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ABSTRACT

Methane gas plays an important role in both modulating global temperatures and
in providing carbon to deep-sea ecosystems. Aerobic methanotrophs, microbes that
oxidize methane into more labile compounds, mitigate its global warming potential and
make methane-derived carbon accessible to entire ecosystems. While capable of
oxidizing methane without assistance from other microbes, a growing body of evidence
suggests that nonmethanotrophic methylotrophs—bacteria that cannot oxidize methane
but can oxidize other single-carbon compounds like methanol—may aid in this process,
leading to higher rates of methane oxidation. While much research has been conducted
investigating how aerobic methanotrophs alone respond to changing environmental
conditions, how co-occurring nonmethanotrophic methylotrophs also respond to those
conditions is often overlooked. It is also unclear what factors influence the taxonomic and
functional distribution of the aerobic methane-oxidizing community on a fine-scale in
natural ecosystems.

My dissertation utilizes two culture-independent techniques—16S rRNA gene
amplicon sequencing and shotgun metagenomics—to investigate how biotic and
geochemical factors combine to influence the structure and capabilities of naturally
occurring aerobic methane-oxidizing communities. First, | review current knowledge
regarding aerobic methanotrophs and their proposed syntrophic partner species that aid in
the process of methane oxidation, the nonmethanotrophic methylotrophs. Then, novel in
situ incubation technology is used to study how aerobic methanotrophs and

nonmethanotrophic methylotrophs in a methane-rich lake each respond to natural



variations in geochemistry and in turn affect the methane oxidation rate constant. Next,
the community structure, response to geochemical and physical environmental factors,
and spatiotemporal stability of the overall prokaryotic community and specifically of the
aerobic methane-oxidizing community is investigated throughout two North Atlantic seep
fields over two years. Finally, the functional potential of the microbial community within
those two seep fields is assessed within the recovered metagenome-assembled genomes
and functional roles that Methylophilaceae, Thioglobaceae, and Nitrosopumilaceae may

play in the aerobic methane-oxidizing community is determined.
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CHAPTER I: INTRODUCTION



Methane is a chemical highly relevant to climate warming and photochemistry as
well as to carbon cycling in natural ecosystems (Saunois et al., 2020; Mar et al., 2022;
Ruff et al., 2015). Well-known as a greenhouse gas, methane is estimated to have as
much as 32 times the global warming potential as carbon dioxide over a one hundred year
period (Etminan et al., 2016). Though methane rapidly degrades in the atmosphere
relative to carbon dioxide, most of the worst impacts of methane occur rapidly, so much
so that forcing its oxidation to carbon dioxide immediately would mitigate 97% of its
hundred year global warming potential (Nisbet-Jones et al., 2021). Once in the
atmosphere, some of the photochemical reactions methane can undergo will produce
ozone gas, which has detrimental health and environmental impacts such as reducing
human lung function and damaging plant leaves (Mar et al., 2022).

Not all effects of methane are negative. For instance, methane is an ample source
of organic carbon that can fuel robust and diverse seafloor ecosystems (Ruff et al., 2015).
The water column and sediments adjacent to oceanic methane seeps—Ilocations on the
seafloor where methane-rich fluids and sometimes gas bubbles are released into the
overlying water column (Boetius and Wenzhdofer, 2013)—support significantly more
macrofaunal and microbial biomass than background sites (Ruff et al., 2015). Further,
macrofauna that do not consume much methane-derived carbon can still often be found at
methane seeps, using them as breeding grounds and shelter (Levin et al., 2016).

The one thing that unites the mitigation of the negative effects of methane and
the promotion of its positive impacts is its oxidation. Conversion into carbon dioxide

drastically reduces its climatological impact and conversion into more labile forms of



organic carbon enable it to be consumed and utilized by a wide range of organisms
(Nisbet-Jones et al., 2021; Levin et al., 2016). Some microbes, such as aerobic
methanotrophs, can directly oxidize methane, converting some of it into carbon dioxide
and the rest into biomass (Yu and Chistoserdova, 2017). These microbes serve as critical
natural methane sinks, as such understanding the factors that contribute to that
consumption of methane is very important.
Aerobic Methanotroph Taxonomy, Distribution, and Physiology

Aerobic methanotrophs are bacteria capable of oxygen-dependent methane
oxidation, which they perform in order to acquire energy and build biomass (Yu and
Chistoserdova, 2017). All aerobic methanotrophs can survive solely off of the oxidation
of methane; most are obligate and cannot metabolize other carbon sources aside from
other single-carbon compounds such as methanol (Hanson and Hanson, 1996). Other
aerobic methanotrophs are facultative, meaning they can subsist on other multi-carbon
compounds such as smaller alkanes and organic acids (Haque et al., 2020). It should be
noted that facultative aerobic methanotrophs are still obligate aerobes—their facultative
nature exclusively relates to their dependence on methane and other single-carbon
compounds as sources of carbon and energy. All confirmed facultative aerobic
methanotrophs belong to the class Alphaproteobacteria. By consuming methane, these
bacteria act as important natural methane sinks and controls on climate change, reducing
the overall amounts of methane that reach the atmosphere (Bornemann et al., 2016;

Taubert et al., 2019; Yu and Chistoserdova, 2017).



All currently known aerobic methanotrophs belong to either the classes
Gammaproteobacteria or Alphaproteobacteria or to the phylum Verrucomicrobia (Knief,
2015). Most aerobic methanotroph species are Gammaproteobacteria, belonging to one
of three families: Methylococcaceae, Methylothermaceae, and Methylomonadaceae, the
latter two of which were recently taxonomically split from Methylococcaceae (Knief,
2015; Orata et al., 2018). Fewer belong to the alphaproteobacterial families
Methylocystaceae and Beijerinckiaceae. Fewer still belong to Verrucomicrobia, all
cultured examples of which are acidophiles—and often also thermophiles—from the
family Methylacidiphilaceae (Knief, 2015). These aerobic methanotrophs are frequently
isolated from locations such as volcanic soils and hot springs (Khadem et al., 2011).
Before the advent of nucleic acid-based techniques such as PCR and 16S rRNA gene
amplicon sequencing, aerobic methanotrophs were classified by physiology and
biochemistry—Ilike the arrangement of intracellular membranes and how formaldehyde
was assimilated—as Types I, Il, and X rather than phylogenetically; however, with the
discovery of a wider range of aerobic methanotrophs that do not neatly conform to these
categories, this way of referring to aerobic methanotrophs is falling out of use (Knief,
2015). As all currently known aerobic methanotrophs originate from the aforementioned
three taxonomic groups and most of them can be found within the same handful of
families, this dissertation will use taxonomic classifications instead.

Methane-rich terrestrial, freshwater, and marine habitats all host a variety of
aerobic methanotrophs (Knief, 2015). Halotolerant aerobic methanotrophs are mostly

gammaproteobacterial and therefore most aerobic methanotrophs found in marine waters



and sediments belong to this class (Semrau et al., 2010). VVarious members of
Methylococcaceae and Methylomonadaceae, have been found in shallow sediments
(Taubert et al., 2019; Nascimiento et al., 2020), microbial mats (Heijs et al., 2005;
Savvichev et al., 2018), and the overlying water column (de Groot et al., 2024a;
Grindger et al., 2021) at seeps sites across the globe. In colder North Atlantic and Arctic
waters, the most abundant aerobic methanotrophs tend to belong to the genera Milano-
WF1B-03, Methyloprofundus, and Marine methylotrophic group 2, as well as
Methyloceanibacter, a genus from the class Alphaproteobacteria (Venetz et al., 2024; de
Groot et al., 2024a; de Groot et al., 2024b; Griindger et al., 2021). Terrestrial soils host
all three major taxonomic groups, whereas freshwater systems such as lakes are primarily
inhabited by aerobic methanotrophs from either of the proteobacterial classes (Knief,
2015). Many freshwater aerobic methanotrophs, such as Methyloparacoccus spp. and
some Methylocystis spp., either exclusively or predominantly inhabit freshwater habitats
(Vekeman, 2019; Knief, 2015).

Despite requiring oxygen for methane oxidation, aerobic methanotrophs can be
highly tolerant of microoxic or hypoxic conditions, often being found at the oxic-anoxic
interface where methane concentrations are greater than higher up in the oxic water or
sediment layer (Guerrero-Cruz et al., 2021). The relationship between aerobic
methanotrophs and oxygen may be more complicated than merely tolerating low
concentrations of oxygen for increased access to the methane that is usually sourced from
anoxic environments. Communities of aerobic methanotrophs from methane-rich,

seasonally hypoxic marine waters and from bioreactor sludge consume less methane as



oxygen concentrations increase, exhibiting the highest rates of methane oxidation when
the incubation is microoxic (Steinle et al., 2015; Zhu et al., 2017). One explanation for
these results may lie with the difficulty in regulating aerobic methane oxidation under
high oxygen concentrations. When incubated in 25-35% oxygen headspace, aerobic
methanotrophs rapidly accumulate formaldehyde, a toxic intermediate of aerobic methane
oxidation (Costa et al., 2001). All measured metabolic activity ceased once formaldehyde
concentrations reached 7 mM just 18 hours after the incubations began, a concentration
that is ~45 times higher than the 0.153 mM formaldehyde threshold for acute toxicity for
aquatic life (Lalonde et al., 2015). Further work is needed to ascertain whether or not
oxygen, independent of methane concentrations, affects aerobic methanotroph
distribution in natural settings and what mechanism may underlie such a response.
Regardless, aerobic methanotrophs are mostly found in the water column and shallow
sediments at freshwater (Bornemann et al., 2016; He et al., 2012) and marine sites
(Steinle et al., 2015; Taubert et al., 2019).

All aerobic methanotrophs use the same core pathway to oxidize methane (Fig. 1-
1) (Costa et al., 2001; Hanson and Hanson, 1996; Khadem et al., 2011; van Grinsven, et
al., 2020): methane to methanol, methanol to formaldehyde, formaldehyde to biomass
incorporation pathways, formaldehyde to formate, and formate to carbon dioxide.
Methane and oxygen are converted into methanol and water by either a particulate or
soluble methane monooxygenase (pMMO or sSMMO) (Hanson and Hanson, 1996). Most
aerobic methanotrophs only encode pMMO, such as all verrucomicrobial aerobic

methanotrophs (Sharp et al., 2012; Kruse et al., 2019) and most of those from the two



proteobacterial classes, with a handful of proteobacterial aerobic methanotrophs
possessing both pMMO and SMMO or sMMO alone (Knief, 2015; Khider et al., 2021). It
should be noted that pMMO and sSMMO are completely unrelated enzymes, with pMMO
being membrane-bound and having a copper active site and SMMO being cytoplasmic
and having an iron active site, even though they catalyze the same general reaction. The
structure of pMMO is very similar to that of ammonia monooxygenase (Hanson and
Hanson, 1996), so similar in fact that low levels of conversion of the other reactant
(ammonia for pMMO and methane for ammonia monooxygenase) has been observed by
pMMO and ammonia monooxygenase, leading to speculation that ammonia-oxidizing
microbes may act as an incidental methane sink (Siegbahn, 2024; Jones and Morita,
1983). There are also two types of methanol dehydrogenase (MDH)—the enzyme that
converts methanol to formaldehyde—XoxF- or MxaF-type, which are dependent on
lanthanides (ex. lanthanum) or calcium (Yu and Chistoserdova, 2017). Formaldehyde,
despite its toxicity, is a critical step in the aerobic methane oxidation pathway as it can
divert into biomass synthesis pathways or continue with energy generation (Hanson and
Hanson, 1996). The two biomass synthesis pathways that accept formaldehyde are the
ribulose monophosphate and serine pathways, which respectively begin with the enzymes
hexulose-6-phosphate synthase or serine hydroxymethyltransferase and in turn result in
glyceraldehyde-3P or 2-phosphoglycerate. The enzymes formaldehyde dehydrogenase
(FADH) and formate dehydrogenase (FDH) complete the energy generation pathway via

the end production of carbon dioxide (Costa et al., 2001).



Impact of Aerobic Methanotrophs on Global Climate and on Ecosystems

Oceans currently contribute comparatively little to the global methane budget,
producing 1-13% of natural net methane emissions (Saunois et al., 2020). In contrast,
lakes emit 6-16% of natural net methane emissions, yet account for only 0.9% of Earth’s
surface area (Borrel et al., 2011), whereas oceans cover approximately 70% of it (Knittel
and Boetius, 2009). This disparity in emissions can likely be attributed to some
combination of differing rates of methane flux into the water column and the efficiency
of the methanotrophic microbes found in high methane locations, with anaerobic
methanotrophs in marine seeps estimated to consume over 90% of methane produced in
those anoxic sediments (Knittel and Boetius, 2009) and aerobic methanotrophs in
oxygenated benthic boundary layers and shallow sediments capable of consuming
between 66-83% of the remainder (Sommer et al., 2006). However, a recent study
suggests that anaerobic methanotrophs may consume little methane in methane-rich
sediments if those sediments also have high organic loading—potentially due to
inhibitory concentrations of hydrogen in such sediments—which suggests that in such
environments aerobic methanotrophs may play an even greater role in minimizing natural
methane fluxes to the atmosphere (Lapham et al., 2024). Aerobic methanotroph
populations in freshwater lakes, on the other hand, vary widely in terms of efficiency,
with measured methane oxidation rates ranging between as low as 10 nM/day to as high
as 840 puM/day (Donis et al., 2017; Rudd and Hamilton, 1975).

However, as global ocean temperatures rise due to climate change and methane

hydrate in the sediments subsequently begin to melt and release more methane, anaerobic



methanotrophs will likely be only able to consume less than 5% of these new predicted
emissions (Stranne et al., 2022). It is less clear how freshwater systems will respond as
while there is clear evidence to suggest biological methanogenesis rates will increase
with temperature (Lavergne et al., 2021) there is evidence to suggest that anaerobic
methanotrophs in freshwater sediments may be able to compensate for this comparatively
minor increase in methane (Fuchs et al., 2016). Thus, it is extremely important to study
aerobic methanotroph communities in the sediment and water column to better
understand what biotic and abiotic factors influence them.

Aerobic methanotrophs further play important roles in sustaining the microbiome
and macrofauna of methane seeps. Photosynthetically-derived carbon becomes scarcer
and more recalcitrant with depth in the ocean, leading to comparatively low carbon
availability at the seafloor (Henson et al., 2012; Martin et al., 1987). At methane seeps,
conversion of methane into more labile organic compounds by aerobic methanotrophs
makes the large amount of carbon trapped in methane accessible to higher trophic levels,
turning methane seeps into seafloor oases (Ruff et al., 2015). Bathymodiolin mussels
shape the benthic landscape around seeps and can be almost completely comprised of
methane-derived carbon (Turner et al., 2020). Many other deep-sea macrofauna,
including fish, arthropods, and echinoderms, living near seeps also consume this
methane-derived carbon (Demopoulos et al., 2019). A whole host of other animals,
including octopuses, use methane seeps as spawning grounds (Drazen et al., 2003),
including commercially important species such as the red crab (Chaceon quinquedens)

(Turner et al., 2020).



Possible Syntrophy with Nonmethanotrophic Methylotrophs

The energetics of aerobic methane oxidation are favorable enough that aerobic
methanotrophs do not require syntrophic partner species—which can engage in
interspecies electron or metabolite transfer to make a given biochemical reaction more
energetically feasible—in order to facilitate methane oxidation, as is often the case with
archaeal anaerobic methanotrophs (Yu and Chistoserdova, 2017). Nevertheless, despite
their ability to grow and oxidize methane alone, a growing body of evidence accumulated
over the past few decades suggests that aerobic methanotrophs may engage in some type
of syntrophy with nonmethanotrophic methylotrophs. These bacteria oxidize single-
carbon or methylated compounds but lack the ability to oxidize methane themselves
(Garrity et al., 2015; Chistoserdova and Kalyuzhnaya, 2018). Many obligate
nonmethanotrophic methylotrophs, such as those from the family Methylophilaceae, that
consume molecules like methanol and formate use the same pathway that aerobic
methanotrophs use to oxidize methane, but simply lack an MMO enzyme (Fig. 1-1)
(Beck et al., 2014; Krause et al., 2017). As the ability to oxidize methanol and other
single-carbon compounds is scattered throughout many different bacterial families,
identification of nonmethanotrophic methylotrophs in datasets is challenging
(Chistoserdova and Kalyuzhnaya, 2018). Identification by taxonomy alone is possible
with some groups, such as the family Methylophilaceae, where all the cultured members
are nonmethanotrophic methylotrophs (Garrity et al., 2015). Bacteria from the family

Methylophilaceae are generally the only nonmethanotrophic methylotrophs shown to
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exhibit syntrophy with aerobic methanotrophs to date (Krause et al., 2017; Beck et al.,
2013; van Grinsven et al., 2020; Jeong and Kim, 2019)

While frequently found together in methane-rich sites, this natural co-occurrence
was initially assumed to be due to a one-way relationship, whereby nonmethanotrophic
methylotrophs scavenge single-carbon intermediates leaking out of neighboring aerobic
methanotrophs (Yu and Chistoserdova, 2017). Carbon is transferred from aerobic
methanotrophs to nonmethanotrophic methylotrophs, as has been demonstrated numerous
times by carbon-13 stable isotope tracing from incubations of saltwater and freshwater
communities (Radajewski et al., 2000; Taubert et al., 2019; Beck et al., 2013). However,
this interaction is likely not incidental as previously assumed. Krause et al. (2017)
demonstrated that aerobic methanotrophs only exude methanol into their surroundings in
the presence of nonmethanotrophic methylotrophs, switching between types of MDHs to
do so (XoxF-type to retain methanol, MxaF-type to release a portion of it). Even when
heavily supplemented with lanthanum chloride to favor the transcription of XoxF-type
MDH, transcription is still heavily biased towards MxaF-type MDH in the presence of
either species of nonmethanotrophic methylotroph tested despite pure cultures of the
aerobic methanotrophs exhibiting even higher levels of XoxF-type MDH transcription
than usual. Combined, these results suggest that not only is methanol one of the primary
molecules transferred between these two groups, but that aerobic methanotrophs
deliberately cultivate the presence of nonmethanotrophic methylotrophs via the provision
of methanol. Aerobic methanotrophs and nonmethanotrophic methylotrophs also

sometimes grow in mixed clusters together when co-cultured (van Grinsven et al., 2020).
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What benefit aerobic methanotrophs receive is currently unclear. However,
aerobic methanotrophs exhibit higher rates of methane oxidation when in co-culture with
nonmethanotrophic methylotrophs than when in pure culture (Jeong and Kim, 2019),
suggesting that nonmethanotrophic methylotrophs either directly aid in the process of
methane oxidation or help sustain a larger population of aerobic methanotrophs to in turn
consume that methane. Oxygen may play a role in the syntrophy, as the ratio of both
groups, as well as which specific genera of each group dominates, varies under different
oxygen tensions (Hernandez et al., 2015; Beck et al., 2013). It is unknown if this
syntrophy occurs more frequently in pairs of genera that prefer low or high oxygen
concentrations or if it occurs at the same rate across oxygen preferences but provides
substantially more benefit to aerobic methanotrophs in one condition over another. As
such, investigating exactly what benefit aerobic methanotrophs receive from
nonmethanotrophic methylotrophs—if at all—when this syntrophic interaction occurs in
nature, and how it realistically impacts methane oxidation rates is important to
understanding the character and behavior of naturally occurring aerobic methane-
oxidizing communities.

Problems with Methane Oxidation Rate and Methanotroph Environmental Surveys

Ex situ rate determination experiments—whereby methane concentrations are
measured in laboratory or shipboard incubations inoculated by naturally-occurring
communities of methane-oxidizing bacteria—form the backbone of current knowledge
regarding natural environmental acrobic methane oxidation rates (D’ Ambrosio and

Harrison et al., 2021), in large part due to the considerable difficulties associated with
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performing in situ methane measurements (Pack et al., 2011; Leonte et al., 2017).
Seawater incubations in particular often see methane oxidation rates that either are
significantly lower than those calculated from the same sites using in situ isotope tracer
methods (Leonte et al., 2017) or exhibit a lag in observed rates until weeks into the
incubations (Chan et al., 2019). These results suggest that aerobic methanotrophs
harvested from the water column undergo an initial adaptation period to their new
environmental conditions. Once adapted, it is unclear whether or not the observed rates
reflect how much methane the natural community of aerobic methanotrophs has oxidized
or whether they mostly reflect the alterations to their environment after being delivered
shipboard, including pressure, temperature, water movement, and other changes. Some
studies, such as Chan et al. (2019) spike their incubations with so much methane that
those incubations end up containing hundreds of micromolar more methane than the
natural communities have ever experienced, further casting doubt into the applicability of
the incubation results. The utilization of in situ techniques to observe how both aerobic
methane oxidation rates and aerobic methanotroph populations respond to environmental
conditions is therefore critical to understanding what biotic and abiotic factors
meaningfully influence both in nature.

Environmental surveys of the aerobic methane-oxidizing community also often
suffer from flaws in their experimental design and data analysis. Many oceanic and lake
studies of methane-rich sites neglect to meaningfully address the nonmethanotrophic
methylotrophs present in the community beyond noting their presence or fail to mention

them at all, even when they possess the 16S rRNA gene amplicon or metagenomic
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libraries to do so (Griindger et al., 2021; Mau et al., 2020; Rissanen et al., 2021; Samad
and Bertilsson, 2017).
Unclear Function of Ancillary Members of Marine Seep Communities

In a diverse natural microbial community, it is often unclear which species
contribute to aerobic methane oxidation, supporting the aerobic methanotrophs at the core
of the community, and which simply co-occur in the same area and may incidentally
benefit from the dissolved organic carbon output by aerobic methanotrophs. While
aerobic methanotrophs and nonmethanotrophic methylotrophs have been firmly identified
to be core members of these natural aquatic communities (Taubert et al., 2019), several
other microbes in the same study were also identified to take up carbon-13, meaning that
they can comparatively quickly access and consume organic carbon processed by the
aerobic methanotrophs. These groups included bacteria from the orders Nitrospirales—
nitrifiers with the enzyme nitrite oxidoreductase (Mueller et al., 2023)—and
Rhodobacterales—Iikely facultative methylotrophs (Taubert et al., 2019). The
incorporation of carbon from labelled methane is a good start to identifying which
microbes are at least somewhat involved in the network, but only works for bacteria and
archaea that can be cultured or can be confidently sustained in mixed incubations. This
technique is difficult to apply to the majority of microbes inhabiting or adjacent to
methane seeps as many bacteria and archaea identified from seawater metagenomes are
uncultured to the phylum level and over half are uncultured to the genus level, (Lloyd et
al., 2018). Culture-independent techniques such as metagenomics and

metatranscriptomics can provide valuable data that enhance our ability to discern which
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microbes have enzymes capable of processing the more common compounds generated
by aerobic methanotrophs and what other metabolic functions they are capable of that
could in turn support the co-occurring aerobic methanotrophs. While several studies
apply metagenomic techniques to oceanic methane seeps, it is not uncommon to see these
studies limited to functional assessments of all the DNA sequences acquired from a site
(Vigneron et al., 2017). Instead, to identify potential members of the aerobic methane-
oxidizing community, functional genes from individual metagenome-associated genomes
(MAGSs) must be assessed in addition to those present across the entire co-assembly.
Common microbes at seeps such as the ammonia-oxidizing archaea from the family
Nitrosopumilaceae and the potentially either autotrophic or heterotrophic Thioglobaceae
(Cramm et al., 2021) are prime candidates for such analysis because they may comprise
such large proportions of the overall community and can potentially mediate communally
important biochemistry (Wright and Lehtovirta-Morley, 2023; Morris and Spietz, 2022).
Dissertation Overview

Throughout the subsequent chapters of this dissertation, culture-independent
techniques are used to investigate the aerobic methane oxidizing communities present in
the freshwater, methane-rich Jordan Lake in NC, USA and seep fields in the Mid-Atlantic
Bight off the coast of Virginia and Delaware to ascertain how geochemical factors, such
as oxygen and methane concentrations, influence the distribution of the aerobic methane-
oxidizing communities, search for evidence of the proposed syntrophy between aerobic
methanotrophs and nonmethanotrophic methylotrophs occurring in nature, and assess

interactions between co-occurring bacteria and archaea in these communities. In addition,

15



novel technology such as a recently developed in situ incubation system (Hudspeth et al.,
2024) and fine-scale sampling schemes are employed to circumvent common issues with
the experimental designs of aerobic methane oxidation measurements.

In Chapter I, 16S rRNA gene amplicon sequencing is employed to assess how
aerobic methanotrophs and nonmethanotrophic methylotrophs in Jordan Lake, NC
respond to natural variations in methane, oxygen, and temperature over the course of a
year as well as during in situ methane oxidation rate determination experiments. Results
from this work suggest that the aerobic methanotrophs responsible for the majority of
methane oxidation in this system have little ability to regulate their methane consumption
rates. Further, the relative 16S rRNA gene amplicon sequence abundances of obligate
aerobic methanotrophs exhibit a strongly negative correlation with increasing oxygen
concentrations and minimal correlation to methane concentrations, suggesting that
oxygen has negative effects on aerobic methanotrophs independent of methane.

In Chapter 111, 16S rRNA gene amplicon surveys are performed on samples
obtained from thorough water column and sediment surveys of the T1 methane seep field
on the Mid-Atlantic Bight conducted over two years, with water from an additional seep
site near the Washington submarine canyon sampled in the second year. Aerobic
methanotroph and nonmethanotrophic methylotroph populations in the water column
exhibit a strong, consistent positive correlation with each other, which is suggestive of
potentially syntrophic interactions occurring between the two groups. The specific
species distribution of aerobic methanotrophs and nonmethanotrophic methylotrophs

across the water column and sediments suggests they originate from different sources and
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associate together in the water column. Depth below sea level and oxygen concentration
are the strongest factors that appear to drive overall prokaryotic community composition
in the water column, whereas methane concentration is insignificant.

Chapter IV analyzes metagenomes as well as specific MAGs derived from T1 and
WC in order to determine how functional diversity is spread across and throughout the
sites as well as within the specific bacteria and archaea present there. In addition, analysis
of specific MAGs was performed to better understand the metabolic potential of microbes
previously identified to be highly abundant at these sites as well as look for genes that
may facilitate syntrophy. While MAGs show clear patterns of distribution across sites,
functional diversity is remarkably stable. MAGs also display clear and consistent patterns
of functional distribution that even point to metabolic differences in closely related
microbes. Genes that could be reasonably employed to benefit aerobic methanotrophs and
facilitate their syntrophy with the dominant nonmethanotrophic methylotrophs in the
water column at these seeps have also been identified.

The research chapters presented here advance our understanding of how aerobic
methane-oxidizing communities, not just the aerobic methanotrophs within them, respond
to shifting environmental conditions. It further provides new results regarding whether or
not aerobic methanotrophs and nonmethanotrophic methylotrophs engage in syntrophic
interactions in natural systems while investigating the potential mechanisms and drivers

behind this potential syntrophy.
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Figure 1-1. Aerobic methane and methanol oxidation common pathway. Aerobic methanotrophs and

nonmethanotrophic methylotrophs generally utilize the same biochemical pathway to metabolize either
methane or methanol(Hanson and Hanson, 1996). The sole difference between the versions utilized by

either group is that only aerobic methanotrophs possess a type of methane monooxygenase, which converts

methane into methanol. Adapted from Costa et al. (2001), Hanson and Hanson (1996), Khadem et al.

