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Chapter 1

Introduction

1.1 Abstract

Biogeochemical cycles in aquatic systems are largely controlled by single cell microbes
that carry out oxidation-reduction reactions either to generate energy or to convert compounds to
biologically accessible oxidation states. These transformations are key to regulating availability
of nutrients that limit growth and primary productivity, but the rates of these transformations and
the microbes responsible for them are not well characterized, especially in large freshwater
systems. In order to understand biogeochemical transformations and the microbes responsible for
them in the Laurentian Great Lakes, we surveyed microbial communities using amplicon and
whole community sequencing, and stable isotope probing to determine rates of nitrogen
oxidation.

First, we used amplicon and whole community sequencing to survey the taxonomic
identity and metabolism of nitrogen oxidizing microbes (nitrifiers) in the Laurentian Great
Lakes. This survey showed that taxonomic composition of nitrifier communities was distinct
across lakes, with nitrite oxidizers showing particularly dynamic distribution potentially related
to substrate availability. We demonstrated that nitrifiers in the Great Lakes have streamlined
genomes as compared to soil relatives, and contain metabolic adaptations that allow for access to
organic nitrogen sources. We found ammonia oxidizing bacteria strains with adaptations to
photic environments including proteorhodopsin, a novel protein in nitrifiers which may suggest

the ability to generate energy from light. These results suggest specific adaptations to this large



freshwater ecosystem, and highlight the potential importance of organic nitrogen to nitrification
in the Great Lakes.

Next, we employed stable isotope tracer methods to measure rates of nitrification, along
with further whole community sequencing. We found that Lake Erie was distinct from the other
Great Lakes in many respects. Rates of nitrification were up to an order of magnitude higher,
importance of urea relative to ammonium was considerably lower, and nitrification is in some
cases associated with a larger size fraction. Consistent with this, we find that the genomic
identity of nitrifiers in Lake Erie are distinct from the other Great Lakes. Together this work
confirms predictions made using previous whole community DNA sequencing, and established
Lake Erie as a distinct biogeochemical regime with respect to nitrogen cycling.

Finally, we employed whole community DNA sequencing to survey the taxonomy and
metabolism of autotrophs in the Great Lakes. We discovered a surprising number of carbon
fixation genes associated with order Burkholderiales, and this taxonomic group contributed the
majority of carbon fixation genes in the surface and deep chlorophyll layer of most of the Great
Lakes. We reconstructed the metabolism of these microbes which demonstrated that these carbon
fixation genes are associated with microbes that also contain sulfur oxidation and anoxygenic
aerobic phototrophy genes. We further demonstrated that carbon fixation genes and organization
of the carbon fixation operon is not congruent with the overall genome phylogeny, suggesting
multiple acquisitions of carbon fixation genes. Overall these results emphasize the potential
importance of chemoautotrophs to organic carbon inventories, and highlight the need for

measurement of dark carbon fixation in the Great Lakes.



1.2 Introduction

The Laurentian Great Lakes make up 20% of the Earth’s unfrozen freshwater and provide
drinking water and ecosystem services to more than 30 million people. The health of the Great
Lakes as an ecosystem is currently facing a number of threats, many directly anthropogenic in
nature. Concentrations of nitrate in Lake Superior, Michigan, Huron and Ontario have been on
the rise since at least the 1970’s (Finlay, Small, and Sterner 2013), while well documented the
sources of nitrate are enigmatic. A recent surge in anthropogenic eutrophication in the form of
nitrogenous inputs into Lake Erie (Scavia et al. 2014) has driven a resurgence in algal blooms
(Michalak et al. 2013) whose intensity is likely to worsen in the face of increasing global
temperatures. More broadly, temperature increases felt throughout the lakes have driven a
decrease in average ice cover (Wang et al. 2012) and water temperature increases felt even in the
deepest waters in Lake Michigan (Anderson et al. 2021). Longer ice free periods and higher
temperatures have already led to increases in primary productivity in Lake Superior (O’Beirne et
al. 2017). And longer periods of stratification brought on by warming (Anderson et al. 2021)
could lead to depletion of hypolimnetic oxygen (Butcher et al. 2015) and mobilization of
phosphorus from the sediment, a dynamic already seen in Lake Erie’s central basin (Scavia et al.
2014). Though the causes of these large scale changes are varied, these changes are mediated
through changing nutrient concentrations and felt first at the base of the food web. To understand
both the short and long term consequences of these large scale changes, we must understand how
organisms at the base of the Great Lakes food web respond to these changes, and how these
organisms interact with and process the nutrients through which these changes are mediated.

Single celled bacterial and archaeal microorganisms- or microbes- are the base of the
aquatic food web and carry out virtually all the oxidation-reduction reactions present in so called
‘biogeochemical cycles’- the transformations of elements such as nitrogen, carbon and sulfur

3



from one oxidation state to another (Falkowski, Fenchel, and Delong 2008). Transformation of
these elements from one oxidation state to another controls their biological availability, such as
the reduction of atmospheric dinitrogen by diazotrophic cyanobacteria to ammonium which is
biologically available and can then be accessed by other members of the aquatic community
(Ohlendieck, Stuhr, and Siegmund 2000). Understanding the capacity of microbes in an
ecosystem to perform these transformations informs predictions of how an ecosystem may
respond to changing availability of nutrients. An ecosystem which lacks diazotrophic microbes
would not be able to access atmospheric dinitrogen as a source of bioavailable nitrogen, even in
the face of scarcity of bioavailable nitrogen. Understanding the limitations and capacities of
microbes to respond to changing availability of nutrients is especially important in the face of
anthropogenic inputs. Two ecosystems with different microbial communities may respond to the
same set of anthropogenic inputs in different ways. Inputs of urea, a common anthropogenic
nitrogen input (Glibert et al. 2006) may in some instances promote algal blooms and growth of
bloom forming phytoplankton (Ivey et al. 2020; Belisle et al. 2016). However, metabolic
processes present in some ecosystems (Kitzinger et al. 2019) allow for the oxidation of urea into
nitrate which is less available to bloom forming algae. A complete understanding of how an
ecosystem may respond to anthropogenic perturbations requires an understanding of the
metabolic capacities of the microbes that make up the base of the food web. And, answers as to
why two ecosystems respond differently to the same anthropogenic perturbation may lie in the

metabolic capacities of the microbes that live in one ecosystem but not the other.

1.3 Changing Nutrient Cycling in the Great Lakes

The impacts of large scale anthropogenic influences on the Great Lakes are felt most

directly through inputs and changes to the nitrogen cycle, and to a lesser extent the carbon cycle.



As in many large lakes around the world, all of the Great Lakes with the exception of Lake Erie
are experiencing increases in nitrate concentrations (Finlay, Small, and Sterner 2013). Broadly
these increases in nitrate in large lakes across the globe have been explained by decreases in
anthropogenic phosphorus inputs without a concomitant decrease in nitrogen inputs (Bernhardt
2013). However, specific investigation into increases in nitrate in Lake Superior provide several
reasons why this dynamic may not be so simple. While evidence of increasing nitrate in large
lakes globally begins in the 1970’s (Finlay, Small, and Sterner 2013), nitrate in Lake Superior
has been increasing for more than a century (Sterner et al. 2007), predating both the rise of
anthropogenic phosphorus inputs, and the tapering of those inputs following the establishment
that phosphorus inputs largely drove eutrophication in lakes (Schindler 1974). Investigation into
the accumulating nitrate in Lake Superior has also demonstrated that the nitrate was not
deposited in the form of nitrate from the atmosphere, but instead was deposited in some reduced
form and oxidized in lake to nitrate (Finlay, Sterner, and Kumar 2007). This finding suggests that
not only is deposition of nitrogen potentially increasing, but also that an in lake, microbially
driven process compensates to facilitate this increase. And while decreasing ability to bury
nitrate in the sediment or incorporate it into biomass may also be a compelling explanation for
nitrate increases, recent evidence that primary productivity (and consequently the sinks in which
to store nitrate) has increased in Lake Superior over the last century (O’Beirne et al. 2017) cast
some doubt on this explanation. Potential sources of ammonium inputs remain unclear, as does
the degree to which lessons learned from Lake Superior translate to Lake Michigan, Huron and
Ontario.

Nitrogen cycling dynamics in Lake Erie are distinct from the rest of the Great Lakes, due

to many anthropogenic and physical factors. Inputs of reduced nitrogen to Lake Erie are greater,



both allochthonous (Robertson and Saad 2011) and autochthonous (Natwora and Sheik 2021).
Nitrogen outputs are also greater, largely as a result of higher productivity in Lake Erie. Unlike
Lake Superior, anoxic sediments in Lake Erie act as a sink of nitrate through denitrification
(Small et al. 2014) which allows nitrogen to leave the system as a gas in the form of N2O or No.
Water column anoxia is now frequent in Erie’s central basin (Scavia et al. 2014) but stable
anoxic regions are rare in the other Great Lakes (Tellier et al. 2021). The greater ability to
remove nitrogen from the system means that despite much greater inputs as compared to the
other Great Lakes, Lake Erie has lower nitrate concentrations (Dove and Chapra 2015) and has
not seen increases in nitrate like the other Great Lakes. That Lake Erie responds differently to
anthropogenic inputs than the other Great Lakes is a testament to how metabolic capacity of
microbial communities determines how an ecosystem responds to perturbation. A better
understanding of the metabolic capacity of microbes in Lake Erie and how they contrast with
microbes in the other Great Lakes may further illuminate why Lake Erie has a greater capacity to
remove anthropogenic nitrogen.

With respect to organic carbon availability and the rate of carbon fixation (primary
productivity), the long established dynamic is of much higher availability of and production of
organic carbon in Lake Erie and Ontario than Lake Superior, Michigan and Huron
(Vollenweider, Munawar, and Stadelmann 1974). In Lake Superior, primary productivity appears
to have been increasing over the last century, but especially so since 1950 (O’Beirne et al. 2017).
In contrast, primary productivity in Lake Ontario and Erie peaked in the 1970’s upon abatement
of phosphorus inputs and has since declined (Schelske and Hodell 1995). An understanding of
the differences in carbon fixing microbes between Superior and Erie and Ontario may illuminate

why these lakes have taken different trajectories with respect to rates of primary productivity. A



great deal of research has been dedicated to how phytoplankton community composition changes
across the Great Lakes (Vollenweider, Munawar, and Stadelmann 1974; Bramburger and Reavie
2016). Less effort has been devoted to description of smaller microbial carbon fixers, which may
be especially important in Lake Superior where the smallest organisms are implicated in

performing the majority of carbon fixation (Munawar et al. 1978; Fahnenstiel et al. 1986).

1.4 Microbial contributions to nitrogen and carbon cycling in the Great Lakes

While the importance of microbes in the Great Lakes has been long recognized
(Munawar et al. 1994; Reed and Hicks 2011), measurements of the processes performed by
microbes are more common than taxonomic or functional characterization of microbial
communities. Primary productivity measurements investigating what size of organisms perform
what fraction of total carbon fixation demonstrated the overwhelming importance of autotrophic
bacteria to primary productivity (Fahnenstiel et al. 1986; Munawar et al. 1978; 1994), and that
the importance of autotrophic bacteria and the ‘microbial’ food web is greater in oligotrophic
regions than in eutrophic ones (Heath, Hwang, and Munawar 2010; Biddanda, Ogdahl, and
Cotner 2001). A focus on microbially mediated transformations of nitrogen both recently (Small
et al. 2013; Clevinger, Heath, and Bade 2014) and post recovery from heavy pollution in the
1970’s (Lean and Knowles 1987) demonstrates that oxidation of nitrogen in Lake Superior is
considerably slower than in more productive Erie and Ontario (Lean and Knowles 1987,
Clevinger, Heath, and Bade 2014; Small et al. 2013). Though these measurements are
instrumental to understanding general trends in rates of this microbially mediated process,
inconsistent methodologies and the use of proxies in some cases complicates comparisons.

Further, a focus on the process itself without subsequent investigation into the differences



between microbial communities and their functions limits potential explanatory power for
differences in the rates of this process.

More recent study of microbes in the Great Lakes has focused on broadly describing the
taxonomic makeup of microbial communities, or on specifically characterizing certain functional
groups. Study of microbial community taxonomy has demonstrated that microbes in the surface
water of the Great Lakes are distinct from those that live deeper in the water column
(Rozmarynowycz et al. 2019) and that communities in Lake Superior, Michigan and Huron are
distinct from those in Erie and Ontario (Paver, Newton, and Coleman 2020). Functional surveys
have demonstrated that within these distinct deep water communities, degradation of recalcitrant
organic carbon may be important to sustain growth (Denef et al. 2016). Targeted surveys of
microbes involved with the oxidation of nitrogen have emerged alongside measurements of the
rates of this oxidation of nitrogen, suggesting that these taxonomic makeup of this functional
groups is distinct between Lake Erie and Lake Superior, both in the water column (Mukherjee et
al. 2016; Small et al. 2013) and sediment (Bollmann, Bullerjahn, and McKay 2014). However
these surveys are limited by their methodologies, which use taxon specific probes to detect these
microbes. This method limits the discovery of any unexpected potential members of this
functional group. As a result, untargeted taxonomic surveys of the Great Lakes at large appear to
indicate that important members of this functional group were missed, and others which were
detected appear to considerably less abundant than implied by targeted methods (Paver, Newton,

and Coleman 2020; Fujimoto et al. 2016; Rozmarynowycz et al. 2019).



1.5 Nitrification, the microbially mediated oxidation of ammonium to nitrate

Nitrification is the microbially mediated oxidation of ammonium to nitrate, an energetically
favorable reaction which provides energy to the organisms that perform this process.
Nitrification is a two-step process, the oxidation of ammonium to nitrite, and then the oxidation
of nitrite to nitrate. This process is largely carried out by two distinct groups of microbes referred
to as nitrifiers (Costa, Pérez, and Kreft 2006), though a taxonomically limited group of microbes
exist that carry out both parts of this process (Daims et al. 2015; Kits et al. 2017). These two
distinct groups are called ammonia oxidizers (oxidizing ammonia to nitrite) and nitrite oxidizers
(oxidizing nitrite to nitrate). Nitrifiers are important members of aquatic ecosystems as they are
responsible for the removal of ammonia (Kuypers, Marchant, and Kartal 2018) and generation of
nitrate, which is less available as a source of nitrogen to photosynthetic microbes (Berube et al.
2015). Nitrifiers are chemoautotrophs, using energy from the oxidation of nitrogen to reduce
inorganic carbon, contributing in aphotic environments a large fraction of total carbon fixation
(Pachiadaki et al. 2017). While unified by their ability to oxidize nitrogen and fix carbon,
nitrifiers contain diverse metabolic content allowing them to access organic nitrogen
(Palatinszky et al. 2015; Hanna Koch et al. 2015) and even reduced inorganic compounds
beyond nitrogen (Fissel et al. 2017; H. Koch et al. 2014) as energy sources. As these
metabolisms are not distributed throughout all nitrifiers, describing both the taxonomy and
functional capacity of nitrifiers in an ecosystem is vital to understanding how an ecosystem may
respond to input of both reduced nitrogen and other reduced inorganic compounds.

Well studied especially in marine systems (Francis et al. 2005; Alves et al. 2018; Daims,
Licker, and Wagner 2016), more recent attention has focused on the importance of taxonomy
and distribution of nitrifiers in freshwater ecosystems. Distribution of ammonia oxidizing taxa
appears to be driven by ecosystem productivity (Hugoni et al. 2013), with ammonia oxidizing

9



bacteria dominant in high productivity environments and ammonia oxidizing archaea dominant
in low productivity environments. This relationship to productivity is likely a result of higher
reduced nitrogen in higher productivity ecosystems, and is a dynamic seen in marine and soil
ecosystems (Hatzenpichler 2012) and related to differences in enzyme kinetics and growth rate
in archaeal and bacterial ammonia oxidizers (Schleper 2010; Martens-Habbena et al. 2009). A
similar clear cut dynamic has not been established in freshwater nitrite oxidizers, but bacteria in
genera Nitrospira (Alfreider et al. 2018) and Ca. Nitrotoga (Boddicker and Mosier 2018) appear
globally important in lakes, and Nitrobacter may also play a role (Mukherjee et al. 2016; Ward,
Arp, and Klotz 2011). Functional capacity of freshwater nitrifiers is poorly understood, and is

largely inferred from the functional capacity of isolated nitrifiers.
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Chapter 2

Genome streamlining, proteorhodopsin, and organic nitrogen metabolism in
freshwater nitrifiers

2.1 Abstract

Microbial nitrification is a critical process governing nitrogen availability in aquatic systems.
Freshwater nitrifiers have received little attention, leaving many unanswered questions about
their taxonomic distribution, functional potential, and ecological interactions. Here, we
reconstructed genomes to infer the metabolism and ecology of free-living nitrifiers across Earth’s
largest freshwater system, the Laurentian Great Lakes. Surprisingly, ammonia oxidizing Bacteria
(AOB) related to Nitrosospira dominated over ammonia oxidizing Archaea (AOA) at nearly all
stations, with distinct ecotypes prevailing in the transparent, oligotrophic upper lakes compared
to Lakes Erie and Ontario. Unexpectedly, one ecotype of Nitrosospira encodes proteorhodopsin,
which could enhance survival in conditions where ammonia oxidation is inhibited or substrate-
limited. Nitrite oxidizing Bacteria (NOB) Ca. Nitrotoga and Nitrospira fluctuated in dominance,
with the latter prevailing in deeper, less productive basins. Genome reconstructions reveal highly
reduced genomes and features consistent with genome streamlining, along with diverse
adaptations to sunlight and oxidative stress and widespread capacity for organic nitrogen use.
Our findings expand the known functional diversity of nitrifiers and establish their ecological
genomics in freshwater systems. As lakes worldwide undergo rapid environmental change,
understanding the relationship between microbial biodiversity and nitrogen cycling is essential

for predicting future ecosystem health and services.
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2.2 Introduction

The oxidation of ammonia to nitrate powers the growth of nitrifying microorganisms and
represents a critical flux in the global nitrogen cycle. In aquatic systems, microbial nitrification
of ammonia released from organic matter degradation produces nitrate, which can then be
removed from the system by denitrification (Canfield, Glazer, and Falkowski 2010). As
chemolithoautotrophs, nitrifiers are also a major source of dark carbon fixation (Pachiadaki et al.
2017), which may contribute significant organic carbon to the microbial food web of the ocean’s
interior (Reinthaler, van Aken, and Herndl 2010; Swan et al. 2011; Baltar and Herndl 2019) and
of deep freshwater lakes (Callieri et al. 2014).

Microbial nitrifiers are found in Archaea and several phyla of Bacteria, spanning diverse
physiology and ecology; understanding the drivers and consequences of this diversity across
ecosystems is a fundamental challenge. Ammonia-oxidizing Archaea (AOA) in the phylum
Thaumarchaeota dominate the mesopelagic oceans (Santoro, Richter, and Dupont 2019), likely
due to their high affinity for ammonia (Schleper 2010) and streamlined genomes (Santoro et al.
2015). In freshwater systems, AOA are abundant in some oligotrophic lakes, while ammonia-
oxidizing Bacteria (AOB) affiliated with the Nitrosomonadaceae (Betaproteobacteria) are highly
variable but tend to dominate more eutrophic systems (Auguet et al. 2012; Herber et al. 2020;
Urbach et al. 2001; Okazaki et al. 2017; Mukherjee et al. 2016; Hugoni et al. 2013; Hayden and
Beman 2014). Complicating this picture, however, there is considerable physiological variation
within each group, such as low-nutrient-adapted clades of AOB (A. Bollmann, Bar-Gilissen, and
Laanbroek 2002; Sedlacek et al. 2019) and the ability of some strains to use alternative substrates
like urea (Sedlacek et al. 2019; Alonso-Saez et al. 2012). Within the AOA, there are also distinct
ecotypes that appear to segregate with depth in the water column, in both marine (Santoro,
Richter, and Dupont 2019) and freshwater systems (Auguet et al. 2012). In freshwaters
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especially — which are poorly characterized compared to the oceans — it remains difficult to
predict which AOA and AOB taxa are likely to dominate in a given system (Hayden and Beman
2014).

For aquatic nitrite oxidizers, which span the phyla Nitrospira, Nitrospinae, and
Proteobacteria, niche differentiation is even less clear. The oceans are dominated by exclusively
marine lineages (Daims, Liicker, and Wagner 2016; Pachiadaki et al. 2017), consistent with
ancient salinity-associated divergence. Cultivated strains of NOB show variation in substrate
affinity and physiology (Daims, Licker, and Wagner 2016; Nowka, Daims, and Spieck 2015;
Wegen, Nowka, and Spieck 2019), but the phylogenetic conservation of these traits, and their
influence on environmental distributions, are poorly understood. Moreover, recent studies have
discovered that NOB are capable of alternative energy metabolisms (H. Koch et al. 2014; Fissel
et al. 2017) and can access nitrogen from cyanate and urea (Palatinszky et al. 2015; Hanna Koch
et al. 2015), expanding their ecological potential. In freshwater systems, the NOB Ca. Nitrotoga
(Betaproteobacteria) was only recently discovered to be widespread (Boddicker and Mosier
2018), and the diversity of this genus and factors favoring its success are unknown.

Here, we use the Laurentian Great Lakes as a model system to examine niche partitioning
among planktonic freshwater nitrifiers. The Great Lakes hold 20% of Earth’s surface freshwater
and more than half of this volume receives little to no light (< 1% surface irradiance). This
system, while hydrologically connected, spans strong trophic and chemical gradients:
ultraoligotrophic Lake Superior supports rates of primary production and nitrification
comparable to the ocean gyres (Sterner 2010; Small et al. 2013), while Lake Erie supports
greater production (Vollenweider, Munawar, and Stadelmann 1974) and more than 70-fold

higher nitrification rate (Clevinger, Heath, and Bade 2014). Between these extremes, Lake
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Ontario has low ambient ammonium concentrations like Lake Superior (Neilson and Stevens
1987) but nitrification rates up to four times higher (Lean and Knowles 1987). While previous
studies reported that AOA and AOB dominate Lakes Superior and Erie, respectively (Small et al.
2013; Mukherjee et al. 2016), recent community profiling has revealed broader diversity in both
ammonia-oxidizing and nitrite-oxidizing lineages (Paver, Newton, and Coleman 2020;
Rozmarynowycz et al. 2019; Fujimoto et al. 2016). We sought to link taxonomic, genomic, and
metabolic diversity of nitrifiers with the varied biogeochemistry of the Great Lakes, using
genome reconstructions and abundance profiling. Our results uncover novel lineages and
metabolic capabilities, and provide the first large-scale assessment of freshwater nitrifier

genomics.

