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ABSTRACT OF THE DISSERTATION
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Lee J. Kerkhof

Marine mesophilic archaea were discovered two decades ago. However, the role
of these culture-resistant organisms in marine nutrient cycling and the nature of their
relationship with bacteria have yet to be elucidated. Current thinking is that thaumarchaea
may dominate ammonia oxidation in sediments and oxygen minimum zones, based on
the ubiquity of archaeal ammmonium monooxygenase genes. Yet, ammonia-oxidation (or
other forms of autotrophy/mixotrophy) may only represent a subset of the full metabolic
capability of the phylum. The purpose of this Ph.D. research was to assess whether
estuary and marine archaea are autotrophic or heterotrophic and if they compete with
bacteria for the same electron donors and acceptors. Salt marsh sediments from a New
Jersey state park were screened for heterotrophy using stable isotope probing, by
amending with a single 2C-labeled compound (acetate, glycine, or urea), a complex =C-

biopolymer (lipids, proteins, or growth medium), or autotrophy using #C-bicarbonate.



13C-labeled DNA was analyzed by TRFLP analysis of 16S rRNA genes. SIP analyses
indicated salt marsh thaumarchaea and crenarchaea are heterotrophic, double within 2—3
days and often compete with heterotrophic bacteria for the same organic substrates. A
clone library of "C-amplicons was screened to find matches to the *C-TRFLP peaks.
Some of these archaea displayed a preference for particular carbon sources, whereas
others incorporated nearly every C-substrate provided. Resource partitioning of proteins,
and urea at low concentrations, was also observed. SIP was also performed in the open
waters of the Sargasso Sea at multiple depths and latitudes, using »C-labeled acetate,
urea, and bicarbonate. In this environment, mixotrophy appeared to be the dominant
metabolic strategy, though some heterotrophic OTUs (operational taxonomic units) were
observed. No exclusively autotrophic OTUs were detected. Urea was also a competitive
substrate in deep waters, with archaea outcompeting bacteria for its uptake in the majority
of microcosms. Archaea-specific and bacteria-specific predators were detected via
incorporation of =C into eukaryotic OTUs. This research demonstrates the significance of
organic carbon uptake and selective predation on the structuring of marine archaeal

communities.
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Chapter 1. Introduction

Abstract

The existence of mesophilic and low-temperature archaea in the world’s oceans
was discovered two decades ago (Delong, 1992; Fuhrman et al., 1992). While much work
has been done to characterize these culture-resistant organisms, their role in marine
nutrient cycling and the nature of their relationship with bacteria occupying the same
environments have yet to be elucidated. Because these microorganisms are both abundant
and ubiquitous, one may surmise that they play a variety of roles in the marine
ecosystem. For example, current thinking is that members of the phylum Thaumarchaeota
(Brochier-Armanet et al., 2008) may dominate ammonia oxidation, the first step of
nitrification, in sediments and oxygen minimum zones, based on the ubiquity of archaeal
ammmonium monooxygenase genes (Francis et al., 2005). The concept that
thaumarchaea are chemoautotrophic is supported by isotopic signatures associated with
CO2 uptake (Ingalls et. al., 2006). Conversely, earlier research indicated that open ocean
thaumarchaea (Ouverney and Fuhrman, 2000; Hallam et al., 2006; Martin-Cuadrado et
al., 2008) and deep sea sediment bathyarchaea and crenarchaea (Biddle et al., 2006) were
heterotrophic. A recent study found that two cultured strains of ammonia-oxidizing
thaumarchaea were obligate mixotrophs, requiring the addition of a low concentration of
a-ketoglutaric acid to the inorganic basal medium for growth (Qin et al., 2014). At
present, we know very little about what marine archaea use as carbon and energy sources,

and whether they compete with heterotrophic or nitrifying bacteria that are using the



same electron donors and acceptors. This Ph.D. research assesses whether coastal and
pelagic thaumarchaeal, crenarchaeal, and bathyarchaeal populations are autotrophic or
heterotrophic, and what substrates and growth conditions marine archaea can utilize in a
natural setting. The research also provides some information on the competitive

relationship between archaea and bacteria co-existing in the same environment.

Overall Objective

Previous studies have attempted to elucidate the life strategies of marine archaea
(chiefly belonging to the phylum Thaumarchaeota) by molecular ecology approaches.
Initially, CARD-FISH experiments utilizing *H-labeled amino acids were performed on
open ocean archaea (Herndl et. al., 2005; Varela et. al., 2008). Subsequently,
metagenomic studies have been employed to reveal the genetic capabilities of the
thaumarchaeal community. The & '3C signatures of archaeal membrane lipids have also
been used to explore archaeal metabolic capability (e.g. Varela et. al., 2008). For
example, heterotrophy is considered the dominant life strategy for bathyarchaea and
crenarchaea in deep sea sediment (Biddle et al., 2006). Marine Group II euryarchaea
appear to be motile photoheterotrophs, based on a genome assembled from surface
seawater (Iverson et al., 2012). Unfortunately, all approaches have limitations that do not
allow for the direct testing of competition between archaea and bacteria. Specifically, &
13C methods provide only general information about the source of the carbon (i.e.,
whether the carbon was from an organic or inorganic source), MARFISH experiments

may confound cellular uptake with cell “stickiness,” and the possession of a particular



gene by a metagenomic study does not necessarily predicate its expression (Dubnau and
Losick, 2006; Smits et al., 2006).

In this project, I used stable isotope probing experiments (Radajewski et al., 1999;
Gallagher et al., 2005) to assess if marine archaeal populations were heterotrophic or
autotrophic, how long it took for DNA synthesis and cell division to occur, if there were
preferences for specific electron donors, and if there was direct competition between
specific archaea and bacteria for specific substrates. In contrast to the approaches listed
above, these stable isotope probing (SIP) experiments demonstrate substrate uptake and
assimilation, by tracking carbon incorporation into newly synthesized DNA. In the
literature, the first SIP experiment performed on archaea focused mostly on fermenters
and methanogens, and was conducted in an acidic fen (Hamberger et. al., 2008). In this
Ph.D. research study, SIP methodology was used to examine carbon uptake by marine
archaea, in order to provide answers to the following questions:

1) “who” is eating “what” in a given environment,

2) “which” domain is best at consuming specific organic substrates at a given
concentration, and

3) whether co-existence of archaea and bacteria is a function of “who” is eaten by

“which” microbial predator.

Significance
This Ph.D. research provides a basis of understanding the competitive/cooperative

relationship between bacteria and archaea, not only in a marine context but potentially in



other environments as well. Understanding archaeal/bacterial interactions represents an
excellent model system for studying microbial competition in general by establishing
paradigms for microbial competition/coexistence in other environments. Finally,
understanding the life strategy of archaea in situ may also make them easier to cultivate
in the laboratory. To date, only four thaumarchaea have successfully been isolated in
culture, all of them ammonia oxidizers. This Ph.D. research promises to reveal how
marine archaea respond to various electron donors, and which conditions are most
optimal for their growth. If these organisms can be isolated in pure culture, classical
microbiology techniques can then be used to properly classify them and further our

understanding of their growth, metabolism, and ecology.

Specific Hypotheses

Hi) Marine archaea and bacteria coexist through resource partitioning. That is, the
archaea use electron donors and/or acceptors that are not readily incorporated by the
bacteria, so there is no direct competition between the two groups.

H2) Archaea use the same or similar electron donors and acceptors as bacteria, but at
different concentrations (e.g., Martens-Habbena et al., 2009).

H3) Archaea and bacteria use the same electron donors and/or acceptors, but are preyed
upon by different groups of predators (“top-down” versus “bottom-up” population
control).

Ho) The null hypothesis is the observed coexistence of the archaea and the bacteria

results from some form of physical forcing (such as advective transport from one



location to another) and is responsible for the apparent co-location and activity of

archaea and bacteria during random sampling.

Background

Classical methods in microbiology rely on isolation and laboratory cultivation for
the characterization of microorganisms. This approach is inherently limited, however,
since many of the species directly observed in the environment cannot currently be
cultivated in the laboratory. Direct counts of prokaryotes from environmental samples
exceed the number yielded by cultural methods by up to nearly four orders of magnitude
(Jannasch and Jones, 1959). To date, roughly 7,500 species of prokaryote have been
characterized, but the total number of species in existence is difficult to estimate- though
it could well be in the millions (Ward, 2002; Torvisk et. al., 2002).

The technique of isolating and characterizing pure cultures of organisms also
inherently ignores the interactions that occur between microbial groups in situ. While
single strain approaches have provided researchers with invaluable information regarding
the physiology and metabolic capability of many different types of organisms, these same
approaches do not adequately represent complex microbial communities, where
metabolic intermediates can be shared, resources can be competed for, and interspecies
communication may take place, etc. Our knowledge of microbes at the individual level,
therefore, is far greater than our understanding of their ecology.

Advances in molecular techniques, however, have provided researchers with

culture-independent methods of classification of microorganisms. These techniques allow



for the study of organisms that are resistant to laboratory cultivation, and preclude the
biases inherent in studying organisms in pure culture (Amann et al., 1995; Head et al.,
1998; Hugenholtz et al., 1998; Mclnerney et al., 2001). Such methods also provide
insights into the evolutionary (Woese, 1987) and metabolic (Hug et al., 2013) relatedness
of species.

One such molecular technique is the use of ribosomal RNA to identify different
species of microorganisms (Olsen and Woese, 1993). It was using this approach that led
Carl Woese to conclude that the traditional Linnean system of taxonomy used to describe
relationships among species was inadequate. All prokaryotic organisms were grouped
into one kingdom, the Monera, which included both bacteria and archaea. The other four
kingdoms contained all the eukaryotic organisms: Animalia, Plantae, Fungae, and
Protista. Woese’s work with 16S rRNA revealed that all of these eukaryotic organisms
were more closely related to each other than the bacteria were to the archaea. He
proposed a new system using three “domains,” the Eucarya, the Bacteria, and the Archaea
(Woese et. al., 1990).

Archaea share some characteristics with bacteria; for example, they are both
prokaryotic, may contain plasmids, and have 70S ribosomes (as opposed to the 80S
ribosomes of eukaryotes). They have circular genomes and use operons to control gene
transcription, and they lack the mRNA introns seen in eukaryotes. However, archaea also
have several physiological traits in common with eukaryotes: their DNA is packaged with
histones, they have several RNA polymerases (bacteria only have one), and they lack

peptidoglycan in their cell walls. Like eukaryotes, the archaeal initiator tRNA is



methionine, not formyl-methionine as in bacteria, and they use transcription factors to
regulate the transcription of DNA into mRNA. Archaea also have a structural attribute
that neither of the other two domains shares: branched, ether-linked lipids in their cell
membranes. This distinguishing feature is often exploited by researchers who wish to
study only the archaea of a particular system. For example, there have been a number of
studies using the composition of archaeal lipids to determine their metabolic capabilities
(e.g., Biddle et. al., 2006).

In terms of their physiology, archaea seem to represent a halfway point between
the other two domains of life. They have been described as organisms that use eukaryotic
proteins in a bacterial-like context (Myllykallio et al., 2000; Grabowski and Kelman,
2003). These observations have led to questions concerning the evolutionary relationship
between the three domains (Gribaldo and Brochier-Armanet, 2006; Williams et al., 2012;
Williams et al., 2013; Spang et al., 2015). Woese’s work suggested a phylogenetic tree in
which the bacteria descended directly from the last universal common ancestor (LUCA),
while archaea and eukaryotes shared a common ancestor more recent than LUCA (Woese
et. al., 1990). This would imply that the observed physiological similarities between the
archaea and the eukaryotes are features shared with their last common ancestor, while the
traits archaea share with bacteria are derived from LUCA (Gribaldo and Brochier-
Armanet, 2000).

However, there are numerous artifacts that may be encountered when constructing
phylogenetic trees that may make the results unreliable, and the root of the universal tree

of life could well be found in any of the three domains (Forterre and Philippe, 1999;



Gribaldo and Philippe, 2002). It has also been suggested that the eukaryotes, rather than
evolving from a common ancestor shared with the archaea, represent a fusion of the
bacteria and the archaea through metabolic symbiosis (Lopez-Garcia and Moreira, 1999).
If this were true, the tree of life would be better represented by a ring (Rivera and Lake,
2004). Alternatively, it has been suggested that the eukarya are not a separate domain at
all, but rather a kingdom within the archaea, making all life as we know it either archaeal
or bacterial in origin (Williams et al., 2012; Williams et al., 2013).

For many years it was assumed that all archaea were either methanogens or
extremophiles: descendants of the prokaryotic inhabitants of a more extreme primordial
world. However, not long after Woese suggested the three-domain system, the same
ribosomal-RNA analysis techniques developed by Woese led to the discovery of archaea
in mesophilic marine environments (Delong, 1992; Fuhrman et al., 1992). Since then
archaea have been found in waters between 4-8 °C (Massana et al., 1997), in polar seas
(Murray et al., 1998), in soils (Birtrim et al., 1997), in caves (Gonzalez et al., 2006), in
estuarine settings (Abreu et al., 2001; Nelson et al., 2009), and associated with
multicellular organisms, such as sponges (Preston et al., 1996). Archaeal diversity has
been studied in open ocean areas around the globe (Massana et al., 2000) and in deep-sea
sediments (Vetriani et al., 1999; Teske et al., 2002; Serenson and Teske, 2006; Biddle et
al., 2008). The discovery of archaea in these locations is a milestone in marine
microbiology. Here exists an entire clade of organisms that, up until a mere two decades

ago, had gone completely unnoticed because of their resistance to laboratory culturing,



yet are apparently ubiquitous and frequently abundant in the ocean (DeLong et. al., 1994;
Stein and Simon, 1996; Karner et. al., 2001).