(2011), and van Grinsven et al. (2020). Key: CH4 = Methane, CH3OH = Methanol, HCHO = Formaldehyde,
HCOOH = Formate, CO, = Carbon Dioxide, O, = Oxygen, H.O = Water, H* = Hydrogen ion, and Cyt. =

Cytochrome c. “Red”

Reduced and “Ox” = Oxidized.
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CHAPTER I1: DETERMINING DRIVERS OF METHANE OXIDATION IN AN
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Abstract

Aerobic methanotrophs and nonmethanotrophic methylotrophs drive methane
cycling in oxic freshwater lakes. Most knowledge about this system comes from ex situ
rate experiments, laboratory cultures, and snapshot natural abundances. We investigated
their population dynamics and aerobic methane oxidation (MOX) rate constants in situ in
Jordan Lake, a methane-rich freshwater lake in NC, USA, under changing environmental
conditions and in short incubations to determine how these populations interact with their
environment as they oxidize methane. We assessed relative abundance with 16S rRNA
gene amplicon community composition and quantitative PCR of particulate methane
monooxygenase subunit A (pmoA), comparing them to methane, oxygen, temperature,
and in situ MOX rate constants. Methylococcaceae, whose cultured members are obligate
aerobic methanotrophs, strongly and negatively correlate with oxygen (Amplicon: R? =
0.69, P < 0.001; pmoA: R? = 0.83, P < 0.001) but not with methane. Nonmethanotrophic
methylotrophs and facultative aerobic methanotrophs are abundant (up to 15.4% of
amplicons), but do not correlate with either parameter. Methylococcaceae correlate better
than all other families in the methane-oxidizing community with the first-order MOX rate
constants (Amplicon: R? = 0.73, P < 0.001; pmoA: R? = 0.93, P < 0.001). Changes in the
methanotrophic community across time course measurements were inconsistent between
experiments but replicable within a single experiment. The lack of response to
ammonium and organic carbon additions suggest other factors may drive community
shifts. Our results suggest Methylococcaceae primarily drive MOXx in Jordan lake. If so,

oxygen may play an important role in modulating methanotrophic removal of methane.
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Introduction

Methane is a powerful greenhouse gas, estimated to have up to 32 times the
global warming potential—or ability to retain atmospheric heat—as carbon dioxide over
a hundred year period (Etminan et al., 2016). About 35-50% of the methane that enters
the atmosphere comes from natural sources, such as wetlands and lakes (Saunois et al.,
2020). Aerobic methanotrophs, bacteria that oxidize methane into methanol to either
generate cellular energy or synthesize biomass, are critical methane sinks, mitigating the
amount of methane released into the atmosphere by natural sources (Bornemann et al.,
2016; Taubert et al., 2019; Yu and Chistoserdova, 2017). Much of what is known about
these organisms comes from laboratory studies, as they grow well in cultures. Therefore,
many questions remain about how they function in natural environmental settings.

Obligately aerobic methanotrophs are in the classes Gammaproteobacteria,
Alphaproteobacteria, and the phylum Verrucomicrobia (Knief, 2015) and inhabit the
oxygenated upper sediment and overlying water column at methane-rich sites
(Bornemann et al., 2016; He et al., 2012; Steinle et al., 2015). Using either particulate or
soluble methane monooxygenase (pMMO or sMMO), they convert methane into
methanol and then formaldehyde, from which it is either incorporated into biomass or
further converted into formate to generate energy via the production of carbon dioxide
(Hanson and Hanson, 1996). How rapidly these bacteria oxidize methane varies widely
by location, with published rates from freshwater lakes ranging from less than 10 nM/day
to over 840 puM/day (Donis et al., 2017; Rudd and Hamilton, 1975). Little is known about

what controls this large variation in methane consumption rate in natural environments;
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therefore understanding the influence of environmental factors could strengthen
predictions of future rates as the climate changes.

Aerobic methanotrophs may engage in syntrophy with nonmethanotrophic
methylotrophs, bacteria that consume methylated or single-carbon compounds other than
methane, many of which are from the family Methylophilaceae (Yu and Chistoserdova,
2017). These organisms frequently co-occur in natural systems and aerobic
methanotrophs have been observed to transfer carbon to nonmethanotrophic
methylotrophs in laboratory settings (Taubert et al., 2019; Radajewski et al., 2000;
Krause et al., 2017). This interspecies carbon transfer likely benefits aerobic
methanotrophs as well, since the presence of nonmethanotrophic methylotrophs has been
shown to increase the rate of methane removal by a co-cultured population of aerobic
methanotrophs, though the exact mechanism behind this is unknown (Jeong and Kim,
2019). Furthermore, it is unclear how often nonmethanotrophic methylotrophs engage in
syntrophy with aerobic methanotrophs, whether doing so is a preferred method of
acquiring carbon or an interaction nonmethanotrophic methylotrophs only engage in
when alternate food sources are unavailable.

Many aerobic methanotrophic mixed communities have been observed to prefer
microaerophilic conditions (Steinle et al., 2017; Zhu et al., 2017). There is some evidence
that they may cooperate with nonmethanotrophic methylotrophs under high oxygen stress
(Beck et al., 2013). However, the ways in which aerobic methanotrophs,
nonmethanotrophic methylotrophs, and their effects on aerobic methane oxidation rates

are affected by oxygen, methane, or temperature have not been assessed in situ. Due to
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the technological limitations of quantifying methane concentrations in situ, most aerobic
methane oxidation measurements associated with microbiological data are made from ex
situ incubations with few timepoints (Steinle et al., 2017; Hernandez et al., 2015). Rate
constants quantify the ability of a community to increase its consumption rate in response
to increases in methane and can therefore be more informative about the aerobic
methanotrophic community’s capacity for methane oxidation than the instantaneous rate,
which varies based on the methane concentration. Understanding how environmental
variables impact co-occurring populations of aerobic methanotrophs and
nonmethanotrophic methylotrophs, as well as the rate constant for aerobic methane
oxidation in a natural environmental setting and how any potential syntrophy between the
two groups progresses during aerobic methane oxidation is critical to examining how
aerobic methane-oxidizing communities contribute to environmental methane removal.
Here we use Jordan Lake, NC as a natural laboratory to explore how
environmentally relevant ranges of temperature, methane, and oxygen, and the presence
of potential syntrophic partners affect the bacteria involved in aerobic methane oxidation
in the preexisting, naturally-associating freshwater communities and how they in turn
influence the first-order rate constant, or k, of aerobic methane oxidation. Our goals are
to assess in situ 1) which families of bacteria correlate with the first-order rate constant of
aerobic methane oxidation, 2) how the abiotic factors of oxygen, methane, and
temperature affect the populations of both aerobic methanotrophs and nonmethanotrophic
methylotrophs, 3) how the populations of aerobic methanotrophs and nonmethanotrophic

methylotrophs change during an in situ aerobic methane oxidation rate determination
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experiment, and 4) if the addition of external N or C sources can disrupt any observed
correlation between the aerobic methanotrophs and nonmethanotrophic methylotrophs.
These questions were tested in Jordan Lake, NC using a one-of-a-kind in situ incubation
system, the “iBag”, described in Hudspeth et al. (2024a).

We hypothesize that the most abundant family of aerobic methanotrophs in the
lake will correlate best with the first-order rate constant of aerobic methane oxidation,
that methane concentration will be the primary geochemical factor correlating with the
abundance of all aerobic methanotroph families, that the populations of aerobic
methanotrophs and nonmethanotrophic methylotrophs will exhibit distinct growth
patterns, and that additions of external N or C sources will disrupt nonmethanotrophic
methylotroph growth patterns.

Methods
Study Site

All incubations were performed at Crosswinds Boating Center, Jordan Lake, NC,
USA (35°44'36.9" N 79° 00" 28.8" W). Jordan Lake is a man-made, seasonally
stratified, eutrophic, freshwater lake. Multiple iBag in situ incubation systems were
suspended at 3.5 m water depth off of the Center’s dock, where water depth was
approximately 4.0 m. Working at this depth was chosen in order to avoid disturbing the
sediment and contaminating the incubation with the sediment microbiome while reaching
the highest possible ambient methane concentrations. The first set of incubations was
performed in October 2020; three more incubation sets between June and July 2021; and

two more during October and November 2021.
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In Situ Incubation System

The iBag system is described in detail in Hudspeth et al. (2024a). Briefly, it
consists of a ~21 L mylar gas-tight incubation bag, connected via polyethylene tubing
and a pump to an Aanderaa (AADI) Series 4430 oxygen optode and a Franatech GmbH
Laser Methane sensor. After flushing ambient lake water through the system for at least
an hour until recorded values stabilize, the system is shut off from the outside water and
oxygen and methane concentrations are measured continuously in the recirculating water
over 18-70 hours to the point where oxygen was depleted.
Geochemistry

All geochemical data (oxygen, methane, temperature, and first-order rate
constants) from the experiments conducted from October 2020 through October 2021
were first reported in Hudspeth et al. (2024a). For consistency, the November 2021
geochemical data were processed the same way as the rest of the geochemical data for the
incubations. To summarize, concentrations of dissolved oxygen and methane, as well as
temperature, were measured once per minute for the entire duration of each experiment.
Modeled initial methane and oxygen concentrations were used in order to standardize
values across experiments and account for different baseline settings across methane
lasers. An exponential fit for aerobic methane oxidation was determined by a non-linear
least squares regression via Levenberg-Marquadt method and a linear fit was determined
for oxygen consumption using a linear least squares regression. In two experiments the
oxygen decrease became exponential when dried algae powder was added (October 2021

and November 2021) (Fig. 2-S1). The initial oxygen concentrations for those
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experiments were estimated by performing a linear fit on the data recorded prior to the
addition of the powder or from a projection of the first few hours of the incubation. The
first-order rate constant values for aerobic methane oxidation were calculated from those
exponential fits. Data for the time zero points (initial populations) of each incubation
analyzed in this paper are listed in Table 2-S1.

Biological Sample Collection & Treatments

Biological samples were taken by attaching a 60 mL BD Luer-Lok ™ sterile
syringe to a three-way stopcock valve at the end of the sampling port. Two replicate
syringes were taken for each timepoint, rinsing the syringe twice with incubation fluids
before the sample was taken. The sample water was filtered through a 0.22 micron
Sterivex-GV Pressure filter (Fig. 2-S2) for DNA extraction. During this process, the
systems were lifted to the surface of the water for access to the sampling port but
remained submerged for temperature regulation. The DNA samples were immediately
frozen and kept so until they were delivered to the University of Tennessee for storage in
a -80°C freezer and DNA was extracted a few months later. A total of 125 biological
samples were collected, 16 of which were “time zero” samples that captured well-mixed,
unincubated lake water just as the incubations were closed off from the lake.

Incubations were performed as described in Table 2-1. Ammonium and dried
algae powder (GNC earth Genius™ Spirulina) were added to incubations from some
experiments.

DNA Extraction

DNA extractions on the Sterivex filters were performed with a modified version
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of the phenol-chloroform extraction that was adapted for use with Sterivex filters
(Vetriani et al.,1999; Wright et al., 2009). The samples were treated with lysozyme (100
mg/mL), proteinase K (20 mg/mL), and sodium dodecyl sulfate (20%) for chemical cell
lysis. DNA was purified with phenol-chloroform and then precipitated with sodium
acetate (3 M), isopropanol (100%), and ethanol (70%). Tris buffer was used to elute the
resulting DNA. DNA concentrations were then measured with a Qubit™ 4 Fluorometer
using the Qubit™ 1X High Sensitivity dsSDNA Assay kit (Invitrogen). Negative controls,
consisting of 60 mL of ultrapure water filtered through a new Sterivex, were processed in
parallel with the samples. They were prepared either when new extraction reagents were
used or when beginning extractions from a new sample set (i.e., from October 2020,
June/July 2021, or October/November 2021).
16S rRNA Gene Amplicon Processing and Analysis

An Illlumina MiSeq platform was used to generate amplicons of the V4 region of
the 16S rRNA gene with primers 515f (GTGYCAGCMGCCGCGGTAA) and 806R
(GGACTACNVGGGTWTCTAAT) (Caporaso et al., 2011; Parada et al., 2016; Apprill
et al., 2015) at the University of Tennessee Genomics Core in Knoxville, TN. The dada2
pipeline was used to process the resulting reads into amplicon sequence variants (ASVs)
and to then classify them using the SILVA reference set 138 (Callahan et al., 2016, Quast
et al., 2013). All chloroplast, mitochondria, and added algae (Arthrospira PCC-7345)
reads were removed from the overall dataset before analysis. Library sizes per sample
post-processing ranged from 36,256 — 207,552 reads and yielded 15,545 ASVs overall.

ASVs were normalized to total library size to obtain the relative abundance. A parallel
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analysis was conducted with rarified samples (randomly selecting a subset of reads so all
libraries are the same size before normalizing to library size) and found large and
statistically significant correlations between the rarified and the non-rarified datasets
(Tables 2-S2 & 2-S3), indicating that proceeding with the rarefied dataset would provide
minimal benefit over proceeding with the original dataset. ASVs taxonomically classified
at the family level or lower were assigned to different functional guilds by assessing the
range of functional guilds present in a given ASV’s family or genus. Aerobic
methanotroph and nonmethanotrophic methylotroph ASVs were separated by type and
then clustered by family. Taxonomic classifications were confirmed by checking the
established literature; the families Methylocystaceae and Beijerinckiaceae were collapsed
together by the SILVA reference set 138 (Quast et al., 2013) and sequences from genera
established to belong to Methylocystaceae (Methylocystis and Methylosinus) were
manually separated from the rest of the Beijerinckiaceae sequences. Families were
excluded from further analysis if over 15% of their ASVs were in the negative controls or
were present in fewer than 10% of samples.
Quantitative PCR

A QuantiNova™ SYBR Green® PCR kit was used to perform gPCR. Table 2-S4
lists the targeted sequences and primers (Sharp et al., 2012; Kolb et al., 2003; Kubo et
al., 2012). gPCR was performed using a BioRad DNA Engine Opticon® 2 Real-Time
PCR Detector, with an initial denaturation step of 95°C for 2 minutes and 2-step cycling
for 35 cycles of 5 seconds of denaturation at 95°C and 10 seconds of annealing and

extension at 60°C. RNAse-free water included with the kit was used as negative controls.
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Positive controls were either synthesized genes purchased from Eurofins Genomics or
amplified to ng/pL concentrations from Jordan Lake water. Melt curve analysis was
performed and samples exhibiting primer dimers were considered to have not amplified
(Ct > 35 cycles).

Data Analysis

All 16S rRNA gene amplicon relative abundance data and qPCR-measured
relative abundance data (family-specific pmoA gene copies divided by bacterial 16S
rRNA gene copies) were logio-transformed before statistical analysis to meet assumptions
of normality of errors. Statistical analysis and graphical representation of the population
dynamics of the microbial groups of interest and the geochemical variables were
performed in R version 4.0.3 (R Core Team, 2020) with RStudio (R Studio Team, 2020).
Correlations

Pearson’s product-moment correlation was the type of correlation used. Samples
with missing data for one or more variables were excluded from analysis. Two-tailed t-
tests were performed to determine the significance of the correlation coefficient
estimates.

The 16S rRNA gene amplicon relative abundances of Methylococcaceae and
Methylocystaceae were correlated with their relative abundance as measured by g°PCR
(family-specific pmoA gene copies divided by bacterial 16S rRNA gene copies) from
both the initial populations and across the October 2020 incubations to assess whether the
16S rRNA gene amplicon relative abundances of multiple taxa could be compared across

or throughout experiments (Lloyd et al., 2020; McLaren et al., 2022). Correlations were
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performed between the three geochemical variables and the 16S rRNA gene amplicon
relative abundances of families of interest in the initial populations and between the first-
order rate constant values of aerobic methane oxidation and the initial 16S rRNA gene
amplicon abundances or the 16S rRNA gene amplicon abundances averaged across the
incubations. The gqPCR-measured relative abundances from the initial time populations of
both Methylococcaceae and Methylocystaceae were correlated with the first-order rate
constant and the gPCR-measured relative abundances of Methylococcaceae were
correlated with the three geochemical variables.
Multiple Regression

Multiple regression was used to assess the effects of the three geochemical
variables on the 16S rRNA gene amplicon relative abundance of each family of interest.
Samples with missing data for one or more variables were excluded from analysis.
Predictors were assessed for collinearity prior to analysis by calculating the variance
inflation factor (VIF) for a model of random, simulated normal data with all three
predictors variables. If VIF was above 10 or |r] > 0.7, the more environmentally relevant
variable would be kept for further modeling (Dormann et al., 2013); however, the VIF
never reached this threshold for any pairs of variables and as such none were excluded
from analysis. Model selection was performed manually from a pool of models that
accounted for all possible combinations of predictors and allowed for interactions
between any two predictors in the model (two-way interactions). Three-way interactions
were not permitted. “Hinged” interactions, two or more two-way interactions that share a

variable (i.e., an oxygen-temperature interaction and an oxygen-methane interaction in
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the same model), were also excluded. The best models had the lowest corrected Akaike
Information Criterion (AICc) and Bayesian Information Criterion (BIC) scores. Model
residuals were visually assessed for normality. Models within ~2 AICc and BIC units of
the best model were assessed to determine if they explained substantially more variation
(adjusted R? higher than that of the best model by >= 0.05) than the best model. Adjusted
R?, which reduces the bias introduced by having different numbers of predictors, is used
instead of R? (Westfall and Arias, 2020).
Population dynamics

The shifts in 16S rRNA gene amplicon relative abundance of the groups of
interest coupled with oxygen and methane concentrations during the in situ incubations
were plotted versus experimental duration and assessed qualitatively. Statistical
differences between the means of the initial abundance data were assessed by performing
a Tukey’s HSD test on a one-way ANOVA.
Software

R Packages used for statistical analysis were: fBasics (Wuertz et al., 2020), car
(Fox and Weisenberg, 2019), olsrr (Hebbali, 2020), survey (Lumley, 2023), interactions
(Long, 2019), jtools (Long, 2022), tidyverse (Wickham et al., 2019), dplyr (Wickham et
al., 2023), and multcompView (Graves et al., 2023). R Packages used for processing the
16S rRNA gene amplicon reads were: dada2 (Callahan et al., 2016), phyloseq
(McMurdie and Holmes, 2013), Biostrings (Pagés et al., 2020), microbiome (Lahti and

Shetty, 2019), rioja (Juggins, 2022), and microbiomeutilities (Shetty and Lahti, 2021).
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Data Availability
All geochemical data and the code used to analyze and process it can be found at

GitHub at https://github.com/zhudspeth/JordanLakePaper (Hudspeth et al., 2024a,

Hudspeth et al., 2024b). Complete R scripts containing all the steps to reproduce our 16S
rRNA gene amplicon analysis, model generation and selection, and statistical analysis
along with all geochemical and microbiological data analyzed in this study are available

at GitHub at https://github.com/JBaily/Jordan_Lake 20-21. FASTQ files containing the

16S rRNA gene sequences can be found in the NCBI Sequence Read Archive under the

Accession ID PRINA1117504 (https://www.ncbi.nlm.nih.gov/sra/PRINA1117504).

Results
Aerobic Methane-Oxidizing Community Composition during Consumption

During each incubation, methane was consumed at an exponential rate, first-order
with respect to methane concentrations (Hudspeth et al., 2024a). Consumption ceased
either when no more methane was left in the system or when the iBag system became
anoxic. Oxygen concentrations decreased linearly, except when dried algae was added. In
those two cases, the rate of oxygen consumption, but not that of methane consumption,
increased exponentially post-addition (Fig. 2-S1). Aerobic methanotrophs and
nonmethanotrophic methylotrophs from the following families were detected at all
timepoints, in order of decreasing amplicon relative abundance: Methylacidiphilaceae,
Methylophilaceae, Methylocystaceae, Methylococcaceae, and Methylomonadaceae
(Tukey’s HSD test on a one-way ANOVA) (Fig. 2-1, Tables 2-S5 & 2-S6). Cultured

genera within Methylococcaceae, Methylomonadaceae, Methylacidiphilaceae, and
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Methylocystaceae are aerobic methanotrophs (Knief, 2015) and cultured genera of
Methylophilaceae are nonmethanotrophic methylotrophs (Salcher et al., 2015). Further,
the dominant genera from Methylococcaceae and Methylomonadaceae in this system,
which are Methyloparacoccus and Methylomonas respectively, are obligate (Vekeman,
2019; Bowman et al., 2014). Methylocystis, the dominant genus from Methylocystaceae
in Jordan lake, is known to contain several facultative species (Haque et al., 2020).
However, no Methylacidiphilaceae 16S rRNA sequences could be identified past the
family level, indicating they may have a different physiology than the genera that have
been cultured in this family, which are thermophilic aerobic methanotrophs (Knief,
2015).
Assessing Potential for Methanotrophy with pmoA Genes

We surveyed for the presence of pMMO subunit A (pmoA) genes from the
families of Methylococcaceae, Methylocystaceae, Methylomonadaceae, and
Methylacidiphilaceae using quantitative PCR (qPCR) (Table 2-S4) (Sharp et al., 2012,
Kolb et al., 2003). These primers were based on the pmoA genes from the genera of
Methylococcus, Methylosinus, Methylobacter/Methylosarcina, and Methylacidiphilum,
respectively. All primer sets amplified in the positive controls with the exception of the
primer set targeting Methylomonadaceae, which never amplified.

Standard curves for Methylococcaceae pmoA comprised of eight 10x dilutions
and ranged in concentration from 3.42 x 108 - 3.42 x 10 copies/pL, resulting in cycle
threshold (Ct) values between 6.08-30.17 cycles. Standard curves for Methylocystaceae

pmoA comprised of seven 10x dilutions and ranged in concentration from 2.04 x 10° -

46



2.04 x 10? copies/uL, resulting in Ct values between 4.50-27.57 cycles. Amplification for
pmoA was observed for both of these primer sets in the initial population samples of
almost all Jordan Lake experiments. Both incubations from the November 2021
experiment and one incubation from the October 2021 experiment exhibited no pmoA
amplification with either primer set. The Ct values for Jordan Lake samples amplified
with Methylococcaceae pmoA primers range between 23.77-30.01 cycles, whereas the
negative controls do not reach the threshold until after 35 cycles. Similarly, the Ct values
for Jordan Lake samples amplified with Methylocystaceae pmoA primers are between
21.31-30.00 cycles, with the negative controls also not reaching the threshold until after
35 cycles.

Though the Methylacidiphilaceae pmoA primers amplified the Methylacidiphilum
infernorum pmoA sequences used for the standard curve, which was comprised of three
10x dilutions that ranged in concentration from 3.27 x 10° - 3.27 x 107 copies/pL and
resulted in Ct values between 11.38 and 30.39, no amplification of the primer set
targeting Methylacidiphilaceae pmoA was observed in the initial populations of any
Jordan Lake incubation. All Jordan Lake samples and negative controls had Ct values
greater than 35 cycles, despite this group being very abundant in 16S rRNA gene
amplicon analyses.

Assessing Quantitativeness of 16S rRNA Gene Amplicon Relative Abundance

To determine whether primer bias affected our ability to compare relative

amounts of taxa across different 16S rRNA gene amplicon datasets, we compared these

values to qPCR-measured relative abundances of Methylococcaceae and
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Methylocystaceae (family-specific pmoA gene copies divided by bacterial 16S rRNA
gene copies). The gPCR and amplicon relative abundances of Methylococcaceae have a
strong, positive correlation (R = 0.89, t(10) = 8.95, P < 0.001) across the initial
populations of all incubations (Fig. 2-2C). The correlation between the gPCR and
amplicon relative abundances across all timepoints of the October 2020 experiment was
also positive (R? = 0.49, t(11) = 3.27, P = 0.007) (Fig. 2-S3), with those abundance shifts
throughout this incubation qualitatively agreeing. Therefore, relative abundance of
Methylococcaceae in the initial populations can be compared quantitatively across 16S
rRNA gene amplicon datasets (Lloyd et al., 2020). As these correlations indicate that the
background population does not alter primer bias across the initial population samples,
this principle can be extended to all other taxa in the community (McLaren et al., 2022).
While the gPCR and amplicon relative abundances of Methylocystaceae (Fig. 2-
S4) correlate similarly across all timepoints of the October 2020 experiment (R? = 0.59,
t(11) = 4.02, P =0.002), there was no correlation across the initial populations (R? =
0.26, t(10) = 1.86, P =0.09). The lack of correlation among the initial populations but
not across one set of incubations can likely be accounted for by the chosen primer set for
Methylocystaceae having been designed for the genus Methylosinus instead of the genus
Methylocystis, which dominates the family in Jordan Lake. Methylosinus is present in
only two of the initial populations—given the likely higher binding affinity of this primer
set for the pmoA sequence of Methylosinus compared to that of Methylocystis, its pmoA
sequence likely amplifies disproportionately well in gPCR. It is also possible some

species of Methylocystis present in Jordan Lake have differing binding affinities for the

48



primer sets and their absence or presence (ex. Methylocystis heyeri is only present in
detectable quantities during the fall months) has a similar biasing effect on the g°PCR
amplification.

Correlations of Initial Populations of Methylotrophs and Methanotrophs with
Geochemistry

We correlated environmental geochemical measurements with initial starting
populations for each incubation to assess how the populations are impacted by naturally
occurring shifts in those parameters and how starting populations in turn affect aerobic
methane oxidation. Changes in relative abundance over the time course of each
experiment are presented separately in the time course results section. The values for the
first-order rate constants of aerobic methane oxidation, oxygen and methane
concentrations, and temperatures of all incubations aside from those performed in
November 2021 were first reported in Hudspeth et al. (2024a).

Aerobic methane oxidation first-order rate constant values correlate most strongly
and positively with the relative 16S rRNA gene amplicon abundances of
Methylococcaceae from the initial populations (R? = 0.73, t(14) = 6.20, P < 0.001) (Fig.
2-2A, Table 2-S7). The qPCR relative abundance of Methylococcaceae also exhibits a
similarly strong correlation with the first-order rate constant of aerobic methane oxidation
(R? =0.93, t(10) = 11.69, P < 0.001) (Fig. 2-2B, Table 2-S8). This family consists of
obligate aerobic methanotrophs; the majority of our sequences in this family were from
the genus Methyloparacoccus. Further evidence that these Methylococcaceae 16S rRNA

gene sequences represent aerobic methanotrophs comes from the fact that
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Methylococcaceae-specific primers for pmoA amplified across all experiments, except the
November 2021 experiment where no pmoA primer sets amplified. All other
methanotrophic and methylotrophic families, except Methylophilaceae, weakly correlate
with the first-order rate constant (Table 2-S7). In contrast, Methylophilaceae does not
correlate at all.

Only obligate aerobic methanotrophs Methylococcaceae (R? = 0.69, t = -5.52, and
P < 0.001) and Methylomonadaceae (R? = 0.35, t = -2.72, and P = 0.017) correlate with
oxygen, both negatively (Fig. 2-3). Aerobic methanotrophs Methylococcaceae and
Methylocystaceae correlate negatively with temperature (R?> = 0.31, t =-2.51, and P =
0.025; R? = 0.84, t = -8.43, and P < 0.001). The qPCR relative abundances of
Methylococcaceae correlate similarly with the three geochemical variables; negatively
with oxygen, negatively with temperature, and not at all with methane (Table 2-S8).

