E+05 | 1.75E+05 | 4.88E+10 | 9.26E+05 | 2.89E+05 | 1.37E+09 | 0.11| 0.28| 150| 1.78| ND
06/11/12 | 14:45 | 6.18E+05 | 2.16E+05 | 1.34E+10 | 3.87E+05 | 2.55E+05 | 8.38E+08 | 0.60| 1.75| 344 | 519| ND
06/19/12 | 10:00 | 3.39E+06 | 3.76E+06 | 2.29E+11 | 2.14E+06 | 2.69E+05 | 8.29E+09 | 0.10| 0.72| 0.14| 0.86| ND
06/25/12 | 14:00 | 1.16E+06 | 4.84E+05 | 3.41E+10 | 5.18E+06 | 3.01E+05 | 3.75E+09 | 0.15| 0.37| 192 | 229| ND
07/05/12 | 11:30 | 1.03E+07 | 5.19E+06 | 6.59E+10 | 7.14E+06 | 4.30E+05 | 7.37E+09 | 0.30| 1.60| 0.14| 1.74| ND
07/09/12 | 12:15 | 3.27E+07 | 4.24E+07 | 2.18E+11 | 3.87E+05 | 1.14E+06 | 1.13E+10| 0.43| 1.77| -0.05| 1.72| ND
07/18/12 | 9:45 | 2.64E+07 | 2.59E+07 | 1.66E+11 | 4.60E+04 | 7.96E+05 | 8.77E+09 0.35| 0.65 8.85 9.51| ND
07/23/12 | 13:00 | 3.18E+07 | 8.24E+06 | 1.03E+11 | 1.26E+05 | 1.47E+06 | 1.11E+10| 0.15| 0.25| -0.07| 0.17| ND
08/01/12 | 9:45| 5.88E+07 | 3.70E+07 | 6.18E+11 | 1.35E+06 | 3.31E+06 | 1.19E+10| 046 | 0.78| 1.03| 1.81| ND
08/06/12 | 12:00 | 6.86E+07 | 7.44E+Q07 | 4.03E+11 | 3.50E+05 | 1.73E+06 | 4.09E+09 165 245| 0.12| 256| ND
08/15/12 | 9:20 | 2.26E+08 | 5.30E+07 | 5.20E+11 | 1.05E+06 | 5.62E+05 | 4.52E+09 111 185 -0.21 1.65| ND
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gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NOyx | NHs | DIN | Urea
08/22/12 | 12:30 | 2.58E+08 | 1.70E+08 | 4.07E+11 | 5.30E+05 | 8.49E+05 | 4.40E+09 | 3.03 | 3.99 243 | 6.42| ND
08/27/12 | 16:00 | 1.55E+08 | 5.18E+07 | 4.04E+11 | 5.57E+05 | 1.31E+06 | 3.64E+08 | 3.06 | 5.77 0.12| 5.89| ND
09/04/12 | 11:45 | 5.18E+07 | 4.24E+07 | 2.13E+11 | 8.20E+05 | 1.08E+06 | 7.19E+09 | 1.78 | 351 | -0.13| 3.39| ND
09/10/12 | 15:45 | 2.39E+08 | 4.75E+07 | 6.09E+11 | 8.86E+05 | 1.58E+05 | 9.50E+09 | 1.74| 4.39| -0.15| 4.24| ND
09/19/12 | 12:15 | 2.41E+07 | 3.16E+06 | 2.36E+11 | 5.46E+05 | 9.12E+04 | 1.23E+10 | 0.44 | 1.17 0.84| 2.01| ND
09/24/12 | 16:00 | 2.96E+07 | 2.87E+07 | 2.95E+11 | 8.96E+05 | 9.85E+05 | 1.23E+10 | 1.29| 3.45 0.71| 4.16| ND
10/10/12 | 15:30 | 4.27E+07 | 2.49E+07 | 2.66E+11 | 1.06E+06 | 5.61E+05 | 6.89E+09 | 2.23 | 6.06 3.69| 9.75| ND
10/17/12 | 11:15 | 3.45E+07 | 6.78E+06 | 3.44E+11 | 1.29E+06 | 1.37E+06 | 1.81E+10 | 0.85| 2.63 0.12| 2.75| ND
10/22/12 | 15:00 | 3.08E+06 | 1.77E+07 | 2.08E+11 | 9.80E+05 | 1.11E+06 | 1.60E+10 | 0.88 | 3.87 245 | 6.32| ND
11/01/12 | 12:00 | 6.92E+06 | 5.94E+06 | 2.01E+11 | 7.73E+05 | 1.23E+06 | 2.99E+09 | 0.40 | 1.41 0.38| 1.80| ND
11/08/12 | 15:30 | 1.44E+06 | 1.16E+06 | 3.23E+11 | 3.84E+05 | 6.61E+05 | 1.17E+10 | 0.28 | 1.16 0.09| 125| ND
11/15/12 | 10:00 | 1.03E+06 | 5.12E+05 | 3.44E+10 | 1.64E+05 | 3.37E+05 | 2.07E+09 | 0.18 | 0.23 3.23| 3.46| ND
11/20/12 | 1:00 | 3.37E+06 | 1.98E+06 | 9.57E+10 | 5.46E+05 | 5.10E+05 | 6.59E+09 | 0.06 | 0.09 0.45| 054 | ND
11/29/12 | 11:00 | 9.83E+05 | 7.70E+05 | 7.42E+10 | 7.80E+05 | 4.41E+05 | 2.40E+09 | 0.18 | 0.80 165| 245| ND
12/05/12 | 12:00 | 3.49E+05 | 8.61E+05 | 6.16E+10 | 4.29E+05 | 1.48E+05 | 3.45E+09 | 0.17 | 0.70 094 1.63| ND
12/14/12 | 4:30 | 2.23E+06 | 7.73E+05 | 6.83E+10 | 1.03E+06 | 9.10E+05 | 4.75E+09 | 0.17 | 0.49 8.13| 8.62| ND
12/20/12 | 1:00 | 7.84E+05 | 4.26E+05 | 9.04E+10 | 4.49E+05 | 1.13E+05 | 6.29E+09 | 0.25| 1.25 2.02 | 3.27| ND
12/26/12 | 9:30 | 7.82E+05 | 5.59E+05 | 1.25E+11 | 3.14E+05 | 2.72E+05 | 1.39E+10 | 0.16 | 0.35 7.28 | 7.63| ND
01/03/13 | 12:40 | 3.93E+05 | 3.50E+05 | 2.45E+11 | 2.44E+05 | 4.27E+05 | 1.81E+10| 0.06 | 0.19 0.06| 0.25| ND
01/14/13 | 11:00 | 2.11E+05 | 4.07E+05 | 9.04E+10 | 7.82E+05 | 1.38E+05 | 3.06E+09 | 0.17 | 1.38 459 | 597 | ND
01/25/13 | 9:45| 4.43E+05 | 2.44E+05 | 4.92E+10 | 3.35E+05 | 3.73E+05 | 8.33E+09 | 0.16 | 1.55 350| 5.05| ND
01/30/13 | 11:00 | 2.77E+05 | 4.27E+05 | 1.11E+11 | 5.32E+05 | 8.27E+05 | 8.00E+09 | 0.06 | 0.05 0.10| 0.15| ND
02/06/13 | 3:30 | 8.72E+04 | 1.47E+05 | 6.98E+10 | 3.34E+05 | 5.00E+05 | 1.28E+10 | 0.12| 0.22 151| 1.74| ND
02/19/13 | 3:00 | 2.60E+04 | 3.84E+04 | 5.09E+10 | 1.69E+05 | 7.56E+04 | 1.19E+10 | 0.17 | 211 0.13| 224 | ND
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gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NOy | NH, | DIN Urea
02/28/13 | 11:00 | 2.18E+05 | 2.34E+05 | 5.78E+10 | 5.91E+05 | 4.01E+05 | 7.45E+09 | 0.18 217 | 4.34 6.51 | ND
03/06/13 | 2:30 | 1.61E+05 | 2.86E+05 | 7.47E+10 | 8.06E+05 | 3.90E+05 | 3.41E+09 | 0.06 0.10| 0.01 0.11| ND
03/15/13 | 10:30 | 1.92E+05 | 1.16E+05 | 2.94E+10 | 4.85E+05 | 6.15E+05 | 1.23E+09 | 0.18 1.22 | 1.19 241 | ND
03/21/13 | 3:00 | 1.93E+05 | 7.13E+04 | 1.37E+11 | 2.64E+05 | 1.98E+05 | 3.41E+09 | 0.07 0.13| 0.54 0.67| ND
03/29/13 | 10:30 | 3.19E+05 | 4.69E+04 | 1.47E+11 | 4.35E+05 | 4.54E+05 | 1.94E+09 | 0.15 0.48 | 0.47 0.95| ND
04/02/13 | 7:00 | 1.67E+05 | 9.33E+05 | 6.14E+10 | 2.38E+05 | 5.13E+05 | 9.18E+08 | 0.23 1.01| 293 3.93| ND
04/16/13 | 13:00 | 4.37E+05 | 4.60E+05 | 3.44E+10 | 5.47E+05 | 2.55E+05 | 3.63E+09 | 0.27 0.94| 3.62 3.81| 0.34
04/29/13 | 13:00 | 1.11E+06 | 2.50E+05 | 3.73E+10 | 3.55E+05 | 4.52E+05 | 2.46E+09 | 0.18 111 | 2.10 415| 0.12
05/10/13 | 9:30 | 1.20E+06 | 7.22E+05 | 6.23E+10 | 6.31E+05 | 3.88E+05 | 1.15E+10 | 0.34 291 | 3.17 8.66 | 0.46
05/15/13 | 13:00 | 7.54E+05 | 5.13E+05 | 3.74E+10 | 1.68E+06 | 2.25E+05 | 9.32E+09 | 0.25 146 | 2.98 565 | 1.17
05/24/13 | 9:45| 1.07E+06 | 2.98E+05 | 2.80E+10 | 7.47E+05 | 4.78E+05 | 1.17E+10 | 0.10 | -0.04 | 0.04 -0.15| 0.35
05/28/13 | 12:00 | 1.75E+06 | 8.68E+05 | 5.70E+10 | 2.55E+06 | 1.51E+06 | 1.09E+10 | 0.14 0.58 | 1.85 287 | 142
06/06/13 | 9:30 | 3.25E+06 | 4.45E+05 | 4.48E+10 | 1.23E+06 | 7.52E+05 | 1.56E+10 | 0.13 0.26 | 2.26 2.65| 0.19
06/11/13 | 10:45 | 2.86E+06 | 1.20E+06 | 1.36E+11 | 1.81E+06 | 1.84E+06 | 5.15E+10 | 0.24 158 | 0.81 3.73| 0.48
06/20/13 | 9:30 | 2.06E+06 | 5.77E+05 | 6.33E+10 | 1.40E+06 | 6.18E+05 | 1.29E+10 | 0.25 0.78 | 3.55 486 | 0.35
06/25/13 | 10:00 | 1.64E+06 | 8.44E+05 | 3.55E+10 | 7.72E+05 | 7.96E+05 | 1.06E+10 | 0.51 2.88 | 8.11| 13.35| 0.80
07/08/13 | 10:00 | 5.25E+07 | 2.00E+07 | 1.38E+11 | 1.25E+06 | 6.44E+05 | 3.23E+10 | 0.38 0.69 | 1.09 123 | 0.52
07/17/13 | 15:15 | 1.01E+07 | 9.19E+06 | 2.98E+10 | 9.57E+04 | 1.05E+05 | 8.94E+09 | 1.09 3.54 | 2.87 8.85| 0.83
07/23/13 | 11:45 | 2.08E+07 | 2.42E+07 | 9.74E+10 | 1.05E+06 | 1.77E+06 | 1.17E+10 | 0.83 3.36 | 3.98 9.87| 0.64
08/01/13 | 15:00 | 7.27E+06 | 1.50E+06 | 5.01E+09 | 6.97E+05 | 1.72E+05 | 3.73E+08 | 1.09 3.98 | 3.60| 1047 | 0.46
08/07/13 | 10:00 | 1.62E+07 | 4.97E+06 | 6.98E+10 | 3.69E+06 | 3.80E+05 | 1.14E+10 | 0.46 0.98 | 0.73 223 | 211
08/13/13 | 13:00 | 9.61E+07 | 5.77E+07 | 8.71E+10 | 2.97E+05 | 2.76E+05 | 5.50E+09 | 1.23 193 | 1.33 394 121
08/21/13 | 12:30 | 1.88E+08 | 3.42E+07 | 4.57E+10 | 1.55E+05 | 7.31E+05 | 5.33E+09 | 1.26 2.26 | 0.38 3.64 | 0.07
08/26/13 | 10:30 | 9.84E+07 | 3.95E+07 | 6.88E+09 | 3.06E+05 | 4.80E+05 | 3.59E+09 | 2.49 4.07 | 0.28 593 | 0.26
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gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NOyx | NHs | DIN | Urea
08/30/13 | 11:30 | 1.83E+08 | 4.75E+07 | 9.48E+10 | 6.29E+05 | 3.51E+05 | 7.72E+09 | 3.69 456 | 0.03 546 | 0.23
09/10/13 | 11:00 | 4.33E+08 | 1.40E+08 | 8.20E+10 | 1.09E+06 | 7.88E+05 | 3.35E+10 | 2.24 2.88 | 0.49 1.07 | 0.27
09/19/13 | 10:00 | 2.98E+07 | 4.19E+06 | 3.97E+10 | 4.34E+05 | 1.10E+06 | 3.00E+09 | 0.82 1.15| 2.70 293 | 042
09/25/13 | 12:30 | 9.08E+07 | 1.02E+07 | 1.75E+10 | 2.42E+05 | 7.39E+05 | 3.18E+09 | 3.36 7.39| 3.74 522 | 054
10/03/13 | 9:30 | 2.34E+07 | 8.71E+06 | 1.80E+10 | 2.95E+05 | 5.52E+05 | 5.01E+09 | 1.50 3.34 | 0.07 5241 0.30
10/08/13 | 12:00 | 3.04E+07 | 6.49E+06 | 2.76E+10 | 2.00E+05 | 8.57E+05 | 1.91E+09 | 1.56 425 | 142 227 | 044
10/17/13 | 9:45| 4.83E+07 | 8.12E+06 | 4.28E+10 | 4.84E+05 | 2.40E+06 | 3.77E+09 | 1.01 3.16 | 1.45 208 | 0.14
10/22/13 | 12:00 | 4.18E+07 | 3.47E+07 | 4.14E+10 | 1.63E+05 | 2.16E+06 | 7.01E+09 | 1.04 2.76 | 1.38 193 | 054
10/31/13 | 9:45 | 2.36E+07 | 9.05E+06 | 7.71E+09 | 8.25E+04 | 6.73E+05 | 5.98E+09 | 0.37 0.91| 1.00 1.18 | 0.19
11/08/13 | 10:00 | 9.32E+06 | 9.16E+06 | 3.63E+09 | 3.16E+04 | 1.15E+06 | 2.64E+09 | 0.60 181 | 2.62 298 | 0.44
11/12/13 | 15:00 | 6.50E+06 | 1.61E+07 | 8.40E+10 | 2.14E+05 | 9.02E+05 | 7.71E+09 | 0.43 158 | 1.36 1.68| 0.17
11/21/13 | 10:30 | 6.03E+06 | 6.88E+06 | 2.60E+10 | 1.28E+05 | 3.97E+05 | 3.70E+09 | 0.35 117 | 2.63 286 | 042
11/25/13 | 13:30 | 6.20E+06 | 1.03E+07 | 5.81E+10 | 1.83E+05 | 6.84E+05 | 6.15E+09 | 0.22 054 | 1.64 1.75| 0.19
12/03/13 | 10:00 | 4.73E+06 | 7.33E+06 | 8.16E+10 | 7.76E+04 | 3.97E+05 | 3.84E+09 | 0.16 0.51| 0.99 1.09| 0.09
12/11/13 | 14:30 | 3.17E+06 | 5.84E+06 | 5.10E+10 | 1.22E+05 | 5.13E+05 | 4.12E+09 | 0.30 161 1.90 223 | 0.72
12/18/13 | 10:30 | 4.61E+06 | 1.48E+07 | 1.37E+10 | 2.10E+05 | 1.11E+06 | 1.83E+09 | 0.14 0.53| ND 0.53| ND
12/30/13 | 9:15| 4.73E+06 | 1.52E+07 | 3.43E+10 | 9.40E+05 | 1.78E+06 | 1.37E+10 | 0.09 | -0.23| ND -0.23 | 0.12
01/06/14 | 12:00 | 9.74E+06 | 3.41E+06 | 9.89E+10 | 2.88E+06 | 1.36E+06 | 3.00E+09 | ND ND 1.16 | ND 0.18
01/17/14 | 9:30 | 6.45E+05 | 2.34E+06 | 3.90E+10 | 4.10E+05 | 1.88E+05 | 7.60E+09 | 0.08 | -0.37 | ND -0.37 | 0.31
01/21/14 | 12:00 | 1.64E+06 | 2.60E+06 | 4.95E+10 | 3.84E+05 | 2.28E+05 | 1.67E+10 | 0.07 | -0.28 | ND -0.28 | 0.03
01/31/14 | 9:30 | 1.33E+06 | 5.56E+06 | 1.26E+10 | 4.22E+05 | 6.97E+05 | 1.25E+10 | 0.05| -0.21 | ND -0.21| 0.49
02/08/14 | 11:00 | 1.31E+06 | 1.90E+06 | 8.26E+10 | 2.00E+05 | 2.62E+05 | 6.05E+09 0.1 0.16 | 1.29 145 0.12
02/14/14 | 9:30 | 2.30E+06 | 9.82E+06 | 3.74E+10 | 3.19E+05 | 7.11E+05 | 9.94E+09 | 0.04 0.10 | 0.47 057 0.12
02/20/14 | 11:45 | 2.20E+06 | 1.18E+06 | 1.49E+10 | 8.74E+04 | 1.16E+05 | 4.44E+10 | 0.04 0.09| 054 0.63| 0.38
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gPCR Data (copies L™) Nutrient Data (uM)
Date | Time Thaum rrs Arch Bacteria AOB | Nitrospina | Diatom

