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Abstract

Heterotrophic protists, a diverse group of microbial eukaryotes characterized by
great morphological variability and extensive taxonomic representation, play important
ecological roles in aquatic food webs as prey and predators. Difficulty in heterotrophic
protist identification has often resulted in lumping them into broad groups, but there is a
crucial need to develop methods that increase the spatial and temporal resolution of
observations applied to particular organisms in order to discover the drivers of population
structure and ecological function. This research characterizes the spatiotemporal
distribution of heterotrophic protist assemblages in the Columbia River coastal margin
(including the tidal freshwater reaches of the river, the chemical estuary, and the river
plume in the adjacent coastal ocean) using DNA sequence and morphological
approaches. I analyzed partial small subunit (SSU) rRNA gene sequences of
heterotrophic protists from the Columbia River estuary and plume during spring and
summer using metagenomic next-generation sequencing (NGS) technology (Illumina
HiSeq) and PCR (polymerase chain reaction)-based Sanger sequencing. Ciliates were the
dominant heterotrophic protists in the estuary during both spring and summer according
to analysis of the [llumina amplicon sequences, with a seasonal transition of abundant
species occurring from spring to summer, while the heterotrophic flagellate
Katablepharis sp. dominated spring protist assemblages estimated by the Sanger method.
In the river plume, the assemblage transitioned from one dominated by ciliates in the
spring to one dominated by heterotrophic dinoflagellates in the summer. Absolute cell

abundances of ciliates and heterotrophic dinoflagellates were determined using light

X



microscopy, and were strongly positively correlated with the relative proportions of
sequences retrieved from the metagenomic dataset for both ciliates and heterotrophic
dinoflagellates. However, correlations between the abundances of cells and SSU were
weak when the PCR-based approach was used, suggesting that heterotrophic protist
diversity is not adequately captured by this method. In contrast, metagenomics provided a
reasonable estimate of protist diversity and abundance across a river-to-ocean continuum.
Chapter Three details the discovery of a 332 base pair unique sequence element (USE)
insertion in the large subunit rRNA gene of the Columbia River Estuary Katablepharis
(Katablepharis CRE) that is not present in other katablepharids or any other organisms.
Using USE-specific probes, I determined the spatial and temporal patterns of
Katablepharis CRE in absolute abundance through quantitative approaches. The
presence of USEs in several other protist taxa and the utility of these elements in
tracking protist biogeography were determined in Chapter Four. USEs were detected
in the parasitic dinoflagellate genus Euduboscquella and the flagellate groups
Diplonemea and Cercozoa. The distributions of these taxa were tracked with USE-
specific probes, and fine-scale genotypic differences were detected amongst closely
related strains with putatively restricted biogeography. The USE presented here can be
a useful tool for studying protist biogeography due to their highly specific nature, and has
wide-reaching potential for a variety of environmental applications. Taken together, this
dissertation provides the first detailed characterization of the seasonal distribution of
heterotrophic protist assemblages in the Columbia River coastal margin, and presents

new tools to track specific protist taxa distribution within a system and globally.
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Figure 4.9. Cercozoan USE 4 gene abundance estimated by qPCR for Columbia River
coastal margin samples. Coastal samples were collected from 2007-2013 at a variety
of locations, depths, and dates (Table S1). Error bars represent standard deviation of
triplicate qPCR samples. Horizontal black line indicates three times the average
standard deVIAtION. ........cc.coiriiiiiiiiiciceee s 97

Figure 4.10. Cercozoan USE 5 gene abundance estimated by qPCR for Columbia River
coastal margin samples. Coastal samples were collected from 2007-2013 at a variety
of locations, depths, and dates (Table S4.1). Error bars represent standard deviation
of triplicate qPCR samples. Horizontal black line indicates three times the average
standard deVIAtION. ........cc.coiiiiiiiiieiciee e 98

Figure S6.1. A. Annual Columbia River discharge (m’/s), measured at the outflow of
Bonneville Dam for 2007 and 2008 (daily mean), as well as 10-year daily mean
from 1999-2008. Source: US Army Corps of Engineers. Dashed arrows = periods of
maximum river discharge for 2007; Solid arrow= period of maximum river
discharge for 2008. Note that in 2008 a greater discharge volume occurred later in
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Figure S6.2. Percent composition of autotrophic protists at the class level, based on
analysis of SSU sequence data for water collected in the Columbia River estuary and
its plume in April and August 2007 and April, July, and September 2008. F=
Freshwater (0 PSU); M=Mid-Salinity (15 PSU); P=Plume (28-31 PSU). “Other”
category refers to sequences associated with the protist classes Bolidophyceae,
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Chapter One: Introduction

“An extensive geographic range, for example, may be an artefact of inadequate
taxonomic resolution, which combined with undersampling in the marine environment,
could lead to unrecognized cryptic species being amalgamated into a morphospecies with
artificially large distributions.”