The presumed nonmethanotrophic methylotroph Methylacidiphilaceae correlates
positively with temperature (R? = 0.81, t = 7.81, and P < 0.001). Methylophilaceae do not
significantly correlate with either of the other two geochemical variables (Oxygen: t = -
1.49 and P = 0.16. Temperature: t = -0.933 and P = 0.37). None of the five
methanotrophic or methylotrophic families significantly correlate with the methane. All
amplicon correlations are listed in Table 2-S9 or Figure 2-3.

To investigate which of these correlations are significant for the relative
abundance of methanotrophic and methylotrophic families when the effect of multiple
variables is considered, linear models were constructed via multiple regression for the

16S rRNA gene amplicon relative abundance of each of the five methanotrophic and
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methylotrophic families in the initial populations (Tables 2-S10 & 2-S11). The best
models for the obligate aerobic methanotrophs, Methylococcaceae (Adjusted R? = 0.89,
F(3,12) = 42.08, P < 0.001) and Methylomonadaceae (Adjusted R? = 0.73, F(4,11) =
42.08, P <0.001), contain the predictors of methane concentration, oxygen concentration,
and the two-way interaction between those predictors, with temperature also for
Methylomonadaceae. Temperature is the sole significant predictor for Methylocystaceae
(Adjusted R? = 0.84, F(1,14) = 71.10, P < 0.001) and has a negative effect on the relative
abundance. Both Methylophilaceae (Adjusted R = 0.81, F(2,13) = 42.08, P < 0.001) and
Methylacidiphilaceae (Adjusted R? = 0.85, F(3,12) = 30.01, P < 0.001), the
nonmethanotrophic methylotrophs, have best models that contain oxygen concentration,
temperature, and the two-way interaction between those two predictors (Fig. 2-S5, Table
2-S12). None of the geochemical predictors exhibited collinearity (Table 2-S13).
Combined Effects of Oxygen and Methane

Based on the linear models, the interaction between the relative abundance of
both Methylococcaceae and Methylomonadaceae and oxygen and methane
concentrations changes slightly depending on the concentration of the other gas (Figs. 2-
4A,B). Oxygen has a strong negative effect on Methylococcaceae and
Methylomonadaceae when methane concentrations are above 297 nM and 312 nM,
respectively. As methane concentrations diminish, this negative effect weakens until
oxygen is predicted to have a positive effect on relative abundance below methane
concentrations of 225 nM and 234 nM, respectively, although there were not enough data

points below these methane concentrations to test this model output robustly. Though
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methane accounts for much less of the overall variation than oxygen does, it has a
positive effect on the relative abundance when oxygen is below 146 uM and 148 uM and
a negative effect when it is above 195 uM and 219 uM, respectively (Fig. 2-S6A,B).
The combined effects of oxygen and methane suggests that obligate aerobic
methanotrophs are most abundant in environments with low oxygen and high methane
concentrations (Figs. 2-4A,B).

Combined Effects of Oxygen and Temperature

Oxygen and temperature interact to influence the relative abundance of
Methylophilaceae and Methylacidiphilaceae. For Methylophilaceae, temperature has a
negative effect when the oxygen concentration is below 182 uM and a positive effect
above 226 uM (Figs. 2-4C,D), whereas oxygen has a negative effect below 23.6°C and a
positive effect above 26.1°C.

For Methylacidiphilaceae, temperature is never predicted to have a negative effect
on the relative abundance regardless of the oxygen concentration but has a positive effect
when oxygen concentrations are above 79.9 uM (Fig. 2-S6C). Oxygen is predicted to
have a negative effect on its relative abundance below 21.4°C and a positive effect above
49.4°C, although no data points were available above this temperature, so this is simply a
model prediction.

Growth Dynamics during Aerobic Methane Oxidation

All five methanotrophic and non-methanotrophic methylotrophic families had 16S

rRNA gene amplicon relative abundance patterns that were repeatable across replicate

incubations in both the summer (Fig. 2-5) and fall (Fig. 2-6), with the nonmethanotrophic
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methylotrophs exhibiting similar growth patterns despite their differences in magnitude
(Fig. 2-S7). The populations of nonmethanotrophic methylotrophs from both
Methylophilaceae and Methylacidiphilaceae initially grow and then decline as the
incubation water becomes hypoxic. Aerobic methanotrophs either decline initially or
maintain a stable population size. Nonmethanotrophic methylotrophs are more abundant
than the aerobic methanotrophs at the start of each incubation (Fig. 2-1) and the gap
between them tends to increase over time. Methylacidiphilaceae is always the most
abundant, reaching up to 15% of the total prokaryotic population in one incubation (Fig.
2-5, row 2 and column 2).

Ammonium (~21 or ~42 uM) and dried algae (8.43 + 0.02 g) were added to some
of the summer and fall incubations, respectively. Though the addition of the dried algae
powder accelerated oxygen respiration, neither of the additions had any noticeable effect
on the population dynamics of any of the families of interest or aerobic methane
oxidation rates.

Discussion

Our results show that the changes in populations of aerobic methane-oxidizing
microbes in a stratified freshwater lake measured in situ are closely related to natural
variations in dissolved gas concentrations and temperature. By not removing the
microbial community from their natural environment and minimally altering the
geochemical and physical conditions they were exposed to, we were able to couple
natural variations in their population dynamics to their in situ capacity to consume

methane.
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We found two families of obligate aerobic methanotrophs (Methylococcaceae,
mostly from the genus Methyloparacoccus, and Methylomonadaceae, mostly from the
genus Methylomonas) (Knief, 2015; Bowman, 2014). We also found one family of
facultative aerobic methanotrophs (Methylocystaceae, mostly from the genus
Methylocystis) (Haque et al., 2020). For nonmethanotrophic methylotrophs, we found
Methylophilaceae—with “Candidatus Methylopumilus”, which is an obligate
methylotroph, being the most abundant genus (Salcher et al., 2015).
Methylacidiphilaceae, whose cultured genera are thermophilic aerobic methanotrophs
(Knief, 2015), could not be identified past the family level, suggesting they may have a
different physiology from their cultured genera. We assessed their potential for aerobic
methanotrophy by amplifying the pmoA gene with primers specific to
Methylacidiphilaceae (Sharp et al., 2012). None of these primers produced pmoA
products, even though the primer sets designed to amplify the pmoA genes of
Methylococcaceae and Methylocystaceae resulted in amplification. Since pmoA encodes
a critical subunit of the pMMO enzyme and the other members of Methylacidiphilaceae
do not have any genes for the rarer SMMO enzyme (Sharp et al., 2012; Kruse et al.,
2019), we conclude that it is unlikely that the Methylacidiphilaceae in Jordan Lake
oxidize methane and are thereby most likely nonmethanotrophic methylotrophs, not
aerobic methanotrophs. This conclusion agrees with previous reports of closely related
uncultured genera in mesophilic environments that lack pmoA genes (Sharp et al., 2014).

However, we caution that this designation is merely the one most strongly supported by
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the lines of evidence available to us, both from the literature and our own observations,
and thus is not definitive.

We tracked changes in the relative abundance of 16S rRNA gene amplicons of
each of these families. Amplicon data can be used to track changes in relative abundance
of organisms across similar samples where the biases for or against each taxonomic
group are similar across samples (Lloyd et al., 2020). Other work suggests that, to ensure
that large shifts in background communities do not alter the taxon-specific bias across
similar samples, one can compare amplicon results to gPCR results for one taxon, which
will then be applicable for all other taxa because they share the same background
communities (McLaren et al., 2022). We found that the abundance of the aerobic
methanotroph Methylococcaceae relative to the rest of the microbial population was
consistent when measured with 16S rRNA gene amplicons vs. gPCR (Fig. 2-2C),
meaning the relative abundance for this family and all the others can be compared across
all samples using 16S rRNA gene amplicons.

Drivers of Aerobic Methane Oxidation

All three families of aerobic methane oxidizers at least weakly correlate with the
first-order rate constants for aerobic methane oxidation, suggesting they all may be
involved in this process. The obligate aerobic methanotroph family Methylococcaceae
has the strongest correlation by far (Fig. 2-2A, Table 2-S7, R? = 0.73, P < 0.001), even
though it is not the most abundant group of aerobic methanotrophs as we had initially
hypothesized. This suggests that the abundance of Methylococcaceae may be a large

factor in determining the ability of the lake to consume methane. The tight coupling
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between Methylococcaceae relative abundance and the first-order rate constant values
may also explain why the rate constant correlates negatively with oxygen concentrations
(Hudspeth et al., 2024), since Methylococcaceae is oxygen averse (see below). If correct,
this would mean that Methylococcaceae are the primary drivers of aerobic
methanotrophy in Jordan Lake over the time period measured, more so than
Methylomonadaceae, Methylocystaceae, or any of the nonmethanotrophic methylotrophs
present. The potential of Methylococcaceae to be the primary drivers of aerobic
methanotrophy should be investigated further, as they are broadly distributed in
freshwater habitats (Knief, 2015) and have also been identified as the most abundant
group of aerobic methanotrophs in multiple other freshwater lakes (Bornemann et al.,
2016; Beck et al., 2013; Rissanen et al., 2021).
Sensitivity of Obligate Aerobic Methanotrophs to Oxygen

Given the tight correlation of Methylococcaceae with the values for the first-order
rate constant of aerobic methane oxidation, we examined whether these bacteria—along
with the other members of the aerobic methane-oxidizing community present in the lake—
correlate with temperature or the concentrations of oxygen and methane. Both of the
obligate aerobic methanotrophic families exhibit strong negative correlations with
oxygen concentration (Fig. 2-3), in contrast to our hypothesis that they would correlate
most strongly with methane. The best-fit linear models also suggest that oxygen alone
accounts for over half of all variation in relative abundance for Methylococcaceae and a
little less than a quarter of all variation in relative abundance for Methylomonadaceae

(Table 2-S11). This agrees well with previous observations that these bacteria exhibit
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microaerophilic tendencies both in mixed culture and in the environment (Steinle et al.,
2017; Zhu et al., 2017; Rissanen et al., 2021; Reis et al., 2020). The most common
explanation for microaerophily in aerobic methanotrophs is that methane concentrations
increase at oxic-anoxic interfaces, so cells that tolerate low oxygen concentrations can
function closer to anoxic sources of methane (Kuivila et al., 1988). However, our data
suggest that methane only correlates with aerobic methanotrophs once the negative effect
with oxygen is accounted for (Fig. 2-4), suggesting that oxygen aversion, rather than
proximity to high methane concentrations in anoxic environments, drives their
microaerophily. These results agree with previous studies that have found little to no
correlation between aerobic methanotrophic biomass and methane concentrations (Reis et
al., 2020; Samad and Bertilsson, 2017).

There are several possible explanations for why higher oxygen concentrations are
detrimental to aerobic methanotrophs. First, oxygen inhibits nitrogenase and could cause
nitrogen-limitation that can be alleviated by the addition of over 20 uM ammonium
(Rudd, et al., 1976). However, we observed no response to additions of ammonium well
above that threshold (~21 uM or ~42 uM) in the in situ incubations, suggesting these
communities are not nitrogen-limited (Fig. 2-5). This is consistent with high dissolved
total nitrogen values at this site (mean of 0.93 mg/L) (NC Division of Water Resources,
2021). Finally, the Methylococcaceae in Jordan Lake likely lack nitrogenase, since
cultures of the largest genus present from this family, Methyloparacoccus do not have it

(Nguyen et al., 2019).
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A second reason could be oxygen toxicity from reactive oxygen species (Steinle
et al., 2017), however, cultured genera of Methylococcaceae and Methylomonadaceae
(Methyloparacoccus and Methylomonas) contain catalase and superoxide dismutase,
which may detoxify and may thereby mitigate the effects of reactive oxygen species
(Nguyen et al., 2019; Hoefman et al., 2014).

The possibility that fits best with our observations is that aerobic methanotrophs
accumulate more of their toxic metabolic intermediate formaldehyde under high oxygen
conditions, as has been observed in cultures (Costa et al., 2001). Formaldehyde is highly
cytotoxic, capable of severely damaging both the proteins and DNA of bacteria (Chen et
al., 2016), but is also a necessary intermediate of aerobic methanotrophy (Hanson and
Hanson, 1996).

Oxygen Insensitivity in Nonmethanotrophic Methylotrophs and Facultative Aerobic
methanotrophs

Even though nonmethanotrophic methylotrophs and facultatively aerobic
methanotrophs also make toxic formaldehyde intermediates during the oxidation of
methanol (Chistoserdova et al., 2009), we found that neither methane nor oxygen by
themselves are significant predictors of their relative abundance. Instead, temperature or
temperature plus oxygen best predict their abundance (Figs. 2-4C,D; Table 2-S11).
Facultative aerobic methanotrophs may consume an alternate compound like ethanol,
thereby avoiding the formaldehyde production associated with methane oxidation (Haque
et al., 2020). Although the nonmethanotrophic methylotrophs could avoid formaldehyde

production through the use of other methylated substrates such as trimethylamine
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(Martinez-Gomez et al., 2013), it is usually only a supplement to the methanol
consumption pathway (Salcher et al., 2015). It is possible that the uptake of methanol can
be better-regulated than the uptake of methane, since methanol is a polar compound
which likely undergoes active transport into the cell (Patra et al., 2006; Agrawal and
Flores, 1987). Such regulation may afford nonmethanotrophic methylotrophs better
metabolic control under high oxygen concentrations.
Temperature Response

The linear models suggest that the negative correlation of Methylococcaceae with
temperature is an indirect effect of the correlation of temperature with oxygen, which has
a tighter negative correlation with Methylococcaceae. The negative effect of temperature
on Methylocystis (Fig. 2-4C) is surprising, since cultures of this genus tend to prefer
warmer temperatures between 25 - 37°C (Jung et al., 2020), and these bacteria are
facultative methanotrophs, which lack the strong aversion to oxygen. It is possible that
competition with other microbes for food sources during the warmer months manifests as
a negative response to temperature (Hudari et al., 2020; van Bodegom et al., 2001). The
strong positive correlation between nonmethanotrophic methylotrophic
Methylacidiphilaceae and temperature likely results from a greater metabolism at higher
temperatures, or the presence of fresher organic matter in spring and summer months.

The other nonmethanotrophic methylotroph family Methylophilaceae does not
react to temperature alone, however, it responds positively with temperature when
oxygen is high and negatively with temperature when oxygen is low (Figs. 2-4C,D). This

may be because in summer months, it is decoupled from a syntrophy with obligate
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aerobic methanotrophs and instead relies on photosynthetically-derived organic matter,
allowing its metabolism to increase with the temperature. In colder months where
photosynthetic organic matter is less available (Tonetta and Petrucio, 2020), it may
partner with obligate methanotrophs and therefore follow along their negative
relationship to temperature.

Time Series

We found that aerobic methanotroph (Methylococcaceae, Methylomonadaceae,
and Methylocystaceae) abundance patterns over the course of in situ methane oxidation
incubations are replicable within each incubation experiment but vary greatly across
multiple experiments (Figs. 2-5 & 2-6). They also do not consistently change in relative
abundance after oxygen drops below 20 M. This could be because their metabolic
activity is decoupled from measurable biomass changes over these timescales. The
consistency between replicate incubations within individual experiments suggests that
relative abundance changes were not random; however, the inconsistency across different
experiments suggests that other factors we did not measure were driving the observed
population changes.

Only the nonmethanotrophic methylotrophs consistently grow until oxygen is
nearly consumed at the end of the incubations. They start declining once oxygen
decreases below 20 UM, suggesting they require oxygen, as expected of obligate aerobes
(Doronina et al., 2014). The growth patterns of both families closely mirror each other
across the simultaneous incubations of each experiment, with the exception of the July

2021 incubations (Figs. 2-5E,F). The consistency in behavior of both Methylophilaceae
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and Methylacidiphilaceae within nearly all experiments suggests that the similar factors
act on both groups, supporting our hypothesis that the Methylacidiphilaceae found in
Jordan Lake are nonmethanotrophic methylotrophs like Methylophilaceae.

These results combined partially support our hypothesis, as both methanotrophs
and nonmethanotrophic methylotrophs exhibit repeatable growth patterns during
simultaneous incubations, implying non-random factors driving the observed behavior,
although these patterns differed between experiments.

No effects were observed for the addition of either ammonium or dried algae
relative unamended controls. The insensitivity of both groups to ammonium implies that
they are either not N-limited or do not use ammonium, as discussed above. The lack of
response to dried algae suggests that nonmethanotrophic methylotrophs preferentially
consume single-carbon compounds over the complex algal necromass; however, the dried
algae stimulates the rest of the microbial community, as the rate of oxygen consumption
rapidly accelerates when the dried algae is added (Fig. 2-S1). This consumption trend is
also observed in the relative abundance of 16S rRNA gene amplicons associated with the
dried algae (Arthrospira PCC-7345), which spike immediately post-addition and decrease
rapidly thereafter, as would be expected if some microbes are breaking down organic
matter from the added algal necromass (Fig. 2-S8). This suggests that the activity of the
broader heterotrophic community has little immediate impact on the aerobic methane-

oxidizing community.
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Conclusion

Our results suggest that the ability of an aerobic methane-oxidizing community to
respond to methane may be largely determined by the population size of the dominant
aerobic methanotrophs, Methylococcaceae, implying that this clade is primarily
responsible for aerobic methane oxidation in Jordan Lake despite not being the most
abundant aerobic methanotrophs present. The other more abundant group of aerobic
methanotrophs, Methylocystaceae, engage in facultative methanotrophy, so they may not
be as tightly linked to methane oxidation rates as the obligate aerobic methanotrophs.
Methylophilaceae are likely the key nonmethanotrophic methylotrophs in this community
and the members of Methylacidiphilaceae in our study we believe are also likely
nonmethanotrophic methylotrophs as they have abundance patterns consistent with those
of Methylophilaceae and lack the pmoA gene, even though other genera from this family
are aerobic methanotrophs (Knief, 2015).

Aerobic methanotrophs have been shown in previous studies (Zhu et al., 2017) to
prefer microaerophily in culture and an association with low oxygen concentrations in
situ; our results provide the first support for obligate aerobic methanotrophs actively
preferring low oxygen concentrations in situ, to the point where it is likely one of the
dominant factors influencing their abundance, with methane exerting comparably
minimal effects. This preference has also been observed on a finer taxonomic degree of
family groups rather than the bulk group of Type | methanotrophs overall. We further
report novel findings that suggest the way in which oxygen concentrations dictate the

population sizes of specific families of obligate aerobic methanotrophs
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(Methylococcaceae and Methylomonadaceae) are linked to how they metabolize
methane. Building upon results from previous studies (Costa et al., 2001), it may be that
oxygen dysregulates the pathway of aerobic methanotrophy enough to drive the
accumulation of toxic levels of formaldehyde in natural settings. Facultative aerobic
methanotrophs may avoid this toxicity by swapping to alternative metabolic pathways
when conditions are unfavorable and nonmethanotrophic methylotrophs may lessen the
amount of formaldehyde produced by consuming the methanol that aerobic
methanotrophs excrete (Krause et al., 2017). Moreover, the tight linkage of our in situ
rate constant of aerobic methane oxidation and the population size of the family
Methylococcaceae suggest that aerobic methane oxidation is primarily driven by the
abundance of the dominant aerobic methanotrophs and not metabolic shifts. Combined
with the data concerning the relationship between the abundance of Methylococcaceae
and oxygen concentrations, this provides a clear mechanism by which oxygen can
modulate the amount of methane a given methane-oxidizing community can remove from
the environment. Together, these conclusions suggest that obligate aerobic
methanotrophic bacteria from the family Methylococcaceae are the primary drivers of in
situ aerobic methane oxidation in this eutrophic freshwater lake and their ability to
remove this methane may be limited in fully oxygenated conditions.
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Appendix I1A: Main Figures and Tables

Table 2-1. Experimental set-up summary. Unless otherwise noted, additions were performed at O hours.

Experiment Duration Sampling Timepoints | Replicates Additions Initial
(hours) (hours) Concentration of
Addition
October 2020 | 50 0,1,2,58,21,32,& | 3 None N/A
50
June 2021-1 | 70 0,3,7,15, 24, 32,40, | 3 (1 control, 2 Ammonium | 20.5 & 21.9 uM
63, & 70 with additions)
June 2021 -2 | 54 0,4,7,10, 19, 31, 44, | 3 (1 control, 2 Ammonium | 43.4 & 45.2 uM
& 54 with additions)

July 2021 45 0,3,6,19,32, &45 2 (1 control, 1 Ammonium | 38.4 uM
with additions)

October 2021 | 61 0,24, 39, & 61 3 (All with Dried algae | 0.07 g/L (=39
additions at ~39 | powder hrs), 0.33 g/L
and ~48 hrs) (~48 hrs)

November 18 0,59, &18 2 (Both with Dried algae | 0.401 g/L

2021 additions) powder
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Figure 2-1. A comparison of the mean 16S rRNA gene amplicon relative abundance of aerobic
methanotrophs and nonmethanotrophic methylotrophs in Jordan Lake by family. Statistical
differences between the relative abundance means were assessed by performing a Tukey’s HSD test on a
one-way ANOVA. Boxplots show mean, +SE, and range.
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Figure 2-2. Correlations between the aerobic methane oxidation first-order rate constant,16S rRNA
gene amplicon relative abundance of Methylococcaceae, and qPCR relative abundance of
Methylococcaceae. Correlation between the 16S rRNA gene amplicon relative abundance and the first-
order rate constant (R = 0.73, t(14) = 6.20, P < 0.001) (A), between the qPCR relative abundance of
Methylococcaceae (Methylococcaceae pmoA gene copies / Bacterial 16S rRNA gene copies) and the first-
order rate constant (R? = 0.93, t(10) = 11.69, P < 0.001) (B), and between the 16S rRNA gene amplicon
and gPCR relative abundances of Methylococcaceae (R? = 0.89, t(10) = 8.95, P < 0.001) (C). All are
Pearson’s product-moment correlations.
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Figure 2-3. Initial relative 16S rRNA gene amplicon abundance of methanotrophic and
methylotrophic families correlated with initial geochemical parameters. Correlations with
Methylococcaceae (A, B, C), Methylomonadaceae (D, E, F), Methylocystaceae (G, H, 1),
Methylophilaceae (J, K, L), and Methylacidiphilaceae (M, N, O) are represented. Geochemical parameters
are initial oxygen concentration (first column), initial methane concentration (second column), and initial
temperature (third column). Correlations Most families significantly correlate with either temperature or
oxygen, but none significantly correlate with methane. Trendlines are only present for significant
correlations. All are Pearson’s product-moment correlations. Correlations listed in Table 2-S9.
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Figure 2-4. Modeled effects of continuous-by-continuous two-way interactions on the 16S rRNA gene
amplicon abundance of Methylococcaceae and Methylophilaceae. The predicted effects of oxygen
concentration (A) and methane concentration (B) on Methylococcaceae modulated by the other variable.
The predicted effects of oxygen concentration (C) and temperature (D) on Methylophilaceae modulated by
the other variable. Each line represents the effect of the x axis variable when the reciprocal variable is held
constant at one of four values for the effect is significantly different from zero.
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Figure 2-5. 16S rRNA gene amplicon relative abundance data from the summer incubations. Three
sets of in situ incubations were performed during the Summer months: one in June 2021 (A,B), a second in
June 2021 (C,D), and one in July 2021 (E,F). Incubations ended shortly after becoming anoxic. Vertical
lines indicate when oxygen concentrations fell below 20 uM. Immediately after starting the incubations,
ammonium was added to the first and third iBags deployed, with the second serving as a control. The
ammonium concentrations of the iBags that received ammonium in the first June 2021 experiment rose to
~21 uM and those that did in the other two experiments rose to ~42 uM. The 16S rRNA gene amplicon
relative abundance of aerobic methanotrophs (A,C,E) and the nonmethanotrophic methylotrophs (B,D,F)
by family are shown.
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Figure 2-6. 16S rRNA gene amplicon relative abundance data from the fall incubations. Three sets of
in situ incubations were performed during the Fall months: one in October 2020 (A,B), one in October
2021 (C,D), and one in November 2021 (E,F). Incubations ended shortly after becoming anoxic—vertical
lines indicate when oxygen concentrations fell to 20 uM. The October 2020 experiment was unamended:;
dried algae were added to all replicates of the October 2021 experiment at ~39.16 hours and 47.61 hours, at
initial concentrations of 0.07 g/L and 0.33 g/L, respectively; and it was also added to the November
experiment at ~0.275 hours, at initial concentrations of 0.40 g/L. Additions are indicated by the arrows. The
16S rRNA gene amplicon relative abundance of aerobic methanotrophs (A,C,E) and the
nonmethanotrophic methylotrophs (B,D,F) by family are shown.
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Appendix 11B: Supplemental Material

For all statistical analysis, amplicon and gPCR derived relative abundances are
logio-transformed to meet assumptions of normality or normality of errors. gPCR relative
abundance is pmoA gene copies from the assessed family / Bacterial 16S rRNA gene
copies and amplicon relative abundance is the proportion of the 16S rRNA gene
amplicon library belonging to that family.

All geochemical data can be found in Hudspeth et al. (2024a) and online at

https://github.com/zhudspeth/JordanLakePaper (Hudspeth et al., 2024b).
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Figure 2-S1. Geochemical data from the November 2021 incubations. Oxygen (grey) and methane
(black) concentrations over the course of the two incubations. Data collected once per minute and therefore
are represented in line format. Arrow indicates the addition of algal powder. Oxygen consumption is
exponential post-addition instead of linear, whereas methane consumption remains first-order with respect
to its concentration.
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Table 2-S1. Summary of geochemical and microbial time zero data. Geochemical data from
experiments conducted between 10/26/20 through 10/29/21 were first published in Hudspeth et al. (2024a).

Geochemistry Microbial Relative Abundance
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2020-10-26 | 1 [ 0.327 [ 334.07 | 69.53 |20.01 [0.0082 | 0.0043 | 0.0037 | 0.0120 | 0.0243
2020-10-26 | 2 | 0.462 | 334.60 | 64.40 |20.024 [0.0089 | 0.005 | 0.0030 (0.0110 | 0.0250
2020-10-26 | 3 | 0.448 | 369.88 | 69.80 | 20.099 ([ 0.0102 | 0.0049 | 0.0058 | 0.0082 | 0.0202
2021-06-25 | 1 | 0.075 | 331.44 | 267.80 | 27.287 | 0.0011 | 0.0021 | 0.0012 | 0.0049 | 0.0373
2021-06-25 | 2 | 0.087 [ 301.60 | 275.02 | 27.308 | 0.0011 | 0.0014 | 0.0009 | 0.0055 | 0.0378
2021-06-25 | 3 [ 0.051 | 318.03 | 279.03 | 27.253 [ 0.0012 | 0.0008 | 0.0012 | 0.0054 | 0.0346
2021-06-29 |1 | 0.042 | 378.98 | 258.31 | 28.339 | 0.0004 | 0.0002 | 0.0002 | 0.0063 | 0.0605
2021-06-29 | 2 | 0.029 | 362.09 | 274.93 | 28.544 | 0.0004 | 0.0002 | 0.0004 | 0.0054 | 0.0590
2021-06-29 | 3 | 0.038 | 434.36 | 256.78 | 28.575 | 0.0002 | 0.0001 | 0.0007 | 0.0053 | 0.0505
2021-07-10 | 2 [ 0.193 | 195.16 | 128.08 | 27.794 | 0.0014 | 0.0006 | 0.0010 | 0.0034 | 0.0417
2021-07-10 | 3 | 0.238 | 254.92 | 133.95 | 27.93 | 0.0012 | 0.0008 | 0.0007 | 0.0026 | 0.0342
2021-10-29 |1 | 0.236 | 327.93 | 145.69 | 20.268 | 0.0016 | 0.0003 | 0.0023 | 0.0068 | 0.0256
2021-10-29 | 2 | 0.220 | 333.83 | 164.36 | 20.153 | 0.0020 | 0.0003 | 0.0084 | 0.0034 | 0.0133
2021-10-29 | 3 [ 0.231 [ 347.38 | 155.51 | 20.127 | 0.0012 | 0.0006 | 0.0029 | 0.0051 | 0.0160
2021-11-03 | 2 | 0.246 | 379.15 | 231.80 | 18.287 | 0.0010 | 0.0001 | 0.0117 | 0.0040 | 0.0159
2021-11-03 | 3 | 0.242 | 408.75 | 217.12 | 18.276 | 0.0007 | 0.0002 | 0.0096 | 0.0035 | 0.0104
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Figure 2-S2. October 2020 Sterivex filters from all three incubations. Top row: incubation 1, Middle
row: incubation 2, and Bottom row: incubation 3 in order of sampling time (left to right). The color of the
Sterivex filters lightens noticeably as the incubations progress, with the first samples being colored a dark
brown and the final ones being off-white. This loss of pigment could be due to the death and consumption

of the photosynthetic organisms within the incubations, which are both likely to be pigmented and to die

off as the incubation progresses due to the opacity of the incubation vessels.