amoA rrs amoA rrs 18S NO, | NOx | NHs | DIN | Urea
02/27/14 | 9:15| 2.13E+06 | 5.96E+06 | 4.04E+10 | 1.36E+06 | 1.30E+06 | 1.00E+10 | 0.05 0.08| 0.39| 047| 0.07
03/03/14 | 11:00 | 2.19E+05 | 8.09E+05 | 1.68E+10 | 2.51E+05 | 6.86E+04 | 3.29E+09 | 0.10 0.68| 1.01| 1.69 0.48
03/13/14 | 10:00 | 1.29E+06 | 8.26E+05 | 3.04E+10 | 4.54E+05 | 1.38E+05 | 8.37E+09 | 0.05| -0.02| 0.36| 0.34| 0.06
03/20/14 | 11:00 | 3.24E+05 | 1.52E+06 | 4.22E+10 | 5.56E+05 | 3.01E+05 | 7.89E+09 | 0.07 0.13 06| 0.73 0.58
03/27/14 | 9:30 | 4.89E+06 | 1.49E+07 | 1.09E+11 | 5.91E+05 | 1.62E+06 | 2.07E+10 | 0.06 0.06 | 0.38| 0.44 0.1
04/08/14 | 15:00 | 1.69E+06 | 2.06E+06 | 2.59E+10 | 3.03E+05 | 3.74E+05 | 1.39E+10 | 0.15 150 | 3.13| 4.64 0.24
04/16/14 | 9:45| 1.78E+06 | 2.71E+06 | 2.25E+10 | 4.51E+05 | 5.79E+05 | 5.24E+09 | 0.05 0.40| 057 | 0.97 0.16
04/21/14 | 14:00 | 1.08E+06 | 2.72E+06 | 2.27E+11 | 3.87E+05 | 2.16E+05 | 3.55E+09 | 0.17 2| 3.04| 504 0.36
04/30/14 | 13:00 | 9.72E+05 | 9.94E+05 | 8.52E+10 | 1.88E+05 | 7.05E+05 | 2.10E+09 | 0.21 296 | 194 | 4.89 0.23
05/07/14 | 15:00 | 4.29E+05 | 5.49E+06 | 5.83E+10 | 1.27E+04 | 2.56E+05 | 4.80E+09 | 0.16 253 | 2.03| 455 0.16
05/15/14 | 11:00 | 8.51E+05 | 4.28E+06 | 3.88E+10 | 9.49E+04 | 3.79E+05 | 2.29E+09 | 0.12 0.82| 1.48 2.3 0.2
05/21/14 | 15:00 | 1.93E+06 | 2.26E+06 | 3.90E+10 | 6.78E+05 | 3.44E+05 | 1.08E+10 | 0.06 0.30 | 0.47 | 0.77 0.35
05/28/14 | 10:30 | 1.26E+06 | 1.61E+06 | 4.59E+10 | 6.33E+04 | 5.67E+05 | 2.88E+09 | 0.08 0.65| 155| 2.20 0.61
06/04/14 | 14:00 | 1.04E+06 | 4.80E+06 | 2.37E+11 | 1.16E+06 | 4.48E+05 | 2.10E+10 | 0.05 0.22| 0.60| 0.82 0.25
06/12/14 | 9:15| 1.05E+06 | 4.53E+06 | 2.66E+11 | 9.22E+05 | 4.78E+05 | 1.08E+10 | 0.05 020 0.25| 0.44| 0.30
06/26/14 | 9:15| 9.21E+05 | 8.53E+05 | 1.23E+11 | 1.06E+06 | 1.96E+05 | 1.47E+10 | 0.08 0.27 ]| 0.30| 0.56 0.48
07/03/14 | 12:20 | 5.85E+05 | 1.73E+06 | 1.53E+11 | 1.89E+06 | 4.23E+05 | 1.77E+10 | 0.08 021 0.15| 0.36 0.15
07/14/14 | 10:00 | 4.07E+06 | 4.44E+06 | 1.62E+11 | 1.61E+06 | 8.11E+05 | 1.38E+10 | 0.10 093 | 4.76 | 5.69 0.53
07/24/14 | 9:20 | 5.66E+07 | 7.34E+07 | 1.16E+11 | 7.24E+05 | 8.21E+05 | 1.07E+10 | 0.66 152 111| 2.63 0.38
07/29/14 | 11:30 | 4.73E+07 | 1.09E+08 | 1.90E+11 | 2.32E+06 | 6.92E+05 | 5.50E+09 | 0.27 0.79| 0.81| 1.60 0.85
08/07/14 | 9:30 | 6.24E+07 | 1.53E+08 | 5.42E+10 | 6.08E+06 | 8.04E+05 | 5.22E+09 | 1.95 408 | 0.65| 4.73 0.18
08/18/14 | 14:00 | 4.92E+08 | 6.69E+07 | 6.33E+10 | 5.10E+05 | 8.28E+05 | 1.31E+10 | 0.43 0.63 | ND ND ND
08/26/14 | 10:00 | 1.29E+07 | 1.51E+07 | 1.92E+11 | 1.67E+06 | 9.01E+05 | 1.84E+10 | 0.11 0.20| ND ND ND
09/08/14 | 9:30 | 7.72E+06 | 3.33E+06 | 1.29E+11 | 3.73E+05 | 4.28E+05 | 9.00E+09 | 0.23 0.54 | ND ND ND
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Table C.2: Quantitative PCR (gPCR) primers and probes used in this study.