- Watts et al. 2010

The ecological role of heterotrophic protists in aquatic systems

Unicellular eukaryotic microorganisms, referred to hereafter as protists, are the
dominant forms of eukaryotes in terms of cell abundance, biomass and species diversity,
spanning all five super groups of the eukaryotic domain (Adl et al. 2005). However, the
majority of our knowledge of eukaryotic biology is related to the study of animals, land
plants, and fungi (Patterson 1999, Katz 2012). Protists, including autotrophs, mixotrophs,
and heterotrophs, are an essential component of aquatic ecosystems since they are
ubiquitous and abundant in all types of habitats (Sherr & Sherr 2002). The heterotrophic
fraction of protist assemblages has often been a poorly characterized and overlooked part
of the food web in pelagic systems. Since the seminal paper by Pomeroy (1974) that
attributed most of the respiration in marine water to microorganisms, however, it has
become increasingly clear that heterotrophic protists play significant roles in the transfer
and recycling of carbon and nutrients in pelagic food webs. Numerous field studies have

demonstrated that heterotrophic protists, including ciliates, dinoflagellates and



nanoflagellates (2-20 pm) are the most important grazers of phytoplankton biomass in
freshwater, brackish, and marine systems (Lessard & Murrell 1998, Lehrter et al. 1999,
Calbet & Landry 2004, Hambright et al. 2007, Calbet 2008).

Heterotrophic protists are also the most important bacterivores via the microbial
loop (Fig. 1.1) (Azam et al. 1983), and this predation can be a significant source of
mortality of planktonic bacteria and a major shaping force for the taxonomic structure of
bacterial communities (Strom 2000, Jiirgens & Matz 2002, Jiirgens et al. 2008). As
unicellular predators, heterotrophic protists have growth and metabolic rates comparable
to their prey, which allows them to maintain tight trophic coupling with prey populations
(Sherr & Sherr 1994, Calbet & Landry 2004). Moreover, heterotrophic protists can also
serve as a considerable food source for higher trophic levels, such as mesozooplankton,
(Gifford 1991, Calbet & Landry 1999), and act as remineralizers of essential nutrients
through the excretion of nitrogen and phosphorus compounds as well as trace metals such
as iron (Caron 1991, Dolan 1997).

Coastal margins are an interesting place to investigate heterotrophic protist
ecology and population dynamics, since they are highly variable aquatic systems with
fluctuating environmental conditions (e.g. salinity, freshwater discharge) that may change
considerably over tidal, seasonal, and annual timescales. Heterotrophic protists are often
particularly abundant and diverse in coastal and estuarine waters (Rollwagen-Bollens et
al. 2006), where they display rapid restructuring of their assemblages in response to
changing environmental conditions inherent to coastal margin environments (Vigil &
Countway 2009). Changes in protist assemblage patterns may also provide an early

warning signal for monitoring the health of coastal margin ecosystems (Odum 1985,



Paerl et al. 2009), and often may precede larger-scale shifts in ecosystem functions, such
as changes in nutrient cycles, food webs, and fisheries (Paerl & Peierls 2008).
Furthermore, protist biodiversity may be a useful metric to assess environmental health
and serve as an indicator for environmental conditions since high diversity has been
linked to increased ecosystem stability and resilience against the establishment of
invasive species (McGrady-Steed & Morin 2000). Hence, the characterization of protist

biodiversity is necessary for the understanding of ecosystem functioning.
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Figure 1.1. The microbial loop with heterotrophic protists indicated in bold. DOC refers

to dissolved organic matter. Redrawn from Azam et al. (1983) and Fenchel (2008).