The discovery of archaea in a multitude of environments has also greatly
expanded our understanding of their diversity and phylogeny. Initially it was thought that
the archaeal domain consisted of only two phyla, the Euryarchaeota and Crenarchaeota.
However, 16S rRNA and metagenomic studies have led to the classification of many
more archaeal phyla, including the Thaumarchaeota (Brochier-Armanet et al., 2008),
Aigarchaeota (Nunoura et al., 2011), Korarchaeota (Barns et al., 1996), Bathyarchaeota
(Meng, 2014), Parvarchaeota (Rinke et al., 2013), Nanoarchaeota (Huber et al., 2002) and
several others (Rinke et al., 2013) (Figure 1.1). The Thaumarchaeota, Aigarchaeota,
Crenarchaeota, and Korarchaeota have been grouped into the TACK superphylum (Guy
and Ettema, 2011).

Exactly what strategy the archaea are using to remain so ubiquitous and relatively
abundant remains unknown. One possibility is that they play a role in ammonia
oxidation, the first (and usually rate-limiting) step of nitrification. Nitrification is
especially important in coastal marine environments, where it links the decomposition of
nitrogenous organic matter to N loss via denitrification. The removal of a large
percentage of anthropogenic N from estuaries and continental shelf regions effectively
isolates the N cycle of the open ocean from the terrestrial N cycle (Seitzinger, 1988;
Galloway et al., 2004). Each year as much as 4 x 10'! kg of N cycles through the ocean
(Galloway et al., 2004), and almost all of it must undergo nitrification at least once (Karl,

2002). Yet, ammonia-oxidizing bacteria (AOB) often comprise only 0.1% of bacterial
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assemblages in pelagic and benthic oceanic environments (Ward, 2000). In 2004, a
unique ammonia monooxygenase (amoA) gene was discovered on an archaeal-associated
genomic scaffold, suggesting that some archaea may be capable of performing ammonia
oxidation (Venter et. al., 2004). A year later amoA genes were found in thaumarchaea
(then referred to as mesophilic crenarchaea) (Treusch et al., 2005), and an autotrophic
ammonia oxidizer, Nitrosopumilus maritimus (a marine group I archeon of CGI.1a), was
isolated from a marine aquarium (Konneke et. al., 2005). It has been suggested that
ammonia-oxidizing archaea (AOA) are of particular importance in low-oxygen
environments such as sediments and oxygen minimum zones (Moin et al. 2009; Park et
al., 2010). They may also be well-adapted to oligotrophic environments where the
amount of available nitrogen is comparatively low (Martens-Habbana et al., 2009).
Because of the role that marine thaumarchaea may play in ammonia oxidation,
most studies concerning their metabolism have focused on autotrophy and the uptake of
inorganic carbon (bicarbonate), as ammonia oxidation is generally linked to some form of
carbon fixation. Bicarbonate uptake by archaea has been traced via the incorporation of
B3C into lipids (Wuchter et. al., 2003). Ingalls et al., using a 4C isotopic mass balance
model to analyze archaeal membrane lipids, determined that 83% of the carbon uptake by
deep ocean archaea is inorganic. It is uncertain, however, if this suggests a community of
both heterotrophs and autotrophs, or a uniform community of mixotrophs (Ingalls et. al.,
2006). Indeed, genomic sequencing results indicate that thaumarchaea may be capable of
both strict autotrophy and mixotrophy; analysis of fosmid sequences from an uncultivated

marine thaumarchaeon revealed the presence of genes associated with a modified 3-
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hydroxypropionate cycle of autotrophic carbon assimilation, as well as an oxidative
tricarboxylic acid cycle (Hallam et al., 2006). Subsequent metagenomic research on open
ocean thaumarchaea also resulted in the detection of genes for 3-hydroxypropionate
carbon fixation and oligopeptide transport, suggesting that this group takes up amino
acids as a carbon source in addition to fixing inorganic carbon (Martin-Cuadrado et al.,
2008). It has also been suggested that while thaumarchaea may express the amoA gene,
they may not all be oxidizing ammonia or fixing inorganic carbon (Mufmann et al.,
2011).

However, not all metabolic studies of marine archaea have focused on autotrophy
and ammonia oxidation. Ouverney and Fuhrman (2000) used a microradiographic
method combined with fluorescent in situ hybridization (MARFISH) to show that up to
60% of the archaea in the deep Mediterranean and Pacific accumulate amino acids, and
the same technique was employed in the Arctic Ocean to demonstrate that archaea readily
take up amino acids, glucose, proteins, and diatom extracellular polymers (Kirchman et
al., 2007). Likewise, a study by Biddle et al. (2006) indicated that marine sedimentary
crenarchaea and bathyarchaea are mostly heterotrophic, based on stable isotope
signatures of available carbon and crenarchaeol in membrane lipids. Metagenomic
studies of bathyarchaea have suggested that they may be important in the degradation of
aromatic compounds (Meng et al., 2014).

Current research suggests that thaumarchaea are more likely to be found at depth
in the open ocean, while euryarchaea tend to dominate at the surface (Massana et. al.,

1997; Murray et. al., 1999; Karner et al., 2001). The thaumarchaea appear to be the most
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abundant in the mesopelagic (Kirchman et al., 2007; De Corte et al., 2008), especially in
oxygen minimum zones (Francis et al., 2005), but there is also evidence of a complex,
genetically distinct, numerically dominant archaeal community at 4,000 m in the Pacific
Ocean (Konstantinidis and DeLong, 2008). The uptake of inorganic carbon (Herndl et al.,
2005) and amino acids (Varela et al., 2008) by archaea both appear to increase with
depth; in deep waters the percentage of archaea taking up aspartic acid is generally either
the same as or higher than the bacterial percentage (Varela et al., 2008). Genetic
variability also seems to be more dependent on depth than latitude or geographic location,
with “deep” and “shallow” clades often being observed (Herndl et al., 2005; De Corte et
al., 2008; Hu et al., 2011b). Ratios of archaeal amoA gene copy numbers to 16S rRNA
gene copy numbers also appear to decrease drastically with depth (De Corte, et al., 2008;
Agogué et al., 2008; Yakimov et al., 2011; Hu et al., 2011a). It may be that archaeal
metabolism strategies vary significantly with depth, but not with geographic location.

It is clear that marine and estuarine archaea exhibit variations in population
composition, distribution, and metabolic capabilities, yet the factors controlling these
variations are as yet unknown. Marine archaea may respond to seasonal cues (Murray et
al., 1998), redox conditions (Nelson et al., 2009), or some other variable or combination
of variables. The nature of the relationship between these archaea and the bacteria that
occupy the same habitat is likewise poorly understood.

As prokaryotes are responsible for nutrient recycling and remineralization in
ecosystems, it can only be assumed that archaea play some role (or many roles) in these

processes. One would also surmise that if the archaea and the bacteria were both living in
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the same environment and using the same sources of carbon and energy, competitive
exclusion would cause one group to dominate over the other. Yet we find both living
together in the same environment, at sometimes astonishing levels of diversity (e.g.,
Mclnerney et al., 2001; Varela et al., 2008; Chen et al., 2009; Hu et al., 2011). G.E.
Hutchinson addressed a similar conundrum in his paper “The Paradox of the

Plankton” (Hutchinson, 1961). The phytoplankton life strategy creates intense
competition for the same basic resources (sunlight, inorganic carbon, etc.) and leaves
limited room for niche specialization. Yet, tens or hundreds of thousands of
phytoplankton species can be found within a small volume of water (Hutchinson, 1961;
Scheffer and Carpenter, 2003). Hutchinson suggested that because environmental
conditions can change very rapidly in aquatic systems, competing species can never reach
a true equilibrium. No one species has the advantage long enough to competitively
exclude the others (Hutchinson, 1961; Richardson et. al., 1970). In addition to the
presence of rapidly opening and closing niches, there may also be equalizing and
stabilizing forces that reduce intra- and inter-specific competition within a community
(Chesson and Huntly, 1997; Chesson, 2000). These forces may include temporal or
seasonal separation of activity, resource partitioning, immigration and emigration,
differential responses to predation, phage lysis, and dormancy. One or a combination of
these processes could reduce the competitive factors between the archaea and bacteria in

a community, allowing them to stably coexist.
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Experimental Design
This PhD work examined the competitive relationship between the archaea and

the bacteria in both salt marsh sediments and the pelagic Atlantic Ocean. Additionally, the
role of predators controlling both archaea and bacteria populations was examined in the
deep ocean. These studies aimed to determine the mechanisms by which marine archaea
and bacteria are able to coexist. The metabolic capabilities of archaea belonging to the
TACK superphylum were demonstrated using stable isotope probing. For the purposes of
this Ph.D. work, the Bathyarchaea are included in the TACK superphylum, as until
recently they were classified as a subphylum of the Crenarchaeota (referred to as the
Miscellaneous Crenarchaeal Group).
Specific Objectives
1. To determine if TACK archaea take up organic carbon, and are able to utilize
organics at low concentrations.

For the second chapter of this dissertation, SIP studies were performed in the

tidal levee of Hooks Creek, a brackish tidal creek located in Cheesequake

State Park, Middlesex County, New Jersey. 5-mL core samples of sediment

were taken from the tidal levee and incubated with 3C-labeled substrates

including three simple organic carbon compounds- sodium acetate, glycine,

and urea- and three complex mixtures of organic polymers- whole extract of

algal lipids and pigments, extract of algal proteins, and growth medium

(ISOGRO, Sigma-Aldrich). These were added at two concentrations: 30 or



150 M for the simple organics, and 2 or 10 g/mL for the complex mixtures.
After a 5-day incubation, SIP analyses indicated that salt marsh TACK
archaea are strictly heterotrophic, double in 2-3 days, and compete with
heterotrophic bacteria for most organic carbon substrates. Resource
partitioning of whole proteins and low concentrations of urea was also
observed. Lower concentrations of substrate yielded more complex active
populations; microcosms amended with high concentrations of substrate were
dominated by a few active OTUs.

2. To determine if thaumarchaeal heterotrophy can be observed in a pelagic

environment.
For the third chapter of this dissertation, SIP studies were performed along a
transect across the North Atlantic from French Guiana to the Grand Banks.
Samples were collected in the euphotic zone, a local oxygen minimum
(215-835 m), the bathypelagic zone, and the benthypelagic at 16 stations
along 52°W longitude. SIP microcosms were established using: 13C acetate
(20-30 uM), 13C urea (20-30 uM), or 3C sodium bicarbonate (5 mM) at 6 of
these stations, and incubated for 48 hours in the dark. The results
demonstrated thaumarchaea incorporate both inorganic and organic carbon
substrates into newly synthesized DNA. No thaumarchaeal OTUs detected
were strictly autotrophic, but half were exclusively heterotrophic. The
dominant peaks detected by SIP exhibited mixotrophy. 16S rRNA was

amplified and sequenced using the Illumina MiSeq platform at all stations,
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and archaeal abundance was confirmed using qPCR. Archaeal diversity and
abundance correlated to both depth and oxygen concentration.

3. To determine if archaeal or bacterial specific predation can be observed by SIP

methods.

The fourth chapter of the dissertation is an extension of the former study in
the North Atlantic. SIP analyses of microcosms amended with 13C-urea
showed that archaea generally outcompeted bacteria for urea in the
mesopelagic and bathypelagic. These results indicate there is resource
partitioning between archaea and bacteria for organic nitrogen compounds in
the deep sea. Additionally, there were two microcosms taken from the
bathypelagic in which bacteria outcompeted archaea for the uptake of acetate.
The selective uptake of urea resulted in microcosms where only the archaea
or only the bacteria were labeled with '*C. This 13C label was subsequently
incorporated into protists grazing on the prokaryotic community in each
microcosm. In this final study, SIP analyses were performed using 18S rRNA

primers to investigate the uptake of archaea and bacteria by in situ predators.

Conclusion

This Ph.D. project to understand the mechanisms of coexistence between archaea
and bacteria in marine environments provides a framework for studying microbial
interactions in general and sheds light on the processes promoting diversity in the

microbiota. There are currently very few SIP studies in the literature for salt marsh or
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open ocean archaea, and our knowledge of this important group of microorganisms is
very limited and largely speculative. Understanding the mechanisms that contribute to
their success in situ may help us isolate them in a laboratory setting, where classical

microbiology techniques can then be utilized to further improve our understanding of

marine archaeal physiology and ecology.
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Chapter 2. Crenarchaeal heterotrophy in salt marsh sediments

(Published in ISME 8: 1534-1543)

Abstract

Mesophilic Crenarchaeota (also known as Thaumarchaeota) are ubiquitous and abundant
in marine habitats. However, very little is known about their metabolic function in situ.
In this study, salt marsh sediments from New Jersey were screened by stable isotope
probing (SIP) using 3 simple 13C-labeled organic compounds (acetate, glycine, and urea),
3 complex '3C-polymers (lipids, proteins, and growth medium (ISOGRO), and '3C-
bicarbonate. Incubations were done from 3-14 days at low and high concentrations
(30-150 pM; 2-10 mg/ml) and 13C-labeled DNA was analyzed by terminal restriction
fragment length polymorphism (TRFLP), using the 16S rRNA gene. A library of clones
matching many of the 13C-TRFLP peaks contained 7 sequences from the Miscellaneous
Crenarchaeal Group and 7 sequences from the Marine Group 1.a Crenarchaeota. Our
findings indicate salt marsh crenarchaea are exclusively heterotrophic, double within 2-3
days, and often compete with heterotrophic bacteria for the same organic substrates.
Some crenarchaeal OTUs displayed a preference for certain carbon sources, while others
incorporated nearly every substrate provided. The data suggest salt marshes may be an
excellent model system for studying crenarchaeal metabolic capabilities and can provide
information on the competition between crenarchaea and other microbial groups to

improve our understanding of microbial ecology.
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Introduction

For many years it was assumed that archaea were either methanogens or
extremophiles, descendants of a more extreme primordial world. However, in the last
few decades, small ribosomal-RNA subunit and gene analysis of environmental samples
revealed the presence of archaea in aerobic, marine environments at moderate
temperatures (DeLong, 1992; Fuhrman et al., 1992). These archaea (mostly belonging to
the subdomain Crenarchaeota) have been found in soils (Birtrim et al., 1997), polar seas
(Murray et al., 1998), estuaries (Abreu et al., 2001), caves (Gonzalez et al., 2006), a wide
variety of oceanic settings (DeLong et al., 1994; Stein and Simon, 1996; Massana et al.,
1997; Massana et al., 2000; Karner et al., 2001), deep-sea sediments (Vetriani et al.,
1999; Teske et al., 2002; Serenson and Teske, 2006; Biddle et al., 2008) and salt marshes
(Nelson et al., 2009). Although the crenarchaeota are globally ubiquitous and frequently
abundant in various environments, relatively little is known about their metabolic
capabilities.