Target Gene Primer/ Probe Sequence (5°—3’) Del_t?r(;ti'f n Reference
G1_751F GTC TAC CAG AAC AYG TTC 204x | o | (2007
Igg‘igﬁg\h?fr‘;t)a G1 956R HGG CGT TGA CTC CAA TTG 10 copies incer et al. (2007)
TM519AR TTACCGCGG CGGCTGGCAC L Suzuki et al. (2000)
_ BACT1369F CGG TGA ATA CGT TCY CGG 507 x
Bacterial PROK1492R GGW TACCTTGTTACGACT T 10%copies |  Suzuki et al. (2000)
16S rRNA (rrs) a
389F CTT GTACACACCGCCCGTC L
. . NitSSU_130F GGG TGA GTA ACA CGT GAATAA 1.60 x
Nitrospina - 10°copies | Mincer et al. (2007)
165 rRNA (rrs) | NitSSU_282R TCA GGC CGG CTA AMC A L_lp :
Diatom 528F GCG GTAATTCCAGCTCCAA 1014.?5 )i(es Nguyen et al. (2011):
18S rRNA 650R AAC ACT CTAATTTTT TCA CAG L'lp Baldi et al. (2011)
Arch-amoA-for CTGAYT GGG CYT GGACATC 7.18 x
Archaeal amoA [~ Arch-amoA-rev TTCTTCTTT GTT GCC CAG TA 10° copies | Wuchter et al. (2006)
L
Thaum-UreC forward | ATG CAATYT GTA ATG GAACWACWAC 7.70 x )
Thaumarchaeota 3 Alonso-Saez et al.
ureC Thaum-UreC reverse | AGT TGT YCC CCAATC TTC ATG TAATTT | 10°copies (2012)
TA L*
Bacterial amoA-1F GGG GTT TCT ACT GGT GGT 83.13 X Rotthauwe et al. (1997)
- 10° copies
amoA* amoA-r New CCCCTCBGS AAAVCCTTCTTC L'lp Hornek et al. (2006)

*Bacterial amoA primers amplify genes from B-Proteobacteria only, and not y-Proteobacteria.
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Table C.3: Multi-Dimensional Scaling (MDS) variable score data for each axis

based on gene abundance data. Variable scores in bold indicate significant

contributors to a given MDS axis

(a) All Data
i Archaea | Thaumarch. AOB Bacteria | Nitrospina | Diatom 18S
AXIs
amoA rrs amoA rrs rrs rRNA
MDS1 0.51 0.57 -0.07 -0.21 -0.05 -0.23
MDS2 0.04 0.11 -0.11 0.31 -0.23 -0.03
(b) SINERR Reduced Dataset
i Archaea | Thaumarch. AOB Bacteria | Nitrospina | Diatom 18S
AXIs
amoA rrs amoA rrs rrs rRNA
MDS1 0.49 0.48 -0.11 -0.19 0.03 -0.21
MDS2 0.07 0.21 -0.01 0.20 -0.29 0.07
(c) NUT + Urea Reduced Dataset
. Archaea Thaumarch. AOB Bacteria | Nitrospina | Diatom 18S
AXIs
amoA rrs amoA rrs rrs rRNA
MDS1 0.37 0.54 -0.18 -0.15 0.06 -0.18
MDS2 0.28 0.17 -0.06 0.05 -0.26 0.09
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Table C.4: Principal Components Analysis (PCA) correlations for each axis of environmental variables measured.

(a) All Data

. | 9% Variance - Dissolved - Air Relative Barometric
Axis Explained Temperature | Salinity Oxygen pH | Turbidity Temperature | Humidity Pressure
PC1 27.7% 0.88 0.15 -0.92 -0.85| -0.01 0.81 0.16 -0.36
PC2 15.7% -0.33 0.36 0.13 0.05 -0.09 -0.35 0.61 0.32
PC3 11.7% 0.08 -0.07 -0.09 -0.08 0.24 0.10 0.49 -0.54
PC4 10.4% -0.13 -0.47 0.13 0.11 0.34 -0.15 -0.23 -0.27
PC5 9.4% 0.16 -0.46 -0.06 0.02 0.57 0.25 0.30 0.36

. % Variance Wind Wind Total Cumulative - . .
Axis Explained Speed Direction PAR Precipitation Nitrite | Nitrate | Ammonia DIN
PC1 27.7% -0.30 -0.05 0.23 0.23 0.68 0.53 0.16 0.56
PC2 15.7% -0.27 -0.64 -0.67 0.24 0.19 0.42 0.44 0.48
PC3 11.7% 0.44 0.08 -0.51 0.74 -0.21 -0.29 -0.11 -0.30
PC4 10.4% 0.31 0.34 0.14 0.16 -0.07 0.25 0.69 0.58
PC5 9.4% -0.35 -0.45 0.25 -0.02 -0.35 -0.31 0.20 -0.07
(b) WQ Dataset

. % Variance - Dissolved -
Axis Explained Temperature Salinity Oxygen pH Turbidity
PC1 53.3% 0.93 0.18 -0.97 -0.91 -0.02
PC2 26.0% -0.13 0.79 0.03 0.01 -0.81
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(c) NUT Dataset

5 -
AXis % Varl_ance Nitrite Nitrate Ammonia DIN
Explained

PC1 60.3% 0.66 0.83 0.60 0.96

PC2 29.3% -0.63 -0.32 0.79 0.22

(d) MET Dataset

Axis % Variance Air Relative Barometric Wind Wind Total PAR Cumulative

Explained Temperature Humidity Pressure Speed Direction Precipitation
PC1 30.6% 0.22 -0.83 -0.24 0.18 0.70 0.78 -0.46
PC2 25.5% -0.24 -0.17 0.83 -0.52 -0.46 0.26 -0.68
PC3 21.2% 0.88 0.31 -0.20 -0.60 -0.19 0.40 0.11
(e) SINERR NUT Dataset
. % Variance . -

AXis Explained Phosphate | Ammonia Nitrite NOx Chlorophyll a

PC1 45.4% 0.83 0.28 0.77 0.91 -0.29

PC2 26.0% 0.11 0.75 -0.52 -0.10 -0.67
(F) NUT Dataset + Urea

5 -
AXis % Varl_ance Nitrite Nitrate Ammonia Urea DIN
Explained
PC1 50.8% 0.46 0.86 0.78 0.30 0.94
PC2 23.4% -0.75 -0.28 0.43 0.58 0.08
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Table C.5: Significant combinations of Multi-Dimensional Scaling (MDS) and

Principal Components Analysis (PCA) data using linear models.

PCA Data | PCA Axis MDS Data MDS Axis | R® p-value
All PC1 All MDS1 | 0.37 | <0.00001
WQ PC1 All MDS1 |0.30 | <0.00001
NUT PC1 All MDS1 | 0.26 | <0.00001
NUT PC2 All MDS1 | 0.30 | <0.00001
SINERR NUT PC1 SINERR Red. MDS1 | 0.55 | <0.00001
NUT + Urea PC2 NUT+UreaRed. | MDS1 | 0.39 | <0.00001

*Red. = Reduced dataset
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Figure C.1: Time series of quarterly sampling at Marsh Landing, Sapelo Island,
GA, from 2008-2011 (Hollibaugh et al., 2011; Hollibaugh et al., 2014). Data are from
4-8 replicate samples of surface water collected over a 48 hr period and thus reflect
variability associated with local patchiness. Relative abundances in (a) calculated as in
Hollibaugh et al. (2011). (a) g°PCR measurements of gene abundance, inset shows AOB
amoA and NOB rrs on a smaller scale; (b) DIN concentrations in these samples; (c)

environmental variables.
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Figure C.2: Weekly variability in relative abundance of (a) Bacteria rrs and (b)

Diatom 18S rRNA genes at Marsh Landing, Sapelo Island, GA.
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Figure C.3: Additional environmental data measured by SINERR at Marsh
Landing from March 2011 to September 2014, including (a) dissolved oxygen and (b)

phosphate concentrations, (¢) pH, and (d) Turbidity.