In coastal margin systems, heterotrophic protist assemblages are typically
dominated by ciliates, dinoflagellates, and nanoflagellates (Wdrner et al. 2000, Strom et
al. 2001, Sherr & Sherr 2002, Rollwagen-Bollens et al. 2006, 2011), and often display
seasonal variations in assemblage structure, which can be driven by changes in prey
availability, such as phytoplankton blooms (Kiss et al. 2009), or top-down grazing
pressure (Jurgens & Stolpe 1995). Heterotrophic nanoflagellates, a polyphyletic group
spanning several eukaryotic supergroups, have been found to be important primary
consumers and bacterivores associated with particles in coastal margin environments
(Ploug et al. 2002, Domaizon et al. 2003, Slapeta et al. 2006b). Two ciliate subclasses,
Oligotrichia and Choreotrichia (including loricate tintinnid and aloricate species) tend to
dominate heterotrophic ciliate assemblages from coastal and estuarine waters (Sherr &
Sherr 1987, Dolan 1991, Muylaert et al. 2000, Dolan & Gallegos 2001, Doherty et al.
2007), while members of the order Peniculida (e.g. Stokesia, Frontonia, Paramecium) are
found to be dominate in freshwater environments (Urrutxurtu et al. 2003). Over 8000
species of ciliates have been described morphologically, however the number of ciliate
species yet to be discovered may be an order of magnitude higher based on DNA
sequences from environmental samples related to ciliates (Adl et al. 2007, Foissner et al.
2009). Ciliates are often very fragile organisms to handle, and it has proven difficult to
obtain or maintain cultures of many species (Andreoli et al. 2009). Thus, the
undersampling of their diversity through culture-based morphological approaches make
them an ideal group to explore with culture-independent DNA sequence approaches.

In addition to ciliates and nanoflagellates, heterotrophic dinoflagellates have also

been recognized as a significant component of the heterotrophic protist biomass in coastal



margin systems (Sherr & Sherr 2007). Lessard and Swift (1986) revealed that about half
of the species found in dinoflagellate assemblages from marine waters did not bear
chloroplasts and were consumers of other cells. Subsequent work has shown that athecate
dinoflagellates, particularly gymnodinoid forms (e.g. Gymnodinium, Gyrodinium),
dominate heterotrophic dinoflagellate assemblages in marine (Strom 1991) and estuarine
(Sherr et al. 1991) waters. Together, ciliates and heterotrophic gymnodinoid
dinoflagellates are often the primary grazers of large diatoms in coastal systems (Strom et
al. 2001). This is contrary to the earlier assumptions based on the classical food chain,
that a transition from microzooplankton to mesozooplankton, such as copepods,
accompanies a shift to larger phytoplankton (Moloney & Field 1991). Many
heterotrophic dinoflagellates are generalists in terms of their prey selectivity and can
consume a wide range of cells, including cells as large or larger than themselves (Lessard
1991, Jeong et al. 2004, 2010, Horner et al. 2005), and can survive longer than ciliates

when the ciliates’ preferred prey become scarce (Jakobsen & Hansen 1997).

Heterotrophic protist diversity: historical perspective, systematics, and

contribution of DNA sequence-based approaches

Despite their importance, the phylogenetic relationship among heterotrophic
protists and the scale of protist diversity are poorly resolved (Patterson 1999, Bass &
Cavalier-Smith 2004, Caron et al. 2012). A major obstacle to improving protist
classification is the lack of a comprehensive and established species concept that includes
the morphological, genetic, physiological, and ecological differences of protist taxa

(Schlegel & Meisterfeld 2003). The “biological species” concept (Mayr 1942), which



defines species in terms of reproductive isolation of natural populations, does not apply to
many protists that reproduce by inbreeding or asexually (Schlegel & Meisterfeld 2003).
The “ecological species” concept supported by ecologists to characterize organisms that
occupy the same ecological niche has also been troublesome for protists as there has been
no consensus on objective criteria to classify “ecospecies” (Fenchel & Finlay 2004).
Traditionally, the systematics of heterotrophic protists has been based on morphological
characterization through microscopic analysis. Cells that share a characteristic set of
morphological features are considered members of the same “morphospecies.” However,
the presence of cryptic species (Moreira & Lopez-Garcia 2002) that have similar
morphologies but differ genetically or physiologically, and the difficulty in cultivation of
most heterotrophic protist species (Lim et al. 1999), have made assessments of protist
diversity using the morphospecies concept challenging.

While both ciliates and heterotrophic dinoflagellates have a relatively rich history
of morphological and taxonomic description, the taxonomic composition of heterotrophic
nanoflagellates in aquatic systems is still in its infancy (Cleven & Weisse 2001).
Identification based upon morphological traits is difficult for heterotrophic
nanoflagellates due to their small cell size and lack of characteristic features. Due to these
limitations, heterotrophic protists have often been lumped into broad groups that may not
effectively describe their functional and genetic diversity. Conversely, cultivation-
independent molecular taxonomy based on DNA sequences has emerged as a powerful
tool for broad and relatively rapid assessments of protist assemblage composition and
diversity (Caron 2009b). With the advent of DNA sequence-based diversity estimates,

numerous studies (Lopez-Garcia & Rodriguez-Valera 2001, Staay et al. 2001, Stoeck &



Epstein 2003, Bass & Cavalier-Smith 2004) have uncovered unexpectedly high levels of
protist diversity (including autotrophic, mixotrophic, and heterotrophic taxa) from a wide
range of environments. These studies have revealed novel protist lineages (Rodriguez-
Martinez et al. 2009), identified cryptic species within morphologically defined species
(Skaloud & Rindi, Pfandl & Chatzinotas 2009, Lundholm et al. 2012), and provided a
means for distinguishing species lacking distinctive morphologies (Nassonova et al.
2010).