2.3 Results and Discussion
2.3.1 Niche partitioning of nitrifiers across the Great Lakes

To map free-living (here defined as cells that pass through a 1.6um filter) nitrifiers across
the Great Lakes, we searched our recent 16S rRNA datasets for known nitrifying taxa (Paver,
Newton, and Coleman 2020). We detected putative AOB in the genus Nitrosospira
(Betaproteobacteria, family Nitrosomonadaceae) and AOA similar to Nitrosoarchaeum (family
Nitrosopumilaceae), along with putative NOB in the genera Ca. Nitrotoga (Betaproteobacteria,
family Gallionellaceae) and Nitrospira (family Nitrospiraceae). We did not detect 16S rRNA
amplicons from Nitrosococcus, Nitrococcus, Nitrospina or Nitrobacter. The relative abundance
of nitrifiers was negatively correlated with photosynthetically active radiation (PAR; Spearman’s
rho =-0.89, p < 2.2e-16) and reached a maximum below the depth of 1% PAR in each lake, up

to 20% of amplicon sequences (Fig S2.1a). The relative abundances of ammonia- and nitrite-
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oxidizing taxa were strongly correlated (Spearman’s rho = 0.918, p < 2.2e-16; Fig S2.1b). Free-
living nitrifiers were rare (<0.1% relative abundance) in bottom water samples from the southern
basin of Huron (HU15M) and western basin of Erie (HU91M); these two stations are the
shallowest in our dataset and have relatively high light penetration to the bottom (~1% PAR).
Chlorophyll-a concentration was also negatively correlated with the relative abundance of
nitrifiers (Spearman’s rho = -0.677, p < 1.7e-7; Fig 2S1c). These findings are consistent with
previous work demonstrating photoinhibition of nitrification (Hooper and Terry 1974; Horrigan
and Springer 1990; Guerrero and Jones 1996; Merbt et al. 2012), as well as potential competition

with phototrophs for ammonium (Smith, Chavez, and Francis 2014).
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Figure 2.1 Dissolved inorganic nitrogen availability and distribution of nitrifiers across the Great
Lakes. (a) Oxidized nitrogen concentrations. Values include NOx concentrations from published
studies (n=128; (Mukherjee et al. 2016; Lean and Knowles 1987; Rozmarynowycz et al. 2019;
Murphy 1980; Gardner et al. 2004)), US EPA Water Quality Surveys in 2012 and 2013 (n=1626
from GLENDA database), and this study (n=20). (b) Ammonium concentrations. Values are
derived from the literature as in (a) (n=118) and from this study (n=20). (c) Distribution of
nitrifiers across the Great Lakes. Top panel: map of sampling stations; stars indicate stations
chosen for metagenome analysis. Bottom panel: relative abundance of ammonia-oxidizing
(green) and nitrite-oxidizing (pink) families based on 16S rRNA V4-V5 amplicon sequencing,

21



sampled in the mid-hypolimnion (except western Erie, sampled 1m from bottom). Data is plotted
roughly west to east as indicated on the map.

The taxonomic assemblage of nitrifiers differed across lakes and even among stations
within a lake (Fig 2.1, Dataset S2.1), in association with variable productivity and nitrogen
availability. Surface ammonium is typically below 300 nM except in Erie, where it is several-
fold higher and spatially variable; nitrate, on the other hand, is very high across the lakes but
lowest in Erie due to biological uptake (Kumar et al. 2007; Dove and Chapra 2015). Few
measurements of urea exist but it can exceed ammonium (Belisle et al. 2016) (Dataset S2.2).
AOB (Nitrosomonadaceae) were observed across all lakes. In contrast, AOA
(Nitrosopumilaceae) sequences only exceeded 0.5% relative abundance at the three deepest
stations (SUO8BM, M141M, ON55M) where the ratio of AOB: AOA ranged from 10:1 to 1:3. We
found pronounced shifts in the dominant NOB across stations (Fig 2.1), and all stations except
those in Lake Ontario showed strong dominance (greater than ten-fold) of either Ca. Nitrotoga
(family Gallionellaceae) or Nitrospira. Nitrospira was the only nitrite oxidizer detected in
Superior and the dominant nitrite oxidizer in parts of Michigan (MI41M, MI18M). By contrast,
Ca. Nitrotoga was the only nitrite oxidizer observed in Erie and Huron and the dominant nitrite
oxidizer at the shallowest station in Michigan (MI127M). Within each taxon, a single 16S rRNA
oligotype dominated the AOA, Ca. Nitrotoga, and Nitrospira, while several oligotypes of
Nitrosomonadaceae shifted abundance across samples (Fig S2.2), consistent with ecotypic

diversity as discussed below.
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2.3.2 Ecotypic variation in abundant streamlined Nitrosospira
We reconstructed 15 genomes of the AOB Nitrosospira, substantially expanding genome

descriptions for this genus (Rice et al. 2016; Garcia et al. 2013; Norton et al. 2008). Based on a
phylogenomic tree, free-living Great Lakes Nitrosospira fall into two major clades, both of
which are distinct from published species; each of these clades also includes MAGs recovered
from lakes Biwa and Baikal, suggesting novel globally distributed freshwater lineages (Fig
S2.3). One clade, which we call NspGL1, has a highly reduced genome (median 1.42 Mb) and
low G+C content (40.7%) (Fig 2.2, Dataset S2.3). The second clade was resolved into three
subclades (denoted NspGL2a, 2b, and 3; Fig S2.3) based on phylogeny and average nucleotide
identity (ANI), all with small genome sizes of 1.45-1.68 Mb and 50% G+C content (Fig 2.2,
Dataset S2.3). Compared to 86 reference Nitrosomonadaceae genomes, Great Lakes
Nitrosospira genomes are not only smaller (median estimated complete genome size: reference =
3.21 Mb, GL = 1.45 Mb; Table 2.1), but also have shorter intergenic spacers, fewer paralogs,
fewer pseudogenes, and fewer sigma factors (Table 2.1, Fig S2.4, Dataset S2.4), consistent with
genome streamlining to reduce resource demands (Giovannoni, Cameron Thrash, and Temperton
2014). Based on short read mapping, these subclades are ecologically distinct: NspGL1 and
NspGL2b — with the smallest genomes — are the dominant AOB in the upper oligotrophic
lakes, while NspGL2a is only abundant in Ontario and NspGL3 is only abundant in Erie (Fig
2.2). Hereafter we refer to these subclades as ecotypes due to their phylogenetic and ecological

divergence.
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median

(reference  median n n
taxonomic group  genome feature ) (GL) w p value (ref) (GL)
MNitrosomonadaceae coding density 0.856 0.892 34  55E-09 86 15
est complete size 3210560 1450843 12? 1.0E-09 86 15
125
median i.g. 114 il 4 B.3E-09 il 15
118
paralogs 123 29 9 Z2A1E-07 86 15
pseudogenes 101 11 12; S.0E-10 81 15
127
sigma factors 0 4 5 1.2E-09 o6 15
Nitrospira  coding density 0.876 0.894 g4 0.0074 64 6
est complete size 3790956 1828031 373 15E-04 64 6
median i.g. 90 78 299 0.026 64 6
paralogs 212 49 376 1.2E-04 64 6
pseudogenes 69 9 182 29E-04 3 6
sigma factors 13 5 379 83E-05 64 6
Ca. Nifrotoga coding density 0.857 0.910 0 0.0080 5 6
est complete size 2658108 1441179 30 0.0081 5 6
median i.g. 122 72 30 0.0080 5 6
paralogs 93 23 30 0.0081 5 6
pseudogenes 18 8 6 ns 1 6
sigma factors 8 4 300 0.0054 5 6
Thaumarchaeota coding density 0.900 0898 102 ns 62 3
(Nitrosopumilacese) et complete size 1398741 1242579 153 ns. 62 3
median i.g. 61 66 60 n.s. 62 3
paralogs 85 3@ 175 0.011 62 3
pseudogenes 22 13 82 n.s. 34 3

Table 2.1 Evidence for genome streamlining in nitrifiers from the Laurentian Great Lakes.
Genome features were compared between Great Lakes MAGs and reference genomes using a
two-sided Wilcoxon/Mann-Whitney test. n.s., not significant at 0.05 level. Only genomes with
>70% completion and <10% contamination are included.

We next compared gene content between our Great Lakes Nitrosospira and 86
Nitrosomonadaceae reference genomes. On average, Great Lakes Nitrosospira encode far fewer

two-component signal transduction systems (NspGL = 5-8, mean reference = 19), transposases

(NspGL = 0-7, mean reference = 39), motility genes (NspGL = 0-4, mean reference = 52), pilus
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and secretion genes (NspGL = 2-9, mean reference = 27), and defense-related genes (NspGL =
4-11, mean reference = 39) (Dataset S2.5). They also lack functions related to biofilm formation
such as polysaccharide matrix production (e.g. pel genes) and extracellular protein targeting
(exosortase and PEP-CTERM motifs). We note that while our 15 new Nitrosospira MAGs have
high estimated completion (median 98.6%; Dataset S2.3), some gene absences may reflect
incomplete assemblies. Nevertheless, this overall picture of gene content in Great Lakes AOB
contrasts with Nitrosospira isolates from soil (Norton et al. 2008; Rice et al. 2016) and even to
oligotrophic Nitrosomonas isolates (Annette Bollmann et al. 2013), and is consistent with a

passive planktonic lifestyle in extremely low-nutrient systems.
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Figure 2.2 Genome properties and cross-lake distribution of ammonia oxidizing organisms,
showing both Archaea (top) and Betaproteobacteria (bottom). Rows highlighted in green
represent clusters of genomes reconstructed from the Great Lakes and median values are shown
for genome size, GC content, and coding density. For catalase, “E” indicates monofunctional
catalase katE; “G” indicates bifunctional catalase-peroxidase katG. For carbon fixation,
RuBIisCO type is shown in parentheses (Badger and Bek 2008); HP/HB, 3-Hydroxypropionate/4-
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Hydroxybutyrate cycle; CBB, Calvin-Benson-Bassham cycle. Bubble plot shows composition of
ammonia oxidizers in hypolimnion samples, using MAGs as probes to recruit metagenomic
reads (values sum to 100% for each lake column). Genes identified in only a subset of genomes
are shown as (+).

We next compared metabolic potential among Great Lakes AOB ecotypes to understand
their ecological preferences for upper lakes (NspGL1, NspGL2b), Ontario (NspGL2a), and Erie
(NspGL3). Surprisingly, all seven NspGL1 MAGs encode proteorhodopsin, a light-driven proton
pump that supports bacterial energy production (Beja 2000; Béja et al. 2001). They also carry the
genes necessary to synthesize its chromophore retinal, including 15,15’-Beta-carotene
dioxygenase (blh), lycopene cyclase (crtY), phytoene dehydrogenase (crtl), phytoene synthase
(crtB), and GGPP synthase (crtE) ((Sabehi et al. 2005; Martinez et al. 2007); Fig 2.3a). We also
identified proteorhodopsin in a single-cell amplified genome representing NspGL1 from Lake
Michigan (Fig 2.3a; 99.8% ANI with NspGL1 MAGS), demonstrating that it is not an artifact of
metagenome assembly. To our knowledge, this is the first example of a nitrifier with
proteorhodopsin. All NspGL1 proteorhodopsins share residues H95, D127 and E138 along with
a short beta-turn (G111-P116) between helices B and C, which are characteristic features of
proteorhodopsin as distinct from sensory and other rhodopsins (Reckel et al. 2011), and the
presence of leucine at position 135 suggests green light tuning (Kralj et al. 2008) (Fig 2.3b). All
of the genes in this module have highest similarity to homologs from Polynucleobacter, but are
flanked by Nitrosomonadaceae-like genes, suggesting recent horizontal gene transfer (Fig 2.3a).
The predicted NspGL1 proteorhodopsins cluster with Polynucleobacter, Methylopumilus, and
other freshwater Betaproteobacteria in Supercluster 111 as defined by MicRhoDE ((Boeuf et al.
2015); Fig 2.3c). We compared the homologous genome region in two highly similar MAGs

from Lakes Biwa and Baikal (Fig S2.5); these contigs lack the proteorhodopsin module but
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appear to flank a variable region where the contig assembly ends. A proteorhodopsin
photosystem could support survival of NspGL1 in the presence of sunlight, which has been
shown to inhibit ammonia oxidation (Hooper and Terry 1974; Hyman and Arp 1992). In the
upper lakes where NspGL1 is abundant, light penetration is high well below the thermocline in
stratified periods (Yousef et al. 2017), and deep water taxa are seasonally advected to the surface
by water column mixing (Paver, Newton, and Coleman 2020). In addition to proteorhodopsin,
NspGL1 — but not the other three ecotypes of Great Lakes Nitrosospira — encode a class |
cyclopyrimidine dimer photolyase, which uses light energy to repair UV-induced DNA damage,
and the catalase-peroxidase katG, suggesting that the NspGL1 ecotype is adapted to relatively

shallow depths in the water column (Fig 2.2).
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Figure 2.3 Evidence for proteorhodopsin (PR) in Nitrosospira from the Great Lakes. (a) Gene
neighborhood surrounding PR in Nitrosospira MAG MC17_S15 bin_110 and SAG 207399.
Genes are colored according to the best BLAST hit taxonomy in the NCBI nr database. (b)
Alignment of predicted Nitrosospira PR with reference sequences. Diagnostic features are
highlighted (Reckel et al. 2011; Kralj et al. 2008): blue boxes, diagnostic residues for PR; pink
box, residue indicative of blue or green tuning; green underline, shorter beta-sheet region in PR.
Sequence accession numbers: bacteriorhodopsin P02945, actinorhodopsin AOA1D9EOH1,
sensory rhodopsin P42196, Dokdonia PR EAQ40507.1, SAR86 blue-tuned PR Q4PP54, SAR86
green-tuned PR Q9F7P4, SAR11 PR A6YQLY7. (c) Phylogenetic tree showing close relatives of
Nitrosospira PR within Supercluster 111, as defined by MicRhoDE database (Boeuf et al. 2015).

Neighboring clusters have been collapsed for clarity.
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Great Lakes Nitrosospira carry a reduced, ecotype-specific complement of nitrogen
metabolism genes compared to reference AOB (Fig 2.2, Dataset S2.5; gene absences were
verified as described in Materials & Methods). All are presumed to have the core ammonia
oxidation enzymes ammonia monooxygenase and hydroxylamine dehydrogenase; these genes
were assembled and binned as expected in some MAGs, and were manually identified on short
unbinned contigs in other cases (Dataset S2.6; see Materials & Methods). Surprisingly, all Great
Lakes Nitrosospira MAGs lack the copper protein nitrosocyanin, whose precise function is
unknown but so far has been found in all AOB except one member of the N. oligotropha clade
(Annette Bollmann et al. 2013). The lack of nitrosocyanin extends beyond the Great Lakes
MAGs to closely related freshwater and marine strains, along with five more members of the N.
oligotropha clade (Fig S2.3); its absence may be related to the divergence of these clades. Only
NspGL1 and NspGL2b encode NO-forming nitrite reductase (NirK), which confers nitrite
tolerance (Beaumont et al. 2002); this result is surprising given that these two clades dominate
the upper lakes where productivity and reduced N are lowest. None of the Great Lakes ecotypes
encode NO reductase (NorCBQD), and NspGL1 lacks cytochrome P460 family proteins; these
genomic patterns may influence N2O emissions across the Great Lakes. Nitrogen acquisition is
also distinct among Great Lakes AOB: NspGL1 lacks an apparent ammonium transporter, but
encodes urease structural and accessory genes (ureABCEFG) and a high-affinity urea transporter
(urtABCDE). Further, all Great Lakes ecotypes encode a high-affinity amino acid transporter
(livFGHM); these genes are rare (<5%) in reference genomes and could supply reduced nitrogen
and/or organic carbon. Finally, NspGL1 and NspGL3 have genes for producing cyanophycin, an

intracellular storage compound for nitrogen (Norton et al. 2008; Watzer and Forchhammer
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2018). Together, the distinctive gene complements present in Great Lakes Nitrosospira illustrate
the variability and adaptability of AOB gene content, even across a connected freshwater habitat.
As with nitrogen metabolism, carbon metabolism is also distinct between Great Lakes
and reference AOB, and among Great Lakes ecotypes (Fig 2.2, Dataset S2.5). Unlike most
reference AOB, Great Lakes Nitrosospira lack two key enzymes of the oxidative pentose
phosphate pathway, glucose-6-phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase. All ecotypes except Erie-specific NspGL3 also lack genes for glycogen synthesis
and degradation. These findings suggest continuous autotrophy, rather than cycles of carbon
storage and utilization. The key enzyme for carbon fixation, RuBisCO, has evolved several
kinetically distinct forms whose distribution likely reflects ecological pressures (Badger and Bek
2008). NspGL1 and NspGL3 both contain Form IA RuBisCO, while NspGL2a and NspGL2b
contain Form IC RuBisCO (Fig 2.2; (Rae et al. 2013; Badger and Bek 2008)). NspGL1 genomes
also possess an alpha carboxysome-like cso operon, similar to Nitrosomonas eutropha C91 (Rae
et al. 2013), though our draft assembly lacks the expected carbonic anhydrase (csoS3/csoSCA).
Carboxysome-associated RuBisCO may allow NspGL1, the ecotype most strongly adapted to
energy and nutrient limitation, to more efficiently fix CO2 by minimizing the wasteful
oxygenation reaction and reducing the cellular nitrogen allocation to RuBisCO (Badger and Bek
2008). The ranges of kinetic properties observed in other autotrophs for Form 1Aq (found in
NspGL3) and Form IC (found in NspGL2a and NspGL2b) overlap, and therefore more work is
needed to understand the fitness advantages, if any, that this RuBisCO diversity confers on Great

Lakes nitrifiers.
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2.3.3 Streamlined freshwater Thaumarchaeota
We reconstructed three similar genomes (>99% ANI) of Nitrosoarchaeum (NarchGL; Fig

S2.6, Dataset S2.3) from three separate samples (two from Superior, one from Ontario),
consistent with our low observed 16S rRNA diversity for Thaumarchaeota. These NarchGL
genomes are very similar (~99% ANI) to two genomes reconstructed from Lake Baikal, located
thousands of kilometers away (Cabello-Yeves et al. 2018). Their next closest relatives are also
from freshwater environments, and phylogenetic clustering suggests that salinity is an important
driver of divergence throughout the Nitrosopumilaceae (Fig S2.6). As a group, the
Thaumarchaeota tend to have smaller genomes, lower G+C content, higher coding density, and
fewer paralogs and pseudogenes than nitrifying bacterial taxa; even within this group, NarchGL
genomes fall below the 30th percentile in size and have significantly fewer paralogs than average
(Table 2.1, Fig S2.4, Dataset S2.4). Using our reconstructed genomes as probes for metagenomic
read recruitment, NarchGL were detected in Superior, Michigan, and Ontario; they represented
roughly one-third of ammonia oxidizers in the mid-hypolimnion of station SU08M (Fig 2.2).
NarchGL share nearly 90% of their predicted proteins with close relatives including Ca.
Nitrosoarchaeum limnia; at the same time, they show distinctive patterns in gene content that
pinpoint the key selective pressures of deep lakes (Fig 2.2, Dataset S2.5). All three NarchGL
genomes encode urease and a urea transporter, implicating urea as a vital source of nitrogen for
energy and/or biosynthesis. Consistent with phosphorus scarcity in much of the Great Lakes
(Sterner et al. 2004), NarchGL encode high affinity transport systems for phosphate and
potentially phosphonates, though we did not identify a phosphonate lyase. In addition to both
CRISPR/Cas enzymes casl and cas4, NarchGL genomes contain several phage proteins,
suggesting viral infection and integration events may be common. DNA photolyases, which have

been found in epipelagic clades of marine Thaumarchaeota (Santoro, Richter, and Dupont 2019),
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are present in all low salinity Nitrosoarchaeum including NarchGL, suggesting NarchGL are
exposed to sunlight due to high water clarity (Yousef et al. 2017) and/or annual mixing in the
Great Lakes. NarchGL also lack the common tRNA modification 4-thiouridylation (indicated by
K04487 and PF02568-PF18297 (Ryals et al. 1982)); we propose that the absence of this
modification, which is susceptible to near-UV radiation (Ryals et al. 1982), is also related to
sunlight exposure.

Genomes of NarchGL reveal striking reduction in environmental sensing, response, and
regulatory functions, relative to most other Nitrosoarchaeum and Nitrosopumilaceae (Dataset
S2.5). NarchGL encode 9-12 domains representing the general archaeal transcription factors,
TATA binding protein (TBPs, PF00352) and transcription factor B (TFBs, PF00382 and
PF08271), compared to 21 in Ca. N. limnia. NarchGL lack common domains found in two-
component systems that transmit environmental signals to control gene expression or protein
activity (domains PF02743, PF00672, PF00512, PF00072; NarchGL =0, Ca. N. limnia = 53-54
copies per genome). Further, they are depleted in ArsR family transcription factors (PF01022; 0
copies in NarchGL vs. 2-3 in Ca. N. limnia), P-11 proteins for regulation of nitrogen metabolism
(PF00543; 1 copy per NarchGL genome vs. 5 in Ca. N. limnia), and other potential regulatory
domains (CBS PF00571: 5 in NarchGL vs. 18-19 in Ca. N. limnia; USP PF00582: 1 in NarchGL
vs. 15 in Ca. N. limnia). This extremely limited regulatory capacity in NarchGL stands in sharp
contrast to closely related Ca. N. limnia, but instead parallels the oceanic minimalist Ca.