One thought is that crenarchaea play a role in ammonia oxidation. In 2004, an
ammonia monooxygenase gene (amoA) was discovered on an archaeal-associated
genomic scaffold, suggesting that some archaea may be capable of performing ammonia
oxidation (Venter et. al., 2004). Subsequently, archaeal associated amoA genes were
found in mesophilic crenarchaeota genome fragments (Treusch et. al., 2005; Schleper et
al., 2005) and an autotrophic ammonia oxidizer, Nitrosopumilus maritimus (a marine
group I archeon of CGI.1a), was isolated from a marine aquarium (Kdnneke et. al., 2005).

It has been proposed that AOA are of particular importance in low-oxygen environments
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such as sediments and oxygen minimum zones (Moin et. al. 2009; Park et. al., 2010) and
may be well-adapted to oligotrophic environments where the amount of available
nitrogen is comparatively low (Martens-Habbana et al., 2009).

Because of the role that marine crenarchaea may play in ammonia oxidation, most
studies concerning their metabolism have focused on uptake of inorganic carbon. For
example, 13C-bicarbonate incorporation into crenarchaeal lipids was observed in waters
of the North Sea, the deep waters of the North Atlantic, and the Pacific Gyre (Wuchter et
al., 2003; Herndl et al., 2005; Ingalls et al., 2006). Additionally, genomic sequencing
results indicate an uncultivated marine crenarchaeote contained genes associated with a
modified 3-hydroxypropionate cycle for autotrophic carbon assimilation (Hallam et al.,
2006). In contrast, there is evidence of archaeal heterotrophy as described by Ouverney
and Fuhrman (2000) where up to 60% of the crenarchaeota in the deep Mediterranean
and Pacific accumulate amino acids as measured by STARFISH (MICRO-FISH)
methods. Likewise, a study by Biddle et al. (2006) determined that deep sea sedimentary
crenarchaeota are mostly heterotrophic based on stable isotope signatures of carbon in
archaeal membrane lipids. Finally, metagenomic research on open ocean Group IA
crenarchaeota also found genes for 3-hydroxypropionate carbon fixation and oligopeptide
transport, suggesting amino acid uptake in addition to fixing inorganic carbon for cellular
needs (Martin-Cuadrado et al., 2008). Unfortunately, most bulk approaches or
metagenomic studies cannot elucidate the particular substrates are used by specific
crenarchaea under a given condition, nor can they provide information on the doubling

time of crenarchaea in situ. A method is needed, such as SIP (Radajewski et al., 2000)
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which directly links carbon utilization with specific members of the mesothermal
crenarchaea community.

In this report, SIP experiments are presented which show 3C-incorporation of
various organic substrates by salt marsh sediment-associated members of the
Miscellaneous Crenarchaeota Group (Inagaki et al., 2003) and Marine Group I (Delong,
1992). Our SIP results demonstrated salt marsh crenarchaeota are capable of assimilating
a wide array of organic carbon substrates which are also utilized by bacterial populations
in situ, suggesting competition between the two domains. However, there is also
evidence of resource partitioning for urea and whole proteins between the domains.
Interestingly, a minimum incubation of 5 days was required to obtain unambiguous SIP
signal for the crenarchaea, suggesting a relatively long (2-2.5 day) doubling time
compared to in situ bacteria. These findings suggest both top-down and bottom-up

mechanisms are allowing for the stable co-existence of crenarchaea and bacteria in salt

marsh settings.

Materials and Methods

Surficial sediment was collected in a salt marsh in Cheesequake State Park, a 635-
hectare state park located in Middlesex County, New Jersey. 5-mL core samples of
sediment were taken from the tidal levee at Hooks Creek using a cut-off, sterile syringe.
The sediment was placed in 170-mL glass bottles which had been filled to the top with
sterile-filtered (0.2 um Supor, Pall) site water as in Kerkhof et al., 2011. To determine

heterotrophic activity one of the following '*C-labeled substrates was added: a simple
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organic carbon compound (acetate, glycine, or urea), or a complex mixture of organic
polymers (methanol extract of algal lipids/pigments, extract of algal proteins, or growth
medium (ISOGRO®, Sigma-Aldrich)). 13C-labeled bicarbonate was added to a separate
set of microcosms to assess carbon fixation. Each organic substrate was added at two
concentrations: 30 or 150 uM for the simple organics, and 2 or 10 mg/ml for the complex
mixtures. Bicarbonate was added at 5 mM (2.5 times that of seawater), raising the pH of
the site water from 7.6 to 8.3, which is within the range normally observed in seawater
(Strickland and Parsons, 1972). 30 uM '2C-labeled urea, 5 mM '2C-labeled bicarbonate,
and no-amendment microcosms were set up as controls. Each SIP microcosm was placed
in serum vials, sealed with rubber stoppers, incubated for 3-14 days in the dark, and
gently turned once per day to ensure exposure of substrate to the sediment. After the
incubation, the sediment was collected and centrifuged to remove any liquid, then
immediately frozen in liquid nitrogen. DNA was extracted from each sample by phenol-
chloroform methods, and fractionated using isopycnic cesium chloride gradient
ultracentrifugation with 13C-labeled H. salinarum when detecting bacterial DNA or E.
coli DNA when targeting archaeal DNA, as a carrier (Gallagher et. al., 2005).

After ultracentrifugation at 200,000 x g for 36 h, the '2C (upper) and '3C (lower)-
labeled bands were collected by pipette and amplified by PCR with 5’-fluorescently-
labeled, archaea-specific (21f [5'-TCCGGTTGATCCYGCCGG]/958r [5-YCCGGCGTT
GAMTCCAATT) and crenarchaeota-specific forward/reverse primers (7f [5’-TTCCGGT
TGATCCYGCCGGACC]/518r [5’-GCTGGTWTTACCGCGGCGGCTGAY]) or bacteria-

specific forward/reverse primers (27f [S’AGAGTTTGATCMTGGCTC AG]/1100r [5°-
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GGGTTGCGCTCGTTG]) targeting the 16S rRNA gene. The amplicons were digested
with Mnll in 20 ul volumes for 6 h at 37 °C. Sodium acetate and glycogen were added
and 37 ul of 95 % ethanol was used to precipitate the DNA (McGuinness et al., 2006).
The samples were dried and re-suspended in 19.7 ul de-ionized formamide with 0.3 1
ROX 500 size standard (Applied Biosystems). TRFLP fingerprinting (Avaniss-Aghajani
et al., 1994) was carried out on an ABI 310 genetic analyzer (Applied Biosystems, Foster
City, CA) using Genescan software. Peak detection was set at 25 arbitrary fluorescent
units.

An archaeal amplicon clonal library was also constructed using the Topo TA
cloning kit, as per the manufacturer’s instruction (Invitrogen, CA). To determine the
phylogenetic affiliation of the various 3C-crenarchaeal peaks observed in the SIP study,
100 recombinant clones from the 13C-labeled bands were screened in a multiplex format
as in Babcock et al. (2007), to determine the TRF of the recombinant amplicons. The
16S rRNA genes that matched TRFs of interest (24 total) were sequenced via Sanger
methods using M 13 primers (Genewiz, Inc. NJ), producing 14 unique sequences (<99%
similarity to each other). . Unique clonal sequences were compared to known sequences
by BLAST. A maximum likelihood phylogenetic tree was re-constructed using 433

unambiguously aligned bases among 44 taxa with Geneious analysis software (Guindon

and Gascuel, 2003; Drummond et al., 2009).
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Results

SIP experiments were predicated on detecting a PCR signal in the!3C carrier band
when 13C substrates were added, and not detecting a PCR signal in the 13C carrier when
no substrate or 12C substrates were added. As it was unclear how long it would take to
detect a crenarchaeal signal in these experiments, all SIP incubations were done for up to
14 days. A minimum incubation time of 5 days was required to observe unambiguous 3C
uptake by crenarchaea in the carrier band, with clean controls from the '2C amendment.
Therefore, all data reported represents the 5-day incubations; the 14 day incubations were
not processed for fear of archaeal and bacterial cross feeding.

An example of a successful SIP experiment is shown in figure 2.1A. In this
incubation, crenarchaeal amplicons are only detected in the 13C-carrier band when 13C-
lipids/pigments (lanes 1A-6 and 7) or 13C-ISOGRO media at the higher concentration
(lane 1A-11) has been added to the incubations. With carrier DNA alone (lane 1A-4),
when no substrate has been added to the incubations (lane 1A-5), or interestingly when
I3C- whole proteins are added (lanes 1A-8 and 9), no crenarchaeal PCR signal was
observed. In our incubations, crenarchaeal 3C-incorporation was detected at both high
and low concentrations for '3C-acetate, glycine, urea, and the algal lipid/pigment extract.
Incorporation was only detected at higher concentrations for 3C-ISOGRO. Three
quarters of the SIP experiments demonstrated crenarchacal DNA synthesis from the 3C
amendments. A summary of crenarchaeal 13C carbon incorporation for all SIP treatments
is presented in Table 1.

Bacterial 13C carbon incorporation was also measured in the SIP experiments. In

83% of the microcosms, bacterial '*C-DNA synthesis was detected, except for the low
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concentrations of urea and ISOGRO. However, the long SIP incubation time (5 days)
most likely allowed for extensive cross-feeding between the bacteria and the generation
of 13C-CO; (data not shown). To test whether the crenarchaea were taking up '3CO; rather
than our '3C-labeled substrates during our SIP experiment, a 3C-bicarbonate incubation
was also conducted. The results are presented in figure 2.1B. The 3C bicarbonate
treatment did not yield any amplicon (lane 1B- 9) and a test for PCR inhibitors by spiking
a positive DNA sample with 3C bicarbonate DNA indicated no PCR suppression from
this extract (land 1B-11). These results demonstrate the SIP crenarchaeal signal resulted
from the incorporation of '3C-organics, not 3C-labeled bicarbonate produced by bacterial
respiration.

TRFLP analysis of the 16S rRNA gene amplicons was performed to ascertain
which members of the crenarchaeal community were actively synthesizing DNA from the
13C carbon sources. A small number of crenarchaeal OTUs (7-10) were found to
dominate the total community profiles, representing ~80% of the total community peak
area (Figure 2.2) for the '>C and the '3C bands in the cesium gradients. A compilation of
all fingerprints from our crenarchaeal SIP experiments is provided in Figure 2.3. Some
of the major OTUs in the '*C fraction were suppressed in the '3C fraction (such as the
124 or 253 bp TRF) while other TRFs were enriched in the 13C fraction compared to the
I2C fraction (such as the 89 bp TRF). Many of these 13C-TRFs for a given carbon source
were also observed in the other '3C carbon SIP treatments. For example, the 89-bp TRF
and a 116-bp TRF appeared in many treatments that yielded '*C-crenarchacal signal, with

the exception of the 30 uM glycine, urea, and acetate treatments. In contrast, there were
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other crenarchaeal TRFs that were only detected in the 13C-labeled community under
specific treatments. For example, a 223-bp TRF was found to represent 9% of the active
crenarchaeal community (based on total community area) in the 30 pM acetate-amended
microcosms (Supplemental figure 2.1), but did not appear to be active in any other
treatments. This 223 bp TRF could be observed in the '2C band in every SIP microcosm,
accounting for up to 12.4% of the total crenarchaeal community. Similarly, a 124-bp
TRF accounted for 12.6%, 1%, and 2% of the 13C uptake in the crenarchaeal
communities in the 30 uM acetate, 30 uM urea, and 150 pM urea microcosms,
respectively, but did not take up the labeled substrate in any other treatment, though it
comprised up to 23.5% of the '?C-crenarchaeal community (Supplemental figures 2.1,
2.3, 2.4). Overall, the crenarchaeota present in the salt marsh sediment appear to be
much less diverse (in terms of operational taxonomic units; OTUs) than the bacteria. The
average number of peaks in each bacterial total community profile was 42+14 (Table
2.2); the archaeal total community was nearly half that number (23+5.0-Table 1).

Clonal library screening accounted for 7 of the observed TRFLP peaks within our
SIP profiles which are highlighted in grey in Figure 2.2. Three clones (2 unique
sequences) matched the 101 bp peak, 5 clones (3 unique sequences) matched the 116 bp
peak, 4 clones (2 unique sequences) matched the 124 bp peak, 1 clone matched the 159
bp peak, 4 clones (2 unique sequences) matched the 223 bp peak, 6 clones (3 unique
sequences) matched the 251 bp peak, and 1 clone matched the 253 bp peak. These
cloned crenarchaeal 16S rRNA gene sequences were aligned and a phylogenetic tree was

re-constructed using maximum likelihood methods (Figure 2.4). Seven of these
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sequenced clones align with uncultured crenarchaeota from the deep biosphere belonging
to the Miscellaneous Crenarchaeotal Group (MCG-6 and MCG-8; Kubo et al., 2012).
The other 7 clones aligned with members of the Marine Group 1.a Crenarchaeota.
Several of the peaks in our TRFLP profiles yielded more than one clone, suggesting that
archaeal diversity may be more extensive than our TRFLP profiles indicate, and

additional enzyme digests are required for higher OTU resolution.

Discussion

SIP methodology has only recently been used to elucidate the metabolic potential
of archaea. Most of these studies have focused on autotrophy and ammonia oxidation in
various environments, such as rice paddies (Lu and Conrad, 2005), a variety of soils
(Adair and Schwartz, 2011; Pratscher et al., 2011; Lu et al., 2013), and in freshwater
sediment (Wu et al., 2013). However, there have also been a few heterotrophic reports
from an acidic fen (Hamberger et al., 2008) and an estuarine setting in the UK (Webster
et al., 2010). The fen study utilized soil samples suspended in a minimal salts media, pre-
incubated for 8 days, and supplemented with 13C xylose or glucose. After 13 days, most
archaeal clones associated with the heavy fraction were methanogens, while 25% of the
colonies screened (n=16) were identified as being crenarchaea. Likewise, in the SIP
study in the Severn Estuary, various sediments were added to a minimal salt media and
amended with 3C-glucose, 13C- acetate, and 13CO> for up to 14 days (Webster et al.,
2010). There was no archaeal CO; uptake observed in sediment taken from the

methanogenic zone, and after 13C glucose amendment the aerobic zones were highly
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similar in the '2C and the 13C fractions. However, in sediments from the sulfate reducing
zone amended with 13C acetate, active members of the Miscellaneous Crenarchaeal
Group were detected which were clearly enriched when compared with the 12C fraction.