The majority of molecular-based field studies have used traditional DNA
sequencing (Sanger 1977) of the small subunit (SSU) or 18S rRNA gene to characterize
the diversity of protists (Lopez-Garcia & Rodriguez-Valera 2001, Staay et al. 2001,
Stoeck & Epstein 2003, Bass & Cavalier-Smith 2004). The SSU rRNA gene has been
widely used as a ‘barcode’ in protist diversity estimates, since its slow evolutionary rate,
presence in all eukaryotic organisms, and strong representation in public database makes
it suitable for taxonomic surveys (Bass & Boenigk 2011). However, it has been noted that
the limited throughput of Sanger sequencing-based assessments of protist diversity,
which generally relies on dozens to hundreds of DNA sequences per sample, may
underestimate diversity and fails to detect rare taxa (Bent & Forney 2008, Shokralla et al.
2012). Furthermore, biases inherent to Sanger sequencing methods, such as PCR
amplification biases, primer selectivity, and cloning biases have made interpretation of
these datasets difficult (Vargas et al. 2009).

In recent years, next-generation sequencing (NGS) technologies, such as 454-
pyrosequencing (Margulies et al. 2005) and Illumina Hiseq platforms have begun to

replace Sanger sequencing and have made major advances in molecular phylogenetics



due to the massive amounts of sequencing information captured that allows high
throughput sequence-based characterization of microbial communities. These new
technologies have been applied to protist diversity studies, and have led to very high
estimates of species richness and biodiversity in a variety of aquatic environments (Stock
et al. 2009, Heywood et al. 2010, Medinger et al. 2010, Eiler et al. 2013, Bachy et al.
2013, Santoferrara et al. 2014). For example, analysis of NGS sequence datasets have
uncovered previously undetected members of the protistan ‘rare biosphere’ and
determined they comprise a larger and more diverse component of the protist community
than was previously estimated (Sogin & Morrison 2006). When applied to estuarine and
coastal system, NGS approaches have shown greatly enhanced richness and diversity
estimates when compared to morphological or Sanger sequencing methods (Monchy et
al. 2012, Santoferrara et al. 2014).

Despite the fact that DNA sequence-based approaches have greatly improved our
knowledge of protist diversity, many significant questions remain (Stoeck & Stock 2009).
Quantification of protist abundance based on SSU rRNA sequence analysis has been
challenging due to highly variable rRNA gene copy numbers across eukaryotes (Gong et
al. 2013). Furthermore, morphological and DNA sequence-based approaches have
generally been used separately, and often contain large discrepancies when compared to
each other (Savin et al. 2004, Medinger et al. 2010). At this point there is not an
established link between the genetic and traditional morphospecies descriptions;
however, as DNA sequence-based approaches become the standard for protist diversity

and taxonomic assignment, it is important to combine morphological and molecular



methods to validate DNA sequence datasets and determine the best practices in

interpretation of diversity and abundance estimates from each approach.

Assessing biogeography through protist taxonomy

The issue of protist biogeography is central to our estimation of global protist
diversity (Foissner 2007, Caron 2009a). Biogeography is the study of distribution of
biodiversity over space and time to determine where organisms live, at what abundance,
and why (Martiny et al. 2006). The notion “Everything is everywhere, but the
environment selects,” contends that microbial taxa are ubiquitous, and found anywhere
that there is suitable habitat. It originated from the ideas of Beijerinck (1913) and was
defined in its current form by Baas Becking (1934). It became an early paradigm in
microbial ecology, and recently was further contextualized in terms of protist distribution
(Fenchel & Finlay 2004). This classical cosmopolitan view, termed the “ubiquity theory”,
has recently been fiercely debated with an opposing viewpoint, the “moderate endemicity
distribution theory”, which contends that at least some protists have a restricted
geographic distribution (Foissner 2006). A key assumption within the ubiquity model is
that protists’ large population sizes and short generation times result in high dispersal
rates, with an apparent lack of dispersal barriers that prevent speciation as a result of
geographic isolation (allopatric speciation) and a capability to disperse over long
distances (e.g. through resting cyst formulation), thus resulting in their cosmopolitan
distrubution (Finlay 2002). The ensuing growth of protists are then determined by
selective pressures of environmental heterogeneity, where environment selection
outweighs dispersal limitation and the level of gene flow is high and outweighs any

variation caused by adaptation, genetic drift or mutation (Lacap et al. 2011). This



viewpoint has been supported primarily through taxonomic units defined by morphology
(i.e. morphospecies) of putatively globally distributed morphospecies (Finlay 2002,
Finlay & Fenchel 2004).