356



=Y
o

- [=2] [=-]
| | |

Dissolved Oxygen (mg L™)
N
|

0 T

03111 06/11
0.08

09M11

1211 0312 0612 0912 12M2 03/13 0613 09/13

1213 0314 0614 09/14

(b)

0.07 +

(nM)
o o
o o
a o

I I

0.04
0.03 4

Phosphate (pM

0.02 4
0.01 4

0.00 T
03111 06M1

8.6

09/11

12/11 0312 06/12 09112 1212 0313 0613 09/13

12/13 0314 06/14 09/14

8.4
8.2
8.0

PH

7.8
7.6
7.4
7.2
7.0 T

0311 06/11

0911

1211 0312 0612 09/12 1212 03113 06/13 09/13

12113 0314 06/14 09/14

600
(d)

Turbidity (NTU)

0 \

03/11 06/11

09/11

12111

— T T T T

0312 06/12 0912 12/12 0313 06/13 09/13

357

1213 03/14 06/14 0914




Figure C.4: Linear models investigating the relationship between biotic and
environmental variables making up the primary axes from Multi-Dimensional Scaling
(MDS1,; x-axis) and Principal Components Analysis (PC1 or PC2; y-axis), respectively,
for various subsets of the data. As Thaumarchaeota abundance corresponded to positive
values of MDS1, relationships between Thaumarchaeota and environmental variables can
be observed by viewing the regression line in relationship to PC1 or PC2. (a) All data,
(b) SINERR water quality data only, (c-d) nutrient data only, () SINERR nutrient

dataset, and (f) reduced nutrient dataset to include urea.
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Figure C.5: Additional statistical analysis plots from subdivided or reduced
datasets: Principal Components Analysis (PCA) plots (a) SINERR water quality data
only, (b) nutrient data only, (c) meteorological data only, (d) SINERR nutrient dataset,
and (e) reduced nutrient dataset to include urea; Multi-Dimensional Scaling (MDS) plots

(F) reduced dataset for SINERR nutrients and (g) reduced dataset for nutrients with urea.
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Figure C.6: Temperature manipulation experiment comparing differences in (a-b)
ammonia oxidation and (c-d) nitrite oxidation using an enrichment from Sapelo Island.
Nitrite (a, ¢), nitrate (d), and nitrite + nitrate (b) concentrations are shown for each day

and temperature sampled.

365



NH ,fed NO,

(b)

10

Day Sampled
NOz-fed NO,

o
[o]

30.2°C
25.1°C
20.2°C
15.1°C
10.3°C

'

NH4—fed NO,

—e— 34°C

— A .-
__.._
—_——— —

Day Sampled
NOz-fed NO,

(W) uoneueou0D SN

T T T T T T T
o o o o o o o

o
P~ (o] T9] <t o) (&) —

(M) uonenussuo) BILIN

Day Sampled

366

Day Sampled



APPENDIX D
THE SPATIAL EXTENT OF THE SAPELO ISLAND THAUMARCHAEOTA

BLOOM INCLUDING THE SOUTH ATLANTIC BIGHT*

! Tolar, B.B., Q. Liu, and J.T. Hollibaugh. To be submitted to Applied and
Environmental Microbiology.
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PURPOSE

This study aims to determine the spatial constraints of the annual Thaumarchaeota
bloom at Sapelo Island (Hollibaugh et al., 2011; Hollibaugh et al., 2014) through samples
collected during both bloom and non-bloom periods. We measured Thaumarchaeota
abundance and nitrification rates in samples from the estuaries surrounding Sapelo Island,
as well as in offshore transects into the South Atlantic Bight (SAB; Atkinson and Menzel,
2013). Additionally, we examined diurnal abundance and activity of Thaumarchaeota at
two sites on Sapelo Island to determine if day-night differences observed in ribosomal

protein transcripts by Hollibaugh et al. (2014) had an effect on nitrification rates.

MATERIALS AND METHODS
Sample collection

Samples were collected from two inshore, estuarine stations at Marsh Landing
(ML; 31° 25.068' N, 81° 17.721' W) and Hunt Camp (HC; 31° 25.068' N, 81° 17.721' W)
on Sapelo Island, Georgia (Figure D.1, Table D.1), over a 24-hour period on August 13-
14, 2011 (ML), April 19-20, 2012 (ML), August 8-9, 2012 (ML, HC), and September 21-
22,2013 (ML, HC). Seawater was obtained directly from the Marsh Landing dock by
lowering a sample-rinsed bottle ~10 cm below the surface. Water was transported back
to the University of Georgia Marine Institute (UGAMI) laboratory within 15 minutes of
collection and immediately filtered (0.4 — 0.7 L) onto duplicate GVWP filters (0.22 pum,
47 mm diameter; Millipore) by vacuum filtration for both DNA and RNA extraction.

Filters were stored in WhirlPak bags (Nasco) with 2.0 mL lysis buffer (DNA) or
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RNAIlater (RNA; Ambion) at -80°C. Fifty milliliters of filtrate was frozen for nutrient
analysis at -20°C.

Additional inshore samples were collected from both high and low tides during
the Georgia Coastal Ecosystem (GCE) Long-Term Ecological Research (LTER)
Network’s monthly cruises (Figure D.1; http://gce-Iter.marsci.uga.edu/) on the R/V Salty
Dog from August 13-16, 2011, and April 17-20, 2012. Surface and near-bottom seawater
was obtained from bottle casts using a Niskin bottle (Table D.1). DNA was filtered (0.3
—1.0 L) immediately upon arrival to UGAMI after each tide’s sampling as described
above, and 50 mL of filtrate was frozen for nutrient analysis at -20°C.

We sampled the South Atlantic Bight (SAB) on three transects from the shore to
the Gulf Stream between Savannah, Georgia, and Jacksonville, Florida, on the R/V
Savannah from April 18-22 (SAV-11-10) and October 2-6 (SAV-11-30), 2011. A total
of 14 stations in the SAB were occupied ranging from near-shore, middle shelf, and the
shelf-break at the edge of the Gulf Stream (Figure D.2). Seawater was collected using a
CTD rosette sampler (Table D.2). Sample water was filtered (0.4 — 1.2 L) immediately
upon retrieval as above, 50 mL of filtrate was collected for nutrient analysis, and all
samples were stored at -20°C and/or -80°C until analysis.

Nutrient concentrations were determined using previously described methods for
ammonia (NHy4; Solérzano, 1969), nitrite (NO,) and nitrite + nitrate (NOy; Jones, 1984;
Strickland and Parsons, 1972), and urea (Mulvenna and Savidge, 1992; Rahmatullah and

Boyde, 1980).
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Nucleic acid extraction and quantitative PCR (qQPCR)

Sample DNA was extracted from WhirlPak bags using a phenol:chloroform
method described in detail previously (Bano and Hollibaugh, 2000; Tolar et al., 2013;
Chapters 2-3). DNA was eluted in Tris-EDTA buffer (pH 8.3) and stored at -80°C prior
to qPCR. RNA was extracted using previously described methods (Gifford et al., 2011;
Poretsky et al., 2009) with slight modifications as described in Chapters 3 and 5. RNA
was eluted in nuclease-free water and stored at -80°C. DNA was removed from RNA
samples prior to quantitative PCR (qPCR) using the TURBO DNase-Free Kit (Ambion)
following manufacturer’s instructions with an additional enzyme treatment at 2X
concentration.

Methods for quantification of genes and transcripts with gPCR have been
described previously (Hollibaugh et al., 2014; Kalanetra et al., 2009; Tolar et al., 2013;
Chapters 2-4), and these have been employed for this study using an iCycler iQ™ Real-
Time qPCR detection system (BioRad). A list of target genes, including primers and
probes used in qPCR, is provided in Table C.2. Bacteria and Marine Group | Archaea
(Thaumarchaeota) 16S rRNA (rrs) were quantified with TagMan chemistry using the
Platinum Taqg qPCR Supermix (Invitrogen); the iQ SYBR Green Supermix (BioRad) was
used to quantify all other genes. RT-gPCR targeting amoA transcripts (from both
Archaea and Bacteria) was performed using the One-Step RT-gPCR SYBR Mix
(BioRad). As the coastal, estuarine water samples used in this study contain a number of
PCR inhibitors (namely humic acids), both DNA and RNA samples were diluted to a set

concentration based on the successful quantification of Bacteria rrs as described
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previously (Hollibaugh et al., 2014; Chapter 4). All samples were checked for inhibition

using this method prior to quantification of any other gene or transcript.

Nitrification Rate Measurements

For a subset of samples (Tables D.1, D.2), seawater was amended with *°N-
labeled ammonium chloride (**NH,Cl; Cambridge Isotope Labs) to a final concentration
of 50 nM. Incubations were run in duplicate (with a filter-sterilized control) at in situ
temperature using seawater flow-through tanks at UGAMI or on board the R/V Savannah
for 24 hours. All samples were frozen at -20°C to terminate incubations, and remained
frozen until analysis. Production of *>NO, by ammonium oxidation was measured with
the “denitrifier method” (Sigman et al., 2001) as described in Popp et al. (1995) and Dore
et al. (1998). Briefly, sample seawater was added to Psuedomonas aureofaciens cultures
to convert NO, and NOs into N,O gas; the mass and 8"°N value of N,O from each sample
was measured using a Finnigan MAT-252 isotope ratio mass spectrometer (Thermo
Fisher Scientific). Determination of the amount of *°NH; tracer introduced to the NOXx
pool through ammonia oxidation and calculation of ammonia oxidation rates was
performed as described previously (Beman et al., 2008; Beman et al., 2012; Christman et

al., 2011).

RESULTS
The annual summer bloom on Sapelo Island (Chapter 4, Appendix C) has only
been sampled at one location — Marsh Landing. As is shown here, the bloom is not

limited only to this site, but rather extends throughout the GCE-LTER region (Figure
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D.3). Abundances of Thaumarchaeota rrs were always 10-1000X more abundant in
August (2011) than in April (2012), which matches differences observed at Marsh
Landing (Figure 4.1a). amoA gene abundance reflects rrs abundance for this region also
(Table D.1).

Diurnal variability in genes did not show a clear trend based on time of day or tide
during bloom periods (Figure D.4), while the highest ammonia oxidation (AO) rates were
observed during flood tide. Transcripts were lower in abundance than genes (Figure
D.4). AO rates for April 2012 (mean = 4.1 nmole L™ d™; Figure D.4b) were much lower
(~110X) than in August (450 nmole L™ d™*; Figure D.4c), indicating that not only are
Thaumarchaeota becoming 10-100X more abundant during the bloom (Figure 4.1a) but
are also capable of oxidizing ammonia at a much more rapid rate, which would match the
disconnect in dissolved inorganic nitrogen (DIN) dynamics discussed in Chapter 4
(Figures 4.1b, 4.2).

In the South Atlantic Bight, the bloom is constrained within the coastal waters
(Figure D.5) with increased abundance of Thaumarchaeota genes observed only for
inshore stations on two of three transects in October (Figure D.5b, f). The Altamaha
River transect (Figure D.5c-d) does not reflect this post-bloom increased abundance
inshore (Station #3), but does show an increase at Station #7 surface waters. It does not
appear that the Thaumarchaeota are coming from the Gulf Stream, as no increase was
observed in mid shelf Stations #6-7, while abundances at offshore Stations #9-12
remained steady between April and October (Figure D.5; > 60 m depth). Ammonia
oxidation rates measured from SAB samples reflect Thaumarchaeota abundance patterns,

with low rates in April (pre-bloom), except in the Gulf Stream (Station #12) at 70 m
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depth (Figure D.5e). In October (post-bloom), the only detectable rates were observed at

coastal Station #4 and also at 80-200 m depth in the Gulf Stream (Figure D.5f).
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Table D.1: Summary of Thaumarchaeota abundance (qQPCR) and ammonia oxidation rates for Sapelo Island, Georgia.