In this report, SIP analysis utilized filter sterilized site water and incubations at
only 5 days. The crenarchaeota of the Cheesequake salt marsh were found to be
exclusively heterotrophic, with no 13C uptake from bicarbonate at 5 mM. Certain
crenarchaeal OTUs were detected in the '3C fraction from nearly every microcosm
amended with organic 13C- carbon, regardless of the type of substrate provided. This
suggests these particular crenarchaea are able to assimilate a wide variety of organic
substrates: simple metabolic intermediates (acetate), amino acids (glycine), organic
nitrogen compounds (urea), lipids and pigments, and complex mixtures of biopolymers
(ISOGRO). Other OTUs, however, were only detected in the active fraction of the
microcosms amended with a specific substrate (acetate or urea) and may have more
restricted metabolic capabilities.

Interestingly, bacterial and archaeal populations seem to be competing for the
same resources in our SIP incubations. Members from both domains were active on
acetate, glycine, lipids, and high levels of urea and ISOGRO (Table 2.1, Table 2.2). The
only resource partitioning for active microbes was observed in microcosms amended with
whole proteins (used exclusively by bacteria) and at low concentrations of urea (used
exclusively by crenarchaea). Presumably, these crenarchaea in our samples are running
the ornithine cycle backwards to incorporate the organic carbon from urea. Since our '*C-

bicarbonate incubations would also produce 3CO> via equilibrium reactions, this study
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has shown that crenarchaea are not fixing urea breakdown products (!3CO.) directly into
biomass. The lack of crenarchaeal protein uptake was surprising, considering recent
single-cell genome sequencing of an MCG from marine sediment discovered several
genes for extracellular cysteine peptidases (Lloyd et al., 2013). This finding underscores
the need for direct incubations (such as SIP) to determine metabolic capabilities, in
addition to assessing genetic potential by sequence analysis at the genome level.

Finally, the concentration of '3C-substrate had a dramatic effect on the profiles of
the active crenarchaeal community. Specifically, low concentrations of urea produced
twice as many active OTUs compared to microcosms amended with high concentrations
of urea (Figure 2.5). Similarly, 30 uM acetate and glycine yielded more diverse active
archaeal communities in terms of number of OTUs present (3-6 fold increase in total
active OTUs, respectively). Higher concentrations of acetate (150 uM) produced
communities that were dominated by 3 OTUs (101, 116, and 158 bp) comprising 68% of
the community profile. High concentrations of glycine (150 pM) yielded an active
community in which 2 of the same OTUs (116 and 158 bp) accounted for 80% of the
community profile, while 150 uM urea yielded a 89-bp and 116-bp peak which also
dominated the community profile (80%). There are several possible explanations for this
result. One is that these particular crenarchaeal OTUs are very successful at competing
for substrates at high concentration and their transport systems internally mobilize
virtually all of the substrate. This prevents other microorganisms from accessing the 3C-
organic carbon and synthesizing DNA. If this is the case, there must be a tipping point

between low concentrations (tens of micromolar) and higher concentrations (hundreds of
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micromolar) which triggers this hoarding response by certain crenarchaea. Another
possibility is that minor OTUs in the '3C carrier band are having their signal suppressed
by the dominant OTU in the high concentration SIP experiment. Although our
fingerprinting methods are highly reproducible (McGuinness et al; 2006; Tuorto et al.,
2013), there is a suppression of smaller peaks in the TRFLP profile when screening clone
libraries (Babcock et al., 2007) or samples where one OTU is >10% of the community.
This same mechanism may be inhibiting the other active crenarchaea which are not
synthesizing sufficient DNA in our incubations. Finally, low concentrations of some
carbon compounds such as urea may not be bioavailable to the bacteria. Our low
concentration ISOGRO additions did not produce any '3C-archaeal or '*C-bacterial
signal. However, we know that 2 mg/ml of ISOGRO in liquid culture will allow for
bacterial growth. It is possible that the salt marsh sediments are preventing the
bioremineralization of the proteins and other biomolecules at low ISOGRO
concentrations, as has been reported by Keil et al., 1994. However, uptake at low
concentrations may be observed given a longer incubation time.

In conclusion, we have discerned a portion of the heterotrophic capability of
crenarchaea in salt marsh sediments. From our data, it is possible to estimate
crenarchaeal growth parameters in situ. Assuming two doubling events are required for
complete 13C labeling of DNA and detection in our 100% labeled '3C carrier band, this
suggests salt marsh crenarchaea have a doubling time on the order of 2-2.5 days. Prior

studies have measured the growth rate of cultured ammonia-oxidizing crenarchaea

(Konneke et al., 2005) and/or inferred doubling times by determining copy numbers of
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16S rRNA (Park et al., 2010). These studies observed a maximum growth rate of AOA in
liquid medium at 25-28°C between 0.57 and 0.78 day-! (or a doubling rate between 1.28
and 1.75 days). Our findings are consistent with prior observations of slightly slower
growth rates in sediment (0.2 day-!, Mosier et al., 2012). Finally, this information on
metabolic capability and activity from SIP studies will not only provide insight into the
competitive relationships between crenarchaea and bacteria, but may help in determining
conditions for isolating heterotrophic crenarchaea in a laboratory setting, where
traditional microbiological techniques can then be utilized to improve our understanding

of their physiological capabilities.
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Figure 2.1. Agarose gel of amplification of bottom bands. A1) empty; A2) Lambda DNA; A3) negative;
A4) carrier; AS5) no substrate; A6) 13C 2 mg/ml lipid; A7) 13C 10 mg/ml lipid; A8) 13C 2 mg/ml protein;
A9) 13C 10 mg/ml protein; A10) 13C 2 mg/ml ISOGRO; A11) 13C 10 mg/ml ISOGRO; A12) positive
control. B1) Lambda DNA; B2) negative; B3) carrier; B4) T=0; B5) no substrate; B6) !12C urea; B7) 13C
urea; B8) 12C bicarbonate; B9) 13C bicarbonate; B10) empty; B11) inhibitor test (positive+sample); B12)
positive control.
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in this study are indicated with TRF size and GenBank accession numbers. Black dots represent
sequences found in coastal or estuarine sediments. Open dots signify sequences from the marine deep
biosphere.
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Table 2.1. Summary of crenarchaeal TRFs representing at least 2% of the total community profile on the
various 13C-carbon amendments. The plus signs indicate: (+) 250-5,000 arbitrary fluorescence units; (+
+) 5,000-10,000 afu; (+++) > 10,000 afu. The asterisk (*) are TRFs represented in the clonal library.
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various 13C-carbon amendments. The plus signs indicate: (+) 250-5,000 arbitrary fluorescence units; (+
+) 5,000-10,000 afu; (+++) > 10,000 afu.
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Chapter 3. Discerning marine archaeal heterotrophy in the North
Atlantic by stable isotope probing

(To be submitted to ISME Journal)

Abstract

In this study, stable isotope probing (SIP) was used to track carbon uptake by archaea
belonging to the TACK superphylum, along a meridional transect (Long. 52°W) across
the North Atlantic from French Guiana to the Grand Banks. Additionally, 0.5-L samples
were collected at the start of the SIP incubations for 16 rRNA amplicon sequencing.
Methods: At 6 stations, 1-L water SIP incubations were established from 3 depths: the
euphotic zone (60-115 m), local oxygen minimum (215-835 m), and bathypelagic zone
2085-2835 m). Microcosms were amended with 3C sodium acetate (20-30 uM), '3C urea
(20-30 uM), and '*C sodium bicarbonate (5 mM). Marine TACK archaea incorporated
both inorganic and organic carbon substrates into newly synthesized DNA within 48
hours of amendment. The most abundant archaeal operational taxonomic units (OTUs)
readily incorporated either DIC or DOC; others only incorporated organic carbon. 16S
amplicon sequence analysis indicated that archaea were most abundant in the
mesopelagic and benthopelagic zones in the deep ocean, and in the euphotic zone over
the continental shelf and slope. There were more members of the phylum Euryarchaeota
in the euphotic zone, while Thaumarchaeota dominated at depth. Analysis of similarities
(ANOSIM) confirmed a significant correlation between archaeal beta diversity and

ecological zone, and between archaeal beta diversity and dissolved oxygen concentration.
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Introduction

Archaea are ubiquitous and abundant in the deep ocean (Fuhrman et al., 1992;
Delong, 1994; DeLong et al., 1994; Stein and Simon, 1996; Karner et. al., 2001).
However, the modes of nutrition of marine archaea remain mostly unknown. It is well
established that thaumarchaea play an important role in ammonia oxidation, the first step
of nitrification (Kendall, 1998), in marine environments (Francis et al., 2007; Martens-
Habbana et al., 2009). Metagenomic analyses have demonstrated that many
thaumarchaea possess an ammonium monooxygenase (amoA) gene (Venter et. al., 2004;
Treusch et. al., 2005) suggesting ammonia-oxidation partly drives the observed patterns
of archaeal diversity in the water column (Francis et al., 2005). Additionally, ammonium-
oxidizing archaea (AOA) are thought to be important microorganisms in suboxic
environments (Francis et al., 2005; Molina et al., 2010; Stewart et al., 2012) or well-
adapted to oligotrophic environments where the amount of available nitrogen is
comparatively low (Martens-Habbana et al., 2009).

Because ammonia oxidation can drive chemoautotrophic carbon fixation, most
studies concerning marine archaeal metabolism have also focused on the uptake of
inorganic carbon (bicarbonate). Carbon fixation by marine archaea has been traced via
the incorporation of 3C-bicarbonate into lipids (Wuchter et. al., 2003). Additionally, an
isotopic mass balance model analysis of archaeal membrane lipids determined that 83%
of the carbon uptake by deep ocean archaea is inorganic (Ingalls et. al., 2006). However,
it is uncertain if this result suggests an archaeal community of both heterotrophs and

autotrophs, or a uniform community of mixotrophs. Interestingly, genomic sequencing
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results also indicate that thaumarchaea may be capable of both strict autotrophy and
mixotrophy. For example, analysis of fosmid sequences from the sponge symbiont
Cenarchaeum symbiosum revealed the presence of genes associated with a modified 3-
hydroxypropionate cycle of autotrophic carbon assimilation, as well as an oxidative
tricarboxylic acid cycle (Hallam et al., 2006). Thaumarchaea contain genes for 3-
hydroxypropionate carbon fixation and oligopeptide transport, suggesting that this group
takes up amino acids as a carbon source in addition to fixing inorganic carbon (Martin-
Cuadrado et al., 2008). Likewise, Ouverney and Fuhrman (2000), using a
microradiographic/fluorescent in situ hybridization method (MARFISH), demonstrated
that up to 60% of the archaea in the deep Mediterranean and Pacific accumulate amino
acids. Uptake of D- and L-aspartic acid has also been observed in archaea in deep waters
of the North Atlantic (Teira et al., 2006). Recently, researchers obtained pure cultures of
two new Nitrosopumilus strains, HCA1 and PSO0, both of which were found to be obligate
mixotrophs requiring the addition of a-ketoglutaric acid to grow in culture (Qin et al,
2014).

Each of these reports provides evidence of single carbon source utilization (e.g.
genetic potential, etc.) for marine archaea at a limited phylogenetic resolution. In this
study, stable isotope probing (SIP) coupled to 16S rRNA gene analysis was employed to
directly explore heterotrophy and autotrophy along a north-south transect in the North
Atlantic Basin, in members of the TACK archaeal superphylum (signifying

Thaumarchaeota, Aigarchaeota, Crenarchaeota, and Korarchaeota, Guy and Ettema,
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2011). Archaeal abundance was confirmed by quantitative PCR. The results indicate most

thaumarchaea in the deep ocean are mixotrophic.

Materials and Methods
In April of 2012, samples were taken onboard the UNOLS ships R/V Atlantis, as

part of the US CLIVAR/CO, Repeat Hydrography program. The cruise was a repeat of

World Ocean Circulation Experiment (WOCE) line A20 (longitude 52°W), previously
conducted in 2003 (Figure 3.1). 10-L water samples were collected at a total of 83
stations at varying depth intervals, using a 36-Niskin bottle rosette. At each station, water
was collected from three distinct zones in the water column: the mixed layer (the
euphotic zone, 60-115 m), the local oxygen minimum (in the mesopelagic zone, 215-835
m), and the bathypelagic zone (2085-2835 m). At 5 stations, samples were also drawn
from 10 m above the seafloor. For analysis of TACK communities, 0.5-L subsamples
were collected at 15 stations along the transect and biomass was collected on a 0.2-um
filter using vacuum filtration.

SIP microcosms were established at 6 stations (indicated by yellow dots in Figure
3.1). 1-L samples of water from each depth were amended with one or more of the
following stable isotope-labeled substrates: 3C sodium acetate (20-30 uM), 13C urea
(20-30 uM), and '3C sodium bicarbonate (5 mM). Additionally, '*C sodium acetate, '2C
urea, and '>C sodium bicarbonate were amendments as controls. Bicarbonate was only
employed in SIP incubations from the epipelagic and mesopelagic zones, since previous

studies found that archaeal ammonia monooxygenase [amoA] gene copy numbers
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decrease markedly with depth, suggesting that most bathypelagic archaea are
heterotrophic (e.g., Agogué et al., 2008). These SIP microcosms were incubated in
covered containers on deck for 48 hours, with a constant inflow of surface sea water to
maintain stable temperature (on average, 22.3°C). Biomass was collected on a 0.2-um
filter using vacuum filtration.