Supporters of the moderate endemicity theory, on the other hand, have argued that
the spatial scaling of at least some protist species is determined by geographic distance,
and dispersal barriers are a greater factor in determining distribution compared to
environmental selection (Weisse 2008). For example, geographic distance has been found
to be a more accurate predictor of community variability than environmental conditions
in fungal communities at a regional-scale (Green et al. 2004). Furthermore, resting cysts
from ciliate species, such as the freshwater oligotrich Pelagostrombidium, rapidly lose
their viability when stored under cold (1-6°C) and dark conditions (Miiller 2002), and
resting cysts of protists from moist rainforests survived in drought conditions for only a
few weeks (Foissner 2006). This suggests that the viability of resting cysts, the most
likely means of long distance dispersal (Miiller 2000) of protist cells, is likely more
restricted than previously thought (Foissner 2007), leading to more limited gene flow
between habitats and greater opportunity for allopatric and parapatric speciation (Weisse
2008). For example, high genetic differences in the internal transcribed spacer (ITS)
region between populations of the dinoflagellate Peridinium limbatum have been
observed from adjacent freshwater bodies in Northern Wisconsin, suggesting a faster rate
of evolutionary change relative to dispersion and that the neighboring populations are
diverging genetically under conditions of limited gene flow (Kim et al. 2004). The
moderate endemicity theory has been supported through the use of “flagship species,”

morphospecies that have distinguishing morphological features and whose presence or
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absence can be easily determined during microscopic inspection of water samples
(Foissner 2006). Such examples include several species of the testate amoebae (e.g.
Alocodera cockayni) that are putatively restricted to the south of the Tropic of Cancer
desert belt (Smith et al. 2008) as well as many ciliate species (Foissner et al. 2009).
Molecular evidence for ubiquity versus endemism has been split, with DNA
sequence analysis studies of protist biogeography supporting both sides of the debate
(Bass et al. 2007, Caron 2009a, McManus & Katz 2009, Sharma & Rai 2010, Fontaneto
& Brodie 2011, Lara & Heger 2011, Fontaneto & Hortal 2013). However, a key point
from these DNA sequence studies, coupled with the morphological assessments, is that
the scale of taxonomic resolution is vital when assessing protist biogeography (Mitchell
& Meisterfeld 2005, Heger & Mitchell 2009, Bass & Boenigk 2011). Protist distribution
patterns are strongly correlated with taxon delimitations, since higher taxon levels (e.g.
class and family) have wider distribution patterns, while an individual cell has a distinct
occurrence at a single point (Bass & Boenigk 2011). An essential question, then, is: what
level of taxonomic resolution is appropriate for the study of protist biogeography?
Biogeographic surveys based on either morphospecies (Fenchel & Finlay 2004) or
SSU phylotype suggest that many protists, particularly the most abundant taxa, have
cosmopolitan distributions (Fenchel & Finlay 2006, Slapeta et al. 2006a, Darling & Wade
2008). However, more discriminating genetic markers, such as ITS regions of the rRNA
gene (Bass et al. 2007, Stoeck et al. 2008) or divergent domains (D1-D12) of the LSU
rRNA gene (Wylezich et al. 2010), have shown several lineages with restricted
distributions within a single cosmopolitan SSU phylotype. For example, several ITS-

derived lineages within the same SSU phylotype differ in biogeographic distribution as
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well as phenotype with respect to distinguishing characteristics such as salinity tolerance,
morphology, and propensity for cyst formation (Bass et al. 2007). Thus, an appropriate
level of taxonomic resolution for protist biogeography is one that most accurately reflects

the functional biogeography of protist taxa (Bass & Boenigk 2011).