. . Nutrient Data (uM) AO Rate DNA Vol. RNA Vol.
Sample 1D Date Time | Tide [NO,] | [NO,] | [NH,] | DIN | Urea | (nM db SD Filtered (L) | Filtered (L)
MLD-1 08/13/11 16:00 | Low 514 | 857| 095]|14.67| 131 394.08 56.06 0.50 0.90
MLD-2 21:45 | High 234 | 385| 115| 7.33] 1.20 404.83 69.46 0.70 N/A
MLD-3 4:00 | Low 542 | 753| 0.48]|13.43| 0.64 314.42 17.83 0.58 N/A
MLD-4 08/14/11 10:15 | High | 4.42| 581| 0.69]10.91| 048 326.00 27.79 0.65 N/A
MLD-5 16:04 | Low 364 | 528| 0.98| 9.90| 0.73 245.03 5.96 0.75 N/A
MLD-6 22:20 | High | 333| 4.26| 052| 812| 355 381.94 | 107.17 0.65 N/A
ML-7 8/15/2011 9:09 | High 7.10 | 10.57 | 0.13|17.80 | 0.40 159.50 11.93 0.60 0.65
ML-8 12:10 | Low 529 | 791| 0.84]|14.03| ND ND ND 0.48 N/A
MLD-1 4/19/2011 13:43 | Low 005| 149| 1.87| 337 | 0.26 3.40 0.09 0.60 0.60
MLD-2 19:39 | High | 0.06 | 096| 0.48| 1.44]| 0.26 0.94 0.15 0.60 0.60
MLD-3 412012011 2:56 | Low 011 | 178| 4.16| 593| 0.61 4.85 1.01 0.60 0.60
MLD-4 7:47 | High | 0.05| 1.27| 060| 1.87| 0.34 7.01 0.97 0.60 0.60
MLD-1 3:30 | Ebb 257 | 381] 158]| 539| ND 392.80 47.95 0.60 0.60
MLD-2 7:45 | Low 252 | 404| 208| 6.12| ND 380.74 66.45 0.60 0.60
MLD-3 10:30 | Flood | 3.29 | 4.69| 2.05| 6.75| ND 327.42 8.90 0.60 0.60
MLD-4 13:50 | High 136 | 256 | 312| 5.68| ND 330.38 36.90 0.60 0.60
MLD-5 08/07/12 16:05 | Ebb 268 | 413| 138| 551| ND 456.94 42.70 0.60 0.60
MLD-5R10min 16:15 | Rain 205| 3.09| 048] 357| ND ND ND N/A 0.60
MLD-5R30min 16:51 | Rain 254 | 399 | 256| 6.55| ND ND ND N/A 0.60
MLD-5R100min 17:47 | Rain 284 | 401| 142| 543| ND 647.48 65.12 0.60 0.60
MLD-6 20:07 | Low 261 | 593| 179| 7.72| ND 775.27 33.29 0.65 0.65
MLD-7 23:23 | Flood | 258 | 7.11| 3.15|10.27 | ND 270.64 97.85 0.60 0.60
MLD-8 08/08/12 2:39 | High 217 | 523 | 1.04| 6.26| ND 428.48 35.42 0.60 0.60
MLD-9 16:50 | Ebb 290 | 694 | 152| 846| ND ND ND 0.60 0.60
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: , Nutrient Data (uM) AO Rate DNA Vol. RNA Vol.
Sample 1D Date Time | Tide [NO,] | [NO,] | [NH,] | DIN | Urea | (nM db SD Filtered (L) | Filtered (L)
HCD-1 7:17 | Low | 0.61| 166| 6.52| 8.18| 0.39 363.26 26.19 0.60 0.60
HCD-2 08/07/12 | 13:30 | High | 1.25| 2.17| 0.84| 3.01| 0.42 86.07 26.08 0.60 0.60
HCD-3 19:29 | Low | 022 | 121| 145| 266 | 047 2.69 0.57 0.65 0.65
HCD-4 08/08/12 | 2:01 | High | 197| 582| 250| 8.32| 0.22 385.11 15.61 0.60 0.60
MLD-1 7:18 | Flood | 2.65| 7.42| 3.87|11.29| 0.05 757.04 32.93 0.60 0.60
MLD-2 10:14 | High | 253 | 7.42| 228| 9.70| 0.04 533.17 17.49 0.65 0.65
MLD-3 13:18 | Ebb 250 | 836| 273|11.09| 0.05 791.01 22.02 0.40 0.40
09/21/13
MLD-4 16:10 | Low | 2.30| 6.31| 2.13| 844 | 0.06 373.93 3.30 0.60 0.60
MLD-5 20:04 | Flood | 2.67 | 7.02| 3.03|10.05| 0.04 617.48 41.32 0.60 0.60
MLD-6 23:04 | High | 2.67| 6.01| 362| 9.63| 0.05 804.07 13.58 0.60 0.60
MLD-7 3:00 | Ebb 1.22 | 213 | 295| 508| 0.02 114.01 16.07 0.50 0.50
MLD-8 09/22/13 | 5:40 | Low | 2.33| 506| 299 | 805| 0.05 482.09 44.45 0.60 0.60
MLD-9 10:45 | High | 2.73| 5.92| 289 | 881 | 0.04 531.40 22.22 0.60 0.60

*ND = not determined; N/A = not applicable, no DNA or RNA sample collected.
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gPCR Data (all are copies per L sample filtered)

Archaea | Archaea Thaum. AOB AOB . . . Diatom
Sample 1D amoA amoA Thfrl;m' ureC rr:Jlgi\(l:A amoA amoA Ba(r:';zrla Nltr?:Splna 18S
gene MRNA gene gene MRNA rRNA

MLD-1 6.62E+07 | 4.63E+05 | 5.13E+07 | 2.97E+06 LD 1.16E+05 LD 7.48E+05 | 1.42E+05 | 1.48E+09
MLD-2 4.67E+07 ND 1.21E+07 | 1.20E+06 ND 9.38E+04 ND 1.30E+06 | 9.13E+04 | 1.25E+09
MLD-3 7.79E+07 ND 9.15E+07 | 1.66E+06 ND 2.98E+05 ND 1.10E+06 | 2.71E+05 | 3.08E+09
MLD-4 5.15E+07 ND 2.84E+07 | 2.20E+06 ND 1.72E+05 ND 1.20E+06 | 8.24E+04 | 1.51E+09
MLD-5 9.39E+07 ND 5.41E+07 | 3.02E+06 ND 1.85E+05 ND 1.07E+06 | 2.33E+05 | 3.40E+09
MLD-6 2.73E+07 ND 2.16E+07 | 1.92E+06 ND 9.84E+04 ND 4.79E+05 | 6.84E+04 | 1.27E+09
ML-7 5.84E+07 | 3.44E+05 | 3.36E+07 | 2.79E+06 LD 2.40E+05 LD 1.73E+06 | 3.96E+05 | 2.02E+09
ML-8 4.14E+07 ND 5.36E+07 | 2.50E+06 ND 1.10E+05 ND 4.48E+05 | 7.91E+05 | 2.34E+09
MLD-1 9.10E+05 | 5.75E+04 | 3.84E+05 | 2.62E+05 LD 2.42E+05 LD 1.79E+10 | 1.71E+05 | 1.78E+10
MLD-2 2.94E+05 | 3.75E+04 | 1.31E+05 | 1.45E+05 LD 7.96E+04 LD 8.00E+09 | 1.75E+05 | 8.92E+09
MLD-3 3.96E+05 | 7.46E+04 | 1.44E+05 | 8.63E+04 LD 1.14E+05 LD 6.71E+09 | 1.70E+05 | 5.14E+10
MLD-4 3.78E+05 | 2.08E+04 | 1.07E+06 | 1.27E+05 LD 1.12E+06 LD 9.30E+09 | 4.15E+05 | 1.18E+10
MLD-1 9.43E+07 | 5.35E+04 | 6.67E+07 | 2.09E+07 | 9.50E+03 | 1.87E+05 LD 1.01E+11 | 8.44E+05 | 1.60E+10
MLD-2 1.74E+08 | 1.94E+06 | 1.14E+08 | 3.44E+07 | 3.39E+02 | 6.60E+05 LD 1.93E+11 | 8.01E+05 | 2.35E+10
MLD-3 1.27E+08 | 6.06E+05 | 1.02E+08 | 2.24E+07 LD 1.11E+06 LD 7.82E+10 | 4.48E+05 | 2.67E+10
MLD-4 1.22E+08 | 6.27E+04 | 1.27E+08 | 4.75E+07 LD 6.58E+05 LD 1.79E+11 | 6.65E+05 | 2.53E+10
MLD-5 6.53E+07 | 3.98E+04 | 1.73E+07 | 1.05E+07 LD 7.91E+05 LD 1.33E+10 | 1.50E+05 | 1.55E+10

MLD-5R10min N/A 6.13E+05 N/A N/A LD N/A LD N/A N/A N/A

MLD-5R30min N/A 3.23E+04 N/A N/A LD N/A LD N/A N/A N/A
MLD-5R100min | 1.12E+08 | 1.29E+06 | 1.02E+08 | 1.86E+07 LD 5.45E+05 LD 1.37E+11 | 1.04E+06 | 1.29E+10
MLD-6 9.52E+07 | 7.91E+04 | 8.19E+07 | 2.98E+07 LD 9.22E+05 LD 1.21E+11 | 1.02E+06 | 1.24E+10
MLD-7 8.61E+07 | 6.04E+04 | 8.32E+07 | 2.79E+07 LD 6.27E+05 LD 8.54E+10 | 7.53E+05 | 1.99E+10
MLD-8 1.24E+08 | 6.47E+04 | 8.13E+07 | 3.59E+07 LD 7.34E+05 LD 1.18E+11 | 1.11E+06 | 1.22E+10
MLD-9 5.13E+07 | 3.12E+04 | 1.82E+08 | 3.30E+07 LD 8.25E+05 LD 2.09E+11 | 2.35E+06 | 5.49E+09
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gPCR Data (all are copies per L sample filtered)
Archaea | Archaea Thaum. AOB AOB . . . Diatom
Sample 1D amoA amoA Thfrl;m' ureC rr:Jlgi\(l:A amoA amoA Ba(r:?;rla Nltr?rssplna 18S