Table 2-S2. Summary of correlations between the rarefied and non-rarefied 16S rRNA gene

amplicon proportion time zero data.

Group Family R? T P value

Obligate Methanotroph Methylococcaceae 0.98 2485 | 5.57E-13
Obligate Methanotroph Methylomonadaceae | 0.98 25.41 | 4.10E-13
Facultative Methanotroph Methylocystaceae 0.98 29.23 | 5.97E-14
Nonmethanotrophic Methylotroph | Methylophilaceae 0.97 21.26 | 4.70E-12
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.995 | 53.72 | <2.2e-16
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Table 2-S3. Summary of correlations between the rarefied and non-rarefied 16S rRNA gene

amplicon proportion time series data.

Incubation Set | Group Family R? t P value
October 2020 | Obligate Methanotroph Methylococcaceae 0.97 23.44 | 5.94E-13
Obligate Methanotroph Methylomonadaceae | 0.99 33.94 | 1.34E-15
Facultative Methanotroph Methylocystaceae 0.99 32.39 | 2.68E-15
Nonmethanotrophic Methylotroph | Methylophilaceae 0.99 3240 | 2.67E-15
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.98 25.40 | 9.63E-14
October 2021 | Obligate Methanotroph Methylococcaceae 0.90 19.18 | 2.08E-08
Obligate Methanotroph Methylomonadaceae | 0.72 15.87 | 3.43E-05
Facultative Methanotroph Methylocystaceae 0.99 30.53 | 6.99E-15
Nonmethanotrophic Methylotroph | Methylophilaceae 0.98 41.67 | 5.14E-13
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.99 61.52 | 4.11E-15
November Obligate Methanotroph Methylococcaceae 0.94 11.27 | 4.61E-16
20 Obligate Methanotroph Methylomonadaceae | 0.91 5.97 3.17E-14
Facultative Methanotroph Methylocystaceae 0.97 34.14 | <2.2e-16
Nonmethanotrophic Methylotroph | Methylophilaceae 0.99 25.00 | <2.2e-16
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.99 35.48 | <2.2e-16
June Obligate Methanotroph Methylococcaceae 0.84 11.27 | 2.74E-11
2021(First)
Obligate Methanotroph Methylomonadaceae | 0.95 22.14 | <2.2e-16
Facultative Methanotroph Methylocystaceae 0.94 19.67 | <2.2e-16
Nonmethanotrophic Methylotroph | Methylophilaceae 0.97 27.93 | <2.2e-16
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.995 | 73.08 | <2.2e-16
June 2021 Obligate Methanotroph Methylococcaceae 0.50 4.55 0.000174
(Second)
Obligate Methanotroph Methylomonadaceae | 0.74 7.71 1.48E-07
Facultative Methanotroph Methylocystaceae 0.85 10.90 | 4.21E-10
Nonmethanotrophic Methylotroph | Methylophilaceae 0.91 14.32 | 2.61E-12
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.995 | 67.84 | < 2.2e-16
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Table 2-S3 continued.

Incubation | Group Family R? T P value
Set
July 2021 Obligate Methanotroph Methylococcaceae 0.99 30.77 | 1.57E-13
Obligate Methanotroph Methylomonadaceae | 0.81 7.56 4.12E-06
Facultative Methanotroph Methylocystaceae 0.86 8.81 7.66E-07
Nonmethanotrophic Methylotroph | Methylophilaceae 0.93 13.23 | 6.42E-09
Nonmethanotrophic Methylotroph | Methylacidiphilaceae | 0.99 50.80 | 2.44E-16
Table 2-S4. qPCR Primers used.
Target [ Specificity Positive Samples Probe/ Sequence Reference
Gene Control Amplified | primer 5°-3)
Amplified
pmoA | Methylacidiphilum | Yes No V170F GGATWGATTG | Sharp et
GAAAGATMG al., 2012
V613b GCAAARCTYCT | Sharp et
CATYGTWCC al., 2012
pmoA | Methylococcus Yes Yes A189F GGNGACTGGG | Kolb et
ACTTCTGG al., 2003
Mc468R GCSGTGAACA | Kolb et
GGTAGCTGCC | al., 2003
pmoA | Methylobacter/ No No A189F GGNGACTGGG | Kolb et
Methylosarcina ACTTCTGG al., 2003
Mb601R [ ACRTAGTGGTA | Kolb et
ACCTTGYAA al., 2003
pmoA | Methylosinus Yes Yes 11223F CGTCGTATGTG | Kolb et
GCCGAC al., 2003
11646R CGTGCCGCGCT | Kolb et
CGAC CATGYG | al., 2003
16s Most Bacteria Yes Yes BAC340F [ TCCTACGGGA | Kubo et
rRNA GGCAGCAGT al., 2012
Bac515R [ CGTATTACCGC | Kubo et
GGCTGCTGGC | al., 2012
AC
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Table 2-S5. One-way ANOVA comparing the 16S rRNA gene amplicon relative abundances of the
aerobic methanotrophs and nonmethanotrophic methylotrophs in Jordan Lake by family.

Type Sum of Squares df Mean Square F P value
Between Groups 137.37 4 34.34 35.61 < 2E-16
Residuals 72.34 75 0.96
Total 209.71 79

Table 2-S6. Tukey’s HSD multiple comparisons performed on the one-way ANOVA from Table 2-S5.
Confidence interval is abbreviated as Cl. Mean difference, standard error, and CI bounds are reported as

log1o transformed.

Group 1 Group 2 Mean Standard | P value Lower Upper
Difference | Error (adjusted) | Bound of | Bound of
Cl Cl
Methylacidiphilaceae | Methylophilaceae 1.66 0.93 8.31E-5 0.69 2.63
Methylocystaceae 2.71 0.93 <2E-16 1.74 3.68
Methylococcaceae 3.00 0.93 <2E-16 2.03 3.97
Methylomonadaceae | 3.80 0.93 <2E-16 2.83 4.77
Methylophilaceae Methylocystaceae 1.05 0.93 0.028 0.08 2.02
Methylococcaceae 1.34 0.93 0.002 0.37 2.31
Methylomonadaceae | 2.14 0.93 3.00 E-7 1.17 3.11
Methylocystaceae Methylococcaceae 0.30 0.93 0.91 -0.68 1.27
Methylomonadaceae | 1.09 0.93 0.019 0.12 2.06
Methylococcaceae Methylomonadaceae | 0.80 0.93 0.16 -0.17 1.77
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Figure 2-S3. Qualitative comparison of the shifts in relative abundance of Methylococcaceae. Relative
abundance calculated from gPCR (top) and from 16S rRNA gene amplicon sequencing (bottom). Though
the correlation between the two datasets only has an R? of 0.49 (t = 3.28, df = 11, P = 0.007), the overall
trend exhibited is similar across the data sets, indicating that qualitative analysis of the amplicon data set
should not be biased.
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Figure 2-S4. Comparison between the relative abundance of Methylocystaceae. Correlation between
relative abundance measured by gPCR and 16S rRNA gene amplicon sequencing across the initial
populations of the incubations (left). There is no correlation between the Methylocystaceae relative
abundances as measured by gPCR and 16S rRNA gene amplicon sequencing (R? = 0.26, t = 1.86, df = 10,
P =0.09). Qualitative comparison of the shifts in relative abundance of Methylococcaceae (right) as
measured by gPCR (top) and 16S rRNA gene amplicon sequencing. Though the correlation between the
two datasets only has an R? of 0.59 (t = 4.02, df = 11, P = 0.002), the overall trend exhibited is similar
across the data sets, indicating that qualitative analysis of the amplicon data set should not be biased.

Table 2-S7. Summary of aerobic methane oxidation rate constant correlations with variables
measured at the beginning of each incubation. All Pearson’s product-moment correlations have 14
degrees of freedom. Significant correlations are bolded.

Family Type R? T P value
Methylococcaceae Initial 0.73 6.20 2.32E-05
Average 0.47 3.50 0.004
Methylomonadaceae | Initial 0.30 247 0.027
Average 0.32 2.58 0.022
Methylocystaceae Initial 0.45 3.37 0.005
Average 0.52 3.90 0.002
Methylophilaceae Initial 0.14 1.49 0.16
Average 0.07 0.99 0.34
Methylacidiphilaceae | Initial 0.38 -2.90 0.012
Average 0.21 -1.94 0.073
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Table 2-S8. Summary of geochemical correlations with the gPCR and amplicon relative abundance
of Methylococcaceae. Results of Pearson product-moment correlation between the gPCR relative
abundance of Methylococcaceae (Methylococcaceae pmoA gene copies / Bacterial 16S rRNA gene copies)
and the three geochemical variables (oxygen, methane, and temperature) along with the first-order rate
constant of aerobic methane oxidation (MOy). Correlations have 10 degrees of freedom. Statistically

significant correlations are bolded.

Variable R? t P value
Oxygen 0.83 -7.03 3.57E-05
Methane 0.08 -0.92 0.38
Temperature 0.63 -4.12 2.07E-03
MOx Rate Constant 0.93 11.69 3.74E-07

Table 2-S9. Summary of correlations between the geochemical parameters and 16S rRNA gene
amplicon relative abundance of key families. Results of Pearson product-moment correlation between
the 16S rRNA gene amplicon relative abundance of the key families and the three geochemical variables.

Correlations have 14 degrees of freedom. Statistically significant correlations are bolded.

Family Variable R? t P value
Methylococcaceae, obligate methanotroph Oxygen 0.69 -5.52 7.57E-05
Methane 0.08 -1.08 0.30
Temperature 0.31 -2.51 0.025
Methylomonadaceae, obligate methanotroph | Oxygen 0.35 -2.72 0.017
Methane 0.12 -1.37 0.19
Temperature 0.01 -0.45 0.66
Methylocystaceae, facultative methanotroph | Oxygen 0.15 -1.78 0.097
Methane 0.04 0.76 0.46
Temperature 0.84 -8.43 7.39E-07
Methylophilaceae, nonmethanotrophic Oxygen 0.14 -1.49 0.16
methylotroph
Methane 0.07 1.02 0.32
Temperature 0.06 -0.93 0.37
Methylacidiphilaceae, nonmethanotrophic Oxygen 0.16 1.59 0.13
methylotroph (inferred)
Methane 0.28 -0.74 0.47
Temperature 0.81 7.81 1.82E-06
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Table 2-S10. Summary of model statistics of the best linear models for each family.

Family Adjusted R? F Df P

Methylococcaceae 0.8915 42.08 3,12 1.21E-06
Methylomonadaceae 0.7262 10.95 4,11 7.89E-04
Methylocystaceae 0.8355 711 1,14 7.39E-07
Methylophilaceae 0.8072 21.93 2,13 3.68E-05
Methylacidiphilaceae 0.853 30.01 3,12 7.36E-06

Table 2-S11. Summary of all multiple regression results of the best linear models for each family.

Family Predictor Standardized Slope = SE F df P value
Methylococcaceae Oxygen 1.936e-02 + 4.355e-03 | 84.20 | 1,12 | 8.99E-07
Methane 1.214e-02 + 2.337e-03 014 | 1,12 0.72
Oxygen:Methane -7.089e-05 + 1.265e-05 | 3140 | 1,12 | 1.15E-04
Methylomonadaceae | Oxygen 3.492e-02 £ 8.740e-03 | 12.88 | 1,11 | 4.25E-03
Methane 2.265e-02 + 5.315e-03 014 | 1,11 0.72
Oxygen:Methane -1.225e-04 + 2.640e-05 | 2153 | 1,11 | 7.26E-04
Temperature 8.202e-02 + 2.827e-02 841 | 1,11 0.014
Methylocystaceae Temperature -0.10905 + 0.01293 71.10 | 1.14 | 7.39E-07
Methylophilaceae Oxygen -1.485e-02 £1.923e-03 | 6.27 | 1,12 0.028
Temperature -1.222e-01 + 1.714e-02 0.18 | 1,12 0.68
Oxygen:Temperature 6.005e-04 + 8.098e-05 5498 | 1,12 | 8.11E-06
Methylacidiphilaceae | Oxygen -5.376e-03 £ 2.121e-03 | 142 | 1,12 0.26
Temperature 1.010e-02 + 1.891e-02 | 68.76 | 1,12 | 2.60E-06
Oxygen:Temperature 2.121e-04 + 8.932e-05 564 | 1,12 0.035
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Figure 2-S5. Johnson-Neyman interval plots for the multiple regressions with continuous-by-
continuous interaction terms. Oxygen and methane interactions in the Methylococcaceae model (A, B).
Oxygen and methane interactions in the Methylomonadaceae model (C, D). Oxygen and temperature
interaction in the Methylophilaceae model (E, F). Oxygen and temperature interaction in the
Methylacidiphilaceae model (G, H).
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Table 2-S12. Summary statistics of each model in the pool of possible models for each family. Best

models are bolded. Residual degrees of freedom apply to each specific term added to the model. The
corrected Akaike information criterion (AlCc) and the Bayesian information criterion (BIC) are presented.

The best models had the lowest AlCc and/or BIC, often havin

g the highest adjusted R? value as well.

Family Model Residual | Adjusted | AlCc BIC
df R?

Methylomonadaceae | Intercept 1,15 - 31.77 | 32.39
Oxygen 1,14 0.2995 28.04 |[28.36
Methane 1,14 0.0559 32.82 33.16
Temperature 1,14 -0.06 34.61 34.93
Oxygen + Methane 1,13 0.28 30.89 | 30.35
Oxygen + Temperature 1,13 0.31 30.21 | 29.66
Methane + Temperature 1,13 0.04 35.48 34.93
Oxygen + Methane + (02:CH4) 1,12 0.56 2624 |24.11
Oxygen + Temperature + 1,12 0.50 28.19 26.06
(O2:Temperature)
Oxygen + Methane + Temperature | 1,12 0.26 3450 |32.36
Oxygen + Methane + 1,11 0.73 22.49 17.79
Temperature + (O2:CH4)
Oxygen + Methane + Temperature | 1,11 0.63 27.38 22.68
+ (O2:Temperature)

Methylocystaceae Intercept 1,15 - 27.96 | 28.58
Oxygen 1,14 0.13 27.77 28.09
Methane 1,14 -0.03 30.39 30.70
Temperature 1,14 0.82 2.16 2.48
Oxygen + Methane 1,13 0.20 28.90 | 28.35
Oxygen + Temperature 1,13 0.82 5.16 4.61
Methane + Temperature 1,13 0.82 5.34 4.80
Oxygen + Methane + Temperature | 1,12 0.8262 7.47 5.33
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Table 2-S12 continued.

+ (O2:Temperature)

Family Model Residual | Adjusted | AlCc | BIC
df R?

Methylococcaceae Intercept 1,15 -- 25.45 | 26.07
Oxygen 1,14 0.66 10.04 | 10.38
Methane 1,14 0.01 27.25 | 27.57
Temperature 1,14 0.26 22.59 | 22.92
Oxygen + Methane 1,13 0.64 13.63 | 13.08
Oxygen + Temperature 1,13 0.66 12.84 | 12.29
Methane + Temperature 1,13 0.45 20.42 | 19.87
Oxygen + Methane + (02:CH4) | 1,12 0.89 258 | -4.71
Oxygen + Temperature + 1,12 0.73 12.25 ] 10.12
(O2:Temperature)
Oxygen + Methane + Temperature | 1,12 0.65 16.35 | 14.21
Oxygen + Methane + Temperature | 1,11 0.89 2.75 -1.94
+ (02:CH4)
Oxygen + Methane + Temperature | 1,11 0.86 5.66 0.96
+ (O2:Temperature)

Methylacidiphilaceae | Intercept 1,15 -- 2.33 2.96
Oxygen 1,14 0.09 2.75 3.07
Methane 1,14 -0.03 4.79 5.11
Temperature 1,14 0.80 -21.43 | -21.11
Oxygen + Methane 1,13 0.15 4.23 3.69
Oxygen + Temperature 1,13 0.80 -19.04 | -19.58
Methane + Temperature 1,13 0.79 -18.22 | -18.76
Oxygen + Temperature + 1,12 0.85 -20.83 | -22.97
(O2:Temperature)
Oxygen + Methane + Temperature | 1,12 0.82 -17.46 | -19.60
Oxygen + Methane + Temperature | 1,11 0.84 -15.75 | -20.45
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Table 2-S12 continued.

(O2:Temperature)

Family Model Residual | Adjusted | AlCc BIC
df R?
Methylophilaceae | Intercept 1,15 -- -5.14 | -4.52
Oxygen 1,14 0.07505 -4.41 | -4.10
Methane 1,14 0.002836 | -3.21 | -2.89
Temperature 1,14 -0.008722 | -3.03 |[-2.71
Oxygen + Methane 1,13 0.1809 -3.91 | -4.45
Oxygen + Temperature 1,13 0.006624 |-0.82 |-1.37
Methane + Temperature 1,13 -0.04 -0.10 | -0.64
Methane + Temperature + 1,12 0.27 -2.70 | -4.84
(CH4:Temperature)
Oxygen + Temperature + 1,12 0.81 -23.97 | -26.10
(O2:Temperature)
Oxygen + Methane + Temperature 1,12 0.17 -056 | -2.70
Oxygen + Methane + Temperature + | 1,11 0.33 0.01 -4.68
(CH4:Temperature)
Oxygen + Methane + Temperature + | 1,11 0.79 -18.74 | -23.44

Table 2-S13. Correlations between geochemical predictors. None exhibited collinearity as defined in the
methods. All had 14 degrees of freedom.

Predictors

R2 T P value

Oxygen & Temperature 0.30 2.43 0.029

Oxygen & Methane

0.09 1.17 0.26

Methane & Temperature 0.08 -1.13 0.28
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Figure 2-S6. Predicted effects of continuous-by-continuous two-way interactions on
Methylomonadaceae and Methylacidiphilaceae. The predicted effect of oxygen modulated by methane
and methane modulated by oxygen, respectively, on Methylomonadaceae 16S rRNA gene amplicon
relative abundance (A,B). Temperature is set to 19.656°C, the average temperature recorded at the start of
the fall incubations. The predicted effect of temperature modulated by oxygen on Methylacidiphilaceae
16S rRNA gene amplicon relative abundance (C). The predicted effect of oxygen modulated by
temperature on Methylacidiphilaceae 16S rRNA gene amplicon relative abundance is not shown, as oxygen
significantly affects the 16S rRNA gene amplicon abundance for only ~3 of the 10.3°C range of
temperatures observed in this study and the effect does not meaningfully vary within that range.
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Figure 2-S7. 16S rRNA gene amplicon relative abundance data for nonmethanotrophic
methylotrophs from the summer incubations. Three sets of in situ incubations were performed during
the Summer months: one in June 2021 (A,B), a second in June 2021 (C,D), and one in July 2021 (E,F).
Incubations ended shortly after becoming anoxic. Immediately after starting the incubations, ammonium
was added to the first and third iBags deployed, with the second serving as a control. The iBags that
received ammonium in the first June 2021 experiment received ~21 UM and those that did in the other two
experiments received ~42 uM. The 16S rRNA gene amplicon relative abundance of Methylacidiphilaceae
(A,C,E) and Methylophilaceae (B,D,F) are shown. Vertical lines indicate when oxygen concentrations fell
below 20 pM.
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Figure 2-S8. 16S rRNA gene amplicon relative abundance of the dried algae (Arthrospira PCC-7345).

16S rRNA gene amplicon sequences over time in the October 2021 (A) and the November 2021 incubation
sets (B). The 16S rRNA gene amplicon relative abundance spikes immediately after addition and then is
consumed at an increasing rate over time, nearly vanishing over the course of each incubation. (A) First
arrow indicates when two capsules were added to the incubations at ~39.16 hours. This occurred prior to
sampling for replicates 1 and 2, but before sampling for replicate 3. The second arrow indicates when ten
capsules were added at ~47.61 hours for all three replicates. (B) The arrow indicates when twelve capsules

were added at ~0.2750 hours.
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CHAPTER I11: SPATIOTEMPORAL STABILITY, GEOCHEMICAL DRIVERS,
AND SYNTROPHIC INTERACTIONS IN THE AEROBIC METHANE-

OXIDIZING COMMUNITY OF THE T1 SEEP FIELD
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Abstract

Thousands of methane seeps dot the seafloor globally, the majority of which have
never had their associated microbial community characterized. Little is currently
understood about how the overall prokaryotic, and specifically aerobic methane-oxidizing
community, are distributed throughout an entire seep field. Investigating these
communities is crucial to understanding just how broadly studies of individual methane
seep fields can be applied and further how robust these communities are to perturbations.
We investigated those questions at the T1 seep field on the continental slope of the Mid-
Atlantic Bight and a neighboring, unnamed seep field adjacent to the Washington
submarine canyon (WC) by collecting water and sediment samples via CTD and
multicorer and then performing 16S rRNA gene amplicon and geochemical analysis.
Aerobic methanotrophs from Methylomonadaceae and nonmethanotrophic methylotrophs
from Methylophilaceae are the primary representatives of their respective groups in the
water column (~100% and 96.38%, respectively), with sediment communities exhibiting
greater diversity. The relative abundances of these two families across the seep field
exhibits a strong positive correlation (R = 0.84, P < 0.001) throughout the entire water
column and an even stronger correlation below 100 meters below sea level (R = 0.88, P <
0.001). This trend is present across both seep fields and years, further suggesting that
these two groups may be engaging in syntrophy as they have done ex situ.
Methylomonadaceae diversity on the genus level drastically decreases between the
sediment and water column, with almost exclusively sequences from the genus Milano-

WF1B-03 being recovered in the water column when nine genera are present in
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substantial abundance in the sediments, suggesting environmental filtering strongly limits
which sediment aerobic methanotrophs can seed the water column community. The
absence of any Methylophilaceae sequences in sediment samples suggests that they may
need to associate together in the water column with their partner aerobic methanotrophs
that originate in the sediment. Depth in the water column (PERMANOVA: R?=0.18, P =
0.001) and depth below the sea floor (PERMANOVA: R? = 0.08, P = 0.001), for the
water column and sediment respectively, drive the most variation in the overall
prokaryotic communities out of all of the measured parameters, with oxygen accounting
for the second most variation in the water column (PERMANOVA: R? =0.08, P =
0.001). Methane, in contrast, does not significantly account for any of the community
variation in either environment, suggesting that while the presence of sufficient methane
may impact the structure of microbial communities, increasing methane concentrations
beyond that point has little impact. While there is minor variation in community diversity
across the T1 and WC, as well as across years, the communities overall are very stable in
terms of alpha diversity, beta diversity, and the dominant members of their populations.
Introduction

Marine methane seeps are characterized by the leakage of methane-rich fluids and
sometimes gas bubbles from the seabed into the overlying water column (Boetius and
Wenzhofer, 2013). Though oceans contribute little to the global atmospheric methane
budget in comparison to other natural sites like lakes, they are still responsible for 1-13%
of natural methane emissions, releasing up to 65 Tg of methane per year into oceanic

waters (Saunois et al., 2020). Methane seeps further play important ecological and
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geochemical roles in the oceanic biosphere as microbes that feed on this released
methane, called methanotrophs, convert it into more labile forms of organic carbon
(Hanson and Hanson, 1996). This carbon in turn supports robust and diverse communities
of micro- (Ruff et al., 2015) and macrofauna (Vedenin et al., 2020; Astrém et al., 2017)
in and around seep fields, turning them into subsurface islands of biodiversity. Some of
the species that either utilize the seep fields as spawning or hunting grounds are
commercially valuable, such as the Red Crab (Chaceon quinguedens) on the North
Atlantic continental shelf (Turner et al., 2020). Further, the conversion of methane to
carbon dioxide by methane seep microbial communities has the potential to impact
deepwater ocean acidification (Garcia-Tigreros et al., 2020).

Marine aerobic methanotrophs, which inhabit the oxygenated water column and
upper sediment layers, predominantly belong to the class Gammaproteobacteria,
formerly referred to as Type | aerobic methanotrophs (Knief, 2015). The overwhelming
majority of aerobic methanotrophs found at marine seeps belong to the order
Methylococcales (Ruff et al., 2015). While aerobic methanotrophs comprise a range of
proportions of the overall prokaryotic community at seeps, from as low as 0.3%
(Griindger et al., 2021) and to as high as 9-12% (Venetz et al., 2024) being common,
their abundance is much lower at nearby background sites (Hansman et al., 2017,
Tavormina et al., 2010; Savvichev et al., 2018).

Though capable of oxidizing methane in pure culture, aerobic methanotrophs may
engage in potentially syntrophic interactions, such as interspecies electron or metabolite

transfer, with nonmethanotrophic methylotrophs (bacteria that do not consume methane
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but do consume other single-carbon compounds such as methanol) that could impact their
ability to oxidize methane (Yu and Chistoserdova, 2017). While the exact mechanism by
which methanotrophs benefit from this interaction is unclear, it likely aids their ability to
oxidize methane, as aerobic methanotrophs co-cultured with nonmethanotrophic
methylotrophs exhibit higher rates of methane oxidation in comparison to their
counterparts in monoculture (Jeong and Kim, 2019). Few studies concerned with marine
aerobic methanotrophs discuss the presence and composition of the co-occurring
populations of nonmethanotrophic methylotrophs, but the vast majority of marine
nonmethanotrophic methylotrophs belong to either Methylophagaceae or
Methylophilaceae (Grundger et al., 2021). However, only nonmethanotrophic
methylotrophs belonging to Methylophilaceae have been observed to engage in syntrophy
with aerobic methanotrophs (Radajewski et al., 2000; Krause et al., 2017; Taubert et al.,
2019). All studies to date concerning these interactions have been performed ex situ, so it
is unclear if this interaction occurs in natural settings, how consistently it occurs, and to
what extent it impacts aerobic methane oxidation rates across oceanic methane seeps.
While most studies of microbial populations at methane seeps tend to focus on
sediments (Ruff et al., 2015; Taubert et al., 2019), many exist that also or exclusively
sample the overlying water column or microbial mats (Tavormina et al., 2008; Savvichev
et al., 2018). Broadly, the microbial communities of the water column and sediment tend
to differ vastly from each other even when they are directly adjacent (Zinger et al., 2011).
Communities at methane seeps seem to follow this trend, with some studies finding

distinct types of aerobic methanotrophs in the water column (Tavormina et al., 2008;
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Tavormina et al., 2010) and others reporting overlap between sediment and mat
communities (Savvichev et al., 2018). It is currently assumed that the water column
community is directly seeded with methanotrophs from the sediment community by the
ebullition common at seeps (Schmale et al., 2015), but it is unclear which species of
aerobic methanotrophs are delivered this way and whether they survive long enough in
the water column to consume significant amounts of methane.