The Columbia River coastal margin

This dissertation presents a study that focuses on the Columbia River coastal
margin, where the population dynamics of heterotrophic protists is virtually unknown.
The Pacific Northwest coastal region is strongly influenced by the Columbia River,
which is the second largest river in the continental U.S with a mean annual discharge of
7300 m’s™ (Neal 1972, Hickey et al. 1998). The river drains a 670,000 km* watershed
encompassing six U.S. states and one Canadian province and culminates in an expansive
plume that delivers river-borne dissolved and particulate matter that has a large impact on
the chemical, physical, and biological characteristics of the adjacent Washington and
Oregon coastal waters (Barnes et al. 1972, Frey et al. 1984, Sullivan et al. 2001).
Although the Columbia River flow has been altered dramatically over the past two
centuries, due to dam construction, channel diversion, irrigation, and dredging resulting
in a decreased overall river discharge and dampened seasonal flow variability (Sherwood
& Jay 1990), a seasonality in discharge volume remains. The peak flow is associated with
river discharge occurring in the late spring during the spring freshet, and its lowest flow
occurs in the late summer to early autumn.

Previous studies (Haertel et al. 1969, Frey et al. 1984, Small et al. 1990, Sullivan
et al. 2001) have shown the algal assemblages of the Columbia River estuary to be

dominated by freshwater diatoms, while the mixotrophic ciliate Mesodinium blooms
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annually during the late summer (Herfort et al. 2011). However, the combination of high
turbidity and short residence time of the estuary, 2-5 days (Neal 1972), tend to suppress
primary productivity and keep phytoplankton standing stocks low relative to freshwaters
or to the river plume (Frey et al. 1984). Furthermore, the Columbia River estuary
contains large amounts of allochthonous detritus, mainly originating from river inputs,
that drive ecosystem processes (Simenstad et al. 1990). Based on microscopic cell counts,
the most abundant species of phytoplankton found in the estuary were members of the
freshwater genera (such as Asterionella, Melosira, and Stephanodiscus), but also
members of marine genera, (e.g. Thalassiosira), highlighting the fact that estuarine
assemblages are influenced by both marine and freshwater inputs. Pigment analysis by
high-performance liquid chromatography (HPLC) indicated that chlorophytes and
cryptophytes also constitute a minor portion of the phytoplankton community in the
Columbia River estuary, particularly in the freshwater reaches (Sullivan et al. 2001).
Previous studies on heterotrophs in the Columbia River estuary have
characterized the mesozooplankton community (0.2-2 mm), which is composed primarily
of freshwater, oligohaline, and euryhaline forms (Haertel et al. 1969, Simenstad et al.
1990) and a bacterial assemblage, which is dominated by particle-attached bacteria that
have been shown to account for 90% of total bacterial production and to correlate with
particulate organic carbon concentration and turbidity (Crump et al. 1998). One study
suggests that nanoflagellates and oligotrich ciliates are the most common form of
heterotrophic protists in the estuary (Crump & Baross 1996), while the nanoflagellate
genus Katablepharis has been detected in waters associated with estuarine turbidity

maxima through DNA sequence analysis (Herfort et al. 2011). However, heterotrophic
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protist diversity and variability, seasonally and across the river-to-ocean continuum, as
well as their role as primary consumers, is poorly characterized.

The Columbia River plume is influenced by cycles of upwelling and downwelling
favorable winds. Seasonal coastal upwelling of nitrate during the summer months,
coupled with nutrient supply from the adjacent Columbia River, can make the Columbia
River plume highly productive, although previous studies (Sherr et al. 2005) have clearly
demonstrated that the upwelling of nutrient-rich waters in summer results in strong
phytoplankton growth as estimated by levels of the pigment, chlorophyll a, few studies
have characterized the assemblages that are generated through the accelerated
productivity. Frame and Lessard (2009) showed that as upwelling relaxes and nutrients
are depleted, diatoms are replaced by flagellated phytoplankton forms such as
dinoflagellates. Another study showed that heterotrophic dinoflagellates such as
members of the gymnodinoids (Gymnodinium and Gyrodinium), are the most abundant
form of primary consumer during upwelling off the Oregon coast, and their abundance
covaries with diatom abundance, suggesting predation of bloom-forming diatoms by

gymnodinoids (Neuer & Cowles 1994).

Overview of dissertation chapters

Chapter Two of this dissertation presents a study that aimed to characterize the
spatiotemporal distribution of heterotrophic protists in the Columbia River coastal margin
using DNA sequence and morphological approaches. Specifically, I analyzed SSU rRNA
gene sequences using metagenomic (Illumina HiSeq) and amplicon (Sanger sequencing)
approaches, and I performed microscopic cell counts to determine the distribution of two

major heterotrophic protist groups, the ciliates and dinoflagellates, in the Columbia River
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estuary (including tidal freshwater areas) and its plume during the spring and summer.
These approaches were employed to answer the following research questions: How well
do two molecular methods, Sanger sequencing and Illumina HiSeq, capture the diversity
of two major heterotrophic protist groups, the ciliates and heterotrophic dinoflagellates,
and are they in agreement with morphological assessment of cell abundance? What
changes in heterotrophic protist assemblages occur across a river-to-ocean continuum
over the spring and summer months and between years?