Nitrosopelagicus brevis (Santoro et al. 2015).
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2.3.4 Expanded diversity of Ca. Nitrotoga with reduced genomes
Despite the broad distribution of Ca. Nitrotoga in freshwater systems and beyond, only

six genomes are available, derived from rivers heavily impacted by urban and agricultural
influence, a wastewater treatment plant, and coastal sediment (Boddicker and Mosier 2018;
Kitzinger et al. 2018; Ishii et al. 2020). Hence the metabolic and phylogenetic diversity of this
group is virtually unexplored. We reconstructed six new MAGs of Ca. Nitrotoga, which form
two clusters with >99% ANI within each cluster and ~97% ANI between clusters (NtogaGL1a
and NtogaGL1b; Fig S2.3). These new Ca. Nitrotoga MAGs are far smaller than published
genomes (median GL = 1.44 Mb, reference = 2.61-2.98 Mb), have shorter intergenic regions,
fewer sigma factors, and fewer paralogs (Table 2.1, Fig S2.4, Dataset S2.4), consistent with
genome streamlining (Giovannoni, Cameron Thrash, and Temperton 2014). They lack functions
such as motility and chemotaxis, pilus biogenesis, and DNA repair (mutLS) (Dataset S2.5). Great
Lakes Ca. Nitrotoga also encode markedly fewer two-component systems for sensing and
responding to environmental cues than four river-derived genomes (NtogaGL = 2-6 per genome
vs. 30-35 in four reference genomes; reference strain KNB has 7). Compared to reference
genomes, NtogaGL have fewer defense-related genes (restriction-modification, toxin-antitoxin,
and CRISPR-Cas systems; mean NtogaGL = 11 vs. 39 for references), and transposases (mean
NtogaGL = 3 vs. 19 for references) (Dataset S2.5). While incomplete assembly of hypervariable
genome regions may explain some of these absences, the overall genome properties are
consistent with a relatively stable low-nutrient environment and planktonic lifestyle.

The reduced genomes of NtogaGL1a/b help clarify core features of the genus Nitrotoga,
along with accessory functions that may enable local adaptation in specific populations. To date,
sequenced Nitrotoga including NtogaGL 1a/b encode similar electron transport pathways,

including NADH dehydrogenase-Complex I, succinate dehydrogenase-Complex Il, and
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Alternative Complex I11, along with high-affinity cbb3-type cytochrome oxidases suggesting
adaptation to low oxygen conditions. They also share the Calvin cycle for carbon fixation, a
complete TCA cycle, and an evolutionarily distinct nitrite oxidoreductase (NXR) from other
NOB (Boddicker and Mosier 2018; Kitzinger et al. 2018; Ishii et al. 2020). All Nitrotoga to date
also share transporters for amino acids and peptides, potential sources of C and/or N. Nitrotoga
can also potentially access reduced sulfur compounds for energy via sulfite dehydrogenase,
suggesting metabolic flexibility beyond nitrite oxidation.

Beyond these similarities, the small genomes of NtogaGL1a/b are distinct from
previously described Nitrotoga in many ways. NtogaGL1a/b lack NiFe hydrogenase to use
hydrogen as an energy source. They also lack nitrogen metabolism functions including
assimilatory nitrite reductase (nirBD) and nitrite reductase to NO (nirK). Based on gene content,
NtogaGL1a/b appear unable to use hexoses like glucose, since they lack the glycolytic enzyme
phosphofructokinase and the Entner-Doudoroff pathway, similar to Nitrobacter winogradskyi
(Starkenburg et al. 2006). Consistent with this, they also lack genes for storage and breakdown of
glycogen (Dataset S2.5). All but one of the NtogaGL1a/1b genomes encode cyanate lyase (cynS),
which is found in other NOB but no Nitrotoga to date (Palatinszky et al. 2015; S. Lcker et al.
2010; Sebastian Lucker et al. 2013). The cynS gene, adjacent to gInK-amtB for ammonium
sensing and transport, likely functions in N assimilation, as recently described for Nitrospinae
(Kitzinger et al. 2020). While cyanase has been shown to mediate reciprocal feeding between
some NOB and ammonia oxidizers (Palatinszky et al. 2015), it remains to be seen whether such
an interaction occurs in the free-living (<1.6um) size-fraction and dilute environment sampled

here. Notably, cyanase from NtogaGL1a/1b, along with predicted Nitrospirae proteins from
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Lake Baikal and soil, form a distinct phylogenetic cluster from most nitrifier cyanase proteins
observed to date (Fig S2.7).

The two ANI-based clusters we detected, NtogaGL1a and NtogaGL1b, appear to be
phylogenetically and ecologically distinct ecotypes. Based on short-read mapping, NtogaGL1b
dominates Erie, while NtogaGL1a dominates all other Ca. Nitrotoga-containing samples (Fig
2.4). We found several metabolic genes that differentiate the two ecotypes. ER-specific
NtogaGL1b genomes share a region encoding thiosulfate dehydrogenase (tsdA), cytochromes,
transport of sulfur-containing compounds, lactate dehydrogenase (ldh), a two-component system,
and a Crp-family transcription factor (Fig S2.8). This region may be involved in oxidizing
thiosulfate as an energy source, and sensing and responding to redox changes that accompany
seasonal hypoxia in Lake Erie. The corresponding region in NtogaGL1a encodes an integrase
and photolyase, consistent with greater DNA photodamage in the more transparent waters of

Michigan, Huron, and Ontario where NtogaGL1a is abundant.

2.3.5 Great Lakes Nitrospira reveal adaptations to sunlit oxic environment
We reconstructed six closely related genomes of Nitrospira (~99% ANI; Fig S2.9,

Dataset S2.3), representing the predominant NOB throughout Lake Superior and in parts of
Michigan, Ontario, and Huron (Fig. 2.4; Dataset S2.1). These genomes, which we refer to as
NspiraGL, fall within lineage Il (Fig S2.9), which is broadly distributed across soil, freshwater,
and engineered habitats (Daims, Lucker, and Wagner 2016); however, genome analyses to date
have focused on strains from wastewater and engineered systems, leaving major blind spots.
NspiraGL share core features of Nitrospira metabolism, including a periplasmic-facing NXR that

is advantageous under substrate-limiting conditions, multiple cytochrome bd-like oxidases, and
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the reverse TCA cycle for carbon fixation (S. Lucker et al. 2010). However, as with Ca.
Nitrotoga, the Nitrospira genomes we reconstructed in the Great Lakes are markedly smaller
than published reference genomes (median NspiraGL = 1.83 Mb, median reference = 3.72 Mb),
with higher coding density and fewer paralogs, sigma factors and pseudogenes (Fig. S2.4;
Dataset S2.4), consistent with genome streamlining theory (Giovannoni, Cameron Thrash, and
Temperton 2014). Compared to 75 lineage Il Nitrospira reference genomes, NspiraGL have
reduced capacity for environmental sensing (two-component systems: NspiraGL = 7, mean
reference = 26), transport (NspiraGL = 76-83, mean reference = 140), defense (NspiraGL = 7-8,
mean reference = 26), and transposition (NspiraGL = 0-2, mean reference = 15), and lack pilus
or flagellar motility (Dataset S2.5). NspiraGL encode just five sigma factors, compared to 18 in
N. moscoviensis. Further, NspiraGL genomes encode a single NXR, while N. moscoviensis
carries five copies that are differentially regulated (Hanna Koch et al. 2015; Mundinger et al.
2019). NspiraGL also lack the gInE gene for glutamine synthetase (GS) adenylyltransferase,
suggesting that GS activity is not repressed by this mechanism. Together, these features suggest
limited regulatory and ecological flexibility, consistent with a relatively constant, oligotrophic
environment.

Compared to other Nitrospira, NspiraGL exhibit limited energetic flexibility, but can
access diverse nitrogen sources (Fig. 2.4, Dataset S2.5). We predict that NspiraGL are unable to
grow on hydrogen or formate as alternative energy sources (Hanna Koch et al. 2015; H. Koch et
al. 2014), as they lack NiFe-hydogenase and formate dehydrogenase. The glycolysis and
oxidative TCA cycles appear to be incomplete, lacking phosphofructokinase and citrate synthase,
respectively; this suggests a limited capacity for organic carbon utilization. NspiraGL lack nirK,

encoding NO-forming nitrite reductase, which is found in a majority of reference genomes. To

36



obtain nitrogen for biosynthesis, NspiraGL encode a high-affinity nitrate/nitrite/cyanate
transporter (nrtABC), assimilatory nitrite reductase (nirA), and cyanase (cynS), along with amt
family ammonium transporter. Although none of the NspiraGL MAGs include urease (ureCBA),
one does contain urease accessory proteins (ureEFGD) and two contain a urea transporter
(urtABCD), suggesting incomplete assembly of the urea utilization pathway. As with Ca.
Nitrotoga, we suggest that cyanase, along with urease where present, functions in nitrogen
assimilation rather than cross-feeding, given the dilute environment and free-living planktonic
cells.

Beyond energy, carbon, and nitrogen metabolism, we discovered striking differences
between NspiraGL and reference Nitrospira related to DNA repair. NspiraGL encode two
additional photolyase-related proteins, along with a class | cyclopyrimidine dimer (CPD)
photolyase found in most reference Nitrospira (Fig 2.5). Photolyases use blue light energy to
repair DNA lesions caused by UV radiation (Sancar 2003). The two additional genes in
NspiraGL are adjacent and share best hits with Betaproteobacteria, suggesting recent horizontal
transfer (Fig S2.10). One likely encodes an FeS-BCP photolyase, which repairs (6-4)
dipyrimidine lesions (Zadow et al. 2016; F. Zhang et al. 2013). The other shares an FAD-binding
domain with photolyases but the C-terminal region has no recognizable domains (Fig 2.5). This
protein is widespread in aquatic bacteria and has not been functionally characterized, though an
actinobacterial homolog was suggested to be involved in light sensing and regulation (Maresca et
al. 2019). Beyond photolyases, NspiraGL also encode uracil-DNA glycosylase (UNG), which
removes misincorporated uracil from DNA. Uracil results from deamination of cytosine, which
can occur spontaneously or be induced by NO (Wink et al. 1991). In addition to the photolyases

and UNG that repair DNA lesions, NspiraGL encode translesion DNA polymerase V (umuCD)
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which enables replication to proceed past lesions. Together, these genes indicate that Nitrospira
in the Great Lakes experience significant DNA damage, including UV-induced damage that also
requires light for the repair process, in hypolimnion waters with high transparency (Yousef et al.

2017) and/or during seasonal mixing.
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Figure 2.4 Genome properties and cross-lake distribution of nitrite oxidizing taxa Nitrospira
(top) and Ca. Nitrotoga (Betaproteobacteria; bottom). Rows highlighted in pink represent
clusters of genomes reconstructed from the Great Lakes and median values are shown for
genome size, GC content, and coding density. rTCA, reductive tricarboxylic acid cycle; CBB,
Calvin-Benson-Bassham cycle; ONR, octaheme nitrite reductase. Values in parentheses indicate
RuBisCO type (Badger and Bek 2008). Bubble plot shows composition of NOB per lake based
on metagenomic read mapping. Genes identified in only a subset of genomes are indicated by
(+). The asterisk (*) indicates for Ca. Nitrotoga, one nxrAB copy was recovered in genome
assemblies, but short read analysis suggests two copies per genome (Supplemental Text).

Other major differences between NspiraGL and reference Nitrospira are related to
reactive oxygen species (ROS) (Dataset S2.5). Surprisingly, despite their oxic habitat, NspiraGL
lack superoxide dismutase (SOD), monofunctional catalase (katE), and bacterioferritin, which
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limits the Fenton reaction by sequestering free iron. However, all six NspiraGL MAGs, but few
reference genomes (7% of 75), have recently acquired bifunctional catalase-peroxidase katG;
interestingly we also observed katG in Great Lakes Ca. Nitrotoga and Nitrosospira (Fig 2.2, Fig
2.4). The absence of SOD suggests that NspiraGL does not produce damaging levels of
endogenous superoxide, perhaps because NspiraGL lack the major respiratory and non-
respiratory flavoproteins that produce ROS in other SOD-containing Nitrospira (Imlay 2013).
Unlike superoxide, H20 can cross membranes, and is known to be produced by both
photooxidation of dissolved organic matter and dark heterotrophic activity (T. Zhang et al.
2016). The lakes where NspiraGL dominate have high water clarity (Yousef et al. 2017) and low
productivity, consistent with abiotic photochemistry as the primary source of exogenous ROS;
this stress may have selected for katG as a defense. NspiraGL also lack cytochrome ¢ peroxidase,
which is found in 70 of 75 reference genomes; this protein is proposed to function in anaerobic
respiration of H.O> (Khademian and Imlay 2017) and therefore its absence in NspiraGL is
consistent with a constant oxic environment. Together, these results indicate that Nitrospira in

the Great Lakes face distinct ROS pressures that have shaped their gene content.
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Figure 2.5 Distinct photolyase proteins in NspiraGL. a) Phylogenetic tree showing families of
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NspGL1, and Nitrosoarchaeum NarchGL. b) Domain structure of the three photolyase families
present in NspiraGL.

2.4 Conclusions

The Laurentian Great Lakes harbor nitrifiers that are phylogenetically related, but
markedly different in genome size and functional capacity, from their well-studied relatives
inhabiting wastewater systems, soils, and even other freshwater systems. By examining the entire
nitrifier assemblage at once, we detected common features across taxa that illuminate the
selective pressures faced by microbes in deep lakes. All the lineages we describe show small
genome sizes (1.3-1.7 Mb), reduced capacity for environmental sensing and response, and
adaptation to a passive (i.e. non-motile) planktonic lifestyle, expanding the paradigm of
streamlining observed for oceanic AOA (Santoro et al. 2015) to AOB, Nitrospira, and Ca.
Nitrotoga in oligotrophic freshwaters. Within the AOB Nitrosospira, we found ecotypes with a
gradient of genome reduction that maps onto their habitats’ trophic gradient: from NspGL1 (1.4
Mb, low GC, upper lakes) to NspGL2b (1.5 Mb, upper lakes) to NspGL2a (1.6 Mb, Ontario) to
NspGL3 (1.7 Mb, Erie) (Fig 2.2). The thaumarchaeal NarchGL have markedly reduced
regulatory capacity like the open ocean strain Nitrosopelagicus brevis (Santoro et al. 2015). The
NOB NspiraGL have genomes 50-60% smaller than described Nitrospira and dominate, along
with the AOB NspGL1 and the AOA NarchGL, the deeper more oligotrophic basins, while Ca.
Nitrotoga favor shallower, more productive basins. The emergence of Erie-specific ecotypes of
both Nitrosospira (NspGL3) and Ca. Nitrotoga (NtogaGL1b) demonstrates how distinct this
habitat is compared to the other lakes. Importantly, our findings here represent planktonic cells in
the smallest size fraction (<1.6 um); it is likely, especially in Erie, that particle-associated
nitrifiers may be abundant and genetically distinct.
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Nitrifiers inhabiting the transparent waters of the upper Great Lakes show distinctive
adaptations to light including diverse photolyases, ROS detoxification, and even
proteorhodopsin. This discovery is surprising, given that nitrifiers are rare in the surface mixed
layer of the Great Lakes (Fig. S2.1) and that photoinhibition of ammonia oxidation and nitrifier
growth is well documented (Hooper and Terry 1974; Merbt et al. 2012; Hyman and Arp 1992).
We propose that proteorhodopsin could be used to augment energy metabolism when ammonia
oxidation is photoinhibited and/or ammonia is substrate limited. Water clarity has increased over
the past several decades in Lakes Michigan and Huron, now surpassing that of Lake Superior
(Yousef et al. 2017). High light penetration along with seasonal mixing likely exposes deep
water cells to damaging levels of light and oxidative stress. Future cultivation and physiological
studies should examine photoinhibition and potential phototrophy in Great Lakes nitriifiers.

The capacity for nitrification is found across multiple phyla, and our work unveils new
clues to understanding the ecological and evolutionary potential of these diverse lineages. This
collective nitrifier diversity undoubtedly influences the cycling of carbon and nitrogen across this
ecosystem, and future work will explore the differential contributions to nitrification by the
distinct lineages we described here. Understanding what controls the diversity of nitrifiers and
other key functional groups, and the consequences of this diversity for biogeochemistry, are
essential for forecasting the effects of rapid environmental change across the large lakes of the
world (e.g.(O’Reilly et al. 2015)) and predicting impacts on the critical ecosystem services they

provide (Sterner et al. 2020).
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2.5 Materials & Methods

2.5.1 Sample collection
Water samples were collected from the Laurentian Great Lakes aboard the R/V Lake

Guardian, during the biannual Water Quality Surveys conducted by the U.S. EPA Great Lakes
National Program Office (Barbiero et al. 2018). Station information is provided in Supplemental
Dataset S2.8. Data presented here were collected in April and August 2012. Samples were
collected using a CTD rosette sampler (Sea-Bird Scientific) at the surface (2 m), deep
chlorophyll maximum (if present), the mid-hypolimnion, and near the bottom of the water
column (10 m above the lake bottom at most stations, 1 m above bottom at shallow stations). For
each sample, 5-8L of water was pre-filtered through a GF/A glass fiber filter (Whatman 1820-
047; nominal pore size 1.6 um) to exclude eukaryotic phytoplankton and particle associated
microbes, and cells were collected on 0.22 pm Sterivex filters (Millipore SVGP01050). Filters
were stored at -80°C. For dissolved nutrient analysis, 0.22 um filtrate was collected in 125 ml
acid-clean HDPE bottles (Nalgene) and stored at -20°C. Samples for single cell amplified
genomes (SAG) were collected in August 2014. For each sample, 1 ml of raw water was
incubated with 100 pl of glycerol-TE buffer (20 ml 100X TE pH 8 + 100 ml glycerol + 60 ml
water; final concentration after sample addition is 10mM Tris, 1ImM EDTA, 5% glycerol) for 10

minutes in the dark, then flash frozen in liquid nitrogen and stored at -80°C until processing.

2.5.2 Physicochemical data
CTD profiles, water chemistry and chlorophyll-a data were collected by the U.S. EPA

according to standard protocols (US Environmental Protection Agency 2003) and retrieved from

the Great Lakes Environmental Database (https://cdx.epa.qov/) for 2012 and 2013. In addition,

we measured dissolved nitrogen species from August 2013 samples. Ammonium concentrations
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were measured using the OPA method in a 96-well plate (Holmes et al. 1999). Nitrate and nitrite
concentrations were measured using the Greiss reaction method in a 96-well plate (Miranda,
Espey, and Wink 2001). Urea concentrations were measured in a 24 well plate using a

colorimetric reaction (Revilla, Alexander, and Glibert 2005).

2.5.3 16S rRNA analysis
The full 16S rRNA amplicon dataset was described by Paver and colleagues (Paver,

Newton, and Coleman 2020). Here we focus on data from the V4-V5 region (primers: 515F-Y,
926R (Parada, Needham, and Fuhrman 2016)), collected in 2012 in tandem with metagenome
samples from select stations. We classified sequences using the Silva v. 132 database (Quast et
al. 2013) and the wang method (Wang et al. 2007) as implemented by mothur (Kozich et al.
2013). Sequences classified to each detected family of nitrifiers (ammonia oxidizer families
Nitrosomonadaceae and Nitrosopumilaceae; nitrite oxidizer families Gallionellaceae and
Nitrospiraceae) with a mothur-assigned confidence score above 90 were delineated into
taxonomic units using minimum entropy decomposition with a minimum substantive abundance

of 10 (Eren et al. 2013).

2.5.4 Metagenome and single-cell genome sequencing
One station per lake in Superior, Michigan, Huron, and Ontario, and two stations in Erie,

were selected for metagenome sequencing. DNA was extracted using a modified
phenol:chloroform extraction protocol (Paver, Newton, and Coleman 2020) and libraries
prepared according to the lllumina TruSeq protocol. Samples from spring 2012 were sequenced
at the Joint Genome Institute using Illumina HiSeq (2x150bp). Samples from summer 2012 were
sequenced at the University of Chicago Functional Genomics Core Facility using IHlumina HiSeq

2500 (2x250bp).
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To confirm the presence of proteorhodopsin, we analyzed a single cell amplified genome
from Nitrosospira collected from Lake Michigan and sequenced by the Joint Genome Institute.
Quality filtered reads were downloaded from JGI IMG/ER and normalized using bbnorm.sh with
target=100 and mindepth=2. Normalized reads were assembled using SPAdes 3.1.11 in single
cell mode (Bankevich et al. 2012) with flags --sc and --careful. Resulting scaffolds were

annotated identically to MAGs as described below.