gene MRNA gene gene MRNA rRNA
HCD-1 5.62E+07 | 7.35E+05 | 3.22E+07 | 7.76E+06 LD 5.84E+05 LD 3.10E+11 | 8.56E+05 | 1.50E+10
HCD-2 8.71E+07 | 3.99E+06 | 4.37E+07 | 1.42E+07 LD 6.43E+05 | 3.25E+03 | 2.31E+11 | 7.97E+05 | 1.44E+10
HCD-3 6.29E+07 | 1.83E+05 | 3.46E+07 | 1.05E+07 LD 6.17E+05 LD 2.64E+11 | 8.97E+05 | 2.09E+10
HCD-4 8.52E+07 | 2.75E+06 | 4.70E+07 | 1.55E+07 LD 1.01E+06 LD 2.14E+11 | 6.66E+05 | 2.75E+10
MLD-1 1.89E+06 | 2.39E+04 | 8.29E+07 | 2.83E+07 LD 3.69E+05 LD 2.40E+10 | 8.16E+05 | 7.80E+09
MLD-2 1.18E+07 | 3.22E+05 | 9.07E+07 | 2.85E+07 | 1.11E+04 | 6.36E+05 LD 4.01E+10 | 6.74E+05 | 9.19E+09
MLD-3 2.86E+07 | 1.69E+05 | 5.96E+07 | 1.36E+09 LD 1.66E+06 LD 2.77E+10 | 3.17E+06 | 7.29E+09
MLD-4 1.30E+07 | 1.08E+06 | 1.41E+08 | 2.99E+06 | 1.33E+04 | 7.78E+05 LD 3.43E+10 | 9.23E+05 | 1.01E+10
MLD-5 7.40E+06 | 3.41E+06 | 5.79E+07 | 1.13E+08 | 6.21E+04 | 4.79E+05 LD 2.65E+10 | 7.35E+05 | 5.58E+09
MLD-6 2.33E+07 | 3.94E+05 | 1.28E+08 | 1.50E+08 | 9.83E+03 | 1.01E+06 LD 3.81E+10 | 9.76E+05 | 4.66E+09
MLD-7 8.38E+07 | 1.46E+04 | 3.28E+08 | 9.86E+08 LD 1.27E+07 LD 1.02E+11 | 2.21E+07 | 1.69E+10
MLD-8 8.55E+06 | 8.06E+06 | 7.20E+07 | 5.12E+07 | 7.07E+04 | 9.07E+05 LD 2.87E+10 | 5.38E+05 | 4.22E+09
MLD-9 1.04E+07 | 1.85E+06 | 6.37E+07 | 5.28E+07 | 1.07E+04 | 5.46E+05 LD 3.07E+10 | 7.10E+05 | 3.29E+09

*ND = not determined; LD = below limit of detection; N/A = not applicable, no DNA sample collected
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Table D.2: Summary of Thaumarchaeota abundance (qQPCR) and ammonia oxidation rates for the South Atlantic Bight.

Stn | Depth . Latitude | Longitude Nutrient Data (uM) AO Rate | AO Rate
Station Name Date 1
# (m) (N) (W) [NO,] | [NO | [NHs] | DIN | Urea | (nMd™) SD
1.6 R , R .| 004 113] 192 3.06| ND ND ND
2 1175 Wassaw Sound 4/18/2011 31°55.47' | 80°58.04 0.02 0.79 064 143 ND ND ND
5 3 Savannah Mid 41182011 | 31° 4015 | 80° 08.44" 0.00| 058| 092| 150| ND ND ND
32 Shelf 002| 054| 051| 1.05| ND ND ND
10 . ] LD 050| 045| 095| ND ND ND
9 75 gf‘gﬂgfe 4/19/2011 | 31°23.40' | 79°20.32° | 008| 487| 022| 509| ND ND ND
433 0.07 | 30.94| 025|31.19| ND ND ND
6 3 Gray's Reef 4192011 | 31° 16.13' | 80° 22.65 0.04 0.40 0.48 | 0.88| ND ND ND
34 Mid Shelf 0.02| 056| 042| 099| ND ND ND
3
GR Gray's Reef 4/19/2011 | 31°2350' | 80°51.81 202 053] LD | 025] ND ND ND
18.5 005| 053| LD | 016| ND ND ND
3 2 Altamaha 4192011 | 31°18.26' | 81° 08.96' 0.05| 092| 029| 1.22| ND ND ND
6 Plume 037| 088| 215| 3.03| ND ND ND
15
4 St. Mary's 42012011 | 30°42.92' | 81°21.36' 02| 1491 049] 198 0.12 1.12 1.05
13 002| 081| 044| 1.25| 022 0.27 0.00
2 's Mi -
o St Mary'sMid | 400011 | 3003138 | 80° age 004 096| 0.24| 120 015 1.14 0.03
30.5 Shelf 0.00| 062| LD 059 | 0.13 1.31 0.32
10 St Marv LD 059| LD | 050| ND -0.05 0.01
12 | 70 o'ffsr?ges 4/20/2011 | 30°19.05' | 79°56.12' | 203 | 3.07| 241]| 548| 026 82.88 3.46
500 0.00| 3226| LD |32.13| 0.08 0.62 0.41
10 Altarmah 002| 039| LD | 003| ND ND ND
11 | 60 Ofgsrﬂgr : 4/20/2011 | 30°43.20' | 79°45.93 | 014| 196| LD | 1.80| ND ND ND
470 0.04| 29.07| LD |2855| ND ND ND
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Stn : Latitude | Longitude Nutrient Data (pM) AO Rate | AO Rate
Depth | Station Name Date ;
# P (N) (W) [ [NO,] [ [NOJ | [NH. | DIN | Urea | ("Md?) |  SD
. 2 Altamaha Mid | 000000 | 3100044 | 80° 52,19 004 | 049| LD 0.46 | ND ND ND
27.5 Shelf 004| 050| LD 0.17 | ND ND ND
4
GR Gray's Reef 10/3/2011 | 31°2350' | 80°51.81 %001 | 058 LD LD | ND ND ND
17 001| 062| LD LD | ND ND ND
20 0002| 121| LD 0.46 | 0.83 0.17 0.05
1 80 St. Mary's 100472011 | 30°19.05 | 79° 56.12" 0.13| 3.10| LD 220 | 0.04 6.04 1.41
200 Offshore 0.05| 1929 | 0.66|19.95| 0.20 3.84 0.51
445 0.001| 2425| LD |23.94| 1.00 1.60 7.12
8 4 St.Mary'sMid | 400011 | 3003138 | 80° 42.86 002| 042| LD 022 | 1.34 7.90 9.06
32 Shelf 0.07| LD LD LD | 0.08 0.01 0.02
4
A St Mary's 1042011 | 300 42.92' | 81° 21 36 008| 094| 1.10| 2.04| 0.28 120.29 104.78
9 014 | 076| 1.35| 2.11| 1.18 86.46 48.34
3 4 Altamaha 10472011 | 31°18.26' | 81°08.96' 005| 065| 067| 1.33| ND ND ND
11 Plume 008| 057| 087| 1.45| ND ND ND
. 4 Altamaha Mid | o coor1 | 3100044 | 80° 52,19 006| 010| 020| 031| ND ND ND
27 Shelf 005| 011| 099| 1.10| ND ND ND
4 001| 008| LD LD | ND ND ND
1 80 Altamaha 10/5/2011 | 30°43.20' | 79° 45.93 019| 261| 035| 296| ND ND ND
250 Offshore 0.02| 20.89| 020|21.09| ND ND ND
400 0.03| 17.19| 0.28|17.47| ND ND ND
4 001| 0.03| 007| 010| ND ND ND
10 80 Gray's Reef 10052011 | 31°03.20' | 79° 33.10" 0.07 | 10.63| 0.20] 10.83| ND ND ND
260 Offshore 004 | 990| 056|1046| ND ND ND
500 0.01| 30.18| 0.95]31.13| ND ND ND
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Stn : Latitude | Longitude Nutrient Data (uM) AO Rate | AO Rate
Depth | Station Name Date ;
# P ' (N) (W) [NO;] | [NOJ | [NH.]| DIN | Urea | (nMd™) SD
6 4m Gra}y's Reef 10/5/2011 31°16.13' | 80° 22.65' 0.04 0.16 0.18| 0.34| ND ND ND
30m Mid Shelf 006 | 9.62| 0.47|10.08| ND ND ND
4
13 m Sapelo Sound 10/6/2011 31°31.08' | 81°03.12 0.09 0.20 036 | 0.56] ND ND ND
9m 0.07 0.25 LD 0.09| ND ND ND
4
1 m Savannah River 10/7/2011 32°02.37' | 80°55.31 3.27| 1005 4.73 | 14.78 | ND ND ND
13.5m 3.11 9.97 27511273 | ND ND ND

*ND = not determined; LD = below limit of detection; SD = standard deviation.

**A0 = ammonia oxidation rate; values in red are negative, and should be interpreted as below the limit of detection.
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DNA | RNA gPCR Data (all are copies per L sample filtered)
Depth | Vol. | Vol. . .
st | S | R | FiC | Camon | amon | ThRUM | g | ureC | SN | men | Bacteria | Nitro