Chapter Three of this dissertation further expands on the Sanger sequencing
dataset presented in Chapter Two, with particular emphasis on Katablepharis CRE, a
heterotrophic nanoflagellate that dominated brackish (salinity ~15) protist assemblages
during the spring. Further sequence analysis of the large subunit (LSU) rRNA gene
sequence of Katablepharis CRE was conducted and revealed a 332 base pair unique
sequence element (USE) that is not present in any other organism in the National Center
for Biotechnology Information (NCBI) database. The presence of this element was
further characterized to answer the following research questions: What is the spatial and
temporal distribution of organisms bearing this unique element amongst Katablepharis
CRE and other katablepharids in the Columbia River coastal margin? Is this unique
element found in any other organisms in the Columbia River coastal margin and/or
elsewhere? Can the unique element be used as a taxonomic marker to facilitate ecological
studies of Katablepharis CRE? Through utilization of this USE as a taxonomic marker
for Katablepharis CRE, it was found to be biogeographically restricted to the Columbia

River coastal margin.
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The unique sequence element (USE) presented in Chapter Three is a potentially
powerful tool for studying protist biogeography, given its highly discriminating nature
and ability to track specific protist taxa distribution both within a system and globally.
The utility of the USE as a tool for protist biogeography is further assessed in Chapter
Four. In this chapter I identified USEs among other protist taxa found primarily in the
Columbia River coastal margin, but also in several other coastal margin environments
(Amazon River, the Chesapeake Bay, the Susquehanna River and the Beaufort Sea
Lagoon), through sequence analysis of LSU D2 region sequences generated through
Sanger sequencing and NGS technology (Illumina Hiseq).

Finally, Chapter Five presents a summary of the disseration, highlighting the key
findings from each chapter as well as suggestions for future studies. The appendix at the
end of this dissertation contains supplementary figures as well as a multivariate analysis
(S6) to link the protist assemblages described in Chapter Three to environmental

variables.
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Chapter Two: Spatiotemporal distribution of
heterotrophic protists in the Columbia River coastal

margin, USA '

2.1. INTRODUCTION

Protists, including autotrophs, mixotrophs, and heterotrophs, play important roles
in energy transfer and nutrient transformations in aquatic food webs (Mallin 1994). Since
the first introduction of the term “microbial loop” by Azam et al. (Azam, Fenchel, &
Field 1983), there has been an increasing appreciation for the important role that
heterotrophs play in determining the fate of primary production. For example, in aquatic
systems, heterotrophic protists transfer organic carbon produced by major sources of
living biomass (e.g. phytoplankton, bacteria, and archaea) to higher trophic levels such as
metazoans (Cho & Azam 1990) and facilitate the rapid recycling of nutrients back to
primary producers (Sherr & Sherr 2007). Large ciliates, primarily oligotrichs and
tintinnids, along with gymnodinoid dinoflagellates, often carry out the majority of

grazing on large diatoms, even in coastal systems (Strom et al. 2001), contrary to earlier

' Material from this chapter is being prepared for publication: Kahn P, Herfort L, Crump
BC, Zuber P, and Peterson TD. Spatiotemporal distribution of heterotrophic protists in
the Columbia River coastal margin, USA.
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assumptions that a transition from microzooplankton to macrozooplankton (e.g.
copepods) accompanies a shift to larger phytoplankton (Moloney & Field 1991).

Protist populations often exhibit dramatic responses to changes or fluctuations in
environmental conditions, generally manifested by changes in the composition of their
assemblages. For example, a decrease in the abundance of primary consumers and the
subsequent decrease of top-down controls on primary producers has been noted in
communities subject to warming (Petchey et al. 1999). These types of trophic level
changes could alter the transfer of carbon in aquatic ecosystems and decrease the
resilience of a community to environmental changes by reducing biodiversity (Loreau et
al. 2001). Thus, tracking fluctuations in the assemblages of protists may offer clues about
ecosystem processes, including trophic status and susceptibility of an ecosystem to
perturbation (Odum 1985, Zinger et al. 2012, Bradford et al. 2013).