DNA extractions for next-generation sequencing were performed on a total of 55
filtered samples along the Atlantic transect using the PowerWater kit from Mol Bio, as
per the Earth Microbiome Project protocol (http://www.earthmicrobiome.org/emp-
standard-protocols/dna-extraction-protocol/). 16S rRNA amplicon sequencing was
performed using the Illumina MiSeq platform on each sample using 515F (5’-AATGATA
CGGCGACCACCGAGATCTACACTATGGTAATTGTGTGCCAGCMGCCGCGGTA
A) and 806R barcoded (5’"CAAGCAGAAGACGGCATACGAGATXXXXXXXXXXXX
AGTCAGTCAGCCGGACTACHVGGGTWTCTAAT) primers (Caporaso et al., 2010a).
The sequencing data from 2 samples was discarded via single rarefaction. Data from the
remaining 53 samples was run through beta diversity analysis, and taxa were summarized
using QIIME (Caporaso et al., 2010b).

Quantitative-PCR was performed on a subset (22 total) of these amplicon-
sequenced samples, to determine if the relative abundance of archaea and bacteria as
reported by amplicon sequencing was accurate. Agilent Brilliant II SYBR Green qPCR
Low ROX Master Mix was used following the manufacturer’s protocol, using archaeal
16S A915F (5’-AGGAATTGGCGGGGGAGCAC, DeLong, 1992)/A1059R (5’GCCAT

GCACCWCCTCT, Yu et al., 2005) and bacterial 16S 1114F (5’-CGGCAACGAGCGCA
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ACCC)/1200R (5’-CCATTGTAGCACGTGTGTAGCC) (Reysenbach and Pace, 1995)
primers on a Stratagene MX3500P machine. Positive controls were created for use as a
standard, using 16S rDNA from cultured representatives cloned into a vector and purified
using a Zymo Research Zyppy™ Plasmid Prep Kit. Because the bacterial 16S primers
amplified both the bacterial and archaeal positive controls, these primers were treated as
universal prokaryote primers during analysis of the qPCR data.

DNA extractions for SIP were performed using phenol-chloroform methods
(McGuinness et al., 2006). The '2C and '3C DNA was fractionated by isopycnic cesium
chloride gradient ultracentrifugation at 200,000 x g for 36 h, using '3C-labeled E. coli
DNA as a carrier (Gallagher et. al., 2005). The '2C (upper) and *C (lower) bands were
collected by pipette and amplified by PCR with 5’-fluorescently-labeled, 16S rRNA
archaea-specific (21F/958R) and crenarchaeota-specific forward/reverse primers (7F/
518R). Amplicons were digested with Mnl I in 20 ul volumes for 6 h at 37 °C, then
precipitated using sodium acetate and 95% ethanol (McGuinness et al., 2006).
Precipitated DNA was dried and re-suspended in 19.7 ul de-ionized formamide with 0.3
1 ROX 500 size standard (Applied Biosystems). TRFLP fingerprinting (Avaniss-
Aghajani et al., 1994) was carried out on an ABI 310 genetic analyzer (Applied
Biosystems, Foster City, CA) using Genescan software. Peak detection was set at 25

arbitrary fluorescent units.
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Results

Depth profiles in the Western Atlantic indicated bacteria comprised the majority
of the total prokaryotic community, averaging 94% with a range of 83-99%. Archaea
ranged between 0.5% and 16% of the total community, averaging 5%. Higher
percentages of archaea were most often found in the mesopelagic (200-1,000 m depths)
(Figure 3.2). However, relatively high percentages of archaea were also observed in the
euphotic zone at specific sampling stations on the continental slope or shelf, averaging
10% (range 8-12). Archaeal populations were mostly members of phylum Euryarchaeota
in the euphotic zone and TACK at depth, consistent with previous studies (Karner et al.,
2001; Herndl et al., 2005). Parvarchaeota were found in relatively low numbers (between
0.1 and 5%). Additionally, a small percentage of the archaeal OTUs (between 0.1 and
8%) were not classified as Euryarchaeota, TACK, or Parvarchaeota (“Other”). Both the
Parvarchaeota and the unclassified archaea were found in the greatest numbers in the
bathypelagic and benthopelagic zones. NCBI’s BLAST tool aligned many of these OTUs
with uncultured crenarchaea found in the marine deep subsurface.

Beta diversity analysis suggested a correlation between observed microbial
communities and the water mass where the sample was collected (Figure 3.3). Analysis
of similarity (ANOSIM) of the basin samples (excluding samples taken on the slope or
shelf) confirmed a strong correlation between beta diversity and sampling zone (R = 0.81,
p-value = 0.01). This correlation was slighter stronger for the bacteria (R = 0.81, p-value
=0.01) than the archaea (R = 0.73, p-value = 0.01) (Figure 3.4). Many of the OTUs

associated with this correlation were cyanobacteria, chloroplasts, or other OTUs
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associated with photosynthesis, as determined by analysis of variance (ANOVA) and a G-
test of independence. This would suggest that the correlation to depth is related to light
penetration in the water column. To test the depth dependence of prokaryotes below the
euphotic zone, a separate ANOSIM analysis was conducted on only the samples taken
from the mesopelagic, bathypelagic, and benthopelagic zones. Surprisingly, within this
subset there was an even stronger correlation between prokaryotic beta diversity and
ecological zone (R = 0.83, p-value = 0.01). This correlation was greater for the bacteria
(R =0.83, p-value = 0.01) than for the archaea (R = 0.60, p-value = 0.01). No significant
correlation was detected between microbial beta-diversity and latitude, exact depth in
meters, or temperature. An ANOVA test was used to compare OTU frequencies between
sampling zones and determine which archaea were differentially represented in one
sampling zone over another (Figure 3.5).

Prior research has also suggested that AOAs are of particular importance in areas
of low oxygen concentration (Francis et al., 2005; Molina et al., 2010; Stewart et al.,
2012). ANOSIM analysis of our Atlantic transect confirmed this correlation between
observed archaeal beta diversity and dissolved oxygen concentration (R = 0.73, p-value =
0.01). A Pearson correlation test was also performed to determine the archaeal OTUs
whose relative abundance was most strongly correlated with oxygen concentration. Most
of these OTUs were also strongly correlated to sampling depth (in Figure 3.6, these
OTUs are indicated with stars). Bacterial beta diversity displayed a similar correlation to

dissolved Oz (R = 0.75, p-value = 0.01).
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Overall, prokaryotic beta diversity was more related to phosphate concentration
(R=0.72, p-value = 0.01) than to nitrate concentration (R = 0.56, p-value = 0.01).
Bacterial beta diversity exhibited a greater correlation to dissolved phosphate
concentrations (R = 0.74, p-value = 0.01) than the archaea (R = 0.45, p-value = 0.01).
The same was true for nitrate, with the bacteria displaying a higher correlation (R = 0.58,
p-value = 0.01) than the archaea (R = 0.30, p-value = 0.05).

Interestingly, the qPCR results indicate that the 16S amplicon sequencing may
under represent the abundance of archaea. This may be due to primer mismatch, a change
in the average ribosomal copy number for bacteria, or the inability of the technique to
accurately measure abundance. In nearly every sample, qPCR gave a higher percentage
of archaea as a total of prokaryotic abundance than yielded by QIIME analysis of the
sequence data (Table 3.1). In many cases, the archaeal percentage was 2-3x greater than
the sequencing data, with one sample more than an order of magnitude higher. Table 1
shows a comparison of the average archaeal relative abundances in the North Atlantic
Basin, as determined by both amplicon sequencing and qPCR, compared to the average
concentration of dissolved oxygen throughout the water column. In the amplicon
sequencing data, the greatest relative archaeal abundance is observed in the middle of the
oxycline, which may be indicative of the expected primer bias (Figure 3.7). In contrast,
the qPCR data shows the greatest relative archaeal abundance is found deeper in the
water column, at the local oxygen minimum.

Depth-dependent archaeal OTUs were identified using analysis of variance

(ANOVA). A figure showing the relative abundance of these OTUs (excluding those that
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comprised less than 1% of the total archaecal community) in each depth regime shows
how certain OTUs may dominate in one depth regime while being absent in others
(Figure 3.6). 60% of the archaeal OTUs that were most strongly correlated to sampling
zone (those with a Bonferroni correction value of < 0.05) were members of phylum
Thaumarchaeota (formerly known as Marine Group I). This is consistent with prior
studies describing distinct communities of ammonia-oxidizing archaea associated with
different zones in the water column (Francis et al., 2005, Hu et al., 2011a; Hu et al.,
2011b). The remaining 40% were members of Marine Groups II and III (Euryarchaeota),
one member of Marine Benthic Group A (MBGA, within the phylum Crenarchaeota), and
a member of the Parvarchaeota. The maximum-likelihood tree of these depth-dependent
archaea shows some phylogenetic clustering based on sampling depth, mostly by OTUs
found in the mesopelagic (Figure 3.6). The cultured members of the thaumarchaea cluster
closely together. OTUs that represent greater than 1% of the total archaeal community in
at least one depth regime are indicated with an open circle. OTUs that also correlated
closely to oxygen concentration are indicated with a star.

In order to determine the type of organic and/or inorganic carbon utilized by the
archaeal populations, SIP microcosms were established along the transect. TRFLP
analysis of the active archacal community (13C-labeled) at six stations is shown in Table
2. A total of 17 3C-archaeal peaks/OTUs were identified with less than half of all
observed OTUs (8 total) incorporating both inorganic (bicarbonate) and organic (acetate/
urea) carbon. Of these mixotrophic OTUs, 6 peaks (66, 83, 116, 123, 223, and 265)

tended to be the most dominant peaks in the TRFLP profiles in which they appeared (data
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not shown). Peaks 83 and 223 were detected in almost every sampling location, with the
exception of the epipelagic in the North Equatorial Current. The greatest amount of
diversity and metabolic flexibility was generally found in the mesopelagic, except in the
Sargasso Sea stations, where only organic carbon was incorporated at this depth. No OTU
appeared to be exclusively autotrophic (although the archaeal community in the
epipelagic at Station 60 exclusively incorporated bicarbonate, these same OTUs
incorporated organic carbon at greater depths). However, more than half of all OTUs
(peaks 64, 76, 80, 93, 95, 158, 182, 195, and 213) only incorporated acetate and/or urea
and not bicarbonate. Only 2 of these exclusively heterotrophic OTUs (93 and 195)

appeared at more than one station/depth.

Discussion

Previous studies examining archaeal distribution throughout the water column in
the open ocean have shown that the relative abundance of archaea tends to increase with
depth, reaching peak numbers in the mesopelagic and remaining high throughout the
bathypelagic to the bottom (e.g., Karner et al., 2001; Teira et al., 2006; Varela et al., 2008;
Agogué et al., 2008). Quantitative-PCR results agree with these studies, and indicate an
archaeal relative abundance in the Mid-Atlantic that peaks around the local oxygen
minimum and remains relatively stable throughout the lower water column. However,
amplicon sequencing results suggest that archaeal relative abundance in the North
Atlantic basin peaked in the mesopelagic decreased in the bathypelagic (Figure 3.2).

Similarly, the qPCR findings suggest that archaeal relative abundance may be higher on
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the shelf and slope than the sequencing data indicates (Table 3.1). In terms of actual
abundance (using qPCR as a proxy for cell count), archaeal and total prokaryotic
abundance follows the classic open ocean distribution for prokaryotes, with high numbers
just below the surface, decreasing with depth and displaying a slight spike in abundance
just above the seafloor. This disparity between amplicon sequencing and qPCR relative
abundance data for the archaea (Figure 8), particularly at depths where thaumarchaea/
crenarchaea have been reported in relatively high numbers (De Corte et al., 2008;
Konstantinidis and DeLong, 2008), suggests further optimization of the primer set used in
this study may be required.

The separation of marine archaea into depth-dependent clades in this study is
consistent with prior reports in the global ocean. For example, genetic variability in
archaea tends to be more dependent on depth than latitude, with “deep” and “shallow”
clades often being observed (Herndl et. al., 2005; De Corte et al., 2008; Hu et al., 2011b).
Ratios of archaeal amoA gene copy numbers to 16S rRNA gene copy numbers appear to
decrease drastically with depth (De Corte, et al., 2008; Agogué et al., 2008; Yakimov et
al., 2011; Hu et al., 2011a). It may be that archaeal metabolism strategies vary
significantly with depth, but not with geographic location; however, latitudinal trends in
archaeal relative abundance have been previously reported in the North Atlantic (Teira et
al., 2006; Varela et al., 2008). 16S amplicon sequencing data in this study supports the
distinction of depth-dependent clades of archaea (Figures 3.3 and 3.4). Sampling depth
accounted for over 36% of archaeal variation between samples (e.g., euphotic zone vs

mesopelagic zone). It is probable that the observed correlation between beta diversity and
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depth regime reflects the difference in microbial communities in different deep water
masses, as has been previously explored in the North Atlantic (Teira et al., 2006). While
euryarchaea tended to dominate at the surface, as has been previously reported (Massana
et. al., 1997; Murray et. al., 1999; Karner et al., 2001), sequence data also indicated a
strong euryarchaeal presence in the mesopelagic, nearly as high as that of the TACK
superphylum (Figure 3.2). The qPCR data supports the previously observed abundance of
archaea in the mesopelagic (De Corte et al., 2008), but there is also evidence of a
genetically distinct, numerically dominant archaeal community at depth (as observed in
the Pacific in Konstantinidis and DeL.ong, 2008).

The correlation between archaeal abundance/diversity and dissolved oxygen
concentration has been explored in previous studies, though these mostly focused on
ammonia-oxidizing archaea (AOA) and their contribution to nitrite production in marine
environments (Francis et al., 2005; Beman et al., 2008; Molina et al., 2010; Pitcher et al.,
2011; Stewart et al., 2012). However, total archaeal diversity and distribution within
North Atlantic deep waters (Teira et al., 2006; Varela et al., 2008), oxygen minimum
zones (Belmar et al., 2011) and seasonally hypoxic waters (Parsons et al., 2014) has also
been reported. In general, archaea (specifically thaumarchaea) tend to be found in greater
relative numbers (compared to bacteria) in areas of low oxygen concentration.