L) (L) gene MRNA rrs gene MRNA gene MRNA rrs spina rrs
5 1.6 0.6 0.6 | 1.12E+05 ND 9.44E+04 ND ND 2.78E+04 ND 2.65E+09 | 2.16E+05
11.75 0.5 0.5 | 1.46E+05 ND 3.04E+05 ND ND 4.07E+04 ND 3.67E+09 | 9.87E+05
5 3 1.03 | 115 | 6.16E+03 ND 2.40E+04 ND ND 6.55E+02 ND 1.00E+09 | 1.98E+03
32 1.2 1.1 | 447E+03 ND 3.31E+04 ND ND 2.25E+03 ND 8.75E+08 | 2.07E+04
10 0.8 0.8 | 1.21E+03 ND 1.47E+03 ND ND 5.86E+02 ND 7.47E+08 | 1.21E+03
9 75 0.9 0.9 | 1.10E+07 ND 2.09E+07 ND ND 1.51E+03 ND 5.13E+08 | 9.50E+05
433 1.0 1.2 | 4.22E+05 ND 1.45E+07 ND ND 5.02E+03 ND 9.19E+07 | 1.27E+06
6 3 1.0 1.0 | 4.88E+02 ND 1.42E+03 ND ND 6.63E+02 ND 3.19E+08 | 4.78E+02
34 11 1.0 | 1.66E+04 ND 2.31E+04 ND ND 6.32E+04 ND 1.24E+09 | 1.81E+03
GR 3 1.0 1.0 | 1.61E+03 ND 3.05E+03 ND ND 7.55E+03 ND 1.20E+08 | 1.18E+03
18.5 1.0 1.0 | 5.09E+04 ND 9.25E+04 ND ND 1.02E+04 ND 1.94E+09 | 6.18E+03
3 2 0.9 0.9 | 3.63E+05 ND 1.22E+06 ND ND 1.23E+06 ND 5.88E+09 | 6.65E+05
6 0.9 0.8 | 3.66E+05 ND 8.07E+05 ND ND 7.35E+05 ND 1.07E+10 | 1.35E+06
4 15 0.9 0.9 | 1.18E+05 | 2.19E+04 | 2.23E+04 | 3.04E+05 | 1.14E+04 | 5.56E+04 | 6.41E+04 | 4.78E+09 | 1.23E+04
13 0.9 0.9 | 1.81E+05 | 9.09E+03 | 5.45E+05 | 4.13E+04 | 1.19E+04 | 1.52E+06 LD 6.35E+09 | 5.96E+05
8 2 1.0 1.0 | 4.36E+04 | 1.31E+03 | 1.07E+04 | 1.16E+05 LD 5.65E+05 | 3.82E+03 | 5.25E+09 | 2.10E+04
30.5 11 1.1 | 1.37E+05 | 6.09E+03 | 5.68E+04 | 2.10E+05 | 1.38E+03 | 3.13E+04 | 2.63E+03 | 2.42E+09 | 2.31E+04
10 1.2 1.2 | 3.20E+02 | 1.29E+02 | 8.04E+02 | 1.85E+04 LD 9.44E+02 | 1.21E+03 | 1.60E+08 | 8.46E+02
12 70 1.0 1.1 | 6.82E+07 | 2.27E+06 | 2.60E+07 | 2.65E+07 | 2.19E+03 | 7.13E+03 | 3.00E+03 | 6.45E+08 | 7.00E+05
500 1.0 1.0 | 1.13E+06 | 2.37E+04 | 2.56E+07 | 1.33E+06 | 3.26E+03 | 3.94E+03 LD 1.85E+08 | 1.01E+06
10 1.0 1.0 | 4.73E+02 ND 2.50E+02 ND ND 6.86E+02 ND 8.62E+08 | 3.94E+02
11 60 1.0 1.0 | 4.25E+07 ND 3.81E+07 ND ND 1.24E+04 ND 1.72E+09 | 6.53E+05
470 1.0 1.1 | 9.58E+04 ND 4.24E+05 ND ND 3.54E+02 ND 3.21E+06 | 7.94E+03
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DNA gPCR Data (all are copies per L sample filtered)
Stn # D(erE;h l\:/ﬁl Archaea | Archaea Thaum. Thaum. ureC AOB AOB Bacteria | Nitro-
. amoA amoA ureC amoA amoA .
(L) gene mRNA rs gene MRNA gene mMRNA s SpInarrs
. 2 1.0 2.08E+03 ND 1.39E+03 ND ND 2.79E+03 ND 2.30E+08 | 1.24E+02
27.5 1.0 1.44E+05 ND 8.30E+04 ND ND 4.42E+03 ND 1.74E+09 | 1.38E+03
GR 4 1 1.06E+05 ND 3.58E+05 ND ND 5.83E+04 ND 2.21E+09 | 1.28E+04
17 1 1.58E+05 ND 3.83E+05 ND ND 2.60E+05 ND 1.09E+09 | 5.53E+04
20 1 1.56E+04 | 2.04E+03 | 1.61E+04 | 2.10E+05 LD 4.53E+03 | 1.16E+03 | 5.92E+08 | 2.93E+03
12 80 1 2.12E+07 | 5.97E+06 | 2.82E+07 | 3.31E+07 LD 1.27E+04 | 2.12E+03 | 1.12E+09 | 1.05E+06
200 1 2.24E+06 | 6.26E+04 | 4.89E+07 | 4.53E+06 LD 8.19E+03 | 5.67E+03 | 1.81E+08 | 2.39E+06
445 1 7.30E+05 | 1.99E+05 | 7.98E+06 | 2.96E+06 | 2.68E+03 | 9.05E+02 | 1.42E+03 | 3.38E+07 | 8.59E+05
3 4 1.01 1.26E+05 | 3.44E+03 | 2.94E+04 | 1.36E+06 | 2.40E+03 | 4.66E+04 | 4.66E+03 | 4.37E+09 | 1.18E+04
32 0.8 : 5.01E+05 | 3.15E+03 | 1.44E+05 | 4.46E+06 | 2.08E+03 | 8.28E+04 | 5.76E+03 | 6.66E+09 | 3.34E+04
4 4 0.95 1 1.96E+07 | 3.17E+05 | 2.49E+07 | 2.35E+06 LD 1.78E+05 | 1.62E+04 | 4.18E+09 | 5.67E+04
9 0.95 1 5.09E+06 | 3.34E+05 | 4.70E+06 | 3.73E+06 LD 5.76E+05 LD 2.75E+09 | 4.82E+04
3 4 1 1 2.90E+05 ND 1.21E+05 ND ND 8.99E+04 ND 7.38E+09 | 7.88E+04
11 0.96 1 1.75E+05 ND 2.75E+05 ND ND 8.64E+04 ND 2.59E+09 | 1.07E+05
7 4 1.01 1 2.71E+05 ND 5.22E+04 ND ND 2.88E+04 ND 1.87E+09 | 4.96E+03
27 1 1 2.04E+04 ND 7.25E+04 ND ND 2.79E+04 ND 1.13E+09 | 7.53E+03
4 1 1 2.68E+03 ND 5.31E+03 ND ND 2.23E+04 ND 1.17E+09 | 2.31E+03
1 80 1 1 1.61E+07 ND 2.38E+07 ND ND 3.35E+04 ND 6.11E+08 | 1.43E+06
250 1 1 2.05E+06 ND 4.00E+07 ND ND 6.49E+03 ND 1.26E+08 | 2.36E+06
400 1 1 1.71E+06 ND 5.23E+07 ND ND 1.82E+04 ND 1.10E+08 | 9.28E+05
4 1 1 1.76E+04 ND 2.60E+04 ND ND 4.69E+03 ND 2.03E+08 | 4.14E+06
10 80 1 1 2.54E+07 ND 2.78E+07 ND ND 4.86E+03 ND 4.50E+08 | 7.41E+05
260 1 1 1.38E+06 ND 2.04E+07 ND ND 4.56E+03 ND 8.83E+07 | 4.28E+05
500 1.05 | 1.05 | 9.04E+05 ND 2.69E+07 ND ND 8.91E+03 ND 6.26E+07 | 1.62E+06
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DNA | RNA gPCR Data (all are copies per L sample filtered)
Stn # D(erg;h I\:/ﬁl l\:/ﬁ: Archaea | Archaea | - | Thaum.| . AOB AOB | o eria | Nitro-
: : amoA amoA ureC amoA amoA )
(L) (L) gene MRNA rrs gene MRNA gene MRNA rrs spina rrs
6 4 1 1 5.23E+04 ND 1.64E+04 ND ND 2.71E+04 ND 8.13E+08 | 5.36E+03
30 1 1 8.29E+04 ND 9.98E+04 ND ND 6.63E+03 ND 1.55E+09 | 2.44E+03
13 4 1 1 3.08E+06 ND 5.66E+06 ND ND 1.23E+05 ND 4.39E+10 | 1.01E+05
9 1 1 2.61E+06 ND 4.13E+06 ND ND 9.84E+04 ND 1.67E+10 | 5.02E+04
1 4 0.7 0.7 | 2.49E+06 ND 7.01E+06 ND ND 2.05E+05 ND 3.30E+10 | 7.43E+06
13,5 0.7 0.7 | 2.01E+06 ND 6.27E+06 ND ND LD ND 1.82E+10 | 3.03E+05

*ND = not determined (RNA not analyzed for given sample); LD = below limit of detection.
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Figure D.1: Locations surrounding Sapelo Island, Georgia, where samples were
collected for this study. ML (Marsh Landing) is the site where the Sapelo Island
Microbial Observatory (SIMO) first identified the Thaumarchaeota bloom (Gifford et al.,
2011; Hollibaugh et al., 2011) and a more fine-scale temporal resolution study was done
(Chapter 4). Both ML and Hunt Camp (GCE10) were sampled over a 24-hour period for
the diurnal study. GCE (Georgia Coastal Ecosystems) sites are part of the Long-Term
Ecological Research (LTER) network for Sapelo Island (http://gce-lter.marsci.uga.edu/),
which includes the Altamaha River, Altamaha Sound, and both Sapelo and Doboy

Sounds.
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Figure D.2: Stations in the South Atlantic Bight (SAB) offshore from Sapelo Island,
Georgia, and between Savannah (Georgia) and Jacksonville (Florida) where samples

were collected to determine the offshore extent of the Thaumarchaeota bloom in April

and October 2011.
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Figure D.3: Comparison of Thaumarchaeota rrs gene abundance around Sapelo
Island, Georgia, between bloom (August 2011) and non-bloom (April 2012) periods.
Sites are part of the GCE-LTER survey domain (Figure D.1). Sample depth and tide is
indicated on the x-axis: HWS = high tide, surface water; HWB = high tide, bottom water;
LWS = low tide, surface water; LWB = low tide, bottom water. Samples where no DNA

filter was collected are indicated with a *.
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Figure D.4: Diurnal measurements of Thaumarchaeota gene and transcript
abundance, as well as ammonia oxidation rates in (a) August 2011, (b) April 2012,
(c, d) August 2012, and (e) September 2013. Samples collected on Sapelo Island
(Figure D.1) at Marsh Landing (ML; a-c, €) and Hunt Camp (HC; d) over at least two
tidal cycles. Thaumarchaeota amoA genes (blue circles) and transcripts (red squares) are
shown along with ammonia oxidation rates (grey bars). Note the difference in scale
between (b) April 2012 (y-axis is 100X smaller) and (d) HC August 2012 (y-axis for
ammonia oxidation is 50% smaller). Photosynthetically active radiation (PAR) is also
plotted (orange dashed line) for reference. A thunderstorm occurred during sampling in
August 2012, which is noted on panels ¢ and d and reflected in the rapid decrease in PAR

after 2:00 PM.
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(c) ML - August 2012
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(e) September 2013
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Figure D.5: Thaumarchaeota abundance and ammonia oxidation rates in the South
Atlantic Bight (SAB). Samples collected in April (a, ¢, e) and October (b, d, f) 2011 on
transects offshore from Savannah, GA, and in line with Gray’s Reef (a, b), out from the
Altamaha River plume (c, d), and offshore from St. Mary’s, FL (e, f). Thaumarchaeota
(a-f) gene (rrs, amoA) and (e-f) transcript (amoA) abundance based on gPCR. Ammonia
oxidation rates were only measured for one representative transect (e-f) offshore from St.
Mary’s, FL (near Jacksonville). Stations are organized from coastal, inshore samples
(left; Stations #2-4, 14) to offshore, Gulf Stream samples (right; Stations #9-12) for

clarity.
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Altamaha Transect - April 2011
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St. Mary's Transect - April 2011
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APPENDIX E
RESPONSE OF SAPELO ISLAND THAUMARCHAEOTA COMMUNITITES TO

REACTIVE OXYGEN SPECIES!

! Tolar, B.B., L.C. Powers, W.L. Miller, N.J. Wallsgrove, B.N. Popp, and J.T.
Hollibaugh. To be submitted to The ISME Journal.
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RESULTS

We examined the sensitivity of AO to the ROS species H,0, in AOO
assemblages dominated by Thaumarchaeota (Table E.1) from Sapelo Island, Georgia
(Figure 4.1). Whole-seawater incubations were performed at in situ temperature with
additions of *>N-labeled ammonium (50 nM) to determine rates of AO in the presence of
H,0, added at environmentally relevant (10-300 nM) concentrations. We also measured
overall microbial activity using leucine incorporation to determine the effects of H,O, on
prokaryotic protein synthesis.