2.5.5 Obtaining metagenome-assembled genomes

Raw reads for spring surface samples were quality controlled at the Joint Genome Institute, using
bbduk.sh for adapter trimming (ktrim=r, minlen=40, minlenfraction=0.6,mink=11, tbo, tpe,
k=23, hdist=1, hdist2=1, ftm=5) and quality filtering (mag=8, maxns=1, minlen=40,
minlenfraction=0.6, k=27, hdist=1, trimg=12, gtrim=rl). Raw reads for summer hypolimnion
samples were adapter trimmed, quality filtered, and interleaved using bbduk (parameters:
ktrim=r, mink=8, hdist=2, k=21, forcetrimleft=10, forcetrimright=199, minlen=150) using

BBTools suite version 35.74 (https://sourceforge.net/projects/bbmap/). Separate assemblies of

quality filtered reads were carried out for each metagenome using metaSPAdes 3.1.11 --meta
mode using default k sizes of 21, 33, 55 (Nurk et al. 2017). To enable binning based on
sequence coverage, forward and reverse reads were merged using bbmerge in BBtools, using
gtrim2=r trimg=10,13,16 and adapter=default. Merged short reads were then mapped onto each
assembly using bowtie2 2.2.9 in --sensitive mode (Langmead and Salzberg 2012, 2), and this
coverage information was used to bin assembled contigs. Binning was performed using
MetaBAT2 2.12.1 (Kang et al. 2015), Binsanity 0.2.6.3 (Graham, Heidelberg, and Tully 2017)
and CONCOCT 1.0.0 (Alneberg et al. 2014) using default parameters. The resulting bins were

scored, aggregated, and de-replicated using DAS_Tool 1.1.1 (Sieber et al. 2018) followed by
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manual curation using Anvi’o 4.0 (Eren et al. 2015). We assessed genome completion and
contamination of manually curated bins using CheckM 1.1.0 lineage_wf (Parks et al. 2015), and
all new MAGs presented here are greater than 70% complete with less than 10% contamination
(Dataset S2.3). Potential nitrifiers were screened by searching for ammonia monooxygenase,
hydroxylamine oxidoreductase and nitrite oxidoreductase within reconstructed genomes using
blastp 2.5.0 (Camacho et al. 2009). For bins where any of these genes were detected, we
identified bacterial single copy core genes (Campbell et al. 2011) or archaeal single copy core
genes (Rinke et al. 2013) using HMMER (Mistry et al. 2013), as implemented in Anvi’o. Single
copy core genes were queried against proteins predicted from bacterial and archaeal genomes in
RefSeq (NCBI) (O’Leary et al. 2016), and taxonomic identity of these core genes was
ascertained based on a least common ancestor approach using a 0.1% window around the bit
score of the best hit using KronaTools 2.7.1 (Ondov, Bergman, and Phillippy 2011). Taxonomic
assignment was further validated using GTDB-tk 1.0.0 (Chaumeil et al., n.d.). Grouping of
MAGs into clades and subclades based on ANI was carried out using fastANI 1.1.0 (Jain et al.
2018). Genome characteristics for each genome group were calculated as the median of those
values for the group. Estimated complete genome size was calculated for MAGs and for
references in the pangenome analysis using CheckM (Parks et al. 2015) completion and
contamination, as follows: Estimated = Actual*(1-Contamination) / Completion. To quantify the
abundance of each clade/ecotype across samples, we used competitive mapping of merged short
reads using bowtie2 in sensitive mode against all nitrifier MAGs, summing up mapped read
count across all MAGs in a given clade/ecotype, and dividing by total mapped nitrifier reads in a

sample; these values are shown in bubble plots (Fig 2.2, 2.4).
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2.5.6 Annotation and gene cluster analysis

Reference genomes were obtained from GenBank (accession numbers listed in
Supplemental Dataset S2.4). The full pangenome analyses included all the genomes listed in
Supplemental Dataset S2.4, but we only report results from the subset of genomes most closely
related to our MAGs. This subset consists of 86 Nitrosomonadaceae, 5 Ca. Nitrotoga, 78
Nitrosopumilaceae within Thaumarchaeota, and 75 Nitrospira that fall within Lineage II.
Reference genomes were treated consistently with GL MAGs, with de novo gene calling by
prodigal 2.6.3 (Hyatt et al. 2010) via Anvi’o. Unless otherwise noted, default settings were used
for all software. Genes were annotated using InterProScan 5.30-69.0 (Jones et al. 2014),
GhostKOALA (Kanehisa, Sato, and Morishima 2016) and eggnog-mapper 1.0.3 against the
bactNOG database (Huerta-Cepas et al. 2017). Gene cluster analysis was carried out using the
Anvi’o pangenome pipeline (Delmont and Eren 2018), using blastp to determine sequence
similarity, ITEP to eliminate weak similarity (Benedict et al. 2014) and MCL to cluster, using a
minbit of 0.5, MCL inflation of 2 and minimum gene occurrence of 1 (van Dongen and Abreu-
Goodger 2012). Sigma factors were tallied by identifying gene clusters annotated with the
following PFAMs: PF00309, PF03979, PF00140, PF04542, PF04539, PF04545, PF08281.
Pseudogene counts were retrieved where available from NCBI PGAP annotated genomes
(Tatusova et al. 2016). Paralog counts are reported as the number of gene clusters with more than
one gene per genome. Intergenic spacers were calculated using bedtools complementBed
function (Quinlan and Hall 2010). Prokka 1.14.5 (Seemann 2014) was used to generate
GenBank-format files from MAGs and SAGs, and genoPlotR 0.8.9 (Guy, Roat Kultima, and

Andersson 2010) was used to generate initial gene neighborhood maps.
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2.5.7 Gene tree construction
The NspGL1 proteorhodopsin sequence was inserted into the MicRhoDE rhodopsin tree

using pplacer (Matsen, Kodner, and Armbrust 2010) through the MicRhoDE Galaxy pipeline
(Boeuf et al. 2015). We then constructed a more targeted phylogenetic tree using aligned
reference sequences of Supercluster I11 from MicRhoDE, filtered to exclude fragments shorter
than 220 amino acids. To this alignment, we added NspGL1 sequences using MAFFT 7.310
(Katoh et al. 2002) along with high similarity sequences from NCBI nr that were not present in
MicRhoDE. The tree was inferred using RaxML 8.2.12 with model PROTGAMMALG
(Stamatakis 2014). The tree was visualized in iTOL (Letunic and Bork 2016) and more distant
clusters were collapsed for clarity.

A cyanase phylogenetic tree was created using sequences drawn from querying NtogaGL
cyanase against NCBI nr using blastp, as well as sequences from references (Pachiadaki et al.
2017; Spang et al. 2012; Palatinszky et al. 2015). Sequences were aligned using MAFFT (Katoh
et al. 2002) and the tree was inferred using RaxML 8.2.12 with model PROTGAMMALG
(Stamatakis 2014). Tree was visualized in iTOL (Letunic and Bork 2016) and branches were
colored based on the taxonomy of the parent genome.

Photolyase-related proteins in GL MAGs were identified by searching for the following
features: K01669, COGO0415, PF03441, PF00875, PF04244, SSF48173, SSF52425. Reference
proteins (n=56) spanning the previously defined families of photolyases and cryptochromes
(Vechtomova, Telegina, and Kritsky 2020) were obtained from UniProt, along with aquatic
bacterial sequences described by Maresca and colleagues (Maresca et al. 2019). The reference
sequences were aligned using MAFFT (Katoh et al. 2002), and sequences from GL MAGSs were
added using the MAFFT --addfragments option. The tree was estimated using 1Q-TREE 2 1.6.11

(Minh et al. 2020) and visualized using iTOL (Letunic and Bork 2016).
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2.5.8 Phylogenomic tree construction
Nitrospirae, Thaumarchaeota, Gallionellaceae and Nitrosomonadaceae genomes were

downloaded from Genbank (NCBI) (Benson et al. 2005) and included in phylogenomic trees for
their respective family. Phylogenomic analyses were carried out within Anvi’o. Briefly, single
copy core genes were extracted as described above, individually aligned at the protein level
using muscle (Edgar 2004), and concatenated for each genome. Concatenated alignments were
trimmed using Gblocks 0.91b (Castresana 2000) and analyzed by RAXML 8.2.12 (Stamatakis
2014) to create a phylogenetic tree using the PROTGAMMALG model and 50 bootstraps. Trees

were visualized in iTOL (Letunic and Bork 2016).

2.5.9 Proteorhodopsin assembly verification
We used several approaches to validate the presence of proteorhodopsin in assembled

Nitrosospira genomes, to rule out the possibility of chimeric assemblies from different species.
We note that proteorhodopsin-containing contigs were independently assembled and binned
together with core Nitrosospira contigs from seven different samples (i.e. each sample was
assembled and binned separately, rather than co-assembled). In five of seven cases,
proteorhodopsin and retinal biosynthesis genes were assembled together with core Nitrosospira
genes on the same contig. To rule out a systematic reproducible error in assembly and/or
binning, we compared these seven MAGsS to a single cell amplified Nitrosospira genome (SAG)
from Lake Michigan, obtained as part of another project with the JGI. This SAG was processed
through JGI’s standard decontamination pipeline and manually investigated to ensure lack of
contamination. We found no evidence of contaminating core genes, as all core genes had best
hits to either Nitrosospira or more generally Nitrosomonadaceae in nr. SAG contigs were

matched to homologous contigs from NspGL1 MAGs to determine if any SAG contigs were
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unique using FastANI 1.1.0 (Jain et al. 2018) with --visualize flag. All contigs from this
Nitrosospira SAG were found within an NspGL1 MAG. Bandage 0.8.1 (Wick et al. 2015) was
used to manually inspect the assembly graph around the contig that contained the NspGL1
Nitrosospira proteorhodopsin to ensure that the assembled contig did not represent a chimeric
contig or inappropriate scaffolding. We verified that a single, unique path exists from the
beginning to the end of the NspGL1 contig containing proteorhodopsin (Fig 2.3). Further, we
verified that consistent coverage across this contig existed by mapping short reads from the
original sample using bowtie2 (Langmead and Salzberg 2012) and viewing results using
Integrated Genomics Viewer 2.7.0 (Thorvaldsdottir, Robinson, and Mesirov 2013) A closely
related assembly of the same genomic region from Lake Biwa did not show evidence of
proteorhodopsin; to confirm this difference between the Biwa and Great Lakes MAGs, we
mapped reads from Lake Biwa (Okazaki et al. 2019) (BioProject PRIDB6644) onto the
assembled contig described above using bowtie2 (Langmead and Salzberg 2012, 2). This
analysis demonstrated that while a large fraction of the NspGL1 contig in question recruited
reads from Lake Biwa at high identity (98-99%), starting upstream of proteorhodopsin and

retinal biosynthesis, this contig no longer recruited reads from Lake Biwa.

2.5.10 Manual identification of key nitrification genes

Despite recovery of 15 high completion MAGs in NspGL1/2a/2b/3, many of these MAGs
lacked key nitrification genes in amo and hao operons. This was largely due to the fact that amo
and hao operons were often assembled on small contigs below the minimum size cutoff we
imposed for binning contigs. Difficulty in assembling these contigs was likely in part due to the
several amo and hao operons with extremely high identity to one another in each genome, a

phenomenon which has been observed in other Nitrosospira (Sedlacek et al. 2019). Manual
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assembly graph inspection with Bandage (Wick et al. 2015) supported this hypothesis, as did
assessment of abundance of short reads associated with amo operons from NspGL and
comparison of abundance of short reads associated with core gene rpoB from NspGL, using
ROCker (Orellana, Rodriguez-R, and Konstantinidis 2017). Still, an exemplar MAG from at
least one representative of each ecotype (NspGL1/2a/2b/3) was found with both amo and hao
operons. Further, manual inspection of unbinned contigs confirmed that amo and hao operons
existed on contigs in every sample from which a MAG for a particular ecotype was recovered.
That is, for every time that an NspGL1 MAG was recovered from a sample, we were able to
determine that an amo and hao operon which could be affiliated with NspGL1 existed, even if it
was not correctly binned. Affiliation for these unbinned key nitrification genes was carried out
by alignment of amoAB and haoAB sequences to amoAB and haoAB sequences correctly binned
in NspGL ecotypes. This process was also carried out for two NtogaGL1a MAGs for nxrAB,
which were poorly assembled in those two samples. Dataset S2.6 summarizes the presence of

genes related to nitrification and nitrogen metabolism across all our MAGs.

2.5.11 Verification of gene absences
Metagenome-assembled genomes typically comprise tens or even hundreds of contigs,

and this fragmented nature makes it impossible to say with certainty whether a particular gene is
truly absent. To substantiate our claims of gene absence based on MAGs, we used several lines
of evidence. First, we note that our MAGs have high estimated completion (median 96.4%, mean
94.3%), based on the presence of universal core gene markers. Second, for all new lineages
described here except NspGL3, we assembled multiple similar MAGs independently from
different samples, and we inferred gene absences only if the absence was replicated in multiple

assemblies. Together these two factors provide strong support for cases where a missing gene

51



would be expected to occur in a region of predominantly core genes; however these factors are
less informative for cases where a missing gene might occur in a genomic island, because we
have no way of assessing the completion of regions lacking core genes, and islands tend to have
systematic poor assemblies across samples. A third line of evidence that we considered is
chromosome organization: if a single gene is deleted from an otherwise conserved region of
synteny, then this deletion should be apparent in a gene neighborhood diagram (e.g. Figures
S2.5,S2.7, S2.8, S2.10). Unfortunately in many cases, our MAGs are too dissimilar from
reference genomes and share little synteny with them, so this approach is not always informative.
We used a fourth approach based on quantitative analysis of short reads to verify gene
absences. If a suspected missing gene were actually present in the population, but failed to
assemble and/or bin with the rest of the genome, then it should be detectable in the unassembled
short reads. The frequency of a gene in the population can be estimated from its abundance in the
short reads, compared to the abundance of core marker genes in the short reads. We implemented
this approach as follows. We searched unassembled short reads for each gene of interest that we
identified as absent from MAGs (e.g. nitrosocyanin) using tblastn. Short reads with significant
similarity were then filtered by best-hit taxonomy to the appropriate nitrifier group (i.e.
Nitrosomonadaceae, Ca. Nitrotoga, Nitrospira, Thaumarchaea). These filtered short reads were
enumerated and length-normalized (1000 * number of short reads / length of the target gene of
interest). The same procedure was repeated for genes expected to be present in every cell (e.g.
amoAB, hao, nxrAB, ribosomal protein genes) for comparison. If a putative missing gene (based
on MAGS) has near-zero detection in the short reads, we can be confident that the gene is truly
missing (or has undetectable sequence similarity, or was so recently acquired from another

lineage that its best hit points to a different taxon). By contrast, if a putative missing gene (based
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on MAGS) does recover short reads, then the gene may be present in genomes related to our
MAGs but was unassembled/unbinned, or the gene may be present in another lineage of nitrifiers
that is not represented by our MAGs. Short read-based quantification of select genes is presented

in Supplemental Dataset S2.7 and described in Supplemental Text.

2.5.12 Statistical analysis and plots
All statistical comparisons were carried out in R version 3.5.3 (Team 2018) and plots were

generated using ggplot2 3.2.0 (Wickham 2009).
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Chapter 3
Distinct nitrification regime in Lake Erie compared to other Laurentian

Great Lakes

3.1 Abstract

Microbial nitrification is a key process controlling nitrogen availability in aquatic
ecosystems. Despite this, few measurements of nitrification rate exist for large freshwater lakes.
Here we present direct measurements of nitrification rate from Lakes Superior, Michigan, Erie
and Ontario. Nitrification rates in Lake Superior resemble open ocean rates, while rates in Lakes
Michigan and Ontario resemble coastal marine systems. High rates of nitrification in Lake Erie
resemble smaller eutrophic lakes. Nitrification was associated with the picoplanktonic size
fraction across the Great Lakes, except in Lake Erie’s central basin, where it was entirely
associated with the > 1.6-micron size fraction. Lake Erie harbored genetically and functionally
distinct nitrifying organisms from the other lakes, but nitrifying taxa were not distinct between
size fractions. We show that urea is readily nitrified in all lakes except Erie, consistent with lack
of urease genes in nitrifiers in Lake Erie. Altogether, we show that nitrification and nitrifiers are
distinct in Lake Erie as compared to the other Laurentian Great Lakes, reflecting Erie’s higher

productivity and availability of ammonium.

3.2 Introduction

The Laurentian Great Lakes are five interconnected freshwater ecosystems that span
strong biogeochemical gradients in productivity (Vollenweider et al., 1974), phosphorus
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availability (Dove & Chapra, 2015; Sterner, 2021) and nitrogen availability (Dove & Chapra,
2015; Mukherjee et al., 2016; Rozmarynowycz et al., 2019; Sterner, 2021). In many aquatic
systems, nitrogen is actively oxidized and reduced by microbial processes, which control both its
biological availability and flux into and out of ecosystems (Kuypers et al., 2018). While
differences in nitrogen species concentrations across the Great Lakes are fairly well documented,
it is less clear whether these differences are the result of distinct in-lake nitrogen cycling
dynamics, or differences in inputs (Robertson & Saad, 2011).

Variation in nitrifying taxa across the Great Lakes suggests a potential for differences in
nitrogen cycling. Clear variation in microbial community composition is present across the Great
Lakes (Paver et al., 2020; Rozmarynowycz et al., 2019), especially in taxonomic groups
associated with the oxidation of reduced nitrogen species (Mukherjee et al., 2016; Paver et al.,
2020; Podowski et al., 2021). The composition of communities of nitrogen oxidizing microbes
(nitrifiers) may have consequences for the rate of nitrification, in part due to differing affinities
for reduced nitrogen (Kits et al., 2017; Martens-Habbena et al., 2009; Nowka et al., 2015) and
differences in auxiliary metabolic capabilities (Kitzinger et al., 2019; Palatinszky et al., 2015).
Taken together, the diversity of nitrifying communities found across the Great Lakes, along with
differences in productivity (Vollenweider et al., 1974) and ammonium concentrations
(Mukherjee et al., 2016; Rozmarynowycz et al., 2019) suggests that nitrification rates across the
Great Lakes are likely geographically variable.

Sparse measurements of nitrification in the Great Lakes limit the current understanding of
how nitrogen cycling differs across lakes. Nitrification rates have only been measured directly in
Lake Superior (Small et al., 2013) and Lake Erie (Hoffman, 2020), though proxies such as

oxygen consumption (Clevinger et al., 2014) and carbon fixation (Lean & Knowles, 1987) have
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also been used in Erie and Ontario. These estimates suggest large differences in rates between
Superior, Erie, and Ontario, with Erie and Ontario two and four times higher than Superior,
respectively. However, lack of methodological and sampling consistency makes comparisons
difficult across existing measurements. Published rate measurements are lacking for Lakes
Michigan and Huron, which have unique bathymetry (Cuhel & Aguilar, 2013) and natural
history (Barbiero et al., 2012).

Organic nitrogen in the form of urea may represent an important but poorly studied
substrate for nitrification. While recently acknowledged as an important substrate for marine
nitrifiers (Kitzinger et al., 2019; Tolar et al., 2017), the contribution of organic nitrogen sources
to freshwater nitrification has not been widely considered. Measurements of urea concentrations
in the Great Lakes are sparse, but limited data show that Superior (Podowski et al., 2021) and
Erie (Belisle et al., 2016; Podowski et al., 2021) have concentrations more than an order of
magnitude higher than in the Gulf of Mexico (Kitzinger et al., 2019) and other marine coastal
environments (Tolar et al., 2017). Thus, the rate of urea-derived nitrification should be much
higher in Lake Erie and Superior than in the Gulf of Mexico or coastal environments (Kitzinger
etal., 2019; Tolar et al., 2017), considering positive relationships between urea concentration
and rates of urea-derived nitrification (Tolar et al., 2017). Surprisingly, however, urease genes
were not recovered in genome reconstructions of ammonia oxidizing bacteria from Lake Erie
(Podowski et al., 2021). By contrast, in the other Great Lakes where urea concentrations are
poorly constrained, urease was detected in reconstructed genomes of ammonia oxidizing archaea
and some ammonia oxidizing bacteria, suggesting an important and complex role for urea in

nitrogen cycling across the Great Lakes (Podowski et al., 2021).
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In characterizing the taxonomic and genomic diversity of picoplanktonic nitrifiers (0.2-
1.6 um) across the Great Lakes, we uncovered associations between nitrifier diversity and
biogeochemical factors. Ammonia oxidizing archaea were found in deep unproductive basins,
along with Nitrospira and some lineages of Nitrosospira specific to these basins. Other distinct
lineages of Nitrosospira were found in productive and shallow basins along with Ca. Nitrotoga
(Podowski et al., 2021). But this genomic survey of Great Lakes nitrifiers left several
unanswered questions. First, relative and absolute abundances of nitrifiers are highest in Lakes
Erie and Ontario, reaching up to 20% of the total picoplankton microbial community, compared
to <10% in other lakes (Podowski et al., 2021); microbial cell concentrations are also two to
fivefold higher in Erie and Ontario (Paver et al., 2020). The causes of this difference in nitrifier
abundance, as well as the consequences, are unclear. Second, the southern basin of Lake Huron
and the western and central basins of Lake Erie appear to lack picoplanktonic nitrifiers, a
surprising result considering high measured rates of nitrification in Lake Erie (Clevinger et al.,
2014; Hoffman, 2020). We investigated the possibility that nitrifiers are particle-associated
rather than picoplanktonic in these basins. Finally, metabolic reconstructions of ammonia
oxidizers imply that urea plays a variable role as a nitrification substrate across lakes, and is
negligibly important in Lake Erie, a result which is perhaps surprising considering the
availability of urea in Lake Erie (Belisle et al., 2016). Here we address these questions by
coupling genomic data with rate measurements across size fractions and with both ammonium

and urea as substrates.
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3.3 Methods

3.3.1 Nitrification rate measurements from >NHs* and °N Urea
Nitrification rates were measured during three cruises in the summer and fall of 2019.

Measurements from Lake Michigan (stations OR1 and MI14M) and Lake Superior (station
SU08M) were taken in June aboard the R/V Blue Heron (Fig 3.1). Additional nitrification
measurements from Lake Michigan, Erie, Ontario and Superior were taken aboard the R/V Lake
Guardian in August and September 2019. *NH,* or *N-urea nitrification rates were determined
following previously published protocols (Carini & Joye, 2008; Small et al., 2013; Tolar et al.,
2017), using incubations to track accumulation of °NO3". Water was collected approximately 10
meters from the bottom of each site in Niskin bottles. Assays were carried out in 250 ml square
polycarbonate bottles (Nalgene, ThermoFisher Scientific MA, USA), filled until overflowing
(approximately 330 ml). For all incubations in Superior, Michigan and Ontario, substrates were
added at concentrations of 0.03 pM *°N-urea or **NH4*. In Erie, final concentrations of 0.3 uM
15N-urea or *°NH4* were used, except in September 2019 assays, where *°N-urea was added at a
concentration of 0.03 uM. Concentrations of added ®NH,* or *°N-urea were chosen to be <=10%
of ambient concentrations in order to not stimulate nitrification activity. This was achieved for
5NH,* incubations, but **N-urea additions frequently exceeded 10% of ambient (Table 3.1). For
1.6 pum filtered water treatments, water was gravity filtered through a Whatman GF/A filter prior
to being added to 250 ml assay bottles. Bottles were then stored in the dark at 4 °C to mimic in
situ conditions. All assays were performed in triplicate. After 24 hours, water was filtered
through a 0.2 um syringe filter into HDPE bottles (Wheaton, Millville, New Jersey, USA

#209546) and then stored at -20 °C until downstream analysis.
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Atom % °N in NOz was determined using the nitrifier denitrification method
(Sigman et al., 2001) at the University of California, Davis Stable Isotope Facility. Nitrification
rate was calculated using the following equation (Small et al., 2013):

(**NOgsexcess) x [NO3] )/( (*°*NH4*)/[NH4*] x incubation time )

where NOs™ excess is the difference between ambient *°NOs atom % and the °NO3” atom %
after incubation. [NOs7] is the final concentration of NOs™ as determined by Griess reagent assay.
(**NH4") was the concentration of *®NH4" in the incubation bottle after addition (either 0.3 pM or
0.03 uM) and [NH4*] was the sum of ambient NH4* in the bottle plus the added ®NH4*. For °N
Urea measurements, the same formula was used, except the (**NH4*) and [NH4*] were replaced
with (**N-urea) and [urea] respectively, and the denominator was multiplied by 2 to account for
the two nitrogen atoms in urea (Tolar et al., 2017). If ambient concentration of urea was below
the limit of detection, the ambient urea term in [urea] was set to zero (Tolar et al., 2017). While a
spike of urea which was much greater than ambient concentrations may potentially stimulate use
of urea beyond basal rates, the relationship between °N-urea—derived nitrification rate and the

ratio of [*°N-urea] to [urea] was both negative and non-significant (Pearson’s R : -0.45, p > .15).