What abiotic factors influence the distribution of aerobic methanotrophs across a
seep field is also unclear, in part due to common sampling schemes for methane seep
surveys. While more aerobic methanotrophs tend to be present at sites with high
concentrations of methane as opposed to those without (Tavormina et al., 2010;
Savvichev et al., 2018) and tend to be more abundant closer to the seafloor (de Groot et
al., 2024a), it is unclear how those factors affect aerobic methanotroph abundance and
diversity throughout an individual seep field. Most studies either sample a few locations
adjacent to one seep (Venetz et al., 2024) or sample seeps within different seep fields (de
Groot et al., 2024b). Those that do sample across the same region tend to do so on a
larger scale (ex. over 100’s of km?) (Griindger et al., 2021) that would miss finer scale
variation. While methane seep communities do seem to change over the course of a given
year (Steinsdottir et al., 2022; Venetz et al., 2024), further evidence suggests that they
return to a similar state each year (Grindger et al., 2021). If this tendency to return to a
baseline community on a yearly basis remains true for the microbial community overall
or for both the aerobic methanotroph and nonmethanotrophic methylotroph populations

on such a fine geospatial scale is also unknown.
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The North Atlantic continental shelf off the Eastern coast of the United States of
America hosts thousands of methane seeps, including those in our study site, the T1 seep
field (Skarke et al., 2014; Ruppel et al., 2024). This seep field ranges between the depths
of 150 and 520 meters (m) below sea level just north of the Washington submarine
canyon within the Mid-Atlantic Bight, with most of the active seepage occurring in
sediments between 250 to 350 m deep. While this area had been shown to contain many
methane seeps, prior to 2024 none had been identified at such shallow depths. Though
thousands of seep sites have been identified, very little is known about the microbiology
and geochemistry of the water column and sediments of any of these sites, including the
T1 seep field. However, nearby deeper seeps (> 1,000 m deep) host robust communities
of bathymodiolin mussels, keystone species in seep macrofaunal communities that rely
almost entirely upon the methane-derived carbon labilized by methanotrophic microbes
(Turner et al., 2020).

In this study we used 16S rRNA gene amplicon sequencing to characterize the
aerobic methane-oxidizing community at the T1 seep field, sampling vertically
throughout and horizontally across the water column and sediments over the course of
two years at two sites: the T1 seep field (T1) and adjacent to the Washington submarine
canyon (WC). This technique was selected for our study as it would enable us to view the
community diversity, both in terms of membership and relative abundance, in-depth
across hundreds of samples. Our goals were to determine the temporal stability of the
aerobic methane-oxidizing community at the seep field, how consistent the community is

across neighboring seep fields, the taxonomic identity of the aerobic methanotrophs and
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nonmethanotrophic methylotrophs present, how stable the potential assemblages of those
two microbes together are, and which geochemical factors influence the distribution of
the microbial community within a seep field.
Methods
Site Description

Water and sediment samples were collected over the course of two cruises from
two sites within an active upper slope methane seep fields just north of (T1) and adjacent
to (WC) Washington submarine canyon on the U.S. Atlantic margin (Fig. 3-1). The
surveys were performed on the R/V Hugh R. Sharp in August 2022 over the course of
two weeks and on the R/V Savannah in September 2023 over the course of one week.
Site T1 was sampled during both cruises, whereas Site WC was only sampled during the
2023 cruise on the R/V Savannah. T1 is roughly 19.6 km? in size, between 37.5263, -
074.3385 and 37.5622, -074.2782 and WC is roughly 1.2 km? in size, between 37.3800, -
074.4498 and 37.3890, -074.4364. The average seafloor depth was ~306 m at T1 and
~357 m at WC, with the seafloor at either site ranging between ~150 to ~520 m and ~320
to ~410 m, respectively. The average sampling depth in the water column was 304.99 m
(T1) and 352.40 m (WC) below sea level, with samples taken in the water column
between depths of 26.02 - 806.02 m and 320.05 — 394.30 m below sea level, respectively.
A Simrad EK80 echofinder was used to hydroacoustically assess for the presence of
active bubbling. Active bubble seepage was observed coming from sediments into the
water column at both sites. No seepage was observed in sediments in deeper water, either

further down the shelf or in the adjacent submarine canyons. Footage of the seabed at T1
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taken on the R/V Savannah cruise with a GoPro camera attached to a leg of a multicorer
showed the presence of swarms of shrimp, scattered anemones and fishes, small rock
outcroppings, and other unidentified invertebrate life.

Water and Sediment Sampling

A total of 211 water and 88 sediment samples were collected across 39 CTD casts
and 18 sediment cores. On both cruises, all water samples were collected with 10 L or 8
L Niskin bottles attached to a Sea Bird Electronics (SBE) 32 carousel. Samples were
taken vertically and horizontally across the sites, where the carousel and bottles were
either lowered and raised while the ship remained stationary with dynamic positioning or
where they were pulled passively by the currents for sample collection to facilitate the
goal of broadly sampling bottom waters across the seep sites.

Locations selected for sediment sampling were identified to have high ambient
methane concentration in the overlying water column, measurements of which were
performed by a Franatech GmbH laser methane sensor attached to a submerged mini-
lander. Sediment cores of an average length of 10.2 cm were collected on the R/V Hugh
R. Sharp using a multicorer (MC-800). Cores were horizontally sliced every 2 cm and
these sections were used for biological and geochemical subsampling.

Oceanographic Data

An SBE 911 CTD plus unit on the R/V Hugh R. Sharp and an SBE 9 datalogger
R/V Savannah respectively were used to record physiochemical data throughout the
water column during casts of the CTD. The following data collected by the CTD was

used for further analysis: depth (m), pressure (db), temperature (°C), salinity (PSU),

110



inferred chlorophyll content (mg/m?), and dissolved oxygen (umol/L). Latitude and
longitude were recorded using NOAA’s Shipboard Computer System (SCS 4.6) software.
Height above the seafloor was calculated by subtracting the depth of the CTD rosette
from the true depth of the seafloor. True depth of the seafloor was either obtained from
the NOAA EX1903L2 multibeam dataset (NOAA, 2019) for the T1 site data or estimated
using the NOAA Bathymetric Data Viewer

(https://www.ncei.noaa.gov/maps/bathymetry/ accessed on 4/11/2024) for WC site data.

Maps of the site were made with the R package “marmap” (Pante et al., 2023) from data
retrieved from the ETOPO 2022 15 Arc-Second Global Relief Model (NOAA, 2022).
Methane

Samples for methane concentration measurements during the R/V Hugh R. Sharp
cruise were prepared using a modified version of the protocol used in Coon et al. (2023).
Cut-off or regular 5 mL syringes were used to collect 4 mL of either sediment or water
for methane measurements on the R/V Hugh R. Sharp cruise. This sample was placed
inside a glass serum vial along with 1 mL of 0.1 M potassium hydroxide. The vials were
then sealed shut with a butyl rubber stopper and an aluminum crimp seal, shaken to mix
the potassium hydroxide and sample to stop biological activity, and then stored upside-
down until measurement to mitigate methane leakage. On the R/V Savannah cruise,
methane measurements for water column and sediment samples were taken immediately.
For water samples, 40 mL of water was mixed with 20 ml of helium gas. For sediment

samples, 3 mL of sediment was mixed with 56 mL of helium gas.
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Methane concentrations were measured for each sample from the R/V Hugh R.
Sharp cruise with an Agilent 7890 gas chromatograph with a flame ionization detector at
the University of Tennessee, Knoxville as described in Chen et al. (2024) and onboard
the ship with an SRI Instruments Model 8610c gas chromatograph for each sample from
the R/V Savannah cruise. Samples were vigorously shaken for two minutes prior to
measurement. A standard curve of 8, 101, and 967 ppm and 0, 9.67, 96.7, and 967 ppm,
respectively, was used to convert the readouts into ppm concentrations. Those
concentrations were converted into UM concentrations using the formula provided in
Coon et al. (2023).
Porosity

1 mL of sediment from each section was placed in a 2 mL plastic screw cap tube
for porosity measurements. The tubes were permitted to dry for at least 2 weeks at room
temperature and were weighed before and after being dried. Porosity was calculated
using the formula provided in Coon et al. (2023).
Sulfide and Sulfate

10 mL of sediment for each section was placed in a 15 mL falcon tube and
centrifuged at 5,000 x g in for 5 minutes. 1 mL of the porewater was allocated for sulfide
analysis; it was placed inside a 2 mL tube with 250 pL of 1% zinc chloride. Sulfide
concentrations were determined with an adapted Cline assay as described in Coon et al.
(2023). 500 uL of the porewater was allocated for sulfate analysis and placed ina 2 mL

tube with 100 pL of 10% hydrochloric acid to drive off sulfide and prevent it from
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oxidizing into sulfate. Sulfate concentrations were determined with an ion chromatograph
as per Coon et al. (2023).
Biological Samples

Fluid from the water column samples was pushed through a 0.22 pum Sterivex-GV
pressure filter for downstream DNA extraction. Two replicates were taken for each
sample. On the R/V Hugh R. Sharp cruise, 120 mL of fluid was manually pushed through
the filter with a 60 mL BD Luer-Lok™ sterile syringe. On the R/V Savannah cruise, 180
mL (casts 1-4) or 300 mL (casts 4-24) of fluid was pushed through the filter using a
peristaltic pump. Sediments for DNA extraction were collected from the sections with a
cut-off 10 mL syringe. After sampling, the filters and sediments were immediately frozen
on board the ship, transported back to the University of Tennessee on dry ice, and then
stored in a -80°C freezer until the DNA was extracted.
DNA Extraction

DNA was extracted from the water column samples with the method described by
Baily et al. (in prep — [Ch. 11]), a modified version phenol-chloroform extraction adapted
for Sterivex filters (Vetriani et al., 1999; Wright et al., 2009). To summarize, DNA was
extracted from sediment samples with a phenol-chloroform extraction protocol modified
for low-yield samples (Fullerton et al., 2021, Vetriani et al., 1999). The samples were
physically lysed by repeated freezing and thawing and then chemically lysed with
lysozyme (100 mg/mL), proteinase K (20 mg/mL), and sodium dodecyl sulfate (20%).
DNA was purified with phenol chloroform, precipitated with sodium acetate (3 M),

isopropanol (100%), and ethanol (70%), and eluted with 30 pL Tris buffer for increased
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end concentrations. DNA concentrations were then quantified with a Qubit™ 4
Fluorometer using the QubitTM 1X High Sensitivity dSDNA Assay kit (Invitrogen).
Thirteen blanks of ultrapure water were filtered through a fresh Sterivex filter and were
processed in parallel with the water column samples. Two blanks of ultrapure water with
equivalent mass to the initial mass of the sediment to be extracted were processed in
parallel with them.
DNA Purification

Due to the presence of amplification inhibitors in the eluted sediment sample
DNA, all sediment sample DNA was further treated with steps 12 through 16 from the
Qiagen RNeasy PowerSoil Total RNA Kit and then with the RNeasy Powersoil DNA
Elution Kit. Resulting DNA was requantified with a Qubit™ 4 Fluorometer using the
Qubit™ 1X High Sensitivity dsSDNA Assay kit (Invitrogen). Sediment samples were then
tested for amplification by gPCR. Sediment samples likely to successfully amplify were
sent for sequencing.
16S rRNA gene amplicon sequencing and processing

The V4 region of the 16S rRNA gene with primers 515f
(GTGYCAGCMGCCGCGGTAA) and 806R (GGACTACNVGGGTWTCTAAT)
(Caporaso et al., 2011; Parada et al., 2016; Apprill et al., 2015) was sequenced on an
Illumina Miseq at the University of Tennessee Genomics Core in Knoxville, TN. The
dada2 pipeline was used to process the resulting reads into amplicon sequence variants
(ASVs) and to then classify them using the SILVA reference set 138 (Callahan et al.,

2016; Quast et al., 2013). Chloroplast and mitochondrial reads were removed from the
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dataset. Library sizes per sample post-processing ranged from 3 — 282,916 reads and
yielded 48,182 ASVs overall. Samples with fewer than 50 reads were completely
excluded from analysis, leaving 267 samples remaining, and samples with fewer than
1,000 reads were excluded from diversity analyses, leaving 256 samples. Relative
abundance was calculated by dividing the read abundance of each ASV by the total
library size of that sample. ASVs assessed to be contamination with the R package
decontam (Davis et al., 2017) removed from the dataset. ASVs taxonomically classified
at the family level or lower were assigned to different functional guilds by assessing the
range of functional guilds present in a given ASV’s family or genus.
Microbial Community Analysis

Diversity metrics calculated for samples with more than 1,000 total reads using
the R package phyloseq (McMurdie and Holmes, 2013) as rarefaction curves for such
samples plateau before reaching that sequencing depth (Fig. 3-S1). Observed, Shannon,
and Simpson were the diversity metrics used. Significance was determined using a
Kruskal-Wallis test. Non-metric multidimensional scaling ordination was performed on a
Bray-Curtis dissimilarity matrix. 95% confidence intervals for a given population,
PERMANOVA tests, and PERMDISP tests were calculated using the R package vegan
(Oksanen et al., 2025). Pairwise PERMANOVA test were performed with the R package
pairwiseAdonis (Martinez-Arbizu, 2017). Predictors were assessed for collinearity prior
to performing PERMANOVA and PERMDISP tests by assessing the correlation between
untransformed variables (Dormann et al., 2013). If |r| > 0.7, the more environmentally

relevant variable would be retained for testing with PERMANOVA and PERMDISP.

115



This threshold was reached with the variables pair depth below sea level and temperature
and depth below sea level was retained. Core number was retained for sediment samples
over Julian day and depth below sea level as well. All plots were visualized using the R
package ggplot2 (Wickham, 2016). Normality of raw data was assessed by visual
inspection of a tailored normal quantile-quantile plot generated by the R package fBasics
(Wuertz et al., 2020). Normality of errors for linear models was assessed using the R
package “olsrr” (Hebbali, 2020).

Correlations of just microbiological data were two-sided Pearson’s product-
moment correlations on untransformed data. Correlations of microbiological and
geochemical data were Spearman’s rank correlations, as several geochemical variables
did not conform to normality assumptions. Significance of Pearson’s product-moment
correlations was determined through two-tailed t-tests and the significance of Spearman’s
rank correlations was determined through asymptotic t-tests. Network correlation analysis
was performed using the R package igraph (Csardi and Nepusz, 2006; Csardi et al., 2025)
and tidygraph (Pederson, 2024). ASVs analyzed were present in at least half of all water
or sediment samples. Correlations displayed were spearman rank correlations above |R| =
0.85.

Software

All forms of data analysis were performed in R version 4.3.2 (R Core Team 2023)

with RStudio (RStudio Team, 2022). Additional R packages used are dplyr (Wickham et

al., 2023), Biostrings (Pagés et al., 2020), and tibble (Muller and Wickham, 2023).
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Results

We investigated two methane seep field sites on the continental slope off of the
coast of Delaware, USA in the Northern Atlantic Ocean (Fig. 3-1). The first site is
located within the T1 methane seep field in between the Washington and Accomac
submarine canyons, just southwest of the “Pick Up Sticks” methane seep field (Ruppel et
al., 2024; Skarke et al., 2014). The second site is located on the southern side of the
Washington submarine canyon, just outside the rim. Only T1 was visited in August 2022
and both sites were visited in September 2023. Active methane seepage was observed at
both sites and currents moved at approximately 2 knots. All microbiological samples
taken from WC were taken from depths deeper than 315 meters (m) below sea level. The
ranges of oxygen concentrations, temperatures, salinities, and inferred chlorophyll
content as well as the maximum depth below sea level reached of each cast can be found
in Table 3-1. Water column profiles were similar for each cast, such as from CTD cast 3
in 2022 (Fig. 3-S2). The thermocline generally occurred between 10 to 50 m deep.
Water Column Geochemistry Paired with Microbiological Analysis

The methane concentration, oxygen concentration, salinity, temperature, and
inferred chlorophyll content associated with each microbiological water column sample
are displayed in Figure 3-2, plotted against depth below sea level. Values for T1 and WC
in 2023 are differentiated in Figure 3-S2. These profiles follow common oceanic water
column trends, with oxygen concentrations seeing a local minimum at depth (Figs. 3-2A
& 3-S2A), methane concentrations range between <0 uM and 33.42 uM with the highest

values being closest to the seep sediments (Figs. 3-2B & 3-S2B), temperature (Figs. 3-2C
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& 3-S2C) and salinity (Figs. 3-2D & 3-S2D) decreasing with depth below sea level,
salinity seeing a shallow local maximum, and inferred chlorophyll content being highest
at the surface before rapidly declining (Figs. 3-2E & 3-S3E). DNA yields tend to
decrease with depth in the water column, though sees a small uptick between 250 — 400
m deep (Fig. 3-S4).

Methane concentrations are as low as <0 uM at T1 and 0.01 uM in WC and as
high as 33.42 uM in T1 and 6.49 uM in WC (Figs. 3-2B & 3-S3B). Sampling occurred
below and above the thermocline, so the thermocline is not represented in the temperature
data. Salinity is unusually low at 59.78 m deep at T1 in 2023, suggesting this particular
parcel of surface water is more heavily influenced by rainwater input than the rest.

While ultimately similar, there are distinct changes in geochemical factors,
particularly oxygen concentration, over time at T1 controlling for depth, potentially due
to sampling in August in 2022 versus September in 2023 (Fig. 3-2). Though not directly
comparable due to different sampling depth ranges, T1 and WC are more similar to each
other than T1 in 2023 is to T1 in 2022, suggesting that both sites are predominantly
influenced by the same currents and water masses (Fig. 3-S3).

Sediment Geochemistry Paired with Microbiological Analysis

The porosity and methane, sulfide, and sulfate concentrations associated with
each microbiological sediment sample from 2022 are displayed in Figure 3-3, plotted
against depth. Porosity tends to decrease with burial (Fig. 3-3A). Methane concentrations
in the sediment samples are orders of magnitude greater than those in the overlying water

column, with many over 100 uM (Fig. 3-3B). Several of the cores (2, 3, 5, 6, 11, 12, 13,
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& 17) fall into a “low methane” group, with methane concentrations < 16 uM, whereas
almost all the rest that had methane measurements taken (14, 15, 18, 19, & 20) fall into a
“medium methane” group where most of the subsections of a given core have at least one
methane concentration higher than 75 uM. The only exception is core 4, which mostly
follows the trend of the “low methane” cores but reaches 49.67 uM methane . Sulfide
concentrations stay below 30 uM in all cores, except in cores 18, 19, and 20 where they
increase after 6 cmbsf, reaching concentrations of at least 70 uM sulfide (Fig. 3-3C).
Sulfate concentrations remain consistent downcore, with almost all core subsections
having concentrations between 25 to 29 mM sulfate (Fig. 3-3D). The slight accumulation
of sulfide in the lower subsections of some cores suggests that small amounts of sulfate
reduction may be taking place, but not enough to significantly impact the much larger
reservoirs of sulfate in these sediments. On the other hand, sulfate reduction may not be
occurring at all and instead the sulfide is diffusing up from deeper in the sediment
column. DNA vyields drop precipitously as depth below the seafloor increases, with DNA
concentrations reaching as high as 118 ng/uL at an average 1 cmbsf but no higher than
half that just one centimeter deeper downcore (Fig. 3-S5).
Prokaryotic Community Diversity

About 19.5 million 16S rRNA gene amplicon reads remained after quality control
and filtering of the total 23 million in both the sediment and water datasets. After
contaminant removal, 48,182 ASVs are present in total, with 17,273 from the water
column, 32,220 from the sediment, and 1,311 present in both. Rarefaction curves of

nearly all samples plateau well before the allowed reads reach the total reads of a given
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sample, suggesting that our analysis encompasses most of the community diversity at our
sampling locations (Fig. 3-S1).

Sediment microbial communities (Observed = 1430.66, Shannon = 5.97, Simpson
= 0.99) consistently display higher average alpha diversity than water column microbial
communities (Observed = 751.82, Shannon = 5.00, Simpson = 0.98) in all indices tested
(Kruskal-Wallis test: Observed — H(1) = 18.026, P < 0.001; Shannon — H(1) = 49.273, P
< 0.001; Simpson — H(1) = 73.149, P < 0.001), indicating that the sediment community
has significantly more ASVs, more rare ASVs, and fewer high abundance species than
the water column community (Fig. 3-S6). When comparing the water column community
across both years, the Observed and Simpson diversity indices are not significantly
different (Kruskal-Wallis test: H(1) = 0.621, P = 0.43; H(1) = 1.914, P = 0.17), with the
averages being 891.16 and 0.98 in 2022 and 634.01 and 0.98 in 2023, respectively (Fig.
3-S7). The Shannon index, however, is significantly higher on average in the 2022
samples (Shannon: 5.12) than the 2023 samples (Shannon: 4.90) (Kruskal-Wallis test:
H(1) = 21.977, P < 0.001), suggesting a higher prevalence of rare or less common ASVs
in the 2022 water column. This result is likely a byproduct of the sampling scheme
enacted in 2022, with more samples being taken higher up in the water column (~100 to
200 m below sea level) and away from the seep field bottom water. These mid-column
microbial communities are likely mixes of surface water and bottom water communities
and thus have a higher proportion rare members in their population due to that mixing.
Alpha diversity is similar between the 2023 samples taken at T1 and WC, with the

Observed and Shannon diversity indices not being significantly different (Observed: H(1)
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=0.661, P = 0.42; Shannon: H(1) = 2.472, P = 0.12), their averages being 652.33 and
4.93 at T1 and 597.86 and 4.84 at WC (Fig. 3-S8). The Simpson diversity index is
slightly higher at T1 than at WC (Kruskal-Wallis test: H(1) = 4.917, P = 0.03), with the
average at T1 being 0.978 and the average at WC being 0.976. This result suggests that
WC is slightly more dominated by common species than T1 is.

The prokaryotic community composition in the water column is similar across
both sampling years yet varies from that of the sediment. At the kingdom level, the water
column reads are on average ~2/3 Bacteria and ~1/3 Archaea, whereas the sediment reads
are overwhelmingly dominated by Bacteria (~19/20) with minor amounts of Archaea
(~1/20). The twenty most abundant phyla across the dataset exist in the water column
reads in similar average relative abundances over the two years, but in very different
average relative abundances in the sediment reads (Table 3-2; Fig. 3-S9). While some
phyla such as Actinobacteriota, Bacteroidota and Bdellovibrionota have comparable
average relative abundance in both the water column and sediment reads, the rest of the
most abundant phyla do not, often seeing differences of an order of magnitude or more
between the sediment and water column. In contrast, the average relative abundance of
the dominant phyla in the water column rarely differ by more than a single percentage
point between the reads from 2022 samples and the reads from 2023 samples, suggesting
a high degree of stability in the overall water column population across years. These
phyla account for the majority of all reads, accounting for over 99% of all water column

reads and over 90% of all sediment reads.
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Out of the twenty most abundant families recovered from the seep sediments and
water column (Fig. 3-4; Table 3-S1), only four families are present in the sediment and
water column communities at similar average relative abundances. The remaining sixteen
families are either far more abundant in the water column on average than in the sediment
or the reverse. Furthermore, the gap in coverage of the overall community widens at the
family level, with these twenty families accounting for roughly 3/4 of all water column
reads and only ~1/3 of all sediment reads. Although the relative amounts of taxa in 16S
rRNA gene amplicon libraries is incapable of capturing absolute abundance (Gloor et al.,
2017), the repeatably large differences in relative abundances of the most prevalent
phylogenetic groups imply large differences in the microbial communities of the
sediments and water column at both sites.

Members of Methylomonadaceae, formerly thought to belong to the family
Methylococcaceae, are known to be obligate aerobic methanotrophs (Orata et al., 2018;
Bowman, 2016) and are commonly the dominant family of aerobic methane-oxidizers in
the water column at marine methane seeps (Mau et al., 2020; Venetz et al., 2024;
Griundger et al. 2021). They are also the most abundant aerobic methanotrophs found at
T1 and WC (~100% and 99.99% of all identified aerobic methanotroph reads in the water
column and sediment, respectively). Methylophilaceae are nonmethanotrophic
methylotrophs, primarily obligate but a few facultative, and thus likely part of the wider
aerobic methane-oxidizing community (Garrity et al., 2015; Taubert et al., 2019). The
only nonmethanotrophic methylotrophs known to exhibit syntrophy ex situ with aerobic

methanotrophs belong to this family particularly to genera such as Methylophilus and
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Methylotenera (Krause et al., 2017; Yu and Chistoserdova, 2017). Nitrosopumilaceae
consists of ammonia-oxidizing archaea (Wright and Lehtovirta-Morley, 2023); the
bacterial counterparts to these archaea have been shown to incidentally oxidize methane
into methanol while oxidizing ammonia (Jones and Morita, 1982), though this has yet to
be observed in this family. Regardless, ammonia oxidation, the first step of nitrification,
is critical to environmental nitrogen cycling (Cao et al., 2011). The genus Candidatus
Nitrosopumilus is well represented at these seep sites and may be one of the few
microbial species capable of dark oxygen production (Kraft et al., 2022). Some
Nitrospinaceae oxidize nitrite in marine environments, further contributing to nitrogen
cycling at these seeps (Spieck and Bock, 2015). In the sediments, obligate anaerobes such
as those from Desulfosarcinaceae (SEEP-SRB1) can reduce sulfate, thiosulfite, and/or
sulfite (Watanabe et al., 2020). Many of the other highly abundant taxa are likely
heterotrophs engaged in the degradation of dissolved organic matter, such as
Pirellulaceae in the sediments (Lage et al., 2022) and SAR11 and SAR86 clades in the
water column (Grote et al., 2012; Hoarfrost et al., 2020). However, the role of other
bacteria like Thioglobaceae are unclear, due to the largest group—SUP05—being
comprised of both autotrophs and heterotrophs (Morris and Spietz, 2022), making it
difficult to predict the role they play in this environment. Further, the overwhelming
majority of ASVs even from well-characterized taxa are uncultured to at least the species
or genus level, leaving uncertainty as to the exact functions they may be performing.
Other taxa present in the sediments in more trace quantities include methanogenic

archaea such as those from Methanosarcinales, Methanocellales, Methanofastidiosales,
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Methanobacteriales, and Methanomassiliicoccales (Buan, 2018; Nobu et al., 2016);
sulfate-reducing bacteria such as those from Desulfatiglandaceae, Desulfocapsaceae, and
Desulfobulbaceae (Galushko and Kuever, 2021a; Galushko and Kuever, 2021b;
Galushko and Kuever, 2020); and sulfur-oxidizers such as those from the genus
Sulfurovum (Wang et al., 2023).
Beta Diversity

NMDS ordination of a Bray-Curtis dissimilarity matrix shows the prokaryotic
communities form highly separated clusters based on environment (sediment vs water
column), with the 95% confidence intervals of the population distribution of each sample
type showing no signs of overlap (Fig. 3-5A). This clustering pattern is statistically
significant and driven by environment (PERMANOVA: Pseudo-F(1, 254) = 205.59, P <
0.001, permutations = 999) and can alone account for 45% of the variation across
samples (Table 3-S1). Dispersion is, however, also significantly different across
environments (PERMDISP: Pseudo-F(1, 254) = 116.79, P < 0.001) (Table 3-S3) and
PERMANOVA can be slightly more prone to rejecting the null hypothesis when the
smaller population has greater dispersion than the larger population (Sample number ratio
[sediment/water]: 0.32; Group dispersion ratio [sediment/water]: 1.99) (Anderson and
Walsh, 2013). However, as the phenomenon of adjacent sediment and water column
communities being distinct is well-known (Zinger et al., 2011), the observed difference
in communities here is likely real and not an artifact of dispersion.