Addition of 300 nM H,0, to samples from coastal Georgia, USA, inhibited AO in
each of the three years sampled (Figures E.1, E.2). Sapelo Island microbial communities
were capable of reducing H,O, concentrations ~6X more quickly (Table E.2, Figure E.3)
than communities from open ocean sites (Table 6.2, Figure 6.6). Additional samples
collected in 2011 show that AO can be reduced within 6 hours, and no additional
reduction (or recovery with 30 nM H,0, additions) was observed after 24 hours (Figure
E.2). As with other experiments (Figure 6.4), transcription of amoA genes did not reflect
any H,O, inhibition (Figure E.4) as observed in AO rates. Overall prokaryotic activity
(leucine incorporation) was also reduced by increased [H,O;] in Sapelo Island waters
(Figure E.5, Table E.1), but it was not significantly different from the reduction in AO
rates (average 18% vs 5% reduction; t-test, p > 0.2). We also found that additions of
rainwater inhibited AO rates (Figure E.1). Measured H,O, concentrations in rainwater
were 30-50 uM (Table E.2), indicating that storm events could have a significant effect

on bacterioplankton and nitification in the ocean’s surface layer.
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MATERIALS AND METHODS

Samples were collected at Marsh Landing on Sapelo Island, Georgia (Figure 4.1;
August 2011 and 2012, September 2013; 31° 25.068' N, 81° 17.721' W). Seawater was
added to 10 L carboys and kept at in situ temperature (seawater flow-through tank)
during the course of the 24-hour incubation. In order to measure ammonia oxidation
(AO) rates, *°N-labeled ammonium (**NH,Cl; Cambridge Isotope Laboratories) was
added (50 nM final concentration; Beman et al., 2012; Santoro et al., 2010). Hydrogen
peroxide (H,O,; J.T. Baker) additions ranged from 10 to 300 nM (Table E.2);
concentrations were checked using the absorbance of H,Oat 240 nm, and its molar
absorptivity of 38.1 M™* cm™ (Miller and Kester, 1988). Initial [H20,] was estimated by
modeling H,O, decay (Table E.2) as there was variability in measuring stock solutions
and with mixing after additions to 10 L carboys.

After a 6-hour incubation with H,O,, samples were filtered onto 142 mm, 0.22
pm pore size GVWP filters (Millipore), which were frozen with 5 mL RNAlater
(Ambion) until extraction using previously described methods (Chapters 3 and 6). RT-
gPCR was used to quantify amoA transcripts as in Chapter 6.

AO samples remained at in situ temperature for 24 hours in the dark before
termination by freezing at -80°C. Controls were filtered sample water or frozen
immediately after addition of tracer. All samples remained frozen until analysis using the
previously described “denitrifier method’ (Sigman et al., 2001) with cultures of
Pseudomonas aureofaciens (Dore et al., 1998; Popp et al., 1995; Chapters 3 and 6).
Calculations of AO rates from raw 8°N values of N,O produced followed Christman et

al. (2011) and Beman et al. (2012).
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Leucine incorporation was used as a proxy for total prokaryotic activity with
either *C-leucine (2012-2013) or *H-leucine (2011) added to a final concentration of 100
nM. For *3C-leucine incorporation, samples were analyzed as described in Chapter 6.
Samples from 2011 amended with *H-leucine (100 nM) were analyzed as in (Ducklow et
al., 2012; Smith and Azam, 1992); briefly, samples were incubated with *H-leucine at in
situ temperature for 1 hour in 2.0 mL test tubes, centrifuged to form a pellet, and counted
directly using a Beckman LS6500 liquid scintillation counter.

H,0, was measured using a FeLume chemiluminescence (CL) system (Waterville
Analytical; Figure 6.8) with modifications to the methods of King et al. (2007) as
described in Chapter 6. Initial H,O, concentration and decay rates were calculated as in

Chapter 6.
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Table E.1: Summary of ROS incubation experiments, including ammonia oxidation and leucine incorporation rates, and gene and

transcript abundance data.

H,0, Avg N Oxid. Rate | Avg Leu. Incorp. Rate Initial [H,0,]
Site Station De_pth / Addition
Time (M) (nM/d) SD (pM/h) SD (nM) SD
ML T=0 0 66.67 48.05 3295 1701
ML 6 h 0 23.29 2.48 3558 979.9
ML 6 h 100 35.03 0.30 1965 78.98
ML 6 h 300 7.62 2.31 2103 112.8
Sapelo Island ML 12 h 0 ND ND 2677 324.3 LD LD
2011 ML 12 h 100 ND ND 2062 70.72
ML 12 h 300 ND ND 2319 123.9
ML 24 h 0 41.75 11.41 2262 126.3
ML 24 h 100 56.17 5.16 2160 140.6
ML 24 h 300 5.47 0.27 2127 157.4
ML Surface 0 3.46 0.85 4503 398.0
Sapelo Island ML Surface 100 5.12 0.11 3506 427.0 201.50 43.63
2012 ML Surface 300 1.42 0.26 2974 436.7
ML - Rain Surface 100 4.49 0.54 3413 4228 | 52,890 9,690
ML Surface 0 944.6 36.5 81290 4086
ML Surface 10 939.2 42.5 69760 19810
Sapelo Island ML Surface 30 904.7 64.4 74560 24860 108.20 2.53
2013 ML Surface 100 904.4 3.9 78060 20710
ML Surface 300 858.9 73.3 78410 21100
ML - Rain Surface 300 814.5 64.1 96700 5966 | 33,470 470
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Gene Abundance (copies/L)

H,O amoA -
Site Station De_pth / Adéitién MRNA | Archaeal Thaum. AOB Bacteria
Time (nM) | (copies/L) | amoA 165 amoA 165
rRNA rRNA
ML T=0 0 4.14E+07
ML 6 h 0 2.78E+07
ML 6 h 100 3.46E+07
Sapelo ML 6 h 300 4.27E+07
ML 12 h 0 6.33E+06
I;:)alnf ML 12h 100 127E+06 1.91E+08 | 5.13E+07 | 1.16E+05 | 2.72E+09
ML 12 h 300 1.11E+07
ML 24 h 0 7.20E+07
ML 24 h 100 4.97E+07
ML 24 h 300 8.94E+06
ML Surface 0 2.58E+07
?a|pelc(1) ML | Surface | 100 | 3.15E+07 | 504k 08 | 1.82E+08 | 8.25E+05 | 2.00E+11
2012 ML | Surface | 300 | L12E+07 |~ | | |
ML - Rain | Surface 100 2.00E+07
ML Surface 0 ND
Sapelo ML Surface 10 ND
land ML | Surface | 30 ND 1) 04E+07 | 6.37E+07 | 5.46E+05 | 3.07E+10
2013 ML Surface 100 ND
ML Surface 300 ND
ML - Rain | Surface 300 ND

ND = not determined

SD = standard deviation

*[H203] for rain (italic) measured with uM standards or diluted to nM range

407




Table E.2: Decay rates and initial H,O, concentrations for Sapelo Island ROS Experiments, as well as both nominal and

modeled concentrations of added H,0,.

Sample [Iﬂlztgl [H,0,] Decay Rate (nM h™)* R? Initial [H,0,]* Prokarya | [H20:]o K ops Rz | t12

] Addn. m SD b SD Cells/L | (modeled)” | (1/h) (h)

SI 2012 100 nM -12.97 5.48 048 | 1755 | 9.16 2.10E+11 176.4 0.088 | 0.73 | 7.88
SI 2012 201.50 | 300 nM -27.99 5.83 079 | 2475 | 11.00 2.10E+11 250.8 0.150 | 0.86 | 4.64
SI 2012 Rain 100 nM -20.09 5,55 069 | 2209 | 11.30 2.10E+11 222 0111 | 0.92 | 6.24
SI 2013 10 nM -9.63 2.23 090 | 611 | 250 3.07E+10 61.01 0.180 | 0.87 | 3.85
SI 2013 30 nM -7.24 1.45 093 | 801 | 163 3.07E+10 80.16 0.099 | 0.93 | 6.97
SI 2013 108.20 | 100 nM -22.48 3.88 094 | 137.8 | 4.34 3.07E+10 1385 0.200 | 0.96 | 3.47
SI 2013 300 nM -54.07 179 | 0998 | 296.6 | 2.00 3.07E+10 297.4 0.221 | 0.99 | 3.14
SI 2013 Rain 100 nM -28.61 7.64 088 | 167.1 | 10.80 3.07E+10 167.1 0.210 | 0.88 | 3.31

*Decay rate determined from slope, a negative slope indicates decay; *Initial [H,05] determined from y-intercept;
"Calculations for [H,0,]o modeled are described further in the Materials and Methods; Model: [H20,] = [H20,]o*e™™
Decomposition of H,O5 is overall 2" order (1% order with respect to [H,0,], 1 order with respect to algal biomass (Zepp et al.,
1987)
*d[H20,]/dt = -kgps[H202] (modeled using nonlinear curve fit)
*d[H,0,]/dt = -k4[H,O,][biomass] (kq = specific decay rate)

S0 Kq = - Kops/[Diomass]
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Figure E.1: ®®*N-Ammonia oxidation rates. Rates of ammonia oxidation as measured
with a **N-ammonium tracer after addition of H,0O, in Sapelo Island, Georgia in (a) 2012

and (b) 2013 (symbols represent H,O, origin, either chemical H,O, or from rainwater).
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Figure E.2: Time course on Sapelo Island, 2011. Ammonia oxidation rates (filled
shapes) and Archaeal amoA transcripts (open shapes) measured over a 24-hour
incubation period after addition of O (m), 10 (A), or 30 nM (e) H,O,. Error bars
represent the range of duplicate ammonia oxidation rate incubations (note that in some

cases the error is too small to be seen outside of the filled shape).
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Figure E.3: Decay of hydrogen peroxide in ROS experiments from Sapelo Island
2012 (a) and 2013 (b) in control (black), 10 nM H,O, (green), 30 nM H,0, (yellow),
100 nM H,0; (blue), 300 nM H,0O, (purple), and rain (grey) incubations. Symbols
represent measured H,O, concentrations, while curves represent modeled decay rates.
Variability was greater in Sapelo 2012 (a) experiments due to particulate matter in

sample water interfering with H,O, measurement.
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Figure E.4: Archaeal amoA transcripts quantified by RT-gPCR using RNA
collected from Sapelo Island, Georgia, in 2011 (a) and 2012 (b). Symbols indicate

H,O; origin, either chemical H,O, or from rainwater.
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Figure E.5. Bacterial incorporation of L-leucine measured Sapelo Island, Georgia in
2011 (a); symbols represent H,O, addition) or 2012 and 2013 (b and c, respectively;
symbols represent H,O; origin, either chemical H,O; or from rainwater). Incubations

were performed using *H- (a) or **C-labeled (b-c) L-leucine.
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