3.3.2 Ambient nutrient concentrations
Collection and processing of nutrient samples was identical across all cruises. Water was

collected from the same Niskin bottle as was used for nitrification rate incubations. Water was
filtered through a 0.2 um syringe filter into acid washed Wheaton HDPE bottles (209546) and
then stored at -20 °C. For concentrations of NOx, NOs™ and NO2", a modified version of the
Griess reagent assay was used, optimized for a 96 well plate reader (Miranda et al., 2001). NH4*

concentrations were determined using the OPA method, measured in small volumes in a 96 well
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plate (Holmes et al., 1999). Urea concentrations were determined using the room temperature

DAM method, measured in 24 well plates (Chen et al., 2015; Revilla et al., 2005).

3.3.3 Cell Abundance Quantification
Samples for cell abundance quantification were taken from raw unfiltered water samples

across all cruises, where 1ml of raw unfiltered water was collected and 5 pL of 25%
glutaraldehyde was added (final glutaraldehyde concentration 0.125%). Samples were incubated
in the dark for 10 minutes then flash frozen in liquid nitrogen and stored at -80 °C until analysis.
Cell abundance was quantified using flow cytometry on a CytoFLEX S (Beckman Coulter CA,
USA). Samples were thawed and 100 microliters of sample was stained with 0.5 uL of 100x
SYBR Green to achieve a final concentration of 0.5x SYBR GREEN I (Thermofisher). Samples
were incubated in the dark for 30 minutes and enumerated using the CytoFLEX S flow

cytometer.

3.3.4 Metagenome and Single Cell Genome Sequencing
Metagenomic samples from Lake Erie were collected in September 2019 aboard the R/V

Lake Guardian concurrent with rate measurements. For 0.2-1.6 micron samples, approximately
4L of water was passed through a 25 micron mesh and then pre-filtered through a GF/A glass
fiber filter (Whatman 1820-047; nominal pore size 1.6 um) before being collected on a 0.22
Millipore Express Plus 47mm membrane filter (GPWP04700, ThermoFisher Scientific MA,
USA). For 25-0.2 micron samples, approximately 4L of water was passed through a 25 micron
mesh and then collected on a 0.22 um Millipore Express Plus 47mm membrane filter
(GPWP04700, ThermoFisher Scientific MA, USA). All samples were stored at -80 °C until

DNA extraction using FastDNA Spin Kit for Soil (116560-200, MP Biomedical, Irvine, CA,
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USA), then further purified using Genomic DNA Clean and Concentrator (D4010, Zymo
Research, Irvine, CA, USA).

Sequencing and library preparation were performed at MiGS Microbial Genome
Sequencing Center (Pittsburgh, PA, USA), using the Illumina Library Prep and NextSeq 2000
platform (Illumina). DNA sequences were quality controlled using bbduk gtrim=r trimg=30 and
then normalized using bbnorm target=100 mindepth=2 in BBTools suite version 35.74

(https://sourceforge.net/projects/bbmap/). Assembly was carried out in metaSPAdes 3.15.2 (Nurk

et al., 2017). metaWRAP using the binning protocol (Uritskiy et al., 2018) facilitated mapping of
quality controlled, non-normalized reads using BWA (Li & Durbin, 2009), and binning using
MetaBAT2 (Kang et al., 2019, p. 2), CONCOCT (Alneberg et al., 2014) and MaxBin2 (Wu et
al., 2016, p. 2). metaWRAP Bin_refinement protocol compared and consolidated binning output
using CheckM (Parks et al., 2015). metaWRAP Reassemble_bins was then used to map reads
back to high quality bins using BWA (Li & Durbin, 2009) and then reassembled using
metaSPAdes 3.15.2 (Nurk et al., 2017). Final bins with greater than 75% completion and less
than 5% contamination as assigned by CheckM (Parks et al., 2015) were deemed metagenome
assembled genomes (MAGS).

Metagenomic samples from the bottom of the water column in Lakes Superior, Michigan
Huron and Ontario were collected in summer of 2012 aboard the R/V Lake Guardian, at the
same time and in the same manner as described in (Podowski et al., 2021). Sample collection
was conducted identically, except that library preparation was conducted using Illumina Nextera
XT and sequenced at Harvard Bauer Core Facility. Quality control of DNA sequences was

carried out using bbduk gtrim=rl trimg=13 minlength=40 in BBTools suite version 35.74
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(https://sourceforge.net/projects/bbmap/). The assembly, mapping, binning and generation of

MAGs was carried out as described in (Podowski et al., 2021).

Samples for single cell amplified genomes (SAG) were collected in August 2014 and
processed as described in (Podowski et al., 2021). SAGs presented here were collected from
Lakes Michigan, Superior, Erie and Ontario. SAG assemblies were downloaded from JGI IMG
after JGI carried out normalization using bbnorm target=100 mindepth=2, reformat.sh
samplereadstarget=20000000 using BBTools suite version 38.39

(https://sourceforge.net/projects/bbmap/) and assembly using SPAdes (Bankevich et al., 2012)

-phred-offset 33 -t 16 -m 64 --sc -k 25,55,95.

MAGs and SAGs were all annotated and analyzed identically once generated. CheckM
(Parks et al., 2015) was used to assess completion and contamination of all SAGs and MAGs.
All MAGs generated were greater than 75% complete and less than 5% contaminated, but SAGs
were of lower completion and ranged between 20 and 40% complete. GTDB-tk (Chaumeil et al.,
2020) was used to assign taxonomy to MAGs and fastANI (Jain et al., 2018) was used to assign
MAG:s to nitrifier genome groups. Anvi’o v7 (Eren et al., 2015) was used to call genes using
prodigal (Hyatt et al., 2010) and to annotate gene calls against COG (Tatusov et al., 2000),
PFAM (Finn et al., 2014) and KEGG (Kanehisa et al., 2016) databases. Anvi’o v7 pangenome
pipeline (Delmont & Eren, 2018) was used to generate gene clusters using blastp (Camacho et
al., 2009) to determine sequence similarity, ITEP (Benedict et al., 2014) to eliminate weak
similarity and MCL (van Dongen & Abreu-Goodger, 2012) to generate clusters. In order to
assess abundance of genomes and genome groups in metagenomic samples, bowtie2 (Langmead
& Salzberg, 2012, p. 2) was used to map quality controlled, non normalized paired short reads to

MAG fasta files.
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3.3.5 Metaproteomic Sample Preparation and Analysis

Filter samples for proteomics analysis were extracted by vortexing, heating (95°C, 20
min) and ultrasonication ((QSonica Q500; 10 min, 1s pulse/1s pause, 85% amplitude) in a
reducing and denaturing SDS(1%)/Tris(200mM, pH 8.0)/DTT(10 mM) buffer, and cysteine
thiols alkylated with 40mM iodoacetamide. Proteins were precipitated overnight in acetone (-
20°C), redissolved in 8M urea, and purified by a modified eFASP (enhanced filter-aided sample
preparation) protocol (Erde, Loo, and Loo 2014), using Sartorius Vivacon 500 concentrators
(30kDa nominal cutoff). Proteins were digested with MS-grade trypsin (37°C, overnight), and
peptides were eluted from the concentrator dried by vacuum centrifugation. For quantitative
analysis, peptides were isotopically labeled at both N- and C-termini using the diDO-IPTL
methodology (Waldbauer et al. 2017). Briefly, C-termini were labeled with either oxygen-16 or -
18 by enzymatic exchange in isotopic water of >98 atom% enrichment. N-termini were labeled
with either un- or dideuterated formaldehyde via reductive alkylation using sodium
cyanoborohydride. Peptide extracts from each sample were split and aliquots labeled separately
with CD20/160 and CH20/180; the latter were pooled to serve as a common internal standard
for quantification. Aliquots of the 160-labeled peptides and 180-labeled internal standard were
mixed 1:1 v/v and analyzed by LC-MS for protein expression quantification.

For LC-MS analysis, peptide samples were separated on a monolithic capillary C18
column (GL Sciences Monocap Ultra, 100um 1.D. x 200cm length) using a water-acetonitrile +
0.1% formic acid gradient (2-50% AcN over 180 min) at 360nl/min using a Dionex Ultimate
3000 LC system with nanoelectrospray ionization (Proxeon Nanospray Flex source). Mass
spectra were collected on an Orbitrap Elite mass spectrometer (Thermo) operating in a data-
dependent acquisition (DDA) mode, with one high-resolution (120,000 m/Am) MS1 parent ion
full scan triggering Rapid-mode 15 MS2 CID fragment ion scans of selected precursors.
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Proteomic mass spectral data were analyzed using MorpheusFromAnotherPlace (MFAP;
(Waldbauer et al. 2017). Precursor and product ion mass tolerances for MFAP searches were set
to 20ppm and 0.6Da, respectively. Static cysteine carbamidomethylation and variable methionine
oxidation, N-terminal (d4)-dimethylation, and C-terminal 1802 were included as modifications.
False discovery rate for peptide-spectrum matches was controlled by target-decoy searching.
Protein-level relative abundances and standard errors were calculated in R using the Arm

postprocessing scripts for diDO-IPTL data (Waldbauer et al. 2017); github.com/waldbauerlab).
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3.4 Results

3.4.1 Bulk nitrification from ammonium and urea
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Figure 3.1: Map of sampling stations across the Laurentian Great Lakes. Rates of nitrification
for each station are presented in the accompanying bar plots. For each station, the rate of
nitrification from ammonia is presented on the left, and the rate of nitrification from urea is
presented on the right. Error bars show one standard deviation. Scales on the bar plots are to
1000 nM nitrogen per liter per day, except Lake Guardian September 2019 where scales go to
10000 nM nitrogen per liter per day.

Mean measured rates of nitrification spanned from 78 nmol L d* to 6078 nmol L d**
(Table 3.1) with the highest rates from Lake Erie (Fig 3.1). Rates of nitrification in Lake Erie

were higher than Lake Superior (Mann Whitney U; W = 54, p = 0.0004), Michigan (W = 106, p
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= 2.722e-05) and Ontario (W = 27, p = 0.009). Rates in Lake Ontario were higher than Lake
Superior (W =18, p = 0.02381). Significant differences in nitrification rates between basins were
found between stations OR1 and MI27M (both central basin) and M141M (northern basin) in
Lake Michigan (Fig 3.1) (W = 36, p = 0.002). Rates across Lake Erie differed seasonally, with
September being 2 to 3 times higher than August (W =0, p = 0.024). We found a positive
relationship between nitrification rate and cell concentration (Fig 3.2) (Spearman’s tho = 0.74, S
=22, p = 0.045). Otherwise, no significant correlations between measured nitrification rates and

measured environmental parameters (NH4*, NO2™, NOs", temperature, depth) were found.

15NH4+ Rate 15N urea Rate
Cruise Date Lake Station DepthTemp NH4* NO2™ NO3~ Urea Unfiltered 1.6 pm filtered Unfiltered 1.6 pm filtered Rate Ratio:
(m) (°C) (um) (uM) (uM) (BM) nmol L1 d71(SD) nmol L1 a1(sp) nmol L1 d"1(sD} nmol L"? d-1(sp) 15N Urea/15NHs*
R/V Blue Heron ~ 6/25/2019 Michigan OR1 82 3.81 0.82 bd 155 b.d  78.43(112.28) 1.54 (0.98) 0.019
R/V Blue Heron ~ 6/27/2019 Michigan MI41M 250 3.84 0.19 0.13 20.9 0.29 427.95(51.71) 370.14 (16.75) 1104.16 (334.9)* 734.72 (133.21)*  2.580*
R/V Blue Heron ~ 6/29/2019 Superior SUOBM 280 3.41 0.03 0.28 23.36 b.d  106.39 (14.53) 143.54 (51.96) 31.83 (13.06) 43.68 (10.98) 0.299
R/V Lake Guardian 8/2/2019 Michigan MI27M 94 270 1.27 112 26.18 0.31 194.09 (105.42) 24.15 (11.69) 0.124
R/V Lake Guardian 8/3/2019 Michigan MI41M 250 2.30 0.59 1.04 19.45 b.d  657.65 (169.97) 64.88 (16.38) 0.098
R/V Lake Guardian 8/11/2019 Erie ER15M 53 4.70 2.93 0.76 849 bd  716.93 (174.20) 3.24 (2.29) 0.004
R/V Lake Guardian 8/14/2019 Ontaric ONSSM 182 3.80 0.35 1.07 17.96 0.44 447.38 (50.01) 234.7 (89.12) 0.525
R/V Lake Guardian 8/25/2019 Superior SUOBM 280 3.50 0.23 0.37 16.27 b.d  302.76 (48.75) 38.77 (10.73) 0.128
R/V Lake Guardian 9/17/2019 Erie ER15M 63 3,50 0.15 0.55 11.09 b.d 3495.94 (1551.74) 2951.39 (442.66)  35.36 (4.79) 13.91 (1.43) 0.010
R/V Lake Guardian 9/18/2019 Erie ER78M 23 9.30 1.59 1.10 9.66 0.55 6078.45 (2608.99) 95.19 (39.85) 50.07 (5.66) 32.73 (9.41) 0.008

Table 3.1 Table of physical and chemical data measured alongside nitrification rates. Chemical
measurements (NH4+, NO2-, NO3-, urea) were taken from the same water that was used in the
incubations to determine rate. Temperature was measured from the CTD at time of water
collection. b.d= below detection. Standard deviation (SD) was calculated using three replicates
for each rate measured.

Mean measured rates of nitrification from urea ranged from 1.54 nmol L*d*to 234.7
nmol L d? (Table 3.1), with the exception of a single high value which was excluded due to
likely overestimation. Rates of nitrification derived from urea were higher in Lake Ontario
compared to Lake Erie (Mann Whitney U; W =0, p = 0.009), Lake Michigan (W =0, p = 0.009)
and Lake Superior (W =0, p = 0.024) (Fig 3.1). Unlike NH4*-derived nitrification, urea-derived
nitrification showed no seasonal changes in rate. We found no significant correlations between

urea-derived nitrification rates and measured environmental parameters (NH4*, NO2™, NOs™,

urea, temperature, depth, microbial cell concentration).
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Figure 3.2 Nitrification rates from ammonia compared to cell abundance measured in cells per
ml. Nitrification rates are an average of three bottles.

Lake Basin Depth Rate (nmolNL*!d?') Method Reference

(m)
Superior Western 150 12-50 5N Tracer Small et al. 2013
Superior Central 280 106-303 15N Tracer This study
Michigan Central 80 78-194 15N Tracer This study
Michigan Northern 250 427-657 1SN Tracer This study

Nitrapyrin-sensitive

Erie Eastern 63 350-1,509 0, consumption Clevinger et al. 2014
Erie Eastern 63 717- 3495 15N Tracer This study

. ) Nitrapyrin-sensitive .
Erie Central 23 218-4,526 0, consumption Clevinger et al. 2014
Erie Central 23 6078 SN Tracer This study
Ontario Eastern 182 447 15N Tracer This study
Ontario Eastern 176 71 Nitrapyrin-sensitive Lean and Knowles 1987

dark 14C bicarbonate
incorporation

Table 3.2 Table of previous measurements of nitrification in the Laurentian Great Lakes, along
with depth the sample was taken from, the basin and lake the sample was taken from, the method
used for calculating the rate, and the reference for the rate measurement.

81



3.4.2 Nitrification by picoplankton fraction
Mean measured rates of nitrification from NH4" by the picoplanktonic fraction (<1.6 pm)

ranged from 95 nmol L d?* to 2951 nmol L d? (Table 3.1). These rates represented 86% of
bulk (total unfiltered) nitrification rates in the northern basin of Lake Michigan and 84% in the
eastern basin of Lake Erie, but only 2% of the bulk nitrification rates in the central basin of Lake
Erie (Fig 3.3). Urea-derived nitrification by free-living microbes displayed different trends,
making up 66% of bulk rates in the northern basin of Michigan, 39% of bulk rates in the eastern

basin of Erie, and 65% of bulk rates in the central basin of Erie (Fig 3.3).
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Figure 3.3: Nitrification rates derived from raw water incubations on left, and 1.6 um-filtered
water incubations on right. Each point represents a single bottle.
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3.4.3 Novel nitrifiers in genera Nitrosospira and Ca. Nitrotoga
A novel Nitrosospira MAG from Lake Erie’s western basin had metabolic adaptations

unique among NspGL groups. NspGL4, which was generated from a 1.6-25 micron size fraction
sample, shares 97% average nucleotide identity with NspGL3, the previously identified
dominant ammonia oxidizing bacteria in samples from Lake Erie’s western basin (Podowski et
al., 2021). Like NspGL3, NspGL4 is predicted to have a genome size of approximately 1.6 Mb
with 50.3% GC content. NspGL4 contains cytochrome P460, and lacks NirK and urease genes,
and appears to contain a type 1Aq CBB carbon fixation pathway (Badger & Bek, 2008; Rae et
al., 2013). Most notable in NspGL4 are genes encoding flagella, chemotaxis, and two component
systems which are not found in other Great Lakes ammonia oxidizing bacteria. Similarly,
NspGL4 also contains glycogen phosphorylase (glgP), glucose-1-phosphate adenylyltransferase
(glgC), glycogen synthase (glgA) and 1,4-alpha-glucan branching enzyme (glgB), all of which
are missing from other Great Lakes Nitrosospira found outside Lake Erie. The presence of
glycogen storage and degradation genes suggests that fluctuation in energy availability may
select for this energy storage mechanism.

We discovered an additional novel lineage of Nitrosospira in Lake Erie using single cell
amplified genomes (SAGs). We identified two low completion SAGs (approximately 40%
completion) that appear, based upon nucleotide identity of shared regions, to be from the same
new group we termed NspGLD5, both isolated from the same sample from the western basin Lake
Erie. Each of these NspGL5 SAGs share 97% ANI with NspGL4 and 95% ANI with NspGL3,
and have 50% G+C content. Like NspGL4, these two NspGL5 SAGs contain many flagella,
chemotaxis, and two component system genes otherwise absent from Great Lakes Nitrosospira

(Podowski et al., 2021), as well as glgB and glgC for energy storage.
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We also reconstructed a novel lineage of Ca. Nitrotoga from Lake Michigan,
phylogenetically distinct from recently described NtogaGL1a and NtogaGL1b and reference Ca.
Nitrotoga (Podowski et al., 2021). Generated from a sample from the bottom of Lake Michigan’s
central basin, this new MAG shares less than a 77% ANI to any NtogaGL genomes. We assign
this distinct Ca. Nitrotoga MAG as NtogaGL2. Ca. Nitrotoga AM1P (Ishii et al., 2020) is the
most closely related existing genome to NtogaGL2, and these two genomes share 89% ANI. The
predicted genome size for NtogaGL2 is approximately 2 Mb, larger than NtogaGL1a or
NtogaGL1b, but still smaller than reference Ca. Nitrotoga genomes.

NtogaGL2 is metabolically more similar to reference Ca. Nitrotoga than to NtogaGL1a
and NtogaGL1b. As in previously denoted publications (Boddicker & Mosier, 2018; Ishii et al.,
2020; Kitzinger et al., 2018), NtogaGL2 lacks cyanase (cynS) and contains nitrite reductase
(nirK). NtogaGL?2 also contains glycogen storage and breakdown genes glgABCP as well as
phosphofructokinase (pfk) and portions of the Entner-Doudoroff pathway (zwf, pgl) present in
reference Ca. Nitrotoga but absent in NtogaGL1a and NtogaGL1b. In addition, NtogaGL2
contains a number of chemotaxis and flagella genes absent in NtogaGL 1a and NtogaGL1b.
Together this gene complement suggests that NtogaGL2 is adapted to a more dynamic
heterogeneous environment than its relatives NtogaGL1a and NtogaGL1b.

The RuBisCo operon in NtogaGL2 is distinct from reference Ca. Nitrotoga and
NtogaGL1la and NtogaGL1b. We detected carboxysome genes near rbcL and rbcS which
suggests that NtogaGL2 contains an alpha-carboxysome cso operon, more similar to
Nitrosospira NspGL1 or Nitrosomonas eutropha C91 (Badger & Bek, 2008; Rae et al., 2013)
than to any known Ca. Nitrotoga. Though the region is fragmented, the ordering of rbcL, rbcsS,

€s0S2 and csoS3/csoSCA suggests a type IAc operon. A second contig containing several other
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typical alpha-carboxysome type cso genes provides further support for this assignment.
Interestingly, csoS3/csoSCA was absent in the NspGL1 assembly, the one deviation from

canonical type IAc organization.

3.4.4 Phylogenetically similar nitrifiers across size fractions in Lake Erie
Distinct size fractions did not contain distinct taxonomic groups of nitrifiers in Lake

Erie’s central or eastern basin. Quantification of nitrifier genome groups described previously
(Podowski et al., 2021) as well as those newly identified (NtogaGL2, NspGL4, NspGL5)
demonstrated that while active nitrification may be nearly exclusive to the > 1.6 micron fraction
in central Lake Erie (Fig 3.1), the genomic identity of the nitrifiers in the > 1.6 micron size
fraction is identical to those elsewhere in Lake Erie in the picoplanktonic size fraction (Fig 3.4).
Nitrite oxidizers assembled from Lake Erie’s central basin samples that contain both particle
associated and free living microbes (25 - 0.2 micron samples) were clearly affiliated with
NtogaGL1b, and this is reflected in the fact that NtogaGL1b is highly abundant in the 25-0.2
micron size fraction samples, as well as all other samples from Lake Erie (Fig 3.4). Newly
discovered NtogaGL2 was rare, and NtogaGL1a and NtogaGL1b ranged from 10 to 400 times
more abundant. NspGL3, NspGL4 and NspGL5 have approximately equal abundances in all
Lake Erie samples, both those that represent the 25-0.2 micron size fraction and those
representing only the ‘free living’ < 1.6 micron size fraction described previously (Podowski et
al., 2021). These results suggest that rather than two phylogenetically distinct groups of nitrifiers,

one ‘free living’ and one ‘particle associated’, that the two communities are one and the same.
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Figure 3.4 Heatmap of the percent of the total microbial community represented by nitrifier
genomes, broken down by genome group of the nitrifier. Each column represents a single
metagenomic sample, and each row represents a single genome group of nitrifiers. Plotted values
are log10 transformed percentages of total reads that are mapped to genomes in that genome
group. Barplot below each column plots the percentage of total reads in that sample that were
recruited to all nitrifier genomes. Blocks above each sample denote features of that sample.