The water column community further appears to be primarily influenced by depth

in the water column as opposed to other factors such as sampling year or sample site
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(Fig. 3-5B). There is little clustering of samples by year, with heavy overlap between the
95% confidence intervals of population distribution of each sample year. PERMANOVA
test results indicate most factors tested (year, site, 0xygen concentration, inferred
chlorophyll content, salinity, time of day, and Julian day) while significant explain less
than 6% of the total water column population variation each (Table 3-S4), whereas depth
explains ~18.1% of the variation (PERMANOVA: Pseudo-F(1,191) = 91.651, P < 0.001,
permutations = 999). Oxygen concentration explains the next largest amount of the
overall population variation at 7.6% (PERMANOVA: Pseudo-F(1 ,191) = 38.588, P <
0.001, permutations = 999). Methane concentration, however, when tested by
PERMANOVA against samples with measured methane concentrations is insignificant,
regardless of whether it is tested against the other possible factors (PERMANOVA:
Pseudo-F(1,153) = 1.387, P = 0.19, permutations = 999) or alone (PERMANOVA:
Pseudo-F(1,169) = 1.226, P = 0.23, permutations = 999) (Table 3-S5 & Table 3-S6).
Height above the seafloor is significant but only explains less than 2% of the population
variation (Table 3-S5). There is also heterogenous dispersion across years (PERMDISP:
Pseudo-F(1, 198) = 38.238, P < 0.001) (Table 3-S7) and sites (PERMDISP: Pseudo-F(1,
198) = 16.468, P < 0.001) (Table 3-S8) in the water column communities. The small
differences in community composition across years is questionable given this result, as
the smaller group has higher dispersion (Year: Sample humber ratio [2022/2023]: 0.87;
Group dispersion ratio [2022/2023]: 1.67). However, the incidence of false rejections of
the null hypothesis decrease as the ratio between group sizes shrinks (Anderson and

Walsh, 2013). As the ratio between group sample numbers is close to 1 and there are
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some observable differences in alpha diversity across sample year (Fig. 3-S8), these
small differences in community composition may be real. In the case of sample site, the
larger group has greater dispersion (Site: Sample number ratio [A/B]: 4.41; Group
dispersion ratio [A/B]: 1.73), thus leading PERMANOVA to less likely to reject the null
hypothesis and therefore not liable to artificially inflate the significance of the results. As
such, there are slight, but real differences in the populations across seep sites.

The primary influences on sediment core community composition seem to be
which core the sample came from (PERMANOVA: Pseudo-F(15, 36) = 1.497, P < 0.001,
permutations = 999) and the average depth below the seafloor (PERMANOVA: Pseudo-
F(1, 36) = 5.254, P < 0.001, permutations = 999) (Fig. 3-S10, Table 3-S9). However,
pairwise comparisons fail to show any of the individual comparisons as significant after P
value adjustment (pairwise_sediment_p-values.csv). There is heterogeneous dispersion
across the sediment cores (PERMDISP: Pseudo-F(15, 37) = 3.371, P = 0.004) (Table 3-
S10, Fig. 3-S11), which combined with the lack of noticeable separation between the
95% confidence intervals of each core population and the lack of significant pairwise
comparisons suggest that the population differences shown by the PERMANOVA results
are due to differences in dispersion rather than differences in the centroids or average
community composition of each core. Methane, sulfate, and sulfide concentrations were
also tested against sediment community composition for the cores that had all three
measurements and all three do not account for a significant proportion of the variation

(PERMANOVA, permutations = 999: Methane — Pseudo-F(1 ,22) = 1. 1.016, P = 0.39;
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Sulfate — Pseudo-F(1 ,22) = 0.954, P = 0.48; Sulfide — Pseudo-F(1, 22) = 1.238, P = 0.18)
(Table 3-S11).
Trends in the Aerobic Methane Oxidizing Community

Within the water column community, the relative abundances of the dominant
families of obligate aerobic methanotrophs (Methylomonadaceae) and obligate
nonmethanotrophic methylotrophs (Methylophilaceae) exhibit a very strong, positive
correlation with each other (R = 0.84, df = 201, t = 21.959, P < 0.001) (Fig. 3-6). These
two families are most abundant between ~250 and ~350 m below sea level (Fig. 3-6A).
This bivariate trend in relative abundance extends through all depths until above ~100 m,
where Methylomonadaceae nearly vanish from the microbial community and
Methylophilaceae relative abundance decouples from the relative abundance of
Methylomonadaceae, reaching relative abundances up to 0.01. The correlation between
the relative abundances of these aerobic methanotrophs (Methylomonadaceae) and
nonmethanotrophic methylotrophs (Methylophilaceae) increases in strength when
excluding samples above 100 m below sea level (R =0.88, df =190, t = 25.037, P <
0.001) (Fig. 3-6B). The ratio of the relative abundance of Methylomonadaceae to the
relative abundance of Methylophilaceae below 100 m is 9.24. These two families
correlate best at T1 in 2022 (R = 0.90, df =91, t = 19.233, P < 0.001), but still exhibit a
strong positive correlation at T1 in 2023 (R =0.78, df = 71, t = 10.506, P < 0.001) and at
WC in 2023 (R = 0.68, df = 35, t = 4.4634, P < 0.001) (Figs. 3-6C,D). The tendency of
these two families to maintain consistent proportions relative to each other below 100 m

deep and their decoupling in shallower depths is suggestive of symbiotic and potentially
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syntrophic interactions related to the oxidation of methane in deeper waters. In contrast,
the relative abundances of the dominant groups of aerobic methanotrophs and
nonmethanotrophic methylotrophs in the sediment, Methylomonadaceae and
Methyloligellaceae, only correlate weakly (R = 0.25, df = 62, t = 2.0129, P = 0.048).

This degree of correlation is further rare amongst the microbes present at T1 and
WC (Fig. 3-7). Out of the 48,182 ASVs present, only 27 in the water column and 11 in
the sediment exhibit correlations above |R| = 0.85. The only aerobic methanotrophs and
nonmethanotrophic methylotrophs among these are the most abundant ASVs of
Methylomonadaceae (Milano-WF1B-03) and Methylophilaceae in the water column
(Fig. 3-7A; network_clusters.zip). These two ASVs do not correlate as strongly with any
of the other ASVs at the sites. None of the sediment correlations of this strength are
between ASVs that belong to any known aerobic methanotroph or nonmethanotrophic
methylotroph taxa (Fig. 3-7B).

The water column is overwhelmingly dominated (99.93% of all
Methylomonadaceae reads; Table 3-3) by the uncultured genus Milano-WF1B-03 (Fig.
3-8A,B) across both years and sites, with the sediment containing a more diverse and
even population of Methylomonadaceae genera (Fig. 3-8C). In the sediment, Milano-
WF1B-03 is most abundant in shallower subsections (1-2.5 cmbsf), though occasionally
present in deeper subsections. The aerobic methanotroph population is overall most
diverse in that range as well, with pltb-vmat-59, Methylobacter, and unidentified genera
being the most prevalent in the deeper subsections. The uncultured candidate genus pltb-

vmat-59 is the most abundant overall in the sediments. Several other genera of
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Methylomonadaceae (IheB2-23, Marine Methylotrophic group 2, Methylobacter,
Methylomarinum, Methyloprofundus, pLW-20, and unclassified genera) are present at
both sites as well (Table 3-3), along with trace amounts of the mostly methanotrophic
family Methylacidiphilaceae (water: ,~0.00% Sediment: 0.01%) (Knief, 2015). All of the
cultured and uncultured candidate genera of Methylomonadaceae within the water
column and sediment communities here have been observed at marine methane seeps or
at marine environments in general in prior studies (Mau et al., 2020; Fradet et al., 2016;
Flynn et al., 2016).

While all cultured representatives of Methylacidiphilaceae are aerobic
methanotrophs (Knief, 2015), environmental studies suggest the presence of a novel
clade within this family incapable of oxidizing methane (Sharp et al., 2014), so the
Methylacidiphilaceae here are considered to be aerobic methanotrophs.

The nonmethanotrophic methylotroph population is more diverse than that of the
aerobic methanotrophs, spanning five families: Methylophilaceae, Methyloligellaceae,
Methylophagaceae, Beijerinckiaceae (Methylorubrum-Methylobacterium sp.), and
Rhodocyclaceae (Methyloversatilis sp.) (Garrity et al., 2015; Vekeman et al., 2016;
Boden, 2019; Ardley and Green, 2023; Lu et al., 2012). As there is no further
classification beyond the genus level, Methyloceanibacter sp. from the family
Methyloligellaceae are considered nonmethanotrophic methylotrophs here as all but one
species is not capable of direct methane oxidation (Vekeman et al., 2016). Nevertheless,
one family is predominant in each environment: Methylophilaceae in the water column

and Methyloligellaceae in the sediment (Fig. 3-9, Table 3-4). Methylorubrum-
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Methylobacterium sp. is the second most abundant group in both environments,
sporadically occurring at various depths either beneath sea level or below the seafloor.
Interestingly, Methylophilaceae is completely absent in the sediments despite comprising
both such a large proportion of the nonmethanotrophic methylotroph community and a
notable proportion of the overall prokaryotic community in the water column. Even
sediment samples that have been broadly excluded from analysis due to possessing fewer
than 50 total reads lack any reads from Methylophilaceae, suggesting it is at minimum
not endemic to the sediments at these sites.

Though Methylomonadaceae and Methylophilaceae correlate with several of the
measured geochemical variables (Table 3-S12), it is difficult to assess how much
variance each variable accounts for as linear models for each family constructed from
these variables do not meet assumptions of normality of errors (Table 3-S13), suggesting
that the relationships between some of these geochemical variables and families may not
be linear.

Discussion

In this study we investigate the spatiotemporal stability of the T1 seep field water
column community, comparing it across years and with the neighboring Washington
submarine canyon seep field just ~16 km away. Here we seek to elucidate which
geochemical factors may influence the microbial distribution within these two fields. We
further hone in on the aerobic methane-oxidizing community, assessing evidence
consistent with presence of syntrophic interactions and of a sediment reservoir for the

water column methane-oxidizing community.
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Spatiotemporal Microbial Stability of the Water Column

Despite being approximately 16 km away from each other, the water column
communities of T1 and WC are very similar, with only a small amount of variability
within the water column samples attributable to site (Fig. 3-S8, Table 3-S2). This result
is not surprising considering that it likely takes ~4 hours for a parcel of water at WC to
travel to T1 at the current speeds we measured. However, it should be noted these results
suggest the microbial community changes little during its time in transit. Simpson’s
diversity metrics suggest that WC is slightly more dominated by common species than T1
(Fig. 3-S8). This could suggest the environmental conditions and nutrient availabilities at
WC are more consistent, with its location just on the inner lip of the submarine canyon
providing some shielding from overlying currents. Overall, the similarity of the microbial
communities at these sites suggests that seep field locations with the same predominant
current influences (Hoarfrost et al., 2019) and with higher than background
concentrations of methane (Cummings et al., 2023) will possess similar water column
microbial communities. As such, it would not be surprising to see that seep fields on the
stretch of continental slope between the Norfolk and Baltimore submarine canyons would
also host similar water column microbial communities, particularly the adjacent “Pick Up
Sticks” seep field (Ruppel et al., 2024; Skarke et al., 2014). More broadly, stringent
sampling routines within seep fields or in neighboring seep fields may be unnecessary to
capture the broad character of the water column community at nearby sites. However,

care should be taken to identify submarine features or currents near seep sites that may
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impact a site’s source water or rate of water movement before assuming a high degree of
similarity between the water column communities (Ciraolo et al., 2023).

The T1 seep field also exhibits a high degree of temporal stability. Though the
site was sampled over a year apart, there are very few differences in the microbial
community alpha diversity (Fig. 3-S7), beta diversity (Fig. 3-5B, Table 3-S4), and
overall composition (Figs. 3-4 & 3-S9). While minor diversity differences can be
attributed to sampling year, these pertain to the frequency of rarer members of the
community and are likely due to differences in sampling schemes across years. More
samples in 2022 were taken from shallower, mid-column depths than in 2023, which
likely would lead to the observed higher average Shannon’s diversity in 2022 as
microbial communities there are mixes of surface water and bottom water communities
instead of stable seep-associated communities (Figs. 3-S7 & 3-2). Slightly less
community variance is attributable to sampling year than sampling site (1.0% vs 1.5%;
Table 3-S4), with both still being significant. However, this effect has minimal impact on
the relative abundance of the most abundant families and phyla, suggesting that what
variance is observed minimally impacts the functional character of the water column
community (Figs. 3-4 & 3-S9). Time of day and whether samples were taken on the same
or subsequent days further have little effect on community variation, each explaining less
than 1% of total variation. This stability across a range of temporal scales is likely in part
due to the minimal influence of seasonality on the T1 and WC seep fields and their
distance from the air-water interface, unlike with shallower marine sites (Steinsdottir et

al., 2022; Venetz et al., 2024). Though deeper marine seeps can be influenced by shifts in
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current location—and assumptions of temporal stability of a given seep field need to
consider the location of local currents (Steinle et al., 2015)—the prokaryotic community
at T1 appears to have been stable over 2022 and 2023.

Given that sediment and water column communities tend to host widely different
microbial communities at seeps (Tavormina et al., 2008; Tavormina et al., 2010) and in
the ocean at large (Zinger et al., 2011; Walsh et al., 2015), it is unsurprising that the
sediment and water column microbial communities are significantly different at T1 and
WC (Figs. 3-4, 3-5A, & 3-S9; Tables 3-2, 3-S1, & 3-S2). Higher alpha diversity in the
sediments in comparison to the water column agrees with previous findings as well (Li et
al., 2023) (Fig. 3-S6). There is distinct partitioning of microbes known to be heavily
involved in biogeochemical cycling between the two environments, with nitrogen cyclers
like Nitrosopumilaceae (Wright and Lehtovirta-Morley, 2023) and Nitrospinaceae
(Spieck and Bock, 2015) primarily inhabiting the water column and sulfur cyclers like
Desulfosarcinaceae (Watanabe et al., 2020) in the sediments (Figs. 3-4 & 3-S9; Tables
3-2 & 3-S1). This pattern is common in marine sediments and water columns (Semedo et
al., 2015; Ruff et al., 2013).

Geochemical Influences on the Seep Microbial Community

Of all the physical and geochemical factors measured, depth in the water column
explains the most community variation by far (18.1%) (Table 3-S4; Fig. 3-5B). Oxygen
concentration explains the second highest amount of the variation (7.6%), with salinity
and inferred chlorophyll content explaining less than 5.5%. Notably, methane does not

significantly explain any of the observed variation in the water column community, either
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when tested alone or alongside the rest of the tested variables (Tables 3-S6 & 3-S5).
Depth in the water column and oxygen concentration are well-established factors that
affect microbial population structure in pelagic environments (Walsh et al., 2015; Liu et
al., 2023; Li et al., 2024; Long et al., 2021), though studies on seep fields tend to have
been limited in scope, focusing exclusively on aerobic methanotrophs alone (Tavormina
et al., 2010; Venetz et al., 2024), or only examining sediment communities (van der
Kamp et al., 2019; Cummings et al., 2023). Depth in the water column can act as a proxy
for the availability of dissolved and particulate organic matter derived from the surface
photosynthetic community in other waters (Liu et al., 2023) and as such depth in the
water column above methane seep fields may further act as a proxy for the gradient in
photosynthetically-derived carbon and seep-derived carbon.

Our finding that oxygen exhibits a significant but subordinate effect on
community structure in comparison to depth in the water column has been previously
reported in the literature at non-seep sites in the Indian Ocean (Li et al., 2024) (Table 3-
S4). Oxygen concentrations in the water column at the T1 and WC seep fields never
dipped below 80 uM, yet we still see this influence of oxygen despite only having a local
oxygen minimum instead of a true Oxygen Minimum Zone (OMZ) that is anoxic or
hypoxic (Fig. 3-2A). This effect may at least partly result from the impact of oxygen
concentration on dominant microbial populations, such as those of the ammonia-
oxidizing archaea from Nitrosopumilaceae—the most abundant family at T1 and WC.
Marine ammonia-oxidizing archaea have been shown to respond negatively to ambient

oxygen concentrations, though over a much wider range of concentrations than those
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observed in our study (<10 uM to >275 uM vs. 90 uM to 210 uM) (Molina et al., 2020)
(Fig. 3-2A). Our result suggests that comparatively minor variations in oxygen
concentrations may have real biological implications for seep field microbial
communities and perhaps pelagic marine communities broadly.

The lack of correlation between the microbial community composition and
methane is a particularly intriguing finding, as prior studies of methane seep microbiomes
report that methane is one of the critical factors driving differences in between seep and
non-seep communities (Cummings et al., 2023; Li et al., 2021) (Tables 3-S5 & 3-S6).
Other studies noted differences between seep and non-seep communities without
explicitly testing the effect of methane (Vigneron et al., 2017; Ruff et al., 2015). Our
results are consistent with our prior work in Jordan Lake, NC (Baily et al., in prep — [Ch.
I1]) (Fig. 2-3), where we sampled the exact same location several times over two years,
and results reported in freshwater systems (Reis et al., 2020; Samad and Bertilsson, 2017)
where methane is found to either have minimal or no impact on aerobic methanotroph
distribution in the water column. One way to reconcile these seemingly opposing findings
lies within the different choices in sampling schemes, as our study is unique in the
thoroughness with which we sample throughout small regions within seep fields. The
presence or absence of methane above some as of yet unknown threshold may catalyze
the formation of the characteristic seep field microbiome, enabling the growth and
activity of aerobic methanotrophs and thereby the establishment o f a microbial
community that can take advantage of their presence. However, increasing the

concentrations of dissolved methane beyond that threshold may have progressively
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smaller impacts on the overall structure of the water column community, leading to
distinct microbial communities between seep and non-seep sites but no distinguishable
effect of methane concentration within seep fields. This general principle may also hold
true for sediment communities, as we found methane did not explain a significant
proportion of the sediment community diversity either (Table 3-S11).

Sediment communities at T1 have more spatial heterogeneity at the sub-meter
scale than those in the water column, although microbial communities at the same
sediment depths are similar across the seep field (Fig. 3-S10; Tables 3-S9 & 3-S11).
Microbial mobility, physical mixing, and nutrient input are inherently restricted in
sediments as opposed to in the open water, allowing for the creation of adjacent
microenvironments that may favor distinct sets of microbes in one core subsection and
another set in the next subsection. Depth below the seafloor has also been shown to affect
community distribution in shallow deep-sea cores such as these (Lloyd et al., 2010).
However, the three chemical species measured in this study (methane, sulfate, and
sulfide) did not significantly account for any of the observed variation (Table 3-S11).
Methane potentially did not contribute due the same reason why it did not affect diversity
in the water column, despite seep and non-seep cores exhibiting distinct differences
(Cummings et al., 2023). Sulfate and sulfide likely did not have any impact on
community diversity despite being relevant to marine sediment communities because of
how little sulfate concentration varied within the sampled cores (> 24 mM and < 31 mM
as opposed to ranging from completed depleted up to 28 mM in Lloyd et al., 2010) and

how low sulfide concentrations were overall (< 150 UM as opposed to concentrations
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above 1 mM in Coon et al., 2023) (Fig. 3-3). Methane may not have reached high enough
concentrations in the sediment to significantly impact the microbial community, as
methane seep sediments often have concentrations of methane consistently greater than 1
mM as well (Lloyd et al., 2010). However, this argument is weakened by the “medium
methane” cores do not noticeably separate out from the “low methane” cores (Fig. 3-
S10). Other geochemical factors such as total nitrogen, organic matter, conductivity, and
oxygen concentration can also be important determinants of microbial community
composition (Li et al., 2023; Hoshino et al., 2020) in general marine sediments and seep
sediments (i.e., ampharetid worms, clam beds, microbial mats, etc.) (Cummings et al.,
2023), so we likely did not measure the main drivers of sediment diversity at T1.
Aerobic Methane-Oxidizing Community

The composition and distribution of members of the aerobic methane-oxidizing
community display trends with strong implications for natural syntrophic interactions
between aerobic methanotrophs and nonmethanotrophic methylotrophs. The dominant
aerobic methanotrophs (Methylomonadaceae) and nonmethanotrophic methylotrophs
(Methylophilaceae) correlate with unprecedented strength in the water column as a whole
(Fig. 3-6A; R =0.84, P < 0.001) and even more strongly deeper than 100 m (Fig. 3-6B;
R =0.88, P < 0.001). This correlation is robust to time and physical distance (Figs. 3-
6C,D), suggesting this consistent covariance of these two groups of bacteria is a staple
feature of the aerobic methane-oxidizing community at the T1 and WC seep fields and
potentially this segment of the Mid-Atlantic bight at large. The rarity of such strong

correlations between microbes at T1 and WC suggests unique behavior relative to the rest
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of the microbial community (Fig. 3-7). If there are syntrophic interactions occurring
between these two groups of microbes in the water column, this sort of strong, positive
correlation is what we would expect to see, particularly as nonmethanotrophic
methylotrophs of Methylophilaceae form tight clusters with its aerobic methanotroph
partner population when co-cultured together and engaging in carbon transfer (van
Grinsven et al., 2020). Further, when growing in clusters with their aerobic methanotroph
partner, the nonmethanotrophic methylotrophs are notably outhumbered, which is
consistent with the ratio of ~9 to 1 (Methylomonadaceae: Methylophilaceae) we see here
below 100 m deep (Fig. 3-6). That study also noted nonmethanotrophic methylotroph-
only clusters as well, which supports our observation of increased relative abundance of
Methylophilaceae above 100 m deep decoupled from decreased Methylomonadaceae
relative abundance. If syntrophic interactions truly are taking place at these seep fields,
then conditions below ~100 m favor this syntrophy, whereas those above ~100 m do not.
Potential drivers for the breakdown of syntrophy in shallower waters could be the lack of
methane in the upper water column or some other factor killing off the aerobic
methanotrophs, with the nonmethanotrophic methylotrophs subsisting off of the
byproducts of surface photosynthetic communities; the nonmethanotrophic
methylotrophs abandoning their syntrophic partner in favor of a more accessible carbon
and/or energy source; or some combination of both. Given the proximity of the air-water
interface, the ways in which it influences these shallow waters should be investigated to
identify potential causative agents behind the shift in these abundance trends. At

minimum, Methylophilaceae are abundant in the absence of aerobic methanotrophs in the
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water column, whereas the reverse is not true for Methylomonadaceae. Whether these
two families are engaging in syntrophy cannot be conclusively answered without
assessing their activity through methods such as metatranscriptomics or radiotracer
experiments; however, our data provide the strongest support possible with 16S rRNA
gene amplicon libraries for the syntrophy observed ex situ between aerobic
methanotrophs and nonmethanotrophic methylotrophs occurring in situ as well.

Aerobic methanotrophs and nonmethanotrophic methylotrophs at T1 and WC
exhibit distinct distribution patterns between the water column and the sediment (Figs. 3-
8 & 3-9). Overwhelmingly, aerobic methanotrophs across both environments belong to
the family Methylomonadaceae, all the cultured examples of which are obligate aerobic
methanotrophs (Orata et al., 2018; Bowman, 2016) (Fig. 3-8; Table 3-3). However, there
is a stark reduction in diversity of Methylomonadaceae from the sediment to the water
column, where 99.93% of all reads belong to the uncultured genus Milano-WF1B-03.
The most abundant genus in the sediment—pltb-vmat-59, also uncultured—only accounts
for just over a third of all Methylomonadaceae sequences recovered from the sediment.
Three Methylomonadaceae genera—including pltb-vmat-59—are only present in the
sediment. Furthermore, all of the five other Methylomonadaceae genera present in the
water column alongside Milano-WF1B-03 each account for less than 0.05% of
Methylomonadaceae sequences recovered. As Milano-WF1B-03 are also found in the
sediment, the sediment may act as a reservoir for these organisms, reseeding the water
column through physical or biological perturbation or by sticking to gas bubbles emitted

from the seep sediments (Schmale et al., 2015). Perturbation, at minimum, is a
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mechanism of transport agnostic to bacterial species identity—assuming minimal biofilm
formation—and a study by Jordan et al. (2020) explicitly demonstrated that other genera
found in T1 sediments, such as pltb-vmat-59 and Marine Methylotrophic Group 2, are
transported into the water column by gas bubbles. Given there should not be a significant
transport bias towards Milano-WF1B-03, Milano-WF1B-03 must have some advantage
over the other genera that permit them to gain a foothold in the water column and subsist
there while the other genera die off. Regardless, the lack of diversity among water
column aerobic methanotrophs is concerning in relation to the stability of aerobic
methane oxidation at T1 and WC,; if environmental conditions shift in such a way that
leads to the collapse of the Milano-WF1B-03 population, there does not appear to be any
other endemic aerobic methanotrophs species at these seep fields that can survive well
enough in the water column to fill that niche of water column methane oxidation.