The SIP results indicate the North Atlantic pelagic archaeal community is
dominated by a select group of ubiquitous mixotrophs. Previous studies have suggested
that a significant number of marine members of the TACK superphylum (in particular,

the thaumarchaea) may be mixotrophic (Ingalls et al., 2006; Hallam et al., 2006, Martin-
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Cuadrado et al., 2008). Indeed, two currently cultured members of genus Nitrosopumilus
are obligate mixotrophs that require the addition of organic carbon to grow and reproduce
(Qin et al., 2014). Our SIP results indicate nearly half of observed OTUs of the TACK
superphylum readily incorporated both organic and inorganic carbon over a two-day
incubation period (Table 3.2). In general, these OTUs represented the largest and most
frequently observed peaks in TRFLP analysis. However, there also appears to be a subset
of rare OTUs that exclusively incorporate organic substrates. Strictly heterotrophic
thaumarchaea have also been observed in New Jersey salt marsh sediment (Seyler et al.,
2014).

In conclusion, while much of the recent research focus on marine thaumarchaea
has concentrated on life strategies revolving around ammonia-oxidation and autotrophy,
our SIP results demonstrate that ammonium oxidation only represents a subset of the full
metabolic capability of the TACK superphylum as a whole. Additionally, these SIP
methods recover archaeal ribosomal RNA sequences distantly related to the currently
cultured thaumarchaea cluster, indicating that we are only beginning to discover the total

diversity of marine archaea in the deep sea.
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Figure 3.1. Map of the CLIVAR A20 cruise track, with each CLIVAR sampling station indicated by a red
dot. Orange dots represent stations where biomass was taken for 16S amplicon sequencing; yellow dots
indicate stations where SIP microcosms were established.
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Figure 3.2. Average prokaryote population composition versus depth in the North Atlantic basin along

longitude 52° W, based on 16S amplicon sequencing data.
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Figure 3.5. Depth-dependent archaeal OTUs, identified using analysis of variance (ANOVA), with a
Bonferroni correction value of < 0.05. Only OTUs that comprised at least 1% of the total archaeal
population at at least one depth are depicted. Each OTU is identified by its accession number in the
Greengenes database, with two OTUs not found in the database indicated by the word “New” at the
beginning of the accession number.
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Figure 3.6. Maximum likelihood tree of depth-dependent archaeal OTUs, identified using analysis of
variance (ANOVA), with a Bonferroni correction value of < 0.05. OTUs that represent greater than 1% of
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stars. Each OTU is identified by its accession number in the Greengenes database, with two OTUs not
found in the database indicated by the word “New” at the beginning of the accession number.
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Sample Name | Latitude | Longitude | Depth | Archaea |Prokaryote | Percent Precent
(m) qPCR qPCR Archaea | Archaea
Count Count (qPCR) (Illumina)
S16D4611 846 N 5238 W 4611 | 1.42E+04  4.50E+04 24.02% 12.14%
S16D2165 846 N 5238 W 2165| 4.76E+02 = 2.83E+03 14.40% 4.88%
S16D40 846 N 5238 W 40| 4.86E+04  3.81E+05 11.31% 8.02%
S24D365 1045N |5220W 365 1.44E+03 2.97E+03 32.61% 10.08%
S24D85 1045N ([5220W 85| 1.78E+04 1.04E+05 14.68% 11.48%
S524D35 1045N |5220W 35( 5.29E+04  5.86E+05 8.28% 6.01%
S26D75-100 (125N 5220 W 75-100 | 1.67E+04  2.28E+05 6.80% 9.23%
S33D2585 1644N ([5220W 2585 | 3.85E+02  4.43E+03 8.00% 1.92%
S33D365 1644 N |5220W 365 | 4.92E+03 3.59E+04 12.05% 4.79%
S33D60-85 1644N (5220 W 60-85 | 8.05E+03 5.69E+05 1.39% 1.39%
S39D5329 2 (2044 N (5220W 5329 ( 1.28E+02 8.51E+02 13.10% 3.17%
S39D2585 2044 N |5220W 2585 | 1.01E+03 1.34E+04 7.06% 1.93%
S39D435 2044 N |5220W 435| 2.90E+03  2.73E+04 9.60% 2.66%
S42D735 2259N |5220W 735 | 2.32E+03 1.49E+04 13.50% 4.38%
S45D115 2514N |5220W 115 | 6.43E+03 1.27E+05 4.83% 2.09%
S54D60-85 3200N ([5220W 60-85 [ 4.61E+03 5.39E+04 3.05% 1.47%
S57D3700 3415N ([5220W 3700 | 1.43E+03 1.83E+05 2.46% 1.18%
S60D5450 3630N [5220W 5450 ( 1.43E+03 1.12E+04 11.38% 3.12%
S60D2835 3630N [5220W 2835 [ 6.07E+03 5.48E+04 9.96% 2.90%
S63D60-85 3820N ([5220W 60-85 | 3.77E+03 3.65E+04 9.35% 0.83%
S71D62 4140N |5253 W 62 [ 1.23E+05 5.74E+05 17.64% 12.23%
S79D5 4253 N |5053 W 5| 3.37E+03 1.49E+05 2.21% 0.34%

Table 3.1. Quantitative-PCR and 16S amplicon sequencing results for archaeal numbers as a percentage
of the total prokaryote population.
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Table 3.2. Incorporation of 13C-labeled acetate, urea, and bicarbonate as determined using SIP analysis.
Bicarbonate was not tested in microcosms established from water taken from the bathypelagic zone.
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Chapter 4. Resource partitioning and predation effect thaumarchaeal
community structure in the North Atlantic Basin

(To be submitted to Nature Microbiology)

Abstract

Stable isotope probing (SIP) was used to track prokaryotic and eukaryotic carbon uptake
along a meridional transect (Long. 52°W) across the North Atlantic to assess if resource
partitioning between bacteria and archaea could be observed and if the '3C-labeled DNA
from eukaryotes could be detected. SIP microcosms amended with '3C-acetate or 13C-
urea indicated archaea often outcompeted bacteria for 3C-urea while both archaea and
bacteria could incorporate 3C-acetate. This '>C label could also be tracked into
eukaryotic microbes during the incubation. The largest number of 3C-labeled eukaryotic
OTUs were observed in the absence of either '3C-archaeal or 13C-bacterial signal,
suggesting an osmotrophic lifestyle. However, other specific 13C-eukaryotic OTUs were
exclusively associated with either '3C-archaeal or 13C-bacterial OTUs or both. These
archaeal-specific and bacterial-specific eukaryotic OTUs are often related to known
bactivorous predators. Our findings suggests both resource partitioning and selective
predation can account for a portion of the archaeal/bacterial coexistence in the deep-sea

environment.
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Introduction

G.E. Hutchinson confronted a major contradiction between ecological theory and
the natural world in “The Paradox of the Plankton” (Hutchinson, 1961). According to the
competitive exclusion principle, two species that are competing for the same resources
cannot stably coexist. However, hundreds or thousands of phytoplankton species can be
found within a small volume of water, despite the limited room for niche specialization
and intense competition for the same basic resources (Hutchinson, 1961; Scheffer and
Carpenter, 2003). One of the major reasons for this apparent dilemma, Hutchinson
surmised, is that aquatic environments may not be a habitat where competing species are
at equilibrium, since environmental conditions can change very rapidly in aquatic
systems. These dynamic environments ensure that no one species has the advantage long
enough to promote the exclusion of others (Hutchinson, 1961; Richardson et al., 1970).
More recently, this notion of rapidly opening/closing niches leading to coexistence has
been updated by postulating that equalizing and stabilizing forces exist that reduce intra-
and inter-specific competition (Chesson and Huntly, 1997; Chesson 2000). Multiple
mechanisms have been proposed to account for the co-occurrence of highly similar
species within the same location, such as temporal separation of activity, resource
partitioning, immigration/emigration in structuring communities, differential response to
predation, and dormancy.

Archaea and bacteria are thought to have existed on Earth for nearly 3.5 billion
years (Schopf and Packer, 1987). What is not known are the mechanisms that can account

for this coexistence. For a long time, all archaea were believed to be extremophiles,
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growing under conditions of high temperatures, salinity, or extreme anaerobiosis.
Because archaea occurred in habitats that would not support the growth of eukaryotes or
prokaryotes, no apparent conflict was perceived between these ancient life forms.
However, the concept of archaea being obligate extremophiles changed when marine
archaea were discovered in 1992 (Fuhrman et al., 1992; DeLong, 1992). These
mesothermal or low-temperature archaea were inhabiting environments teeming with
bacterial competitors. Since this discovery, multiple studies have focused on determining
archaeal metabolic capabilities and their potential roles in the environment (e.g.,
Ouverney and Fuhrman, 2000; Hallam et al., 2006; Ingalls et. al., 2006; Varela et al.,
2008; Seyler et al., 2014). For example, thaumarchaea are thought to be involved in
ammonia oxidation, in conjunction with ammonia-oxidizing bacteria (Francis et al.,
2005), directly competing for similar resources. Additionally, members of the
thaumarchaea and bathyarchaea (formerly the Miscellaneous Crenarchaeal Group) were
found to compete with bacteria for various organic substrates in salt marsh sediments
(Seyler et al., 2014). Currently,the thaumarchaea have proved extremely resistant to
culturing, with only four thaumarchaea currently available as a pure culture, all of them
ammonia oxidizers (Konneke et al., 2005; Park et al., 2012; Qin et al., 2014).

In this study, the mechanisms that may allow for archaea to stably coexist with
bacteria in the deep ocean were investigated using stable-isotope probing techniques
(SIP; Radajewski et al., 1999). The first step in the investigation was to determine if
resource partitioning between archaea and bacteria could be observed utilizing two model

organics: urea and acetate. Prior research had demonstrated that archaea could
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successfully out compete bacteria for theses organic carbon substrates in coastal sediment
systems and deep ocean samples (Seyler et al. 2014; Seyler et al. [Chapter 3]). The
second step of the study was to ascertain if 13C-eukaryotic DNA within the SIP
incubations could be detected as suggested by Gallagher et al. (2005). The premise is
that if there is resource partitioning, only archaeal or bacterial populations would become
labeled by the specific '3C substrates. This 13C label will become detectable in the
eukaryotic DNA when these 13C-labeled microbes are consumed by their respective
predators. Our results indicate roughly 1/3 of the 13C-eukaryotic OTUs are observed
when both archaea and bacteria are labeled with 13C, 1/3 of the eukaryotic signal is only
associated with archaeal 13C uptake, and the remaining 1/3 is only observed when there is
bacterial 13C uptake. These findings suggests both resource partitioning and selective
predation can account for archaeal/bacterial coexistence. Furthermore, this SIP approach
can be used to map predator/prey interactions in the microbial loop to better estimate

carbon flow among these compartments in the marine environment.

Materials and Methods

In April of 2012, samples were collected onboard the R/V Atlantis as part of the
US CLIVAR/CO, Repeat Hydrography program, along World Ocean Circulation
Experiment (WOCE) line A20 (longitude 52°W) (Figure 4.1). SIP microcosms were
established at 3 stations (indicated by yellow dots in Figure 4.1), from three distinct zones
in the water column: the mixed layer (the euphotic zone, 65-115 m), the local oxygen
minimum (in the mesopelagic zone, 365-835 m), and the bathypelagic zone (2335-2585

m). Duplicate 1-L samples of water from each depth were amended with either 13C
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sodium acetate or '3C urea (20 uM final concentration). '2C sodium acetate and '>C urea
were used as controls. The SIP microcosms were incubated in covered containers on deck
for 48 hours, with a constant inflow of surface sea water to maintain stable temperature.
Biomass was collected on a 0.2-pum filter using vacuum filtration.

DNA from the SIP incubations was purified using phenol-chloroform methods
(McGuinness et al., 2006) and the 'C and '*C DNA was separated by isopycnic cesium
chloride gradient ultracentrifugation at 200,000 x g for 36 h, using '3C-labeled H.
salinarum or E. coli DNA as a carrier (Gallagher et. al., 2005). The '2C (upper) and *C
(lower) bands were collected by pipette and amplified by PCR with 5’-fluorescently-
labeled, 16S rRNA archaea-specific (21F/958R) and crenarchaeota-specific forward/
reverse primers (7F/518R), bacteria-specific forward/reverse primers (27F/1100R), and
18S rRNA universal eukaryote forward/reverse primers (328f [5’-ACCTGGTTGATCCT
GCCAG] and 516r [5’-ACCAGACTTGCCCTCC]). Amplicons were digested with Mnl [
or Haelll in 20 ul1 volumes for 6 h at 37 °C, then precipitated using sodium acetate and
95% ethanol (McGuinness et al., 2006). Precipitated DNA was dried and re-suspended in
19.7 ul de-ionized formamide with 0.3 1 ROX 500 size standard (Applied Biosystems).
TRFLP fingerprinting (Avaniss-Aghajani et al., 1994) was carried out on an ABI 310
genetic analyzer (Applied Biosystems, Foster City, CA) using Genescan software. Peak
detection was set at 25 arbitrary fluorescent units.

An 18S amplicon clonal library was also constructed using the Topo TA cloning

kit, as per the manufacturer’s instruction (Invitrogen, CA). To determine the phylogenetic

affiliation of the various '*C-eukaryotic peaks observed, 192 recombinant clones from the
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13C-labeled bands were screened in a multiplex format as in McGuinness et al. (2006), to
determine the TRF of the recombinant amplicons. Thirteen 18S rRNA genes that matched
TRFs of interest were sequenced via Sanger methods using M 13 primers (Genewiz, Inc.
NIJ), producing 9 unique sequences (<99% similarity to each other). Unique clonal

sequences were compared to known sequences by BLAST (Table 4.3).