]

3.4.5 Detection of nitrification enzymes confirms activity of Ca. Nitrotoga and Nitrosospira
We used proteomics to search for proteins involved in nitrification and attempted to

attribute proteins to specific lineages of nitrifiers. We detected peptides that are diagnostic of
AmoA and AmoB, confirming the activity of Nitrosospira and suggesting greater activity in
Erie’s western basin. We found a single peptide belonging to the protein AmoA which matches
the sequence of NspGL4, but is distinct from known AmoA sequences in all other Great Lakes
Nitrosospira and Nitrosarchaeum. We also identified four unique peptides belonging to protein
AmoB, all of which exclude AmoB from Nitrosoarchaeum and two of which match sequences
from Nitrosospira NspGL2a and NspGL2b (Fig 5). However, amoB from NspGL3 and NspGL5

are fragmentary and this region of the gene is not present, and so production by these two groups
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cannot be ruled out. Altogether, these peptides are likely derived from AmoA and AmoB
proteins produced by Nitrosospira, but the fragmentary amoA and amoB gene sequences, as well

as peptides arising from conserved regions, limits conclusions about which specific Great Lakes

lineage of Nitrosospira is producing these proteins.

Peptide 245 Peptide 508
ER15M 0.2-25 1 spectra -2.1 ER15M 0.2-25 2 spectra -2.29
ER15M 0.2-1.6 1 spectra -1.7 ER15M 0.2-1.6 2 spectra -2.36

Peptide 743 Peptide 441
ER15M 0.2-1.6 1 spectra -3.22 ER15M 0.2-1.6 1 spectra -2.6

Figure 3.5 Alignment of AmoB sequences from samples in the Great Lakes. AmoB sequences
originating from Nitrosospira (NspGL) or Nitrosarchaeum (Narch) groups are denoted, while
those not specifically denoted come from unbinned fragments whose phylogenetic affiliation
could not be determined. Unique peptides detected by mass spectrometry are highlighted. Unique
peptide name is projected from sequence, along with samples in which it was detected (station
name, size fraction, number of spectra, normalized log2 abundance value).

Identification of peptides diagnostic to proteins NxrA and NxrB from Ca. Nitrotoga
suggests specific activity of NtogaGL1b. We detected two unique peptides diagnostic to protein
NxrB, which rule out NxrB from NspiraGL but do specifically match a single NtogaGL group.
The five unique peptides diagnostic for the NxrA protein provide a greater degree of specificity
(Fig 3.6). All five match Ca. Nitrotoga (NtogaGL), but not Nitrospira. Two of the five cannot
discriminate between the three NtogaGL groups. One peptide matches both NtogaGL 1a and
NtogaGL1b, while one other peptide matches both NtogaGL1b and NtogaGL2. The single
remaining peptide is diagnostic to NtogaGL1b. Together, these results are consistent with NxrA
and NxrB expression from NtogaGL1b, which is supported by the numerical dominance of

NtogaGL1b in these samples at the DNA level.
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Peptide 271

ER15M 0.2-25 1 spectra -1.900  Peptide 281

ER15M 0.2-1.6 spectra -1.55 ER15M 0.2-1.6 2 spectra -0.9088 Peptide 420

ER78M 0.2-1.6 2 spectra -2.62 ER78M 0.2-1.6 3 spectra -0.53 ER15M 0.2-1.6 2 spectra -1.388
§ s N /

N

Peptide 89

Peptide 520 ER15M 0.2-25 1 spectra -1.90
ER15M 0.2-1.6 2 spectra -1.47 ER15M 0.2-1.6 3 spectra -1,55

ER78M 0.2 1.6 2 spectra -2.62

Figure 3.6 Alignment of NxrA sequences from Great Lakes metagenome samples. NxrA
sequences originating from Ca. Nitrotoga (NtogaGL) or Nitrospira (NspiraGL) groups are
denoted, while those not specifically denoted come from unbinned fragments whose
phylogenetic affiliation could not be determined. Unique peptides detected are highlighted.
Unique peptide name is projected from sequence, along with samples in which it was detected
(station name,, size fraction, number of spectra, normalized log2 abundance value).

3.5 Discussion

Rates of nitrification distinguish the Great Lakes from one another, and allow
comparisons to other aquatic ecosystems. Our reported nitrification rates from Lake Superior are
higher than past measurements (Small et al., 2013) perhaps owing to methodological differences
during incubation. Previous measurements used in-situ incubations, while our incubations were
carried out on deck in light and temperature conditions mimicking in situ conditions. Differences
between rates of carbon fixation measured on deck vs in situ have been previously noted
(Callieri et al., 2014). Our reported nitrification rates from Lake Erie are on par with previous
direct and indirect measurements (Clevinger et al., 2014; Hoffman, 2020). Nitrification in Lake
Erie was distinct from Lake Superior, Michigan and Ontario, and rates of nitrification in Lake
Erie more closely resemble eutrophic Lake Taihu (Hampel et al., 2018) and Lake Mendota
(Small et al., 2013). Rates of nitrification in Lake Michigan and Ontario more closely resemble
coastal marine environments (Tolar et al., 2017), while rates in Superior resemble values from
the higher end of the range of open ocean environments (Santoro et al., 2010). Rates of
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nitrification from urea also resembled those in coastal environments (Tolar et al., 2017), except
in Lake Ontario where we reported very high urea-derived nitrification rates.

Nitrification was concentrated in different size fractions across the Great Lakes. In Lakes
Superior, Michigan and the eastern basin of Erie, the picoplanktonic size fraction primarily drove
nitrification. By contrast, in the central basin of Erie, the picoplanktonic fraction contributed very
little to total nitrification (Fig 3.3). There are several potential explanations for this finding. One
explanation would be that the large free-living cells (> 1.6 um) in Erie are the primary nitrifiers
there. This seems unlikely, based on published micrographs that show Nitrosospira and Ca.
Nitrotoga to be small cells less than 1 um in size (Jiang & Bakken, 1999) (Kitzinger et al., 2018).
Another explanation could be that nitrifiers in Lake Erie’s central basin form aggregates using
extracellular polysaccharides (EPS), which is common in wastewater treatment plants (Schramm
et al., 1996) and drinking water systems (Lipponen et al., 2004) and ensures close proximity
between ammonia- and nitrite-oxidizing partners. Finally, nitrifiers may be particle-associated in
Lake Erie’s central basin but free living elsewhere. This hypothesis is supported by higher
productivity in Lake Erie’s central basin (Glooschenko et al., 1974; Vollenweider et al., 1974),
as higher productivity has been shown to influence the particle association of other processes
such as respiration (Biddanda et al., 2001). Single-cell or single-particle imaging will be required
to determine the spatial context of nitrifiers across Lake Erie and elsewhere.

Nitrifier assemblages distinguish the Great Lakes from both marine and other freshwater
systems. Nitrifiers from the Great Lakes — particularly ammonia oxidizers in Nitrosarchaeum
and Nitrosospira, and nitrite oxidizers in Nitrospira — are strikingly similar at the genomic level
to related taxa recovered from other large, deep lakes such as Biwa and Baikal (Cabello-Yeves et

al., 2019; Okazaki et al., 2019). However, unlike in smaller French lakes, lower ammonia
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concentrations and oligotrophic conditions did not predict dominance of ammonia oxidizing
archaea (Hugoni et al., 2013). Instead, all of the Great Lakes are dominated by ammonia
oxidizing bacteria, while ammonia oxidizing archaea occur only as a minority in oligotrophic
Lake Superior and Michigan (Podowski et al., 2021). This also distinguishes the Great Lakes
from marine systems, where ammonia oxidizing archaea are largely dominant offshore
(Schleper, 2010). Nitrite oxidizers in the Great Lakes fall more in line with traditional freshwater
lineages, with Nitrospira dominant in Superior and some basins of Michigan and Ontario
(Mukherjee et al., 2016; Paver et al., 2020; Podowski et al., 2021; Small et al., 2013). Lake Erie
and Huron, as well as some basins of Michigan and Ontario are dominated by Ca. Nitrotoga (Fig
3.4, (Podowski et al., 2021)) which are found broadly distributed in freshwater environments
(Boddicker & Mosier, 2018) but whose identity as important freshwater nitrite oxidizers was
only recognized recently. Like all other freshwater systems, the Great Lakes have distinct nitrite
oxidizers from marine systems, which in open ocean environments are dominated by Nitrospinae
(Daims et al., 2016; Pachiadaki et al., 2017). Together, these nitrifier communities position the
Great Lakes as a unique system.

Our work suggests that urea plays a variable role across the Great Lakes, based on
genomic capacity to hydrolyze urea and rates of urea-derived nitrification. Urea could potentially
be an important source of nitrogen for heterotrophic and autotrophic picoplankton in the Great
Lakes, especially as use of urea as an agricultural fertilizer has increased 100-fold (Glibert et al.,
2006). The capacity to use urea is enabled by the enzyme urease, which is distributed throughout
all three domains of life (Solomon et al., 2010) but not uniformly, and microcosm experiments
have demonstrated that urea addition does not affect community members equally and may be

used preferentially by eukaryotic phytoplankton (Wheeler & Kirchman, 1986). Mesocosm
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experiments in nitrogen-limited Lake Erie have demonstrated that urea is broadly bioavailable to
phytoplankton and can relieve nutrient limitation of growth (Belisle et al., 2016). While
phytoplankton and heterotrophs use urea for nitrogen assimilation, urea could serve as a source
of ammonia for oxidation by nitrifiers (Allison & Prosser, 1991). Ammonia oxidizers in Lake
Erie appear to lack urease, suggesting nitrifiers cannot use urea as a substrate for nitrification
(Podowski et al., 2021). Our measurements of urea-derived nitrification confirm these genomic
predictions, suggesting a reduced role for urea in nitrification in Lake Erie. This reduced role
may be driven by competition with phytoplankton for urea, which would be more important to
phytoplankton growth in this nitrogen-limited system. A similar dynamic of phytoplankton—
nitrifier competition for substrate is thought to exclude nitrification from the photic zone of the
ocean (Smith et al., 2014).

While our work advances our understanding of nitrification, many open questions about
nitrogen cycling in the Great Lakes remain. The concentration of oxidized nitrogen in Lakes
Superior, Michigan and Ontario has been increasing since the 1970s (Finlay et al., 2013) and at
least in Lake Superior this nitrate is thought to be largely produced in-lake by nitrifiers (Finlay et
al., 2007). Our results do not speak to the cause of this increase, but are consistent with past
discussion that nitrate increases are driven by a decrease of nitrate loss through either decreasing
incorporation into biomass or decreasing loss due to denitrification (Small et al., 2014), rather
than an increase in rates of nitrification and therefore nitrate accumulation. This continual nitrate
increase is not occurring in Erie (Dove & Chapra, 2015), likely due to increased nitrogen loss via
denitrification in the sediment (Small et al., 2014) and potentially in the water column due to
hypolimnetic hypoxia (Scavia et al., 2014). Our results reinforce the uniqueness of Lake Erie’s

nitrogen cycle, in terms of both rates of nitrification (Fig 3.1) and identity of nitrifiers (Fig 3.4,
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(Podowski et al., 2021)). This uniqueness of Erie’s nitrogen cycle may play a role in the intensity
of Microcystis blooms and microcystin production, which are influenced by nitrogen availability
(Wilhelm et al., 2020) and in particular urea (Belisle et al., 2016). Additional future work is
urgently needed to better understand the distinctive patterns of nitrogen cycling across the Great
Lakes, their role in drinking water quality, and potential alterations due to warming and

environmental change.
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Chapter 4

Phylogenetically and functionally diverse autotrophs are abundant in the

Laurentian Great Lakes and widespread in other freshwater ecosystems

4.1 Abstract

Carbon fixation is the fundamental process underlying biomass production on earth. Most
carbon fixation is done by plants on land and phytoplankton in aquatic systems, using energy
conserved by oxygenic photosynthesis. Additionally, a variety of Bacteria and Archaea are
known to couple carbon fixation to chemolithotrophic (non-photosynthetic) energy metabolism
or anoxygenic photosynthesis. However, the contributions of these taxa and their associated
energy conservation pathways to primary productivity are poorly constrained. Here we
investigate the taxa and energetic pathways associated with carbon fixation in the picoplankton
size fraction of the Laurentian Great Lakes. The Calvin-Benson-Bassham pathway was by far the
most prevalent carbon fixation pathway. RuBisCo, the key enzyme in this pathway, was
predominantly associated with eukaryotic phytoplankton in the spring. In stratified summer
conditions, RuBisCo genes from nitrifiers Nitrosospira and Ca. Nitrotoga were abundant in deep
water. Unexpectedly, we found that RuBisCo genes associated with Burkholderiales constituted
the majority of taxonomically resolvable RuBisCo genes in many summer samples, even from
sunlit surface and deep chlorophyll-maximum layers where phytoplankton are presumed to
dominate. To characterize these abundant bacterial autotrophs, we reconstructed genomes from
metagenomes and discovered a diverse array of lineages in Burkholderiales that encode
RuBisCo, photosystem 11, and sulfur oxidation. The distribution of RuBisCo genes within these

MAGs, the phylogeny of rbcL itself, and the organization of the RuBisCo operon suggest a
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complicated evolutionary history for this metabolic complement. We find this metabolic
complement in genomes from freshwater systems around the world, suggesting a potentially
important role for uncharacterized autotrophs in a wide range of systems. A more complete
understanding of energy metabolism in these organisms will help inform their potential impact

on carbon fixation, in the Laurentian Great Lakes and in other freshwater systems globally.

4.2 Introduction

Carbon fixation in oxygenated aquatic ecosystems is classically considered to be carried
out almost exclusively by photosynthetic phytoplankton. However, recent inventories in marine
systems suggest that dark (non-photosynthetic) carbon fixation in the euphotic zone (Baltar and
Herndl 2019) and below the euphotic zone (Pachiadaki et al. 2017; Reinthaler, van Aken, and
Herndl 2010) both contribute substantially to global primary productivity, with a total flux on the
order of one-quarter the photosynthetic flux. This dark carbon fixation is frequently coupled to
the oxidation of reduced nitrogen and sulfur substrates (Kitzinger et al. 2020; Tuttle and
Jannasch 1977; Shah et al. 2019; Callbeck et al. 2018) and is predicted to be carried out by
diverse taxa, many of which have not yet been isolated or physiologically characterized (E. D.
Graham, Heidelberg, and Tully 2018; Pachiadaki et al. 2017; Swan et al. 2011). These
discoveries emphasize the need to better understand the breadth of organisms capable of carbon
fixation and to specifically assess their contributions to global primary productivity, as they are
overlooked by estimates based on chlorophyll a (Carr et al. 2006).

The Laurentian Great Lakes are a unique system for quantifying microbial carbon
fixation and respiration budgets. They are unusual among lakes in that autochthonous carbon

fixation is a much larger contribution to total organic carbon than allochthonous inputs, owing to
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their large volume and relatively small watershed area (Zhou, Guo, and Minor 2016). Primary
productivity from photosynthesizers has been well studied in the Great Lakes (\VVollenweider,
Munawar, and Stadelmann 1974; Glooschenko et al. 1974; Sterner 2010; Reavie et al. 2021) and
the upper lakes (Superior, Michigan, and Huron) have generally much lower productivity than
the lower lakes (Erie and Ontario). Microbes — bacteria, archaea and small single cell eukaryotes
— are vital to both heterotrophic respiration and carbon fixation in offshore regions of the Great
Lakes (Heath, Hwang, and Munawar 2010), especially in Lake Superior where bacterial
respiration (Biddanda, Ogdahl, and Cotner 2001) is more than 80% of total planktonic
respiration and microbes smaller than 3 microns perform more than 50% of all carbon fixation
(Fahnenstiel et al. 1986). While the diversity and potential contribution of picoplanktonic
cyanobacteria to carbon fixation has been explored (lvanikova et al. 2007; 2008), a more holistic
understanding of photosynthetic and chemolithotrophic microbial contributions to carbon
fixation in the Great Lakes is lacking.

Recent genomic surveys of freshwater systems have highlighted the potential for non-
photosynthetic bacteria to contribute to carbon fixation via chemolithotrophy. In the Great Lakes
and elsewnhere, autotrophic nitrifiers are abundant and likely important contributors to carbon
fixation (Cabello-Yeves et al. 2019; Alfreider et al. 2018; Podowski et al. 2021). Beyond
nitrifiers, recent surveys have found a number of novel potential chemolithotrophs in the water
column of lakes (Arora-Williams et al. 2018; Tran et al. 2021; Peura et al. 2018). These
organisms belong to the taxa Chlorobiaceae, Gallionellaceae and Desulfobulbaceae among
others, and are predicted to use reduced compounds such as hydrogen and iron as electron
donors, and are therefore associated with oxygen depleted zones of stratified water columns. As

water column oxygen depletion is rare in offshore regions in the Great Lakes (Tellier et al. 2021)
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apart from some parts of Lake Erie (Scavia et al. 2014), these types of chemolithotrophy are
expected to be rare in the Great Lakes, except perhaps in anoxic microzones on particles
(Bianchi et al. 2018).

Among the most abundant lineages in freshwater systems are Betaproteobacteria, which
are generally heterotrophs (Newton et al. 2011). Two genera in particular, Limnohabitans and
Rhodoferax, are ubiquitous and abundant in the Great Lakes (Paver, Newton, and Coleman 2020;
Rozmarynowycz et al. 2019). Recent genomics work has demonstrated that both of these genera
may contain aerobic anoxygenic phototrophs (AAPS) which use sunlight energy to drive
photophosphorylation and thereby supplement energy derived from organic carbon catabolism
(Salka et al. 2011; Kasalicky et al. 2018). These genera may also include chemolithotrophs that
conserve energy entirely from inorganic sources (Baker et al. 2017; Zeng et al. 2012). Whether
these metabolic capabilities are found in the abundant lineages of Limnohabitans and Rhodoferax
that inhabit the Great Lakes, and could therefore influence the lakes’ carbon and energy budgets,
is unclear.

Here we assess carbon fixation potential in the Laurentian Great Lakes, using
metagenomic and metatranscriptomic sequencing of the picoplanktonic size fraction (< 1.6 um).
We identified the taxonomic lineages that encode carbon fixation pathways and characterized the
associated metabolic potential of these organisms, particularly with respect to energy
metabolism. Surprisingly, we found widespread genomic potential for carbon fixation among the
Betaproteobacterial family Burkholderiales associated with photosystem Il genes and a suite of
sulfur oxidation genes that were evidently assembled via a complex evolutionary history
including repeated gene transfer events. We demonstrate that this metabolic complement is

widespread geographically among global lakes. Together these results suggest that

104



uncharacterized bacterial lineages may make significant and previously undescribed

contributions to carbon fixation in oxygenated lakes across the globe.

4.3 Methods

4.3.1 Sample collection and sequencing
Samples from 2012 were collected as described in (Podowski et al. 2021). Water samples

were collected in spring and summer 2012 during the EPAs Water Quality Survey aboard the
R/V Lake Guardian. Samples from Lake Michigan were collected aboard the R/V Blue Heron in
June of 2016 during the NSF-UNOLS Chief Scientist Training Cruise. For metagenome samples
collected on the R/V Blue Heron, approximately 5-8 L of water was collected using a CTD
rosette sampler (Sea-Bird Scientific) from the surface and the deep chlorophyll layer. Water was
filtered through a GF/A glass fiber filter (Whatman 1820-047; nominal pore size 1.6 pm) to
exclude larger cells and particles, and cells were collected onto a 0.22 um Millipore Express Plus
47mm membrane filter (GPWP04700, ThermoFisher Scientific MA, USA). Filters were stored at
-80°C. For metatranscriptome samples collected on the R/V Blue Heron, approximately 2L of
water was collected using a CTD rosette sampler (Sea-Bird Scientific) from the surface. Water
was filtered through a GF/A glass fiber filter (Whatman 1820-047; nominal pore size 1.6 um) to
exclude larger cells and particles, and cells were collected onto a 0.22 um Millipore Express Plus
25mm membrane filter (GPWP02500, ThermoFisher Scientific MA, USA). Filters were flash
frozen in liquid nitrogen no more than 15 minutes after water was collected from the rosette.
Filters were then stored at -80°C.

DNA for all metagenomic samples was extracted using the phenol:chloroform extraction

protocol (Paver, Newton, and Coleman 2020) as in (Podowski et al. 2021). RNA was extracted
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from metatranscriptomic samples using a modified version of the Zymo Quick-RNA
Fungal/Bacterial Microprep Kit. Six surface spring metagenomes from 2012 were sequenced at
the Joint Genome Institute (JGI) using Illumina HiSeq (2x150bp) as in (Podowski et al. 2021).
15 summer metagenomes from 2012 were sequenced at the University of Chicago Functional
Genomics Core Facility using Illumina HiSeq 2500 (2x250bp) as in (Podowski et al. 2021). 14
summer metagenomes were sampled identically to (Podowski et al. 2021) except library
preparation was conducted using lllumina Nextera XT and sequenced at Harvard Bauer Core
Facility. Four Lake Michigan metagenomes from 2016 were sequenced at the JGI using Illumina
NovaSeq S4 (2x151bp). Two Lake Michigan metatranscriptomes from 2016 were sequenced at
the JGI using Illumina NovaSeq S4 (2x151bp).

Samples for single-cell sequencing were collected in August 2014 from the bottom of the
water column as described in (Podowski et al. 2021). Samples were collected in summer 2014
during the EPAs Water Quality Survey aboard the R/V Lake Guardian. For each sample, 1 ml
of raw water was incubated with 100 pl of glycerol-TE buffer (20 ml 100X TE pH 8 + 100 ml
glycerol + 60 ml water; final concentration after sample addition is 10mM Tris, ImM EDTA, 5%
glycerol) for 10 minutes in the dark, then flash frozen in liquid nitrogen and stored at -80°C until

processing.