The challenging condition that these aerobic methanotrophs face in the water
column may be elevated oxygen concentrations. Under high oxygen conditions, the core
metabolic pathway aerobic methanotrophs use to oxidize becomes dysregulated, leading
the accumulation of the toxic intermediate formaldehyde to the point where all
measurable cell activity ceases, likely indicating cell death (Costa et al., 2001). In Lake
Grevelingen, a former estuary turned saltwater lake, the relative abundance of Milano-
WF1B-03 has been repeatedly observed be the dominant aerobic methanotroph genus in
oxic waters as opposed to anoxic waters, where a greater variety of genera from
Methylomonadaceae occur (Venetz et al., 2023; Venetz et al., 2024). Steinle et al. (2015)

tested the effect of oxygen on natural marine aerobic methane-oxidizing communities by
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incubating bottom water from Eckernforde Bay (Baltic Sea) obtained in February 2014
(in situ 442 uM O2) and in June 2014 (in situ 161 uM O2) under oxygen concentrations
ranging from 0 to 220 UM oxygen. They found that while both incubations exhibited
significantly lower rates of methane oxidation as oxygen concentrations increased, the
February incubation community—which was exposed to very high oxygen
concentrations—exhibited only slight decreases in the methane oxidation rate whereas
the June incubation—which saw very low oxygen concentrations—community saw
precipitous drops in the rate as oxygen increased. This implies that some aerobic
methanotrophs in natural populations can oxidize methane under higher oxygen
concentrations than others. Milano-WF1B-03 may be one such species and have
adaptions that reduce the rate of formaldehyde accumulation under increasing oxygen
concentrations or export the excess formaldehyde. They may also be able to tolerate
higher oxygen concentrations by engaging in syntrophy with the nonmethanotrophic
methylotrophs from Methylophilaceae. Altering oxygen concentrations is known to shift
which pair of aerobic methanotrophs and nonmethanotrophic methylotrophs are dominant
in a given incubation (Yu et al., 2017; Hernandez et al., 2015) and nonmethanotrophic
methylotrophs could consume excess methanol produced by the aerobic methanotrophs
before it can be converted into formaldehyde. While oxygen may play a role in
influencing the abundance of Milano-WF1B-03, it is likely more complicated than a
simple linear relationship, given the lack of normality of residuals for the multiple

regression (Table 3-S13).
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The water column and sediment are each dominated by nonmethanotrophic
methylotrophs from Methylophilaceae (Garrity et al., 2015) and Methyloligellaceae
(Vekeman et al., 2016), respectively (Table 3-4, Fig. 3-9). While there is a greater range
of nonmethanotrophic methylotrophs in both environments than aerobic methanotrophs,
the most notable part of this distribution is the complete absence of any reads associated
with Methylophilaceae in the sediment libraries—all of the other nonmethanotrophic
methylotrophs are either present in both environments or just in the sediment. Samples
that were excluded from broader analysis due to extremely low read count do not contain
any Methylophilaceae sequences in their libraries either. At the very least this result
means that Methylophilaceae distribution in the sediments is highly heterogenous, but
also may mean that Methylophilaceae are truly entirely absent from the sediments at T1.
In this case, Methylophilaceae populations would need to reach the seep field by some
other mechanism aside from gas bubble transport from the sediments, such as being
carried in by the currents or macrofauna or by primarily growing and dividing in situ in
the water column. Regardless, Methylophilaceae needing to utilize a mechanism of
transport other than gas bubble transport to reach the water column at T1 and WC further
suggests the observed correlation between them and Methylomonadaceae is a byproduct
of deliberate syntrophic interactions instead of merely diffusing from a common source
as they would both need to associate de novo at each depth to stabilize at the consistent

ratio we observe them at.
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Conclusion

In this study we sought to assess the spatiotemporal stability of two seep fields in
the Mid-Atlantic Bight by engaging in thorough sampling across these seep fields over
the course of two years. We also investigated which geochemical and physical factors
drive microbial community structure within the water column and sediments and further
explored the aerobic methane-oxidizing community for any signs of syntrophic
interactions and the origins of its members.

We conclude that the water column seep prokaryotic community is very stable,
with time and distance having minimal impact on its structure (Figs 3-4, 3-5B, & 3-S9).
Instead, depth below sea level and oxygen concentrations account for the largest
proportions of the variation among the variables we measured; though these only account
for <50% of the community variability, suggesting that other factors are important as well
(Table 3-S4). Sediment microbial communities, which were significantly different than
those in the water column, exhibit high heterogeneity across the seep field but undergo
similar community composition changes with depth in the sediment (Figs. 3-5A, 3-S9, &
3-S10; Table 3-S2) . Notably, methane concentration does not significantly correlate
with community structure in either the water column or sediment, suggesting that
methane concentrations act as more of a threshold condition for population shifts rather
than a continuous influence, with microbial populations changing substantially once a
certain concentration of methane is reached but progressively less as more methane is
accumulated or lost. Incubations, in situ or otherwise, of these microbial populations

should be performed under varying methane concentrations in order to determine this
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threshold or if the effect of methane is being obscured in this dataset due to its constant
flux in the water column. Since water currents across the sites moved at ~2 knots,
containing or following the same parcel of water using techniques such as in situ
incubations or Lagrangian sampling schemes may help disentangle the effect of
geochemical factors on these communities.

The unprecedentedly strong correlation between the dominant aerobic
methanotrophs (Methylomonadaceae) and nonmethanotrophic methylotrophs
(Methylophilaceae) in the water column, along with the likely different origins of these
families at the T1 and WC seep fields, is highly suggestive of syntrophic interactions
between the two groups. As such, this work the first to provide in situ support for
syntrophic interactions between aerobic methanotrophs and nonmethanotrophic
methylotrophs occurring in natural settings (Fig. 3-6). Furthermore, the overwhelming
dominance of the genus Milano-WF1B-03 in the water column at T1 and WC suggests it
possesses unique adaptations that enable it to best colonize the water column out of all
the aerobic methanotroph species hosted by the sediments (Fig. 3-8; Table 3-3). The
collapse of this dominant population due to environmental disruptions could leave an
extended period of little to no water column methane oxidation at these seep fields as
there are no other substantial aerobic methanotroph populations in the water column that

could rebound and fill that niche.
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Appendix I11A: Main Figures and Tables
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Figure 3-1. Map of the sampling sites on the continental shelf off the coast of Virginia, USA. Both
sites are located on the slope of the continental shelf, with T1 being between 37.5263, -074.3385 and
37.5622, -074.2782 and WC being between 37.3800, -074.4498 and 37.3890, -074.4364. Maps were
created with data from the NOAA ETOPO 2022 15 arc second relief model (NOAA, 2022). Contours
drawn every 200 m below sea level. A) Broader view of the Mid-Atlantic Bight (blue/grey) and nearby
landmasses (brown/white). Area in the black square is magnified in B. Rough state borders of Virginia,
Maryland, and Delaware are outlined on the Delmarva peninsula. B) Magnified view of the Mid-Atlantic
Bight. Sites T1 and WC are indicated by the two black boxes on the map near the corresponding site
names. WC is directly adjacent to the Washington submarine canyon. Depth in water column is indicated
by color, with lighter blues signifying shallower water and purple indicating deeper water.
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Table 3-1. Summary of CTD cast data. All casts listed had at least one microbiological sample. For each

cast, the maximum depth below sea level reached, the range of oxygen concentrations, the range of

temperatures, the range of salinities, and the range of inferred chlorophyll concentrations are reported. The

first half lists the casts performed on the R/V Hugh R. Sharp in 2022 and the latter half lists the casts

performed on the R/V Savannah in 2023.
R/V Hugh R. Sharp (2022)

Maximum Oxygen | Temperature | Salinity Inferred Chlorophyll
Cast# | Depth (m) (LM) (°C) (PSU) (mg/mq)
1 294 92 -571 827 32-36 -0.09 - 1.58
2 378 95 - 746 7-27 32-36 -0.09 - 2.06
3 385 98 - 320 7-27 32-36 -0.08 - 1.82
5 337 115 - 322 827 32-35 -0.06 - 2.01
6 158 119 - 332 11-27 32-36 -0.08 - 1.63
7 521 116 - 447 627 32-36 -0.09 - 1.47
8 292 119 - 237 827 32-36 -0.09-1.18
9 248 119 - 251 10-28 32-36 -0.08-1.71
10 286 122 - 276 828 31-36 -0.08-1.11
12 298 122 - 145 8-10 35-35 -0.08 - -0.04
14 299 134 -135 9-9 35-35 -0.08 - -0.04
15 288 115- 234 827 32-36 -0.09 - 1.28
16 284 118 - 241 9-27 32-36 -0.08 - 1.18
17 286 110 - 269 9-28 32-36 -0.09 - 1.47
18 165 123 - 326 13-27 32-36 -0.08 - 1.49
20 170 130 - 245 11-27 32 -36 -0.08 - 1.58
R/V Savannah (2023
Maximum Oxygen | Temperature | Salinity Inferred Chlorophyll
Cast# | Depth (m) (UM) (°C) (PSU) (mg/md)
1 287 87 - 205 9-28 33-36 -0.08 - 2.21
3 298 85 -211 10-28 33-36 -0.08 - 2.03
4 300 88 - 195 9-26 34-44 -0.08 - 1.94
7 286 88 - 190 10-17 33-41 -0.08 - 1.57
8 306 87 - 185 10-27 32-36 -0.08 - 2.82
9 298 87 - 186 9-27 33-36 -0.08 - 2.95
10 302 87 - 186 9-27 33-36 -0.08 - 3.16
11 298 87 -194 10-27 33-36 -0.08 - 3.40
13 341 87 -173 828 33-36 -0.08 -1.91
14 392 86 - 170 9-28 34-36 -0.08 - 1.45
15 305 87 - 156 10-22 34-37 -0.08 - 0.57
16 302 87 -190 10-27 31-40 -0.08 - 3.47
17 293 87 - 168 10-26 33-43 -0.08 - 1.88
18 291 87 -194 9-28 31-36 -0.50 - 11.37
19 301 87 -177 10-25 34-41 -0.08 - 0.75
20 305 87 - 190 10-26 32-36 -0.08 - 4.05
21 303 87 - 189 10-26 32-36 -0.08 - 5.17
22 301 87 -195 10-26 32-44 -0.08 - 5.30
24 356 87 - 190 9-26 32-36 -0.08 - 2.49
25 327 87 -192 10-26 32-36 -0.08 - 2.92
26 346 87 -173 9-17 33-44 -0.08 - 2.49
27 381 87 - 100 9-12 35-36 -0.08 - 0.02
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Figure 3-2. Geochemical data associated with water column microbiological samples. Sampling year
of each point is indicated by shape (Square — 2022, Triangle — 2023), with all CTD casts from both T1 and
WC displayed. Color indicates the height off of the seafloor (altimetry) that a given sample was collected
at. Cooler colors indicate a sample was taken closer to the seafloor and warmer colors indicate that a
sample was taken higher up in the water column and closer to the ocean surface. From left to right, data
displayed are oxygen concentration (uM), methane concentration (UM), temperature (°C), salinity (PSU),

and inferred chlorophyll (mg/m?).
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Figure 3-3. Geochemical data associated with sediment microbiological samples. All sediment samples
are from 2022 and from site T1. Each sample is colored according to which core it originated from. From
left to right, data displayed are porosity (%), methane (UM), sulfide (uM), and sulfate (mM).
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Table 3-2. Comparison of the average relative abundances of the twenty most abundant phyla across
years and environments. Average relative abundances summing all reads belonging to the same phylum
from samples of a given category and dividing that by the total number of reads from samples of a given
category. These twenty phyla account for 99.45% of all 2022 water column reads, 99.59% of all 2023 water
column reads, and 90.83% of all sediment reads.

Phylum Average Relative Abundance
Water — 2022 Water — 2023 Sediment — 2022
Proteobacteria 43.99% 43.96% 17.25%
Crenarchaeota 29.23% 30.53% 3.35%
Actinobacteriota 3.44% 2.82% 5.54%
SAR324 clade (Marine Group B) 3.19% 3.18% 0.09%
Thermoplasmatota 3.84% 4.23% 0.13%
Nitrospinota 2.27% 2.19% 0.79%
Desulfobacterota 0.20% 0.26% 14.71%
Bacteroidota 3.32% 4.13% 3.30%
Marinimicrobia (SAR406 clade) 3.88% 3.81% 0.04%
Chloroflexi 1.92% 0.75% 12.20%
Verrucomicrobiota 1.19% 1.20% 2.22%
Myxococcota 0.18% 0.13% 4.05%
Cyanobacteria 0.43% 0.46% 0.07%
Planctomycetota 1.16% 1.17% 13.94%
Acidobacteriota 0.18% 0.13% 9.47%
Gemmatimonadota 0.15% 0.08% 0.93%
Firmicutes 0.07% 0.09% 0.59%
NB1-j 0.13% 0.12% 1.91%
Bdellovibrionota 0.46% 0.23% 0.23%
Margulisbacteria 0.22% 0.12% 0.01%
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Figure 3-4. Families with the twenty highest average relative abundances across the water column
and sediment samples. The bubble size scales proportionally to the average relative abundance of its
corresponding taxonomic group within either the 2022 water column samples, the 2023 water column

samples, or the sediment samples. Color indicates the phylum of the family.
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dissimilarity matrices using samples with 1,000 or more reads. The 95% confidence interval for the
standard deviation of a group is depicted by dashed lines. Circles represent samples from 2022 and
triangles represent samples from 2023. A) NMDS comparing all samples based on type. Points represent
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is 0.08.
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Figure 3-6. Correlation between the total relative abundance of Methylomonadaceae and
Methylophilaceae in the water column. Pearson’s product-moment correlation is significant (A, C, D: R =
0.84, df =201, t = 21.959, P < 0.001) (B: R = 0.88, df = 190, t = 25.037, P < 0.001). A) Samples colored by
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depth in the water column (m), with warmer tones indicating shallower depth and cooler tones indicating
deeper depths. C) Samples colored by collection year (red — 2022, blue — 2023). D Samples colored by site
(orange — Site T1, black — WC).
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Table 3-3. Summary of Methylomonadaceae reads across environments. Total number of reads
taxonomically identified to be and the relative abundance of genera belonging to the family
Methylomonadaceae in the water column and sediment are represented.

Genus Water Column Sediment
Total Reads Relative Total Reads Relative
Abundance Abundance

Milano-WF1B-03 825700 99.93% 3383 14.63%
IheB2-23 357 0.04% 339 1.47%
Marine Methylotrophic Group 2 78 0.01% 2220 9.60%
pLW-20 50 0.01% 474 2.05%
Methyloprofundus 35 ~0.00% 757 3.27%
pltb-vmat-59 0 0% 8459 36.58%
Methylobacter 0 0% 4981 21.54%
Methylomarinum 0 0% 168 0.73%
NA 44 0.01% 2344 10.14%
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the family level.
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Methylomonadaceae. Each subset of a bar indicates one ASV, which are colored by genus. NA indicated
no assigned genus. Samples ordered by depth, with shallowest samples at the top and deepest ones at the
bottom. NA on y-axis indicates depth data not collected. Left) Water column samples from 2022, depth is

meters below sea level (m). Middle) Water column samples from 2023, depth is meters below sea level

(m). Right) For sediment samples, depth is the average depth below the seafloor of the core subsection the

sample was taken from (cmbsf).
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Figure 3-9. Relative abundance of all ASVs taxonomically identified to belong to nonmethanotrophic
methylotrophs. Each subset of a bar indicates one ASV, which are colored by family. The families
Beijerinckiaceae and Rhodocyclaceae only represent ASVs identified to be Methylorubrum-
Methylobacterium sp. and Methyloversatilis sp., respectively. Samples ordered by depth, with shallowest
samples at the top and deepest ones at the bottom. NA on y-axis indicates depth data not collected. Left)
Water column samples from 2022, depth is meters below sea level (m). Middle) Water column samples
from 2023, depth is meters below sea level (m). Right) For sediment samples, depth is the average depth
below the seafloor of the core subsection the sample was taken from (cmbsf).
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Table 3-4. Summary of Methylophilaceae reads across environments. The total number of reads

taxonomically identified to be and the relative abundance of nonmethanotrophic methylotrophs in the water

column and sediment are represented.

Group Water Column Sediment
Total Relative Total Relative
Reads Abundance Reads Abundance
Methylophilaceae 105776 96.38% 0 0%
Methyloligellaceae 54 0.05% 9330 93.40%
Methylorubrum-Methylobacterium sp. 3486 3.18% 597 5.98%
Methyloversatilis sp. 95 0.09% 0 0%
Methylophagaceae 339 0.31% 62 0.62%
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Appendix 111B: Supplemental Material
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Figure 3-S1. Rarefaction curves of samples with a sequencing depth of 1,000 reads or greater.
Rarefaction curves are colored by sample type (black — blank, blue — water, brown — sediment). A)
Rarefaction curves of all samples. B) Rarefaction curve of all samples with sequencing depths between

1,000 and 2,500 reads. This subset of rarefaction curves mostly level out before reaching their maximum

sequencing depth.
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Figure 3-S2. Downcast Profile of CTD cast #3 from the August 2022 R/V Hugh R. Sharp cruise. Data

collected using an SBE 911 CTD plus unit with an SBE9 datalogger. Left) Salinity (black) and temperature
(orange) profiles. Right) Oxygen (blue) and inferred chlorophyll content (green) profiles.
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Figure 3-S3. Geochemical data associated with water column microbiological samples from 2023.
Sampling site of each point is indicated by (Orange — T1, Black — Site WC). From left to right, data
displayed are oxygen concentration (M), methane concentration (UM), temperature (°C), salinity (PSU),
and inferred chlorophyll (mg/md).
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Figure 3-S4. DNA concentrations of the water column samples by depth. Samples are colored by

collection year (red — 2022, blue 2023). Samples collected in 2022 had a total filtered volume of 120 mL,
whereas samples collected in 2023 had a total filtered volume of 300 mL.
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Figure 3-S6. Alpha diversity metrics for all water column and sediment. Only samples with > 1,000
reads included. Samples are colored by environment (brown — sediment, purple — water column). From left
to right, diversity indices are Observed (richness), Shannon, and Simpson. Sediment samples have greater
diversity than water column samples in all metrics (Kruskal-Wallis test: Observed — H(1) = 18.026, P <

0.001; Shannon — H(1) = 49.273, P < 0.001; Simpson — H(1) = 73.149, P < 0.001).
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Figure 3-S7. Alpha diversity metrics for all water column samples. Only samples with > 1,000 reads
included. Samples colored by depth in the water column (m), with warmer tones indicating shallower depth
and cooler tones indicating deeper depths and are separated by collection year. From left to right, diversity
indices are Observed (richness), Shannon, and Simpson. There is no significant difference in the Observed
diversity index (Kruskal-Wallis test: H(1) = 0.621, P = 0.43) and Simpson diversity index (Kruskal-Wallis
test: H(1) = 1.914, P = 0.17) across collection years. The Shannon diversity index was significantly higher
in the 2022 samples than in the 2023 samples (Kruskal-Wallis test: H(1) = 21.977, P < 0.001).
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Figure 3-S8. Alpha diversity metrics for all water column samples from 2023. Only samples with >
1,000 reads included. Samples colored by depth in the water column (m), with warmer tones indicating
shallower depth and cooler tones indicating deeper depths and are separated by sample site. From left to

right, diversity indices are Observed (richness), Shannon, and Simpson. There is no significant difference

in the Observed diversity index (Kruskal-Wallis test: H(1) = 0.66093, P = 0.42) and Shannon diversity

index (Kruskal-Wallis test: H(1) = 2.4716, P = 0.12) across collection years. The Simpson diversity index
was significantly higher in the 2022 samples than in the 2023 samples (Kruskal-Wallis test: H(1) = 4.9171,

P = 0.03).
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Figure 3-S9. Phyla with the twenty highest average relative abundances across the water column and
sediment samples. The size of the bubble scales proportionally to the average relative abundance of its
corresponding taxonomic group within either the 2022 water column samples, the 2023 water column

samples, or the sediment samples. Color indicates the kingdom of the phylum.
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Table 3-S1. Comparison of the average relative abundances of the twenty most abundant families

across sites and environments. Average relative abundances summing all reads belonging to the same

family from samples of a given category and dividing that by the total number of reads from samples of a
given category. These twenty phyla account for 72.55% of all 2022 water column reads, 74.41% of all 2023

water column reads, and 34.16% of all sediment reads. ~0.00% indicates that while 16S rRNA gene

amplicons belonging to a family are present in given set of samples, those reads collectively accounted for
less than 0.005% of the total reads in that set of samples. 0.00% indicates that no reads belonging to a given
family are present in a given set of samples.

Family Relative Abundance
Water — 2022 | Water — 2023 Sediment — 2022
Thioglobaceae 8.85% 9.90% 0.04%
Methylomonadaceae 5.69% 4.97% 1.01%
Nitrosopumilaceae 29.2% 30.5% 1.15%
Microtrichaceae 2.87% 2.61% 1.44%
Alteromonadaceae 1.31% 2.09% ~0.00%
SAR11 Clade | 8.57% 8.25% ~0.00%
SARS86 clade 2.99% 2.96% ~0.00%
Nitrospinaceae 2.26% 2.19% 0.11%
Methylophilaceae 0.69% 0.69% 0.00%
Pseudoalteromonadaceae 0.78% 0.11% ~0.00%
SAR11 Clade Il 3.74% 3.97% ~0.00%
NS9 marine group 1.45% 1.79% ~0.00%
Flavobacteraceae 1.09% 1.22% 0.93%
Anaerolinaceae 0.03% 0.01% 8.41%
Sandaracinaceae 0.01% 0.01% 3.64%
AEGEAN-169 marine group 1.83% 1.65% 0.00%
Cyclobacteraceae 0.36% 0.48% 0.44%
Rhodobacteraceae 0.54% 0.68% 0.42%
Desulfosarcinaceae ~0.00% ~0.00% 6.68%
Pirulellaceae 0.30% 0.31% 9.89%

Table 3-S2. Permutational multivariate analysis of variance (PERMANOVA) test results for water

and sediment samples. Model: Bray-Curtis distance matrix ~ Type. The “Type” variable stands for
environment. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by

PERMANOVA. Number of permutations performed is 999.

Parameter Df | Sum of Squares R? Pseudo-F P (>pseudo-F)
Type 1 26.522 0.44733 205.59 0.001
Residual 254 32.768 0.55267
Total 255 59.290 1.00000
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Table 3-S3. Permutational multivariate analysis of dispersion (PERMDISP) test results for water and
sediment samples for type. Model: Bray-Curtis distance matrix ~ Type. The “Type” variable stands for
environment. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by PERMDISP.
Number of permutations performed is 999.

Parameter Df Sum of Squares Mean of Squares Pseudo-F | P (>pseudo-F)
Type 1 2.7676 2.7676 116.79 0.001
Residual 254 6.0193 0.0237

Table 3-S4. PERMANOVA test results for water column samples. Model: Bray-Curtis distance matrix
~ Site + Depth + Oxygen + Year + Fluorescence + Salinity + Time_of Day + Julian day. Df is degrees of

freedom and pseudo-F is the pseudo-F statistic calculated by PERMANOVA. Number of permutations

erformed is 999.

Parameter Df Sum of Squares R? Pseudo-F P (>pseudo-F)
Site 1 0.2601 0.01460 7.3893 0.001
Depth 1 3.2258 0.18114 91.6514 0.001

Oxygen 1 1.3571 0.07620 38.5583 0.001
Year 1 0.1660 0.00932 4.7155 0.003

Fluorescence 1 0.2840 0.01595 8.0700 0.001

Salinity 1 0.5313 0.02983 15.0943 0.001

Time of Day 1 0.1037 0.00583 2.9476 0.019

Julian_Day 1 0.1728 0.00970 4.9085 0.004

Residual 191 6.7225 0.37748
Total 199 17.8088 1.00000

Table 3-S5. PERMANOVA test results for water column samples with methane and height above
bottom. Model: Bray-Curtis distance matrix ~ Methane + Oxygen + Depth + Site + Year + Salinity +

Fluorescence + Time_of Day + Julian day + height above bottom. Df is degrees of freedom and pseudo-F

is the pseudo-F statistic calculated by PERMANOVA. Number of permutations performed is 999.

Parameter Df Sum of Squares R? Pseudo-F P (>pseudo-F)
Methane 1 0.0454 0.00391 1.3868 0.186
Oxygen 1 0.7459 0.06423 22.7918 0.001
Depth 1 1.6562 0.14261 50.6085 0.001
Site 1 0.2540 0.02187 7.7613 0.001
Year 1 0.1482 0.01277 4.5301 0.003
Salinity 1 0.3274 0.02819 10.0033 0.001
Fluorescence 1 0.0536 0.00461 1.6364 0.162
Time of Day 1 0.0936 0.00806 2.8615 0.015
Julian_Day 1 0.1965 0.01692 6.0040 0.002
Height Above 1 0.2302 0.01982 7.0353 0.001
Residual 153 5.0069 0.43114
Total 163 11.6130 1.00000
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Table 3-S6. PERMANOVA test results for water column samples with only methane. Model: Bray-

Curtis distance matrix ~ Methane. Df is degrees of freedom and pseudo-F is the pseudo-F statistic

calculated by PERMANOVA. Number of permutations performed is 999.

Parameter Df Sum of Squares R? Pseudo-F P (>pseudo-F)
Methane 1 0.0922 0.0072 1.2261 0.23
Residual 169 12.7122 0.9928

Total 170 12.8044 1.00000

Table 3-S7. PERMDISP test results for water column samples with year. Model: Bray-Curtis distance
matrix ~ Year. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by PERMDISP.
Number of permutations performed is 999.

Parameter Df Sum of Squares Mean of Squares Pseudo-F P (>pseudo-F)
Year 1 0.7743 0.77425 38.238 0.001
Residual 198 4.0091 0.02025

Table 3-S8. PERMDISP test results for water column samples for site. Model: Bray-Curtis distance
matrix ~ Site. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by PERMDISP.
Number of permutations performed is 999.

Parameter Df Sum of Squares Mean of Squares Pseudo-F P (>pseudo-F)
Site 1 0.3997 0.39970 16.468 0.001
Residual 198 4.8059 0.02427
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Figure 3-S10. NMDS plots of sediment samples. NMDS based on Bray-Curtis dissimilarity matrices
using samples with 1,000 or more reads. The 95% confidence interval for the standard deviation of a group
is depicted by dashed lines. Ordination stress is 0.13. A) NMDS comparing sediment samples based on
core number. Samples and confidence intervals are colored by core number. 95% confidence intervals
calculated based on core number. B) NMDS comparing sediment samples by average depth below the
seafloor. Points represent samples and are colored by average depth below the seafloor (cmbsf), with
warmer tones indicating shallow depths and cooler tones indicating deeper depths.
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Table 3-S9. PERMANOVA test results for sediment samples. Model: Bray-Curtis distance matrix ~
Average Depth + Core. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by

PERMANOVA. Number of permutations performed is 999.

Parameter Df Sum of Squares R? Pseudo-F P (>pseudo-F)
Avg_Depth 1 1.1107 0.07658 5.2541 0.001
Core 15 4.7481 0.32736 1.4974 0.001
Residual 36 7.6103 0.52470
Total 52 14.5042 1.00000

Table 3-S10. PERMDISP test results for sediment samples for core number. Model: Bray-Curtis
distance matrix ~ Core. Df is degrees of freedom and pseudo-F is the pseudo-F statistic calculated by

PERMDISP. Number of permutations performed is 999.

Parameter Df Sum of Squares Mean of Squares Pseudo-F P (>pseudo-F)
Core 15 0.59008 0.039339 3.3713 0.004
Residual 37 0.43174 0.011669
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Figure 3-S11. Average dispersion from median for each sediment core. Cores without a prefix were
collected in 2022 with a multicorer. Cores with a distance of “0” had only one sample with more than 1,000

total reads.
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Table 3-S11. PERMANOVA test results for sediment samples. Model: Bray-Curtis distance matrix ~
Average Depth + Core + Methane + Sulfide + Sulfate. Df is degrees of freedom and pseudo-F is the

seudo-F statistic calculated by PERMANOVA. Number of permutations performed is 999.
Parameter Df Sum of Squares R? Pseudo-F P (>pseudo-F)
Avg_Depth 1 0.7924 0.07704 4.1300 0.001
Core 12 3.3311 0.32385 1.4468 0.001
Methane 1 0.1950 0.01896 1.0163 0.387
Sulfate 1 0.1830 0.01779 0.9538 0.484
Sulfide 1 0.2376 0.02310 1.2383 0.183
Residual 22 4.2210 0.41037
Total 38 10.2860 1.00000

Table 3-S12. Summary of Spearman’s rank correlations between Methylomonadaceae and
Methylophilaceae with the measured geochemical variables in the water column. Number of samples

with a given geochemical variable measured is represented by “n

[73% 1)

. Bold rows are significant.