Results

Previous SIP results from estuarine thaumarchaea/crenarchaea demonstrated that
low concentrations of urea will only be incorporated by archaea in coastal sediments
(Seyler et al., 2014). In this oceanic study, 18 samples were amended with 3C urea and
the microbial groups taking up the 3C were determined by SIP methods. In 8 of the SIP
microcosms (mostly epipelagic samples), no uptake by archaea or bacterial 13C signal
could be detected. In 7 microcosms from mesopelagic or bathypelagic samples, archaea
were found to have outcompeted bacteria for '3C urea. In 1 microcosm, taken from the
bathypelagic at Station 63, the bacteria outcompeted archaea for '*C-urea. Three SIP
microcosms had both archaea and bacteria '3C signals resulting from the '3C-urea
amendments. Acetate was taken up by both archaea and bacteria in all microcosms from
the mesopelagic and the bathypelagic, with the exception of duplicate microcosms taken
from the bathypelagic at Station 63, where the bacteria outcompeted the archaea for the
uptake of acetate (Table 4.1).

Amplification of the 18S rRNA gene within the 13C band from the SIP

microcosms indicated 37 eukaryotic OTUs could be detected (Table 4.2). The eukaryotic
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OTUs are separated based on whether the '3C signal could be detected in the archaea and
bacteria, in the archaea alone, in the bacterial alone, or if the 18S OTUs were detected
without a signal from either prokaryotic group (presumably representing osmotrophy).
Six eukaryotic OTUs were detected in SIP microcosms with both bacterial and archaeal
13C uptake. Ten eukaryotic OTUs appeared associated exclusively with archaeal 3C
uptake, and 8 eukaryotic OTUs were only observed when bacteria incorporated the '*C-
urea. A total of 14 eukaryotic OTUs were identified in samples in which both archaea and
bacteria incorporated the '3C substrate provided or in which neither prokaryotic group
could be observed. One may assume that these eukaryotic members either took up the 13C
urea directly, or preyed upon a group of prokaryotes which were not detected in our SIP
incubations.

The total number of observed archaeal-specific predator OTUs was higher than
that of bacterial-specific predators. Using the total adjusted TRFLP peak area as a proxy
for relative abundance, the bacterial predators tended to constitute a greater percentage of
the total eukaryotic community profile. Archaea-specific predators only accounted for an
average of 13% of the eukaryotic community in microcosms where archaea incorporated
13C-labeled substrate, whereas bacteria-specific predators made up an average of 22% of
bacteria-dominated microcosms. In microcosms where both archaea and bacteria actively
incorporated 13C-labeled substrate, bacteria-specific predators accounted for an average
of 20% of the total eukaryotic community; archaea-specific predators accounted for only
9% on average. Overall, eukaryotic OTUs that preyed upon both archaea and bacteria

comprised roughly 25% of the community profile in microcosms where archaea
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incorporated 3C-labeled substrate, and 50% of the eukaryotic community in microcosms
where bacteria incorporated '3C-labeled substrate. Osmotrophic or eukaryotic OTUs
accounted for 62% of the total eukaryotic community profile, on average. In contrast,
these OTUs only accounted for an average of 30% of the total eukaryotic community in
microcosms where bacteria and not archaea incorporated 13C-labeled substrate.

Nine TRF peaks were identified in the 18S clonal library (Table 4.3). Of these,
three were found exclusively in microcosms where bacteria incorporated the 13C signal,
three were found only in microcosms where archaea incorporated 13C signal, two were
found in both, and one was found in the microcosm where neither bacteria nor archaea
incorporated 13C signal. Bacterial uptake-associated eukaryotes included two apusozoans
(known bacterivorous protists) and a parasitic dinoflagellate. A radiolarian, a
dinoflagellate, and a mixotrophic species of algae were found in the archaea uptake-
associated microcosms. Cafeteria sp. (a bacterivorous bicosoecid) and a marine fungus
were found in both bacteria and archaea uptake-associated microcosms. The clone from
the microcosm in which neither bacteria nor archaea incorporated '3C signal was

identified as Caecitellus paraparvulus, another bicosoecid.

Discussion

Currently very little is known about how marine archaea compete with bacteria
that may be occupying similar niches. The question of competition is particularly
compelling. One would surmise that if the archaea and the bacteria are living in the same

environment, using similar carbon and energy sources, there should be competitive
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exclusion and one group would eventually out-compete the other. Yet we find both living
together in the same environment.

In this study, we have attempted to identify some of the mechanisms leading to
this coexistence by archaea and bacteria in deep ocean samples. Our results are focused
on resource partitioning and specific predation and suggest both processes are occurring
in the bathypelagic. The data suggest archaea-specific predators are more diverse but
represent a smaller percentage of the overall eukaryotic community compared to bacteria-
specific and eukaryotic predators for both microbial groups. The non-specific prokaryotic
predators seem to prefer bacteria over archaea, as indicated by their relative percentage in
archaea-dominated versus bacteria-dominated microcosms. This finding is consistent
with the overall abundance of archaea and bacteria in marine samples (e.g. Karner et al.,
2001; Seyler et al. [Chapter 3]). While we did not test for euryarchaeal signal in these
microcosms, it would be interesting to see if euryarchaea also outcompete bacteria for
uptake of urea in the epipelagic and potentially have their own set of distinct predators.

In our SIP studies, we demonstrate that certain 3C-eukaryotic OTUs are
associated with either '3C-archaeal or 1*C-bacterial signals. This transfer of '3C-carbon
from prokaryote to eukaryote could result from either predation or by exudation/
episymbiosis. Often ciliates or flagellates can have surface associations with bacteria for
detoxification or defense (Petroni et al., 2000; Edgcomb et al., 2011). Although we did
not test for the presence of archaea or bacteria in food vacuoles or on the external
surfaces of deep-sea eukaryotes by microscopy, an assessment of whether predation or

symbiosis is the predominant mechanism for carbon transfer can be made using the SIP
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results. On a first order, if predation is the dominant mechanism, we can presume that in
many microcosms, the 13C-carbon will pass directly from substrate to prokaryote to
eukaryote and a much higher eukaryotic signal compared to a prokaryotic signal will be
observed in the PCR product from the 13C-labeled DNA. If growth of the eukaryote is
predicated on growth of an epibiont, there should always be a comparable PCR signal
from both prokaryote and eukaryote within the '*C-band. All of our SIP microcosms had
significantly higher eukaryotic signal than prokaryotic signal in the *C band (data not
shown), suggesting a tight coupling between these groups that is likely a predation signal.
If differential predation does indeed influence the stable coexistence of archaea
and bacteria, the mechanisms used by predators to discern between the archaea and
bacteria are, as of this writing, unknown. It has been observed that most phagotrophic
protists are able to recognize various traits in their prey, allowing them to be selective
consumers (Jiirgens and Matz, 2002). Size is an important factor in prey differentiation in
planktonic systems (Lampert, 1987). Archaea have been demonstrated to have a >1.6-fold
greater cell volume on average than bacteria in the upper water column of the western
Arctic Ocean; however, below 500 m, there is no significant difference in cell size
between the two domains (Kirchman et al., 2007). If this trend holds for the North
Atlantic, then size is likely not a determining factor in this study, as the samples utilized
here were collected at depths between 365 and 2585 m. Aggregation on detrital particles
may provide refuge from predation (Langenheder and Jiirgens, 2001; Simek et al., 2001),

as well as a host of biochemical interactions, exopolymers, and toxicity (Jiirgens and
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Matz, 2002). Further studies will be necessary to explore these mechanisms of resistance
in deep ocean archaea.

Our SIP findings have direct implications on the efficiency of carbon transfer in
microbial systems. It is widely believed that the structure of the marine microbial food
web is a major determinant in the rate of oceanic carbon sequestration and the type/
amount of higher consumers in the ecosystem (Limardo and Worden, 2015). Although
autotrophic and heterotrophic prokaryotes can mobilize dissolved carbon into biomass, it
is the heterotrophic strategies of the small eukaryotic consumers, that will determine
whether the net flow of OM will ultimately end up as a trophic “link” (i.e. trophic transfer
to top predators and export) versus a trophic “sink” (i.e. be remineralized as DOM or
CO2). The archaeal contribution to the microbial loop is still poorly understood and, as a
consequence, usually ignored. SIP studies, such as described here, can map out these
trophic interaction between microbial predators and their prey to better predict the fate of

dissolve and particulate organic carbon in marine ecosystems.
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Figure 4.1. Map of the CLIVAR A20 cruise track, with each CLIVAR sampling station indicated by a red
dot. Yellow dots indicate stations where SIP microcosms were established.
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incorporation of urea was detected in any microcosms established with water sampled from the

epipelagic zone.

AB
AB

AB
AB

AB
AB

87




88

S33D2585 U1|S48D2335 U1/S48D2335 U2|S63D2585 U2

3D2585 U1/S63D2585 A1j548D2335 A2 5480835 U2 |S33D2585 U2

Bacteria

Both Osmotrophs

Both

T

Archaea

1222 I
|

1604}

2426

1864

234

495

Unk Osmotrophs Bacteria

Table 4.2. Summary of 18S TRFLP profiles from a subset of microcosms, in which 13C-labeled urea was
incorporated by only the archaea, only the bacteria, both the archaea and the bacteria, and neither the
archaea nor the bacteria. TRF peaks are separated based on predator specificity, from top to bottom: non-
specific predators, archaea-specific predators, bacteria-specific predators, and eukaryotes that preyed on
neither the archaea nor the bacteria. TRFs at the bottom of the table incorporated 13C-labeled substrate in
microcosms where both archaea and bacteria actively incorporated 13C-labeled substrate, but didn’t
appear in any other microcosms. Intensity of cell shading corresponds to the adjusted TRF peak area,
with darker cells having a higher adjusted peak area than lighter cells. TRF peak area roughly

corresponds to relative abundance of OTUs.
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TRF peak | Microcosm Classification

182 Bacteria Amoebophrya sp. (parasitic dinoflagellate)

201 Bacteria Amastigomonas sp. (apusozoan)

269 Bacteria Ancyromonas sigmoides (apusozoan)

273 Both Paraphysoderma sedebokerense (marine fungus)
293 Osmotroph Caecitellus paraparvulus (bicosoecid)

305 Both Cafeteria sp. (bacterivorous bicosoecid)

329 Archaea Sticholonche sp. (radiolarian)

333 Archaea Pyramimonas sp. (mixotrophic algae)

339 Archaea Pentapharsodinium tyrrhenicum (dinoflagellate)

Table 4.3. Eukaryote sequences cloned from !3C-labeled DNA, the prokaryotes that incorporated 13C
signal in the microcosms in which these clones were detected, and the closest match to each clone using
NCBI’s BLAST search tool.
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Chapter 5. Conclusions and future directions

Summary of Completed Work

In the first portion of this Ph.D. research, stable isotope probing techniques were
used to test organic carbon uptake in a New Jersey salt marsh. Thaumarchaea (as well as
members of the Miscellaneous Crenarchaeotal Group, also referred to as Bathyarchaea)
in this environment were found to be exclusively heterotrophic, and competing with
bacteria for the same organic compounds. The concentration of substrate provided had a
profound effect on community structure, with lower concentrations of 3C-labeled
substrate resulting in greater observed diversity in the active archaeal community.
Resource partitioning between the archaea and the bacteria was also observed, with
archaea exclusively incorporating urea at low concentrations, and bacteria outcompeting
archaea for the uptake of whole proteins. While autotrophy or mixotrophy may be
available life strategies for thaumarchaea in the salt marsh, the relatively high availability
of organic carbon in this setting may make carbon fixation an unnecessary energy

cexpense.

In the North Atlantic pelagic ocean, mixotrophy was shown to be the dominant
life strategy for the most abundant archaeal OTUs, though some members of the rare
biosphere appeared to be exclusively heterotrophic in this environment as well. Doubling
times were faster in the open ocean (~1 day) compared to the estuary (~2-2.5 days). 16S

amplicon sequencing revealed a diverse archaeal community, the structure of which was
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strongly influenced by depth and oxygen concentration. The highest numbers of archaea

were observed at the local oxygen minimum and just above the seafloor.

Resource partitioning was also observed in the pelagic North Atlantic. Archaea
often outcompeted bacteria for the uptake of urea in the deep ocean, particularly in the
bathypelagic. Differential uptake of 3C-labeled substrate made it possible to track the
consumption of archaea and bacteria by eukaryotic predators. Archaea-specific predators
were more diverse than bacteria-specific predators in the deep ocean, but made up a
smaller percentage of the total eukaryotic community. A significant percentage of the
eukaryotic community took up neither archaea nor bacteria, and therefore either directly
incorporated the provided '3C-labeled substrate, or consumed prey that was not detected

in this study.

Future Directions

Several SIP experiments were initiated during the course of my Ph.D. work which
also address additional mechanisms of coexistence, such as spatial or seasonal differences
in archaeal activity. The biomass from these SIP experiments is currently being stored at
-80°C and could be processed in the future to provide additional answers to a number of

questions concerning marine archaeal ecology.

Salt Marsh Zonation

In addition to the tidal levee sediment samples analyzed for the first portion of the
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Ph.D. work, SIP microcosms were established using sediment from two other vegetal
zones in the same location: the low marsh (populated by Spartina spp. grasses) and
transition communities (characterized by sandy soil and low scrub). The water from these
and the tidal levee microcosms, filter-sterilized prior to incubation, was also filtered for
biomass post-incubation. (A full list of these samples can be found in Supplemental Table
5.1.) SIP and 16S data from these samples would reveal spatial and organic carbon uptake
patterns in salt marsh archaea, as well as enable the comparison of particle-associated and

free-living archaea in an estuarine setting.

Time Course

In February 2011, samples were taken from the tidal levee in Hooks Creek and
used to establish a series of SIP microcosms, amended with 30 uM '3C urea and
incubated at 4 different temperatures (4°C, 18°C, 25°C, and 37°C) and destructively
sampled at 4 different time points (3, 5, 7, and 14 days). The purpose of this time course
was to establish the effects of temperature on archaeal growth, and to monitor changes in
the archaeal community as '*C-labeled substrate is incorporated by various OTUs and
oxygen is depleted from the microcosm via respiration. The longer time points could also
be used to examine eukaryotic predation, as performed in Chapter 4. A complete list of

these samples is available in Supplemental Table 5.2.