4.3.2 Metagenome and single-cell genome sequencing
Raw interleaved reads for the 6 spring surface samples were quality-controlled at the

Joint Genomes Institute (JGI) using bbduk.sh for adapter trimming (ktrim=r, minlen=40,
minlenfraction=0.6,mink=11, 519 tbo, tpe, k=23, hdist=1, hdist2=1, ftm=>5) and quality filtering
(mag=8, maxns=1, minlen=40, 520 minlenfraction=0.6, k=27, hdist=1, trimg=12, gtrim=rl). Raw

interleaved reads for the 15 summer samples were adapter trimmed, quality filtered, and
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interleaved using bbduk (parameters: ktrim=r, mink=8, hdist=2, k=21, forcetrimleft=10,
forcetrimright=199, minlen=150) using BBTools suite version 35.74

(https://sourceforge.net/projects/bbmap/). 14 summer samples that were sequenced at Harvard

Bauer Core Facility were quality controlled using bbduk gtrim=rl trimg=13 minlength=40 in

BBTools suite version 35.74 (https://sourceforge.net/projects/bbmap/). 4 2016 Lake Michigan

metagenome samples were quality controlled by JGI using bbduk.sh for adapter trimming
(ktrim=r ordered minlen=51 minlenfraction=0.33 mink=11 tbo tpe rcomp=f overwrite=true k=23
hdist=1 hdist2=1 ftm=5) and quality filtering (maq=3.0,0 trimg=0.0 qgtrim=r ordered
overwrite=true maxns=3 minlen=51 minlenfraction=0.33 k=31 hdist=1). 2 2016 Lake Michigan
metatranscriptome samples were quality controlled by JGI using bbduk.sh for adapter trimming
(ktrim=r ordered minlen=51 minlenfraction=0.33 mink=11 tbo tpe rcomp=f overwrite=true k=23
hdist=1 hdist2=1 ftm=5) and quality filtering (mag=10.0,0 trimg=0.0 gtrim=r ordered
overwrite=true maxns=1 minlen=51 minlenfraction=0.33 k=31 hdist=1). Interleaved short read
metagenomes for 6 spring summer surface samples and 15 summer samples were assembled
individually using metaSPAdes v 3.11.1 (Nurk et al. 2017). Interleaved short read metagenomes
for 14 Nextera metagenomes were assembled individually using metaSPAdes v 3.12.0 (Nurk et
al. 2017).

SAG genomes were downloaded from JGI IMG/M after quality control and
normalization by JGI, normalization using bbnorm target=100 mindepth=2, reformat.sh
samplereadstarget=20000000 using BBTools suite version 38.39
(https://sourceforge.net/projects/bbmap/) and assembly using SPAdes (Bankevich et al. 2012) -

phred-offset 33 -t 16 -m 64 --sc -k 25,55,95.
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4.3.3 Taxonomic and functional analysis of short reads
Normalized reads per kilobase for rbcL genes was generated using a short read centric,

blast alignment based approach. First, open reading frames (ORFs) in amino acid format were
generated from all 35 assemblies using prodigal v2.6.3 (Hyatt et al. 2010), which amounted to
approximately 49 million ORFs. These ORFs were annotated functionally using Kofamscan
(Aramaki et al. 2020) to assign KEGG Orthology IDs (KOs). KOs were assigned to an ORF that
was the best hit given by Kofamscan as long as the bitscore was greater than 50. This same pool
of 49 million ORFs were aligned against RefSeq proteins from complete genomes (downloaded
on 10/27/2020) (O’Leary et al. 2016) using DIAMOND v2.0.11.149 (Buchfink, Reuter, and
Drost 2021) in blastp mode. KronaTools (Ondov, Bergman, and Phillippy 2011) ktClassifyBlast
with a -t 0.1 was used to generate lowest common ancestor assignments around the best hit in
RefSeq. TaxIDs as assigned by KronaTools were converted to lineages by an in house script.
This pool of 49 million ORFs, with both KO assignments and taxonomy assignments, was then
used downstream to characterize short reads, and will be referred to as the LGL Gene Catalog.
We next took the 21 merged short read metagenomes from 2012, the forward reads from
the 4 short read metagenomes from BH2016 set, and the forward reads from the 2 short read
metatranscriptome from the BH2016 set, and aligned each of them independently against the
LGL Gene Catalog using DIAMOND v2.0.11.149 (Buchfink, Reuter, and Drost 2021) in blastx
mode. From this output, the best hit for each of the merged short reads against the LGL Gene
Catalog was extracted using scripts from enveomics (Rodriguez-R and Konstantinidis 2016) and
each merged read inherited the KO assignment of the best hit ORF from the LGL Gene Catalog.
These 21 merged short read metagenome samples, 4 forward read metagenome samples, and 2
forward read metatranscriptome samples were also independently aligned against the same

RefSeq proteins database described above, and taxonomy was assigned to each merged short
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read like above, using KronaTools (Ondov, Bergman, and Phillippy 2011) with -t 0.1 and in
house script to convert TaxIDs to lineages.

For all KOs assigned at least once in the LGL Gene Catalog, the number of reads in each
KO was tallied. To normalize each KO count by length, for each KO all genes were taken from
the LGL Gene Catalog that were assigned that KO, and the lengths of those genes were
determined in nucleotide bases. The maximum length of all these genes was taken to normalize
the KO by length. This was to account for the numerous very short, fragmentary ORFs. Length
normalized KO counts were then normalized by sample by determining a set of ribosomal
protein KOs, and finding the mean of the length normalized ribosomal protein KO counts. The
KO counts in each sample were then divided by the mean of the length normalized ribosomal
protein KO counts. This normalized KO count for rbcL (K01601), normalized by length across
samples and ribosomal protein counts within a sample, is plotted in Figure 1.

Taxonomic composition of a pool of reads was determined in a similar fashion. KO
assignments for merged short reads from the 21 merged short read metagenomes were taken as
above, inherited from best hit in LGL Gene Catalog. Taxonomic assignments for short reads
were inherited from the lowest common ancestor of the hits within 0.1 bitscore from the best hit
in RefSeq. For a given sample, read names from reads assigned as K01601 were taken and then
the names of these reads were queried against the best hit summarized merged read taxonomy for
that sample. For each sample, the fraction of this total pool of reads assigned to K01601 that
were taxonomically assigned to “Eukaryota” “Nitrosomonadales” “Burkholderiales” and
“Synechococcales” were generated by dividing the number of reads assigned to each group in a

sample, by the total number of reads assigned to K01601 from that sample. This was performed
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identically for forward reads for the 4 BH2016 metagenomes, and the 2 BH2016
metatranscriptomes. These values are presented in Figure 1, 2a and 2b.

In order to assess expression and compare that to DNA level abundance, we specifically
identified reads and transcripts associated with Burkholderiales. This was done on the basis of
short reads annotated against the LGL Gene Catalog as described previously. First reads which
had a best hit to an ORF that was taxonomically annotated as Burkholderiales were identified.
From those reads, KO counts were summarized based on the KOs assigned to those short reads.
To determine the degree to which high transcript count was a product of high abundance at the
DNA level, for each of these KOs the counts of transcripts in a sample were divided by the
counts of KOs at the DNA level in the metagenome sample taken from the surface of station

MI27M.

4.3.4 Generating metagenomic assembled genomes (MAGS)
Mapping and binning was carried out on a sample by sample basis. Short reads were

merged using bbmerge (Bushnell, Rood, and Singer 2017) gtrim2=r trimq=10,13,16 and
adapter=default. Merged short reads from 15 metagenomes sequenced at University of Chicago
Functional Genomics Facility and 6 metagenomes sequenced at the JGI were mapped against
each assembly using bowtie2 (Langmead and Salzberg 2012, 2) in —sensitive mode. These
coverage values were used to bin each assembly using MetaBAT2 (Kang et al. 2019), Binsanity
(Elaina D. Graham, Heidelberg, and Tully 2017) and CONCOCT (Alneberg et al. 2014).
DASTools (Sieber et al. 2018) was used to compare and score these binning results, and generate
optimal bins. CheckM lineage_wf (Parks et al. 2015) was used to assess completion and
contamination of these bins. Anvi’o v5 (Eren et al. 2015) was then used to manually verify bins.

Bins greater than 75% complete and less than 5% contaminated as determined by CheckM were

110



considered MAGs. MAGs from all samples were then combined and processed together. MAG
taxonomy was determined using GTDB-tk 1.7.0 (Chaumeil et al. 2020). FastANI (Jain et al.
2018) was used to compare average nucleotide identity (ANI) between each MAG and generate
95% ANI clusters.

To determine relative abundance of MAGs and MAG clusters in samples, bowtie2
(Langmead and Salzberg 2012, 2) in —sensitive mode was used to map merged short reads onto
MAGs in a competitive fashion. Abundance of MAG clusters was determined by summing up all
reads mapped to any MAG in that cluster. To identify MAGs and SAGs with rbcL, prodigal v
2.6.3 (Hyatt et al. 2010) was used to find ORFs on MAG and SAG contig files and reference
rbcL genes were searched against ORFs using NCBI blastp (Camacho et al. 2009). MAGs and
SAGs which directly contained these rbcL sequences were considered downstream, but also any
MAGs and SAGs in 95% ANI clusters with a MAG or SAG with rbcL. Further, sequence
comparisons were made using fastANI (Jain et al. 2018) between any MAG with rbcL or in a
cluster with a rbcL containing MAG, and all SAGs. This was done in order to identify any SAGs

that may represent a fragment of a MAG, considering low completion in many cases.

4.3.5 Annotation and comparative genomic analysis

SAGs and MAGs identified above were considered for downstream analysis. Anvi’o v
7.1 (Eren et al. 2015) was used to generate contigs databases for each MAG and SAG, and run
prodigal v 2.6.3 to find ORFs (Hyatt et al. 2010). Anvi’o was then used to search these ORFs
against KEGG (Aramaki et al. 2020), PFAM (Finn et al. 2014) and COG (Tatusov et al. 2000)
databases.

In order to search for MAGs from diverse environments that contain similar metabolic

complements to what was presented here, we took a hybrid approach. First we identified any
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genomes in the same genus or closely related genus as any of the MAGs or SAGs that were
found to contain rbcL and pufLM, using taxonomy from GTDB (Parks et al. 2022). These were
Rhodoferax_A, Rhodoferax, Rhodoferax_B, Pseudorhodoferax, Limnohabitans_A,
Limnohabitans, Hylemonella, CAINMNO1, Hydrogenophaga, CAISIP01, and CAIKVZ01. We
then took genomes from large-scale metagenomic studies of freshwater systems (Cabello-Yeves
et al. 2018; Cabello-Yeves et al. 2019; Okazaki et al. 2019; Linz et al. 2018; Tran et al. 2021;
Arora-Williams et al. 2018) and specifically ran them through GTDB-tk v 1.7.0 (Chaumeil et al.
2020) to ensure no potential matches were missed. We further used existing GTDB based
taxonomy assignments from a large scale freshwater metagenome study (Buck et al. 2021) to
search for MAGs and SAGs from these genera. The total of all of these reference MAGs and
SAGs, plus selected references NAT185 (E. D. Graham, Heidelberg, and Tully 2018),
LSUCCO0115 (Henson et al. 2020), and several MAGs from Lake Michigan (Props and Denef
2020) combined with all MAGs and SAGs presented in this paper, was 971 genomes. Anvi’o
v7.1 was used to generate contigs databases for all references, and to annotate ORFs from these
references against KEGG, PFAM and COG databases. Anvi’o was then used to run this set of
971 genomes through the pangenome pipeline (Delmont and Eren 2018). DIAMOND blastp
(Buchfink, Xie, and Huson 2015) was used to determine sequence similarity, ITEP (Benedict et
al. 2014) to eliminate weak similarity and MCL (van Dongen and Abreu-Goodger 2012) to
generate clusters.

A phylogenomic tree of these 971 genomes was generated using the Anvi’o
phylogenomic pipeline. Bacterial core genes were found in Anvi’o contigs databases using
HMMer (Mistry et al. 2013) and for each genome a concatenated set of 71 bacterial core genes

were aligned using muscle (Edgar 2004). This alignment was trimmed using Gblocks v0.91b
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(Castresana 2000) and a phylogenomic tree was constructed using RaxML v8.2.12 (Stamatakis
2014) using the following parameters: -k -N 50 -p 83 -x 54 -f a.

Phylogenetic tree of rbcL was generated using sequences from references (F. R. Tabita et
al. 2007) and from rbcL sequence found in MAGs described above. Sequences were aligned
using mafft (Katoh et al. 2002) v7.310 in L-INS-i mode.Then, RaxML v8.2.12 (Stamatakis
2014) was used to construct a phylogenetic tree using -k -N 100 -p 29 -x 72 -f a. rbcL
phylogenetic groups were assigned to this tree using reference phylogeny (F. R. Tabita et al.

2007).

4.4 Results

4.4.1 Distribution of rbcL throughout the water column
We first quantified the distribution of the gene encoding the large subunit of RuBisCO,

rbcL, as a marker of carbon fixation potential. We identified abundant rbcL genes in both surface
and deep waters of the Great Lakes. At five of six stations, rbcL had a higher normalized
abundance in the hypolimnion compared to the surface in stratified summer conditions (Fig 4.1).
The exception was Lake Superior, where normalized abundance of rbcL was more than two fold
greater in the surface compared to the deep chlorophyll layer or the mid-hypolimnion. In Lakes
Erie and Ontario, deep water samples had two to four fold greater rbcL abundance than surface
water samples in the summer. Spring surface samples had two to four-fold higher rbcL
abundance than summer surface samples, except in Lake Superior, where rbcL was more

abundant in the summer.
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Figure 4.1 Distribution and taxonomy of rbcL genes across lakes and depths in the Great Lakes
in spring and summer 2012. Top panel dot plot shows the reads per kilobase value for rbcL,
normalized across samples according to the reads per kilobase for ribosomal reads in that
sample. Circles represent summer samples, triangles represent spring samples. Key for sample
naming: Surface= Surface Sample, DCL= Deep Chlorophyll Layer Sample, MHY= Mid
Hypolimnion Sample. The X axis is not fixed between lakes. Bottom plot shows a stacked bar
plot of the taxonomic makeup of merged short reads assigned as rbcL. Sample key is the same as
above, with Spring Surface= Samples collected at the surface during the spring. Each bar is a
fraction of total rbcL reads- and the remainder of the total is taxonomically ambiguous or does
not belong to one of these 4 major groups. DCL samples were not collected in Lake Erie or Lake
Ontario

4.4.2 Taxonomic affiliation of rbcL genes and transcripts reveals unexpected contributions
from Burkholderiales

We assigned taxonomy to all rbcL genes in assemblies and assessed the contribution of
major taxonomic groups to the total pool of rbcL genes. Burkholderiales associated rbcL genes
comprised the majority of taxonomically assignable rbcL genes in many parts of the stratified
water column, even outnumbering those of photosynthetic taxa in the photic zone. In Lake

Michigan, Lake Ontario, and both basins of Lake Erie, rbcL genes associated with
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Burkholderiales made up the majority of taxonomically assignable rbcL genes in summer surface
samples, two-fold greater than other taxonomic groups (Fig 4.1). In Lakes Superior and Huron,
Burkholderiales rbcL and eukaryotic rbcL genes were approximately equally abundant in
summer surface waters. In all deep chlorophyll layer samples from Lakes Superior, Michigan,
and Huron, Burkholderiales rbcL genes accounted for the majority of taxonomically assignable
rbcL genes. Burkholderiales rbcL genes also made up the majority of taxonomically assignable
rbcL genes in the mid-hypolimnion of Lake Superior and Lake Erie’s central basin.

In deep water samples, Nitrosomonadales dominate rbcL pools, especially in Erie and
Ontario. In Lake Michigan, Ontario, and Erie’s eastern basin, rbcL sequences associated with
Nitrosomonadales are the majority of taxonomically described rbcL sequences (Fig 4.1). In
Erie’s eastern basin and Ontario, Nitrosomonadales associated rbcL sequences are two times
greater than rbcL from any other taxa. These rbcL sequences in Nitrosomonadales are
contributed by nitrifiers from Nitrosospira and Ca. Nitrotoga which both fix carbon via the CBB
pathway (Boddicker and Mosier 2018; Kitzinger et al. 2018; Norton et al. 2008; Podowski et al.
2021), and reach very high relative abundance in Erie and Ontario (Paver, Newton, and Coleman
2020; Podowski et al. 2021).

Taxonomic composition of rbcL transcripts suggest transcriptional dynamics decoupled
from DNA abundance. Nearly all rbcL transcripts in Lake Michigan’s surface waters in June
2016 appeared to come from eukaryotic cells. While rbcL genes associated with eukaryotes
made up approximately 40% of the total rbcL genes in our Lake Michigan samples in June 2016
(Fig 4.2a), rbcL transcripts associated with eukaryotes made up more than 90% of the total rbcL
transcripts we measured (Fig 4.2b). Burkholderiales associated rbcL genes made up

approximately 20% of total rbcL genes (Fig 4.2a), but only about 1% of rbcL transcripts (Fig
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4.2b), owing to the transcript dominance of eukaryotes. Nevertheless, rbcL appeared to be highly
expressed compared to other Burkholderiales genes, based on the ratio of RNA to DNA
sequencing reads. The genome-wide median ratio of Burkholderiales RNA to DNA reads was
approximately 0.3, while the ratio of RNA to DNA reads for Burkholderiales was approximately
3.5 (Table S4.1). This suggests that rbcL was highly expressed in Burkholderiales at the time of

sampling, above the general level of transcriptional activity of Burkholderiales.
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Figure 4.2 Taxonomy of rbcL genes in Lake Michigan at stations MI127M and MI118M in 2016.
Surface=Sample collected at the surface, DCL= Deep Chlorophyll layer. Each bar is a fraction of
total rbcL reads- and the remainder of the total is taxonomically ambiguous or does not belong to
one of these 4 major groups. 4.2b:Taxonomy of rbcL transcripts taken from two timepoints at the
surface of station MI27M

4.4.3 Diverse MAGs in Burkholderiaceae encode RuBisCO with varied evolutionary
histories

To explore the metabolism of potential autotrophs within Burkholderiales, we searched

for genomes (MAGs and SAGs) containing rbcL sequences. We identified 8 phylogenetically
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distinct clusters that contain rbcL (Fig 4.3), within the genera CAINMNO1, CAISIP01, and
Rhodoferax according to GTDB release 202 (Parks et al. 2022). All of these MAGs also contain
genes involved in anoxygenic phototrophy, including pufLM and bacteriochlorophyll

biosynthesis genes.
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Figure 4.3 Schematic representation of various metabolic features of MAGs containing rbcL and
pufLM. Bottom left: schematic tree displaying approximate phylogenetic relationships between
distinct 95% clusters of MAGs found containing pufLM and rbcL and references. Groups within
the red box are in Betaproteobacteria, NAT185 within the purple box is in Alphaproteobacteria.
Gene content is described to the right, for pufLM, rbcL, narG and a number of genes involved in
microaerobic growth and sulfur oxidation. Asterisk indicates that associated genes are not found
in full in any single genome in that cluster. For rbcL, colored circles indicate presence of rbcL
and mapped onto table to top left and tree to far right to indicate form of rbcL, only for MAGs
presented here. Lake designation at the far right of the schematic indicates in which lake a MAG
from that cluster was assembled. Far right: Tree of rbcL sequences adapted from (F. R. Tabita et
al. 2007) with rbcL from these MAGs added to demonstrate the form of rbcL sequence present in
each cluster of MAGs. Top left: Table adapted from (F. R. Tabita et al. 2007) summarizing
confirmed activity and present active site of different forms of rbcL, for rbcL sequence found in
MAG:s.

We reconstructed the phylogeny of rbcL to understand its evolutionary history and to
classify it as one of several known functional classes (F. R. Tabita et al. 2007). Of the 8 MAG
clusters that contained rbcL and rbcsS, 6 of these clusters contained rbcL sequences that fell
within the group IC + ID, 1 contained rbcL sequences within group IA + IB, and 1 contained

rbcL sequences within group 1V Non-Photosynthetic (Fig 4.3) (F. R. Tabita et al. 2007).
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Enzymatic activity of RuBisCO from rbcL type IC + ID and IA + IB has been verified, but not
from rbcL from IV Non-Photosynthetic, whose function remains unknown (F. Robert Tabita et
al. 2007). Phylogeny of rbcL sequences was not coherent with phylogenomic relationships
among the MAG clusters. MAG cluster 110, for instance, was more closely related to MAG
cluster 90 than to MAG cluster 49, based on the concatenated core gene phylogeny. However,
the rbcL gene in cluster 110 was more closely related to the rbcL in cluster 49 than the one in
cluster 90 (Fig 4.3). This was also the case for cluster 155, cluster 2 and 106. This suggests
multiple acquisitions of the RuBisCO operon, rather than a single acquisition event in the
common ancestor of all 8 of these clusters.

Diverse RuBisCO operon organization supports a complex evolutionary history.
Reconstruction of the RuBisCO operon of all genome clusters with genuine (i.e., IA-1D) rbcL
sequences revealed a diversity of operon organizations for genome clusters (Fig 4.4). Clusters 2,
110, and 155 show more similar RuBisCO operon organization despite not having closely related
core gene phylogeny. rbcL phylogeny is more consistent with RuBisCO operon similarity than
core gene phylogeny for these genome clusters (Fig 4.4). Better understanding of the RuBisCO
operon is hampered by more fragmentary assemblies for clusters 49, 90, 105, and 106 (Fig 4.4).
Interestingly, operon organization for clusters 2, 110, and 155 was very similar to organization in
cultivated strain LSUCCO0115 from coastal Gulf of Mexico (Fig 4.4) (Henson et al. 2020), and
much less similar to more closely related references Limnohabitans Rim 28 or Rim 47 (Fig 4.4)

(Zeng et al. 2012).

118



Cluster 2 Bradyrhizobium diazoefficiens USDA 110
; " e — o . —TE
-

Cluster 110 LSUCCO0115

/ Ho (il )/

Cluster 155 NAT185

L i

Cluster 49 Limnohabitans Rim47
/Hum- o pmp (om0 s o
Cluster 49 SAG Limnohabitans Rim28

/ o)}

Cluster 106 Synecoccocus WH8102

o / i . ¥ = b

Cluster 106 SAG
T/ i

Rubisco affiliated genes Central metabolism genes

rbcl  (mm fpb  fum

Cluster 90 rbes  (mm c:bA (=

1Al rbeX : cfxP :
Cluster 105 rbey gph

Skb / , cmpR (@@ rpe jmm

Figure 4.4 Gene operon map around rbcL gene for clusters of MAGs that contain genuine rbcL
sequences. Operon map presented once for each cluster for presented MAGs, and also for several
references both as presented in Figure 4 and other well described Rubisco containing bacteria. In
cases where a SAG was identified for the cluster and contains rbcL, a map was presented both
for this SAG and the representative MAG for that cluster.. Key genes are color coded as
presented in bottom left. Forward slash in the map of MAGs indicate the end of the contig.