Heterotrophic protists comprise a diverse group characterized by great
morphological variability and broad taxonomic representation, which poses challenges
for estimating the diversity (including functional diversity and genetic potential) of a
given assemblage. The advent of culture-independent molecular-based techniques such as
traditional DNA sequencing (Sanger 1977) through small subunit rRNA gene sequence
clone libraries has greatly advanced estimates of protist diversity across a wide range of
environments (Lopez-Garcia & Rodriguez-Valera 2001, Staay et al. 2001, Stoeck &
Epstein 2003, Bass & Cavalier-Smith 2004). However, these studies have often been
limited by biases inherent to the method, such as PCR amplification biases, primer
selectivity, and multiple rRNA gene copy numbers (Vargas et al. 2009). In addition, it is

difficult to obtain sufficient coverage of the number of different sequences present in an
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environment to assess protist diversity and species richness using low-throughput
sequencing (Terrado et al. 2009, Shokralla et al. 2012).

Major advances in molecular phylogenetics have been possible because of the
massive amount of sequencing information captured through next-generation sequencing
(NGS) technology. These advances have allowed for far more extensive sequence-based
characterization of microbial communities, leading to very high estimates of species
richness and biodiversity (Stock et al. 2009, Heywood et al. 2010, Medinger et al. 2010,
Eiler et al. 2013, Bachy et al. 2013, Santoferrara et al. 2014). The large number of
sequences provided by NGS have begun to provide new insights into contested yet
important concepts surrounding protist biogeography and diversity, particularly in
debates engaged over the idea that ‘everything is everywhere’ (Finlay 2002) and in the
characterization of the microbial ‘rare biosphere’ (Sogin & Morrison 2006). Estimates of
protist diversity based on rRNA sequence divergence are challenging, however, due to
highly variable rRNA gene copy numbers across eukaryotes (Gong et al. 2013) and
sequence datasets often containing large discrepancies when compared to traditional
morphological analysis (Medinger et al. 2010).

Estuaries often harbor particularly diverse microbial assemblages due to the
extensive mixing of water masses along the river-to-ocean continuum. In addition, there
are often multiple sources of organic matter, including terrestrial detritus, to fuel
heterotrophic microbial growth. Heterotrophic protists play important roles as grazers and
food sources to the metazoan food web (Bazin et al. 2013), and they display rapid and
seasonal shifts in response to the highly dynamic environmental conditions inherent to

coastal margins (Vigil & Countway 2009). In the San Francisco Bay, heterotrophic

19



protists have been shown to consume as much as 73% of the phytoplankton standing
stock in the spring and 15% in the summer (Rollwagen-Bollens et al. 2011). At least
some of the variability in heterotrophic protist populations is driven by prey availability
(Kiss et al. 2009).

This study focuses on the Columbia River coastal margin, where the population
dynamics of heterotrophic microbes (particularly eukaryotes) is poorly characterized.
Previous studies in the estuary have focused on the autotrophs (Haertel et al. 1969, Frey
et al. 1984, Small et al. 1990, Sullivan et al. 2001) and have shown that the algal
assemblages of the Columbia River estuary are dominated by freshwater diatoms.
However, the combination of high turbidity and short residence time of the estuary (2-5
days) (Neal 1972) tends to suppress primary productivity and keep phytoplankton
standing stocks low relative to freshwaters or to the river plume (Frey et al. 1984).
Furthermore, the Columbia River estuary contains large amounts of allochthonous
detritus, mainly originating from river inputs, that drive ecosystem processes (Simenstad
et al. 1990). One study (Crump & Baross 1996) revealed that nanoflagellates and
oligotrich ciliates are the most common form of heterotrophic protists in the estuary, but
their diversity and variability, both seasonally and across the river-to-ocean continuum,
as well as their role as primary consumers, is virtually unknown.

In this study, we used an NGS metagenomic approach (Illumina HiSeq) to
uncover the spatiotemporal distribution of heterotrophic protists in the Columbia River
coastal margin. In particular, we analyzed small subunit 18S rRNA gene sequences
(hereafter referred to as SSU) to determine the distribution of two major heterotrophic

protist groups, the ciliates (Phylum Ciliophora) and dinoflagellates (Class Dinophyceae),
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in the Columbia River estuary (including tidal freshwater areas) and its plume during the
spring and summer. This dataset was then compared to a similar analysis of nearly full-
length SSU heterotrophic protist sequences that were amplified through Sanger
sequencing methods, presented in further detail in Chapter Three. In order to validate
our DNA sequence data and provide more quantitative information, microscopic cell
counts of ciliates and dinoflagellates were also performed for each sample. These
approaches were employed to answer the following research questions: How well do two
molecular methods, metagenomic and amplicon sequencing, capture the diversity of two
major heterotrophic protist groups, the ciliates and heterotrophic dinoflagellates, and are
they in agreement with morphological assessment of cell abundance? What are the
changes in heterotrophic protist ass