Complex Biopolymers in the Open Ocean

In June 2014, I participated in a chief scientist training cruise sponsored by the

University-National Oceanographic Laboratory System (UNOLS), sampling biomass and
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establishing SIP microcosms (using the same methods employed in Chapters 3 and 4)
along a track from Barbados to Bermuda. Microcosms were amended with either *C-
labeled mixed fatty acids or 13C-labeled Bioexpress medium, at 25 pg/L and 250 pg/L
concentrations. These samples will be processed in order to examine the uptake of
complex biopolymers by archaeal communities in the open ocean (compared to the
simple organics utilized in Chapters 3 and 4) and to determine if substrate concentration
influences archaeal community structure as it did in the salt marsh in Chapter 2.
Additionally, resource partitioning of these complex biopolymers between the archaea
and bacteria may also be observed in these samples. (A complete list of these samples is

summarized in Supplemental Table 5.3.)

Tara Oceans

Planktonic archaea may be one of the most abundant groups of organisms on the
planet. They can comprise up to 50% of the marine microbial community, particularly at
depths below 1,000 meters, which represent the majority of the ocean’s volume (Karner
et al., 2001). The relationship between these organisms and the rest of the planktonic
ecosystem, however, is still very poorly understood. There is currently very little in the
scientific literature concerning the relationship between archaea and protists in the open
ocean. It is reasonable to assume that because archaea are both abundant and ubiquitous
in open oceanic ecosystems, they must interact with the protists as food, symbionts,

competitors, or a combination of roles.
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From October 2014 through March 2015, I worked as a guest student researcher
in I’Equipe Evolution des Protistes et Ecosystemes Pélagiques (Evolution of Protists and
Pelagic Ecosystems Group) at the Station Biologique de Roscoff, under the direction of
Dr. Colomban de Vargas, through the award of a Fulbright fellowship. Dr. de Vargas is
one of the coordinators of the Tara-Oceans international expedition, a 3-year
circumglobal navigation that lasted from 2009-2012 and sampled the world’s plankton
thoroughly from viruses to jellyfish. He is now the coordinator of the research program
Oceanomics, whose goal is to analyze the £30,000 samples taken from 153 sites all over
the globe using a combination of high-throughput eco-morpho-genetic analyses. This
constitutes the largest modern-day collection of plankton sampled “end-to-end” around
the world. The purpose of my project as part of the Oceanomics program was to explore
potential symbiotic relationships between marine archaea and protists, by identifying
archaeal 16S tag sequences in the protist-sized fractions (20-180 um and 180-2000 pm)

from the Tara Oceans expedition.

Archaeal diversity in all size fractions from the Tara Oceans collection was
assessed using a two-pronged approach. Archaeal 16S rRNA sequences were identified in
V9 sequence data obtained using universal eukaryotic primers. While these primers only
amplified a fraction of the total archaeal community (mostly euryarchaea, members of
Marine Group II), the data provided valuable information concerning the global
distribution of marine archaea. Using the V9 data, archaeal “hotspots” were located for
three different depth regimes: the surface, the deep chlorophyll maximum (DCM), and

the mesopelagic (Figure 5.1). These areas of high archaeal biomass tended to be located
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along coasts, in upwelling zones, and in oxygen minimum zones (OMZs). These results
are consistent with the findings in Chapter 3, in which high archaeal biomass correlated

to low oxygen concentration in the water column.

Additionally, a subset of surface samples from Tara Oceans were 16S amplicon
sequenced on the [llumina MiSeq platform using archaea-specific primers (519F/1041R),
concentrating on the smallest (0.2-3 pm) and two largest (20-180 pm and 180-2000 pum)
size fractions (Figure 5.2a,b,c). These samples were collected in the pelagic North
Atlantic, Indian, and South Pacific Oceans, and around a group of islands in the
equatorial Pacific (referred to as Steffi). The primers used for sequencing amplified a
significant amount of other organisms, most notably bacteria (in all size fractions
sequenced) and metazoans (likely larvae, chiefly in the largest size fraction). The largest
numbers of archaea were detected in the 0.2-3 um size fractions taken from the North
Atlantic (51%), Stefti (22%), and Indian Ocean (14%), and the 20-180 um fractions taken
from the South Pacific (59%), Indian (25%), and North Atlantic (22%). Some archaea
were detected in the 180-2000 um fraction in the North Atlantic (9%) and South Pacific
(9%). The number of archaea detected in the 20-180 pum fraction in Steffi, and the
180-2000 pum fractions in Steffi and the Indian Ocean, were negligible (0.3%, 1%, and

0.7%, respectively).

Thaumarchaea dominated the archaeal community in all size fractions taken from
the North Atlantic, while euryarchaea dominated in all size fractions from the Indian

Ocean and South Pacific. At Stefti, euryarchaea dominated the 0.2-3 pum and 180-2000
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um size fractions, but thaumarchaea dominated the 20-180 pum size fraction; however,
archaeal numbers in general were negligible in all but the smallest size fraction in these

samples.

Future steps for this project include further 16S amplicon sequencing, targeting
the archaeal hotspots identified in the V9 data. Additionally, protistan beta-diversity will
be correlated to archaeal beta-diversity, to determine if there is potential for symbiotic
relationships between certain protists and archaea. A recent paper (Orsi et al., 2015)
describing particle-associated archaea in the euphotic zone of the central California
Current System found that while euryarchaea tended to be associated with particular
organic matter (POM), these archaea displayed no association with living protists.
Thaumarchaea in this environment were apparently free-living and unassociated with
POM. Data from the Tara Oceans expedition does not completely agree with these
findings; rather, thaumarchaea and euryarchaea were both found associated with larger
size fractions, in multiple locations worldwide. However, it has yet to be determined if
these archaea are colonizing POM, or existing in a symbiotic relationship with particular

protist species.

Significance of this Work

The aim of this Ph.D. research was to further illuminate the metabolic capabilities
and potential environmental roles of marine archaea. The current focus in most research
concerning coastal and open ocean archaea is on ammonia oxidation and, by extension,

autotrophy, while heterotrophy is more extensively explored in deeply buried marine
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sediment. However, early work on marine archaea prior to and immediately after the
discovery of the amoA gene in archaea (Venter et al., 2004; Treusch et al., 2005) and the
subsequent culturing of an ammonia-oxidizing archaeon (Kdnneke et al. 2005) provided
ample evidence of both heterotrophic and mixotrophic lifestyles (Ouverney and Fuhrman,
2000; Hallam et al., 2006; Martin-Cuadrado et al., 2008; Varela et al., 2008). Indeed, the
most recent successful culturing of two AOA strains revealed that both required the
addition of organic carbon for growth (Qin et al., 2014). The decline in the ratio of
archaeal amoA to 16S rRNA copy numbers with depth in the open ocean (De Corte, et al.,
2008; Agogué et al., 2008; Yakimov et al., 2011; Hu et al., 2011) would imply that deep
ocean archaea are employing other life strategies apart from ammonia oxidation.
Additionally, the currently cultured representatives of the thaumarchaea are all closely
related to each other, compared to the wealth of phylogenetic diversity currently available
in ribosomal RNA databases (e.g., NCBI, Silva). The extent of this phylum, and the
conflicting evidence concerning carbon uptake in the literature, would suggest that the
genetic and metabolic potential of the thaumarchaea encompasses more than ammonia
oxidation. The results of this Ph.D. work indicate that the thaumarchaea are significant
consumers of organic carbon in both estuarine and pelagic environments, that they
compete with bacteria for organic substrates and exhibit resource partitioning of
particular carbon sources (urea and whole proteins), and that the competition and
coexistence between marine thaumarchaea and bacteria is at least to some extent
influenced not only by organic substrate availability (“bottom-up” control) but also by

predation (“top-down” control).
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Conclusion

While much work has been performed to describe the ecological role and
metabolic capabilities of marine archaea since their discovery in 1992, many questions
remain. This Ph.D. work challenges current paradigms concerning the activity of
thaumarchaea in marine environments, and, thanks to the cooperation of the International
Global Ocean Carbon and Repeat Hydrography Program, the Earth Microbiome Project,
and the Oceanomics Project, has explored archaeal distribution and diversity on an
unprecedented scale. Future studies of marine archaea will likely uncover a wealth of
diversity and metabolic potential, as well as myriad complex relationships with other
prokaryotes and higher organisms. The marine archaea truly represent an ocean of

possibilities.
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Figure 5.1. Map of the Tara Oceans cruise track. Archaea “hotspots,” determined using V9 amplicon

sequence data, are indicated by colored dots.
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North Atlantic
Steffi

0.2-3 um

Figure 5.2a. Results of 16S amplicon sequencing of select Tara Oceans samples from the Indian and
North Atlantic Ocean, and a series of islands in the equatorial Pacific (Steffi) (0.2-3 pm size fraction).
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Figure 5.2b. Results of 16S amplicon sequencing of select Tara Oceans samples from the Indian, North
Atlantic, and South Pacific Ocean, and a series of islands in the equatorial Pacific (Steffi) (20-180 pm
size fraction).
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Figure 5.2c. Results of 16S amplicon sequencing of select Tara Oceans samples from the Indian, North
Atlantic, and South Pacific Ocean, and a series of islands in the equatorial Pacific (Steffi) (180-2000 um
size fraction).
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Supplemental Figure 2.1. TRFLP profiles of Crenarchaeal 16S rRNA genes in salt marsh sediments from
the 30 M acetate amendment. Peaks represented in the clonal library are highlighted in gray.
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Supplemental Figure 2.2. TRFLP profiles of Crenarchaeal 16S rRNA genes in salt marsh sediments from
150 uM acetate amendment. Peaks represented in the clonal library are highlighted in gray.
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Supplemental Figure 2.4. TRFLP profiles of Crenarchaeal 16S rRNA genes in salt marsh sediments from
150 uM urea amendment. Peaks represented in the clonal library are highlighted in gray.



Salt Marsh Substrate Concentration
Zone

Low Marsh 13C acetate 30 uM
Low Marsh 3C acetate 150 uM
Low Marsh 3C glycine 30 uM
Low Marsh 3C glycine 150 uM
Low Marsh 3C urea 30 uM
Low Marsh 3C urea 150 uM
Low Marsh 13C lipids 2 mg/mL
Low Marsh 3C lipids 10 mg/mL
Low Marsh 3C proteins 2 mg/mL
Low Marsh 3C proteins 10 mg/mL
Low Marsh 3C ISOGRO 2 mg/mL
Low Marsh 3C ISOGRO 10 mg/mL
Low Marsh no amendment  N/A
Transition 13C acetate 30 uM
Transition 3C acetate 150 uM
Transition 13C glycine 30 uM
Transition 3C glycine 150 uM
Transition 13C urea 30 uM
Transition 13C urea 150 uM
Transition 13C lipids 2 mg/mL
Transition 3C lipids 10 mg/mL
Transition 3C proteins 2 mg/mL
Transition 3C proteins 10 mg/mL
Transition 3C ISOGRO 2 mg/mL
Transition 3C ISOGRO 10 mg/mL
Transition no amendment |N/A

Supplemental Table 5.1. Complete list of SIP microcosms established from salt marsh sediment in low

marsh and transition zones.
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No of Substrate Temperature |Incubation
Samples (°C) Time (days)
3|30 uM '3C urea 4 3
3|30 pM *3C urea 18 3
3|30 pM *3C urea 25 3
3|30 uM *3C urea 37 3
3|30 pM *3C urea 4 5
3|30 uM '3C urea 18 5
3|30 puM *3C urea 25 5
3130 uM *3C urea 37 5
3|30 uM '3C urea 4 7
3|30 uM *3C urea 18 7
3|30 puM *3C urea 25 7
3|30 pM *3C urea 37 7
3|30 uM *3C urea 4 14
3|30 uM '3C urea 18 14
3|30 puM *3C urea 25 14
3|30 pM *3C urea 37 14
3|30 puM '2C urea 4 14
3|30 uM '2C urea 18 14
3|30 uM '2C urea 25 14
3|30 pM '2C urea 37 14
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Supplemental Table 5.2. Complete list of SIP microcosms established from tidal levee sediment for time

course study.
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Station| Latitude Longitude [Depth (m)| No of Vol (L) Substrate Incubation
Samples Time (h)

3 16°27.62’ N |60° 02.33° W 400 3 1[250 pg/L '3C Bioexpress 48

3 1[25 pg/L '3C Bioexpress 48

1 11250 pg/L 2C Bioexpress 48

3 11250 pg/L '3C fatty acids 48

3 1|25 pg/L '3C fatty acids 48

1 1{100 pl/L ethanol 48

800 3 1250 pg/L 3C Bioexpress 48

3 1|25 pg/L 3C Bioexpress 48

1 1[250 pg/L '2C Bioexpress 48

3 1[250 pg/L '3C fatty acids 48

2 1[25 pg/L '3C fatty acids 48

1 1{100 pl/L ethanol 48

2400 3 1/250 pg/L 3C Bioexpress 48

3 1|25 pg/L 3C Bioexpress 48

1 1/250 pg/L 2C Bioexpress 48

3 1250 pg/L '3C fatty acids 48

3 1|25 pg/L '3C fatty acids 48

1 1]100 pl/L ethanol 48

5 25°29.99’ N [62° 36.49' W 400 3 1[250 pg/L '3C Bioexpress 48

3 1[25 pg/L '3C Bioexpress 48

2 1[250 pg/L '2C Bioexpress 48

3 11250 pg/L '3C fatty acids 48

2 1|no amendment 48

800 3 1250 pg/L 3C Bioexpress 48

3 1|25 pg/L 3C Bioexpress 48

2 11250 pg/L °C Bioexpress 48

3 1250 pg/L '3C fatty acids 48

2 1[no amendment 48

2400 3 1[250 pg/L '3C Bioexpress 48

3 1[25 pg/L '3C Bioexpress 48

2 11250 pg/L 2C Bioexpress 48

3 1250 pg/L '3C fatty acids 48

2 1|no amendment 48

6 27°12.54’ N |67° 58.29' W 400 3 1|25 pg/L '3C fatty acids 48

800 3 1|25 pg/L '3C fatty acids 48

2400 3 1|25 pg/L '3C fatty acids 48

Supplemental Table 5.3. Complete list of SIP microcosms established on chief scientist training cruise,
June 2014.