4.4.4 RuBisCO-containing MAGs appear metabolically flexible with potential for both
chemolithoautotrophic and organoheterotrophic lifestyles

Gene content suggests potential for anaerobic or microaerobic growth in some but not all
RuBisCO-containing MAG clusters. Several genes which indicate potential for anaerobic or
microaerobic growth were investigated. narG, which is involved in dissimilatory nitrate
reduction during anaerobic growth, was found in species cluster 155. A cbbs-type cytochrome
oxidase, which is involved in microaerobic growth (Preisig et al. 1996), was found in some
MAGs in cluster 15. Cytochrome bd oxidase, also involved in microaerobic growth (D’ mello,
Hill, and Poole 1996), was found in species cluster 110. coxABC, involved in production of aas-
cytochrome oxidase, was found in all clusters. This low affinity terminal oxidase can be involved
in aerobic growth with replete oxygen (Morris and Schmidt 2013).

Sulfur oxidation genes in many MAG clusters suggest a potential energy source, but this

function is unevenly distributed across clusters. Genes involved in thiosulfate oxidation,
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SOXABCXYZ, were found in all MAG clusters studied here (Fig 4.3). However, in clusters 32, 49,
90, and 105, some but not all of these genes were present. soeABC, which is involved in
oxidation of sulfite (Boughanemi et al. 2020), was found in clusters 2, 106, and 155. fccB, which
is associated with sulfide oxidation, was found in all genome clusters.

Bacteriochlorophyll synthesis and photosystem genes imply capacity for phototrophy. A
complete photosynthetic gene cluster (PGC) was found in at least one MAG for all 8 clusters, but
the content of these operons differed (Table S4.2). Most notably, the PGC in cluster 2 lacked
pucAB and pufA similar to Limnohabitans B9-3 (Kasalicky et al. 2018), while these three genes
were present in other clusters and many other Limnohabitans isolates (Kasalicky et al. 2018).
Genes bluF and bchD, found in Limnohabitans (PCG) were absent in all PCGs in our 8 clusters.
acsF, the oxygen dependent ring cyclase (G. E. Chen, Canniffe, and Hunter 2017) was found in
all 8 clusters, suggesting bacteriochlorophyll synthesis in oxygenated conditions.

Central carbon metabolism suggests potential for heterotrophic or mixotrophic growth.
While a complete Embden—Meyerhof—Parnas (EMP) glycolysis pathway was not found in any
MAGs in the 8 clusters, a complete Entner—Doudoroff (ED) pathway was found in clusters 2 and
110, while portions of this pathway were found in clusters 32, 106 and 155 (Table S4.2). This
pathway allows for growth on glucose, and while less efficient than the EMP pathway, may be
better optimized for mixotrophic growth during carbon fixation using the Calvin-Benson-
Basham pathway (X. Chen et al. 2016). A complete TCA cycle was found in clusters 2, 32 and
155, and partial pathways were found in 105, 106, 49, and 90 (Table S4.2). The glyoxylate shunt
was found complete in all 8 clusters, and this pathway is distributed throughout AAPs (Tang,

Tang, and Blankenship 2011) and allows for use of carbon sources such as acetate or butyrate
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(Dolan and Welch 2018; Vargas Asensio 2020). Together these results indicate the potential for
use of several organic carbon sources.

Glycogen biosynthesis and degradation capacity suggests a need for long term energy
storage. Complete glycogen biosynthesis pathway (glgABC) as well as glycogen degradation to
glucose-6-phosphate (glgP and malQ ) were found in clusters 2, 49 and 106 (Table S4.2).
Complete glycogen biosynthesis and glycogen degradation to maltodextrin (treX) was found in
cluster 155 (Table S4.2). The capacity to generate and breakdown glycogen suggests a need for
long term energy storage, or transient conditions in which organic carbon availability does not

limit growth (Wilson et al. 2010).

4.4.5 Distribution of rbcL-containing AAPs within the Great Lakes and across freshwater
ecosystems

Distinct distribution of clusters suggests different environmental niches. Cluster 2
reached the highest relative abundance of all 8 genome clusters and was most abundant in deep
chlorophyll or mid hypolimnion samples (Fig 4.5). Meanwhile, clusters 90, 110 and 155 were
least abundant in these samples. Two of these clusters, 110 and 155, were those that displayed a
potential for microaerobic or anaerobic growth, and the distinct distribution may be related to
this potential physiological difference. Further, the high relative abundance of cluster 2 in deeper
water may suggest chemolithotrophic or chemoorganotrophic growth as opposed to phototrophic

growth.
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Figure 4.5 Relative abundance of MAG clusters that contain rbcL across lakes and depths in the
Great Lakes. Relative abundance is presented as Reads per Kilobase Million to normalize for
genome size and sequencing depth.

To understand the distribution of microbes in freshwater systems that contain pufLM and
rbcLS, we searched genome databases and catalogs of freshwater genomes for microbes with this
metabolic complement. MAGs that contain both pufLM and rbcLS are phylogenetically diverse
and are found in a wide array of environments. Genomes that contain both AAP genes and rbcL
were found in 6 different genera, for a total of 59 genomes (Table S4.3, Figure S4.1a, S4.1b,
S4.1c, S4.1d). Overall, the wide phylogenetic and environmental breadth of genomes that
contain pufLM genes and rbcL in these better sampled freshwater systems suggests a potential
for global importance. This also suggests that studies that find bacteriochlorophyll (Masin et al.
2008) or pufLM (Salka et al. 2011) in diverse freshwater environments may also be detecting

these AAPs that contain rbcL.
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4.5 Discussion

Dominance of eukaryotic phytoplankton in surface RuBisCO pools suggests high
importance. Our results suggest that both at the gene and transcript level, rbcL from eukaryotic
phytoplankton heavily outweighs rbcL from cyanobacterial picoplankton (Fig 4.1). The
exception to this pattern appears to be in less common blooms at the deep chlorophyll layer (Fig
4.1, 4.2). Dominance of eukaryotic rbcL is further emphasized by what appears to be a record of
the spring phytoplankton bloom in the relative abundance and taxonomic composition of rbcL.
Focusing on Lake Michigan, we see a progression of April samples entirely dominated by
eukaryotic rbcL (Fig 4.1), in June that dominance has waned but eukaryotic rbcL is still the
majority of taxonomically assigned sequences, and by August, Burkholderiales rbcL is by far the
majority of taxonomically assigned rbcL. But rather than a shift in relative taxonomic
composition alone, it appears that an increase in the relative abundance of rbcL in the spring is
driven by these eukaryotic rbcL, and as the eukaryotic rbcL recede in the summer, the relative
abundance of rbcL altogether decreases two to four fold. Though eukaryotic associated rbcL did
have more specific taxonomic assignment, a general lack of relevant freshwater phytoplankton
genomes in RefSeq limits the utility of more specific taxonomic assignment. Chlorophyceae was
the most common assignment of eukaryotic rbcL sequence, which is generally consistent with
classical taxonomic identification of phytoplankton (Vollenweider, Munawar, and Stadelmann
1974). Members of these taxonomic groups are classically much larger than the 1.6 micron
prefilter used in our sampling protocol, but a low similarity to reference organisms could explain
this discrepancy. Inadvertent sequencing of chloroplast genomes from larger eukaryotic
phytoplankton due to rupturing of eukaryotic cells during sampling could also explain this

discrepancy
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Increase in rbcL into the aphotic zone of the lower lakes associated with nitrifiers
suggests potential for significant carbon fixation. The increase in the relative contribution of
nitrifier taxa Nitrosospira and Ca. Nitrotoga in aphotic waters is unsurprising, given the well
documented increase of nitrifiers with depth (Podowski et al. 2021; Small et al. 2013). While we
do not see this dramatic increase in Lake Superior, this weaker signal is due to the fact that
ammonia oxidizer Nitrosarchaeum and nitrite oxidizer Nitrospira, both of which are abundant in
Lake Superior (Mukherjee et al. 2016; Podowski et al. 2021), fix carbon using the 3-
hydroxypropionate/4-hydroxybutyrate (Konneke et al. 2014) and rTCA (Koch et al. 2015)
pathways, respectively. An increase in rbcL relative abundance overall, rather than just an
increase in the contribution of nitrifiers to rbcL is surprising. However, this could be an artifact
of relative abundance, as absolute abundance of cells does decrease with depth in Lake Erie and
Ontario (Paver, Newton, and Coleman 2020). Further, if most of the total rbcL in the surface
water of these lower lakes was in phytoplankton cells larger than 1.6 microns, this may obscure
the overall pattern as well. Given high relative abundance of nitrifiers (Podowski et al. 2021) and
correspondingly high nitrification activity (Lean and Knowles 1987; Clevinger, Heath, and Bade
2014; Hoffman 2020) (Chapter 2), nitrifiers may make significant but unquantified contributions
to carbon fixation budgets, especially as carbon fixation in the aphotic zone of some lakes has
been shown to reach 87% of euphotic zone carbon fixation (Callieri et al. 2014).

Apparent metabolic flexibility of rbcLS containing Burkholderiales presents several
distinct possible lifestyles. rbcLS containing MAGs presented here could be similar to well
described anaerobic anoxygenic phototrophs (AnAPS), such as Rhodoferax antarcticus (Baker et
al. 2017). This is especially the case for cluster 110 and 155 which contain terminal oxidases

associated with low oxygen growth (Morris and Schmidt 2013). However presence of oxygen
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dependent ring cyclase acsF and lack of oxygen independent ring cyclase bchE suggests aerobic
anoxygenic phototrophy (AAP) (Baker et al. 2017; G. E. Chen, Canniffe, and Hunter 2017).
Aerobic chemoorganotrophic growth is also likely, given a complete Entner-Doudoroff in many
clusters, which has been reported in photoheterotrophic AAPs (Tang, Tang, and Blankenship
2011). Aerobic chemoautotrophic growth is also possible, given thiosulfate, sulfide and sulfite
oxidation genes present in many clusters, similar to those found in other sulfur oxidizing
chemoautotrophs (Harrold et al. 2016; Larimer et al. 2004). Aerobic, rather than anaerobic
chemoautotrophy is suggested by the oxygen niche of the form of rbcL found in these clusters
(Badger and Bek 2008), the presence of low affinity terminal oxidases and the lack of high
affinity terminal oxidases in some clusters (Morris and Schmidt 2013). While this also implies
that these reduced sulfur compounds are available in oxygenated environments, stimulation of
dark carbon fixation by thiosulfate has been demonstrated in oxygenated environments (Tuttle
and Jannasch 1977). Careful metabolic study of isolates will be required to better detangle if
aerobic anoxygenic phototrophy can power autotrophy, supplement heterotrophy in classic
photoheterotrophic fashion, or supplement mixotrophic growth with light energy.

RuBisCO and sulfur oxidation genes in AAP bacteria challenge common understanding
of the ecological role of Limnohabitans and Rhodoferax in freshwater ecosystems. These two
genera are extremely common in freshwater systems as detected in amplicon sequencing studies,
and are generally regarded as heterotrophs (Newton et al. 2011). While autotrophic isolates from
both genera exist (Zeng et al. 2012; Baker et al. 2017) these were considered less likely
metabolic modes for members of these genera in low nutrient environments. Photoheterotrophy
as a metabolic strategy has been more recently presented as widespread in both Rhodoferax

(Salka et al. 2011) and Limnohabitans (Caliz and Casamayor 2014; Kasalicky et al. 2018) but
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even this would position all microbes in these genera as net sinks of organic carbon. Our findings
expand the potential of these common freshwater genera as contributors to organic carbon

production, whether by photoautotrophy or chemoautotrophy.
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Chapter 5
Conclusion and Future Directions

This work has expanded our knowledge of the nitrifiers and nitrification in freshwater
systems, and of the phylogenetic and metabolic diversity of autotrophs in freshwater systems.
We have demonstrated that nitrifiers in the Great Lakes are streamlined and contain adaptations
for use of organic sources of nitrogen, and in some cases novel adaptations for use of light
energy. We showed that rates of nitrification are distinct across the Great Lakes, and that
nitrification in Lake Erie is considerably higher than the other Great Lakes, and more closely
resembles smaller, more productive lakes. Further, we demonstrated that nitrification is largely
carried out by free living nitrifiers defined by our genomic survey. In cases where nitrification is
carried out by larger or particle associated nitrifiers, the taxonomy of those nitrifiers was not
distinct from those that are free living. Finally, we demonstrated that phylogenetically and
metabolically diverse autotrophs in Burkholderiales are abundant in the Great Lakes and other
freshwater systems, and that either reduced sulfur or sunlight energy may power carbon fixation
in these microbes. Broadly, we investigated microbial communities in the Great Lakes and
expand the diversity of known contributions to biogeochemical cycles, and demonstrated

evolutionary adaptations to this unique ecosystem.

5.1 Conclusions

Using metagenomic sequencing of microbial communities in the Great Lakes, we
established the dominant taxa of nitrifiers in the Great Lakes, and their distribution within the
water column (Chapter 2). We find that in stratified water columns Through multiple years of
sequencing, and through sequencing of both free living (0.2-1.6 micron) and whole water column

(0.2-25 microns) size fractions, we establish the taxa of nitrifiers which reach high abundance in
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the Great Lakes. Ammonia oxidation was dominated by ammonia oxidizing bacteria in
Nitrosospira, with a smaller contribution from ammonia oxidizing archaea in Nitrosarchaeum in
Michigan and Superior. Nitrite oxidizers in Nitrospira and Ca. Nitrotoga were largely found to
be numerically dominant in the Great Lakes, with Nitrospira in Lake Superior and some basins
in Michigan and Ontario, and Ca. Nitrotoga in Huron and Erie, and some basins of Michigan and
Ontario (Chapter 2, Chapter 3). This assessment agrees with past sequencing based studies
(Paver, Newton, and Coleman 2020; Fujimoto et al. 2016), but disagrees in some key ways with
past probe based studies in the Great Lakes (Small et al. 2013; Mukherjee et al. 2016).
Disagreements with prior probe based studies can largely be attributed to general issues with
targeted probe based approaches- those of designing DNA probes based on isolated microbes
which may be dissimilar to microbes in the environment, and the issue that a targeted survey will
not consider community members that are not specifically targeted. Overall, our more holistic
approach has set the framework for understanding nitrifiers in the Great Lakes.

Metabolic reconstruction of Great Lakes nitrifiers demonstrated adaptations to the Great
Lakes, and emphasized the importance of organic nitrogen. Our metabolic reconstruction of
nitrifiers from the Great Lakes emphasized several key ways in which nitrifiers appear to have
adapted to the Great Lakes. First, generalized adaptations to a low nutrient environment were
apparent in all Great Lakes nitrifiers (Chapter 2) among them smaller genomes, a lack of genes
involved in responding to changing environmental conditions (chemotaxis, flagella, sigma
factors, etc), and a lack of some auxiliary metabolic functions. However, we saw that relative to
references, many adaptations to light exist in nitrifiers in the Great Lakes (Chapter 2). We
discovered proteorhodopsin, a light activated proton pump that may be involved in harvesting

light energy, in an ammonia oxidizing bacteria. This is the first time this widely distributed gene
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has been found in a nitrifier. We also find an array of genes involved in DNA repair from light
damage in both ammonia and nitrite oxidizers. The Great Lakes experience thermal mixing in
which nitrifiers that are typically present in the deep water are transported to the surface, despite
being largely located in aphotic waters when the water column is stratified. We believe these
adaptations are related to this exposure to light, which is not typical for nitrifiers (Auguet et al.
2012; Smith, Chavez, and Francis 2014). Finally, we saw adaptations for use of organic nitrogen
in the form of urea and cyanate in Great Lakes nitrifiers- though their distribution suggests these
sources are not equally important across the Great Lakes (Chapter 2). Ammonia oxidizing
archaea possed urease, as do NspGL1 ammonia oxidizing bacteria. However, these two groups
are present in all the Great Lakes except Lake Erie, suggesting urea is less likely to be a source
of ammonia for nitrification. We found in fact that this is the case (Chapter 3) that oxidation of
urea derived nitrogen is much lower in Lake Erie than elsewhere in the Great Lakes. We also
found cyanase in all Great Lakes nitrite oxidizers- though as nitrite oxidizers do not oxidize
ammonium, this is likely for use of ammonia to generate amino acids. Together, these results
suggested that nitrifiers have evolved to adapt to the unique conditions of the Great Lakes- and
some of these adaptations suggest the importance of nitrogen sources not previously considered.
Nitrification rate measurement contextualized the Great Lakes against other aquatic
ecosystems. We provided the first cohesive framework by which to compare the Great Lakes to
one another in terms of rate of nitrification- likening Lake Superior to the open ocean (Chapter 3,
(Santoro, Casciotti, and Francis 2010)), Michigan and Ontario to coastal regions (Tolar et al.
2017) and Lake Erie to high productivity lakes like Lake Taihu (Hampel et al. 2018) or Mendota
(Small et al. 2013). While direct measurements of nitrification existed from Lake Superior

(Small et al. 2013) and Erie (Hoffman 2020), lack of methodological consistency made direct
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comparison difficult. In terms of rates of nitrification (Chapter 3), genomic identity of nitrifiers
(Chapter 2 and Chapter 3), size fractionation of nitrification (Chapter 3) and relative
unimportance of urea to nitrification (Chapter 3), Lake Erie stands out as distinct with respect to
nitrogen cycling. Differences in nitrifier taxonomy are likely only a small piece of why nitrogen
biogeochemistry differs in Lake Erie- as nitrogen loss through denitrification in the sediment
(Small et al. 2014) and likely the water column (Scavia et al. 2014) differentiates Erie, as does
productivity (Vollenweider, Munawar, and Stadelmann 1974) and nitrogen fixation (Natwora
and Sheik 2021). A better understanding of other components of the nitrogen cycle- both in
terms of microbial taxonomy and rate measurement- will likely inform why nitrogen cycling is
distinct in Lake Erie.

Discovery of diverse potential autotrophs in Burkholderiales suggests unexpected impact
on carbon fixation, potential importance of reduced sulfur. Our discovery of abundant,
widespread potential autotrophs in the surface and deep water of the Great Lakes suggests a
potential for a source of organic carbon not previously accounted for (Chapter 4). We also find
this metabolism distributed widely throughout other freshwater ecosystems (Chapter 4). The
metabolic complement of photosystem 11, RuBisCo and sulfur oxidation genes had been
previously described in these lineages (Zeng et al. 2012, 27; M. W. Henson et al. 2020) and
recognized as present in marine systems (Graham, Heidelberg, and Tully 2018). However, our
contribution was the recognition of the abundance of microbes with this metabolic complement,
the phylogenetic diversity of these microbes, and their widespread distribution throughout the
Great Lakes and other freshwater ecosystems. As the isolation of an organism does not
necessarily speak to its abundance in an ecosystem (M. Henson 2019), isolation of microbes with

photosystem 11, RuBisCo and sulfur oxidation genes did not necessarily indicate a meaningfully
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high abundance of those microbes. Further, while this metabolic complement had been
recognized in marine systems (Graham, Heidelberg, and Tully 2018), in marine systems these
microbes are of low abundance and are monophyletic. Our discovery of a high abundance of
these microbes in the Great Lakes, as well as a broad phylogenetic diversity of microbes with
this metabolic complement, suggests not only a potential to contribute to organic carbon
availability, but also a complicated history of the acquisition of RuBisCo genes. A better
understanding of under what conditions these microbes fix carbon, and whether it is entirely
chemoautotrophic from reduced sulfur or potentially photoautotrophic, will inform the degree to
which these microbes may impact organic carbon budgets.

Predominance of eukaryotic RuBisCo genes challenges the importance of Synechococcus
in the Great Lakes. We find that RuBisCo genes associated with eukaryotic phytoplankton are by
far more abundant in the surface and deep chlorophyll layer than RuBisCo genes associated with
picocyanobacteria Synechococcus (Chapter 4). This is especially apparent at the level of gene
expression, where RuBisCo transcripts associated with eukaryotic phytoplankton are more than
90 times more abundant than RuBisCo transcripts associated with Synechococcus (Chapter 4).

A great deal of research has focused on Synechococcus and its contribution to carbon fixation
(Ilvanikova et al. 2007; 2008; Fahnenstiel and Carrick 2011; Caron, Pick, and Lean 2004).Our
focus on ‘free living’ microbes less than 1.6 microns suggests that the source of eukaryotic
RuBisCo genes and transcripts must be less than 1.6 microns, eliminating contributions of
diatoms and other eukaryotic phytoplankton that are well studied in the Great Lakes

(\Vollenweider, Munawar, and Stadelmann 1974).
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5.2 Future Directions

The future directions of these investigations will likely be concentrated around two
methods: the isolation of key microbes identified through DNA sequencing, and the
measurement of biogeochemical processes such as carbon fixation. Our results speak to in many
cases the potential contributions of a microbe to contribute to biogeochemical cycling in the
Great Lakes- and while we specifically measured the rates of nitrification, many other
hypothetical interactions remain untested.

Isolation of NspGL1 Nitrosospira is key to understanding the role of proteorhodopsin.
One of the most interesting discoveries from our genomic survey of nitrifiers was the discovery
of proteorhodopsin in NspGL1 Nitrosospira (Chapter 2). Based on the sequence of the
proteorhodopsin gene, it appears to be a light activated proton pump and not a light sensor
(Chapter 2). However, verification of the role of proteorhodopsin in this nitrifier, and under what
conditions it is expressed, requires isolation of this microbe. Careful growth experiments,
combined with proteomic expression analysis targeted at proteorhodopsin, would help illuminate
the role of proteorhodopsin in this nitrifier.

Measurement of carbon fixation by Limnohabitans and Rhodoferax can constrain
contributions to organic carbon. Our identification of microbes that reside in the surface waters
of the Great Lakes and appear to be autotrophic though use of either light energy or energy from
reduced sulfur imply a potential for contribution to carbon fixation and organic carbon. However
the actual contribution of these microbes to carbon fixation is unknown. Combination of
radiolabeled bicarbonate uptake microscopy combined with fluorescent DNA probes (Pachiadaki
et al. 2017) specific to these taxa would help better constrain the rates of carbon fixation possible
by these identified autotrophs. Further, measurement of unamended bulk carbon fixation rates
compared with carbon fixation rates after amendment with thiosulfate or other reduced sulfur
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species (Tuttle and Jannasch 1977) could help constrain the importance of reduced sulfur to

carbon fixation in the Great Lakes.
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