Family Geochemical N Spearman’s tho S statistic P value
variable
Methylomonadaceae Depth 200 0.48 688,529 <0.001
Inferred 200 -0.09 1,448,899 0.22
Chlorophyll
Salinity 200 -0.64 2,186,193 <0.001
Oxygen 200 0.14 1,152,549 0.06
Methane 174 0.18 720,554 0.018
Julian Day 200 -0.05 1,396,666 0.50
Time of Day 200 0.09 1,213,925 0.21
Height above 193 -0.02 1218971 0.81
bottom
Methylophilaceae Depth 200 0.37 841,716 <0.001
Inferred 200 0.08 1,242,792 0.34
Chlorophyll
Salinity 200 -0.71 2,282,936 <0.001
Oxygen 200 0.18 1,099,030 0.013
Methane 174 0.12 774,753 0.12
Julian Day 200 -0.05 1,399,855 0.48
Time of Day 200 0.18 1,087,454 0.009
Height above 193 0.08 1,103,482 0.27
bottom

Table 3-S13. Summary of normality of errors test results for simple family models.

Family Test Test Statistic P value
Methylomonadaceae Shapiro-Wilk 0.9413 0.0000
Kolmogorov-Smirnov 0.1174 0.0218

Cramer-von Mises 52.0944 0.0000

Anderson-Darling 2.7164 0.0000

Methylophilaceae Shapiro-Wilk 0.8828 0.0000
Kolmogorov-Smirnov 0.1621 0.0004

Cramer-von Mises 54.2968 0.0000

Anderson-Darling 44731 0.0000
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CHAPTER IV: INVESTIGATING FUNCTIONAL POTENTIAL ACROSS

NEIGHBORING NORTH ATLANTIC METHANE SEEP FIELDS
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Abstract

Marine methane seeps play important roles in sustaining deep-sea communities.
How community functional potential changes between neighboring seep fields as well as
what roles the many uncultured microbial species, genera, and phyla they host is unclear.
We used shotgun metagenomics on water from the T1 seep field and a nearby seep field
adjacent to the Washington submarine canyon in the Mid-Atlantic Bight to assess how
the functional potential of the seep microbial community shifts across neighboring sites,
years, and over depth in the water column and further examined recovered metagenome-
assembled genomes (MAGs) from microbial species of interest. While there are distinct
patterns amongst read recruitment of the MAGs based upon depth in the water column,
the distribution of KEGG Ortholog hits and metabolic pathway completeness across
samples is very consistent with no distinct patterns. The recovered MAGs display
consistent clustering across several methods of assessment of functional potential,
clustering in ways that reflect both phylogeny and potential functional differences within
related groups. Though highly abundant at both sites, recovered Thioglobaceae MAGs
suggest that these Thioglobaceae consume methylamine and do not directly interface
with the methane-oxidizing community. Functional annotations of the sole
Methylophilaceae MAG recovered indicate that it is capable of methanol oxidation, as is
typically assumed, and suggests a novel potential mechanism for syntrophy mediation in

the form of type IV pili genes.
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Introduction

Marine methane seeps host a biodiverse community of macro- (Vedenin et al.,
2020; Astrom et al., 2017) and microfauna (Ruff et al., 2015). While the organisms that
inhabit methane seeps make use of some photosynthetically-derived carbon, these
communities have higher biomass and biodiversity than other deep-sea and seafloor
communities because they are heavily supplemented with methane-derived carbon.
Aerobic methanotrophs play a critical role in seep communities, by capturing methane
and incorporating its carbon into their biomass, aerobic methanotrophs make that carbon
accessible to the broader seep community (Taubert et al., 2019).

While capable of oxidizing methane without partner species, a growing body of
evidence suggests that nonmethanotrophic methylotrophs—bacteria that oxidize single-
carbon compounds other than methanol—may assist aerobic methanotrophs in this
process (Yu and Chistoserdova, 2017). Not only does the co-culturing
nonmethanotrophic methylotrophs with aerobic methanotrophs enhance the rate of
methane oxidation (Jeong and Kim, 2019), but aerobic methanotrophs also undergo
distinct transcriptional shifts in the presence of co-cultured nonmethanotrophic
methylotrophs to facilitate the transfer of methanol to these other microbes even under
unfavorable conditions, as demonstrated in Krause et al. (2017). It is unclear what exact
benefit aerobic methanotrophs receive from nonmethanotrophic methylotrophs, though it
could relate to tolerating oxic conditions and avoiding a buildup of formaldehyde within
the cell (Costa et al., 2001). Other microbes, such as those belonging to Nitrospirales and

Rhodobacterales, have demonstrated the ability to rapidly uptake carbon processed by
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aerobic methanotrophs, but it is unclear if their presence directly benefits the aerobic
methanotrophs they siphon carbon from or if they merely take advantage of the carbon
source aerobic methanotrophs provide (Taubert et al., 2019). Investigating naturally-
occurring, marine methane-oxidizing communities is critical to ascertain which category
these microbes fall under.

It is further important to understand how broadly results from preexisting methane
seep studies can be applied, whether within the same methane seep field or between
neighboring ones. While Baily et al., (in prep — [Ch. 111]) demonstrated that the water
columns of neighboring methane seep fields with similar geochemical profiles host
microbial communities that are highly similar on a taxonomic level—even when
kilometers apart—it is not clear if the functional character of the communities is also so
stable.

16S rRNA gene amplicon environmental surveys are a common technique
employed in order to investigate the microbial communities hosted by methane seeps
(Griindger et al., 2021; de Groot et al., 2024). However, interpreting these results in the
context of metabolic function or the functional similarity between communities is
challenging. Comparatively few marine microbes have been cultured (Wang et al., 2021)
or taxonomically classified (Lloyd et al., 2018). Functional prediction tools such as
PICRUST?2 and Tax4Fun2 can extrapolate function from 16S rRNA gene amplicon
datasets, but still are limited by preexisting knowledge of the microbial groups present
(Toole et al., 2021). Whether a given microbe is similar metabolically to its close

relatives cannot be assumed, as the presence or absence of a handful of genes can enable
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the ability of a microbe to perform an ecologically relevant function. For instance, all
members of genus Methyloceanibacter are nonmethanotrophic methylotrophs, with the
exception of M. methanica, which is an aerobic methanotroph (Vekeman et al., 2016). As
such, shotgun metagenomic approaches are necessary to best both investigate the
metabolic potential of microbial species of interest and to assess how broader functional
character shifts across sites and all recovered metagenome-assembled genomes (MAGS).
The T1 seep field (T1) is located continental slope of the Mid-Atlantic Bight and
is also ~16 km away from an unnamed seep field adjacent to the Washington submarine
canyon (WC) (Baily et al., in prep — [Ch. I11]). To complement prior taxonomic work
done in this seep field, we investigated the water column at both of these sites using
shotgun metagenomics to both determine how the functional character of the microbial
community shifts across sites, years, and depths below sea level and to ascertain the role
played by notable microbes identified in the water column. The specific families of
interest investigated are Methylophilaceae, putative nonmethanotrophic methylotrophs
(Beck et al., 2014) that correlate strongly and positively with the dominant aerobic
methanotrophs in the water column (Baily et al., in prep — [Ch. 111]) (Fig. 3-6);
Thioglobaceae, which can be either autotrophic or heterotrophic (Morris and Spietz,
2022) and uncategorized varieties of which are highly abundant at both sites (Baily et al.,
in prep — [Ch. 111]) (Table 3-S1); and Nitrosopumilaceae, putative ammonia-oxidizing
archaea (Wright and Lehtovirta-Morley, 2023) that may be able to incidentally oxidize

methane (Siegbahn, 2024; Jones and Morita, 1983).
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Methods
Site Description

Water samples were collected from active upper slope methane seep fields north
of Washington Canyon on the U.S. Atlantic margin in August 2022 and 2023. The
sampling sites were the T1 seep field (T1) and an unnamed seep field adjacent to the
Washington submarine canyon (WC). Both sites were as described in Baily et al., (in
prep — [Ch. 111]). Three samples were collected for metagenomic sequencing: one from
(37.5413, -74.3359) at 149.08 meters (m) deep from T1 in 2022 (T1-22), one from
(37.5359, -74.3068) at 298.5 m deep from T1 in 2023 (T1-23), and one at (37.3856, -
74.4426) at 344.55 m deep from WC in 2023 (WC-23).
Biological and Geochemical Sampling

All three samples were collected with 10 L (2022) or 8 L (2023) Niskin bottles
attached to a Sea Bird Electronics (SBE) 32 carousel. Oceanographic data (depth [m],
pressure [db], temperature [°C], salinity [PSU], inferred chlorophyll [mg/m?], and
dissolved oxygen [umol/L]) were collected using an SBE 911 CTD plus unit with an
SBE9 datalogger during the CTD casts and latitude and longitude were recorded using
the NOAA’s Shipboard Computer System (SCS 4.6) software. True depth of the seafloor
was estimated using the NOAA Bathymetric Data Viewer

(https://www.ncei.noaa.gov/maps/bathymetry/ accessed on 4/11/2024). A Simrad EK80

echofinder was used to hydroacoustically assess for both methane ebullition and the
presence of large schools of smaller fish or populations of macroscopic planktonic

organisms.
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Geochemical data associated with each metagenomic sample (methane, sulfide,
sulfate, porosity) were calculated as described in Baily et al., (in prep — [Ch. 111]),
modified from the procedures in Coon et al. (2023).

Biological Sample Processing

As described in Baily et al., (in prep — [Ch. 111]), fluid from the water column
samples was pushed through a 0.22 um Sterivex-GV pressure filter for downstream DNA
extraction, with 120 mL of fluid manually being pushed through the filter with a 60 mL
BD Luer-Lok™ sterile syringe in 2022 and 180 mL of fluid was pushed through the filter
using a peristaltic pump in 2023. All filters were immediately frozen post-sampling and

kept so below -20°C until extraction at the University of Tennessee.

DNA Extraction

DNA was extracted as described in Baily et al., (in prep — [Ch. 111]) from the
water column samples (Vetriani et al., 1999; Wright et al., 2009). Samples underwent
physical lysis (repeated freezing and thawing), chemical lysis (treated with lysozyme
[100 mg/mL], proteinase K [20 mg/mL], and sodium dodecyl sulfate [20%]), phenol
chloroform purification, precipitation (sodium acetate (3 M), isopropanol (100%), and
ethanol (70%)), and elution (30 pL Tris buffer). DNA concentrations were then
quantified with a Qubit™ 4 Fluorometer using the QubitTM 1X High Sensitivity dSDNA
Assay kit (Invitrogen). DNA was sent to Novogene (CA, USA) for shotgun metagenomic
sequencing on an Illumina NovaSeq X Plus.
Metagenome Processing

Read quality control, adapter trimming, and removal of unpaired reads was
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performed on the raw reads with Trimmomatic (version 0.39) (Bolger et al., 2014) with
the following settings (LEADING — 3, TRAILING — 3, SLIDINGWINDOW - 4:15, and
MINLEN: 36). lllumina adapters (P5 & P7) were also trimmed from the raw reads with
the following settings (seedMismatches — 2, palindromeClipThreshold — 30,
simpleClipThreshold — 10, minAdapterLength — 2, keepBothReads — TRUE). All three
samples were processed individually for this step.

Assembly, binning, and bin refinement was performed through the Metawrap
pipeline (version 1.3.2) (Uritskiy et al., 2018). Reads from all samples were assembled
together into contigs as a co-assembly with Megahit (v1.1.3) (Li et al., 2015) with in the
“meta-sensitive” mode, which allows for k-mers of sizes 21, 31, 41, 51, 61, 71, 81, 91,
and 99. Three binning programs were used: CONCOCT (version 1.0.0) (Alneberg et al.,
2014), maxbin2 (version 2.0) (Wu et al., 2016), and metabat2 (version 2.12.1) (Kang et
al., 2015). The Metawrap bin refinement module was used to consolidate the bins
generated by each binning program, generate BAM coverage files for each sample, and to
filter out bins with a completion score of >50% and a contamination score of < 20%
(Uritskiy et al., 2018). Completion was defined by Metawrap as the percent of single-
copy conserved genes (SCCGs) present in a MAG and contamination was defined by
Metawrap as the ratio of those SCCGs found to the number of distinct SCCGs in the
genome (Uritskiy et al., 2018). A contamination threshold of 20% was selected instead of
10%, as is established in Bowers et al. (2017) as the maximum usual threshold, to expand

analysis to four additional Nitrosopumilaceae MAGs. MAGs were then classified by the
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standards outlined in Bowers et al. (2017) as high, medium, or low quality, with the low
quality contamination threshold elevated to 20% (Table 4-1).
Taxonomic and Functional Analysis

Taxonomic classification, open-reading frame prediction, and functional
annotation was performed through the Anvi’o v8 pipeline (Eren et al., 2020). Open
reading frame prediction was performed using Prodigal v2.6.3 (Hyatt et al., 2010). Bins
were taxonomically classified against the Genome Taxonomy Database (GTDB) release
214.1 (Parks and Hugenholtz, 2024; Parks et al., 2021) and open reading frames were
functionally annotated with NCBI’s COG20 database (Galperin et al., 2021) by
DIAMOND v2.1.8 (Buchfink et al., 2021). Hidden Markov Models (HMMs) were
generated with hmmsearch 3.4 (Eddy, 2011). Further functional annotations were
performed with the KEGG KOfam (default Anvi’o v8 release version) (Aramaki et al.,
2020) and the EBI Pfam databases (version 36) (Paysan-Lafosse et al., 2025). The
program “anvi-estimate-metabolism” was used to estimate the completeness of metabolic
pathways across MAGs (Veseli et al., 2025).

For individual MAGs and each sample, prokaryotic open-reading frames were
predicted by Prokka v1.14.6 (Seeman, 2014). GhostKOALA was used for gene
annotation with bacterial and archaeal KEGG Orthologs (Kanehisa et al., 2016).
Metabolic pathway completeness for samples was estimated and visualized with
KEGGDecoder v1.3 (Graham et al., 2018).

In R version 4.3.2 (R Core Team 2023) with RStudio (RStudio Team, 2022), ternary

plots of KO hits were generated with the R package “ggtern” (Hamilton and Ferry, 2018).
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Metabolic pathway reconstructions for individual MAGs were generated with the R
package “pathview” (Luo and Brouwer, 2013). The following accessory R packages were
used for data processing and visualization: viridis (Garnier et al., 2024), dplyr (Wickham
et al., 2023), tidyr (Wickham et al., 2024), ggplot2 (Wickham, 2016), and tokenizers
(Mullen et al., 2018).
Results
Geochemistry Associated with Metagenomic Co-Assembly

The geochemical and physical parameters measured for each individual water
sample indicated that the parcels of water sampled from T1 (T1-22 and T1-23) are
different from one another, whereas both samples from 2023 (T1-23 and WC-23) are
quite similar to each other (Table 4-2). The waters T1-23 and WC-23 were taken from
were cooler, had lower concentrations of oxygen, and had higher methane concentrations
than water T1-22 was taken from. All three samples were taken from water less than 20
m above the seafloor and had comparable salinity and inferred chlorophyll content. Each
sample came from a different depth in the water column: 149.08 m (T1-22), 289.50 m
(T1-23), and 344.5 m (WC-23).
Co-Assembly and Metagenome-Assembled Genomes

All metagenomic reads that passed quality control and trimming from all samples
were assembled together into a metagenomic co-assembly (Table 4-S1). A total of
3,073,495 contigs make up this co-assembly, containing 1,671,931,854 base pairs. Each
contig is between 200 and 692,384 base pairs long, with the contigs on average being 544

base pairs long with an N50 of 532 base pairs (Table 4-S2). The total 431 MAGs

202



generated from this co-assembly were refined into 46 MAGs that met the thresholds of
having over 50% completion and less than 20% contamination (Table 4-S3). Most of the
MAGs are medium quality, with 8 being high quality (Table 4-1). The GTDB-Tk
taxonomic estimates of these MAGs are provided in Table 4-S4, with bacterial MAGs
estimated to belong to either Gammaproteobacteria (n = 19), Acidimicrobiia (n = 10),
SAR324 (n = 2), Alphaproteobacteria (n = 2), Marinisomatia (n = 1), Nitrospinia (n = 1),
Bacteroidia (n = 1), Verrucomicrobiae (n = 1) or Rhodothermia (n = 1) and archaeal
MAGs estimated to belong to either Poseidoniia (n = 6) or Nitrososphaeria (n = 5). Two
MAGs are unable to be classified beyond being bacterial. Out of the
gammaproteobacterial MAGs, 4 belong to the family Thioglobaceae, which contains both
autotrophic and heterotrophic species (Morris and Spietz, 2022), and 1 to the family
Methylophilaceae, which contains many obligate or restricted nonmethanotrophic
methylotrophs (Beck et al., 2014). The Thioglobaceae MAGs are either identified to
belong to the genus Pseudothioglobus or to no known genus at all. All MAGs from
Nitrososphaeria belong to Nitrosopumilus or Nitrosopelagicus, both genera containing
ammonia-oxidizing archaea (Wright and Lehtovirta-Morley, 2023; Santoro et al., 2015).
T1-22, the shallowest sample, sees nearly double the number of single nucleotide
variants (SNVs) as the other two samples, which each have similar numbers of SNVs
(Fig. 4-1). In contrast WC-23 sees the most insertion-deletions (indels), with the other
two having less than a third of them.
Comparison of MAG and Functional Distributions Across Sites

Most MAGs, regardless of quality, recruit metagenomic reads from all three
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samples (Fig. 4-1). One group of MAGS is most abundant in WC-23 and T1-23 and
another is most abundant in T1-22. Those most abundant in WC-23 and T1-23 have a
wider range of taxonomic variation, representing 9 different phyla, than those most
abundant in T1-22, which only represent 6 phyla. Furthermore, with the sole exception of
bin_17 (Phylum: Proteobacteria, Family: Vibrionaceae), the abundance of reads from
T1-23 and WC-23 mapped to each MAG are highly similar across both samples. There
are some small differences in the levels of read recruitment for each MAG when
comparing T1-23 and WC-23, but it is minimal in comparison to the differences in read
recruitment for each MAG between either of those two samples and T1-22. The one
Methylophilaceae MAG (bin_8) and one of the five Nitrosopumilaceae MAGs (bin_35)
are most abundant in those two deeper samples, whereas the rest of the
Nitrosopumilaceae MAGs and all of the Thioglobaceae MAGs are most abundant in
shallower sample.

However, this clear divergence in the taxonomic composition across samples does
not quite carry over into gene function. A total of 465,503 KO hits were identified across
the co-assembly, all belonging to one of 4,856 unique KOs. Around double the KO hits
come from the T1-22 assembly compared to the T1-23 and WC-23 assemblies (222,244
vs 140,252 and 103,007, respectively). A total of 41,767,921 reads map to T1-22,
whereas 25,229,461 and 39,732,662 reads map to T1-23 and WC-23 (Fig. 4-1).
Differences in the number of total reads mapped may account for the disparity in total
number of KO hits between T1-22 and T1-23, but this is unlikely the case for WC-23, as

despite having the fewest KO hits it has almost as many reads mapped as T1-22.
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Furthermore, these KO hits account for 30.4% and 31.8% of potential open reading
frames identified in T1-22 and T1-23, respectively, but only account for 16.1% of
potential open reading frames identified in WC-23.

The majority of the distinct KOs have roughly the same relative abundance in
each of the three samples (Fig. 4-2), though T1-22 contains more total hits for many of
the shared KOs (Fig. 4-S1). Out of all the KOs, 70.1% are present in all three samples,
13.9% are present in only two, and the remaining 15.9% are present in only one sample.
T1-22 has the most unique KO hits at 432, as opposed to the 124 unique hits in T1-23
and 219 in WC-23. Around two thirds of the unique KOs fall into one of four KEGG
BRITE functional hierarchies: enzymes, transporters, viral proteins, and secretion
systems (Table 4-3). No complete KEGG pathways are represented by the unique KOs,
with most of the enzymes scattering across a wide range of metabolic pathways. Further,
some KOs representing metabolically related annotations are only present in different
samples. For instance, porD and kgd are only found in T1-22, aarC is only found in WC-
23, and pycA and frdB are only found in T1-23, yet all are involved in the citric acid
(TCA) cycle (Kelly and Hughes, 2001; Lan and Wei, 2016; Lai et al., 2006; Mullins et
al., 2008). This split of metabolically related genes across samples combined with the
low amounts of DNA sequenced to create each read library suggest that some of the
observed KO absences in one or both samples may be spurious and due to low sampling
depth rather than being truly missing from one or two of the locations. However, if these
absences persist with greater sampling depth or great disparities emerge in the prevalence

of TCA genes across samples, it could suggest some of the many TCA cycle variants are
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more common in the prokaryotic community from one location over another (Steinhauser
etal., 2012).

No clear patterns of functional distribution emerge across samples when
comparing biochemical pathway completeness (Fig. 4-3). Though KEGGDecoder
functional completeness occasionally mischaracterizes which genes belong to which
biochemical pathway or functional gene category (i.e., not including xoxF as a methanol
dehydrogenase in both the alcohol dehydrogenase category or as an option for the utilized
methanol dehydrogenase in the methane oxidation pathway category), it is useful for
comparing the distributions of the functions and genes it does account for. Ultimately,
133 of the 177 pathways (75.1%) and genes assessed by KEGGDecoder exhibit the same
degree of completion across all three samples. Of the remaining 44 pathways and genes,
14 exhibit identical degrees of completion between T1-22 and WC-23, 10 between T1-22
and T1-23, and 8 between T1-23 and WC-23, with the rest each having different levels of
completion across all three samples. Incomplete critical pathways, such as those for the
synthesis of amino acids like valine and isoleucine, suggest that greater sequencing depth
is needed to fully capture the metagenomic potential of each site.

Functional Distribution Across MAGs

KO pathway completeness (Fig. 4-4) as well as the distribution of KOfam gene
function annotations (Fig. 4-S2), Pfam gene function annotations (Fig. 4-S3), COG20
gene function annotations (Fig. 4-S4), COG20 pathways (Fig. 4-S5), COG20 categories
(Fig. 4-S6), KEGG BRITE functional hierarchies (Fig. 4-S7), KEGG modules (Fig. 4-

S8), and KEGG classes (Fig. 4-S9) across the MAGs are all remarkably consistent.
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Archaeal and bacterial MAGs tend to separate out into their own clusters. MAGs from
the same families group mostly closely together across functional assessment methods as
well, such as is the case for those from Nitrosopumilaceae (bin_47, bin_2, bin_39,
bin_35, and bin_6), Poseidoniaceae (bin_18, bin_26, bin_41, bin_43, bin_10, and
bin_49), and Thioglobaceae (bin_54, bin_27, bin_40, and bin_37), for example, or even
orders in the cases of Actinomycetota (bin_36, bin_34, bin_15, bin_16, and bin_20) and
SAR324 (bin_22 and bin_33) (Figs. 4-S3, 4-S6B, & 4-S7). When these MAGs do
separate by functional categories, they still group closely with other members of their
families, sometimes even separating out by genera. For instance, the two Thioglobaceae
MAGs from the genus Pseudothioglobus (bin_54 and bin_27) and the two Thioglobaceae
MAGs from an unknown genus (bin_40 and bin_37) each cluster together even when not
clustering with the MAGs from the other genera from their family (Figs. 4-4, 4-S2, 4-S4,
4-S5A, & 4S-8). The phylum Proteobacteria also has subgroups with functional
similarities. The Pseudoalteromonas sp. and Alteromonas sp. MAGs (bin_7 and bin_28)
and the Vibrio sp. and Halomonas sp. MAGs (bin_17 and bin_9) each nearly always
cluster together and frequently these two groups also cluster together despite belonging to
a range of families and orders (Figs. 4-4 & Figs. 4S-2 through 4S-9).

These trends persist with KEGG Classes, COG20 Categories, and COG20
Pathways (broader functional categories than the rest) based on presence/absence or by
frequency within a given MAG. However, these functional categories see the most
divergences from previously established clustering trends. The diverging MAGs

frequently have the highest levels of contamination (predicted from SCCGS) in their
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typical clusters; as is the case with bin_27 in the Thioglobaceae cluster as seen in the
clusters by KEGG Class frequency (Fig. 4-S9B), KEGG Class presence/absence (Fig. 4-
S9A), and by COG20 pathway frequency (Fig. 4-S5); and with bin_2 by KEGG Class
frequency (Fig. 4-S9B) in the Nitrosopumilaceae cluster. COG20 categories clustered
presence/absence are unique, as they are so ubiquitously present across the MAGs that
there is not enough variation in the dataset to meaningfully define differences, leading to
overly broad clusters (Fig. 4-S6A). However, these divergences are more common and
more extreme when clustering by the frequency of a given functional category than the
presence/absence of it.
Specific Functional Capacity of Families of Interest

A full reporting of KO gene annotations along with their associated contig splits
for each MAG of interest can be found in KO_and_splits.zip. All KO gene annotations
for each sample can also be found in in KO_and_splits.zip.
Methylophilaceae

The sole Methylophilaceae MAG recovered from the co-assembly is a
nonmethanotrophic methylotroph capable of oxidizing methanol (Fig. 4-5). The genes for
a XoxF-type methanol dehydrogenase, three separate subunits of a formate
dehydrogenase, and both genes required to convert the resulting formaldehyde into
fructose-9-phosphate and thereby incorporate biomass via the RUMP pathway are
annotated in this MAG (Hanson and Hanson, 1996; Beck et al., 2014). Additionally, a
gene (mxaC) with unknown specific function shown to be required for methanol

oxidation in another nonmethanotrophic methylotroph is annotated in this MAG (Toyama
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et al.,1998). Though lacking annotations for genes encoding enzymes that convert
formaldehyde into formate, it is likely that those genes are present in the complete
genome of this microbe but did not make it into this dataset since the total MAG
completeness is below than 100%. The core pentose phosphate pathway is complete as
well, with the MAG possessing annotations for all of the genes from it and the Entner-
Doudoroff pathway needed for the conversion of fructose-6-phosphate into
glyceraldehyde-3-phosphate, which can then be incorporated into biomass (Fig. 4-S10)
(Sprenger, 1995; Peekhaus and Conway, 1998; Hanson and Hanson, 1996). While this
MAG lacks annotations for critical genes involved in the serine formaldehyde
assimilation pathway, like genes for hydroxypyruvate reductase, it does possess an
annotation for glyA, which encodes serine hydroxymethyltransferase—the first enzyme in
that pathway (Hanson and Hanson, 1996). Enzymes related to the oxidation of
methylamines, on the other hand, are completely absent from this MAG (Latypova et al.,
2010).

This MAG contains four genes that encode critical proteins of type IV pili, which
is involved in syntrophy between other microbial species (Yin et al., 2020): pilT, pilC,
pilD, and pilY1. pilT encodes the retraction ATPase responsible for pilus retraction
(Adams et al., 2019), pilC encodes the platform protein through which the retraction and
extension ATPases interface with the pili, pilD encodes a prepilin peptidase that prepares
pilin for polymerization once in the periplasm (Melville and Craig, 2013), and pilY1
encodes an adhesive protein implicated in other functions such as pilus motility

regulation and mechanosensing (Guo et al., 2024). None of these proteins encode major
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or minor pilins (Melville and Craig, 2013). Genes for Type IV pili have been previously
recovered from the genomes of other nonmethanotrophic methylotrophs from this family
(Kalyuzhnaya et al., 2010; Kalyuzhnaya et al., 2008).

Like many other members of Methylophilaceae, the annotations of this MAG
contain over 60% of the genes required to facilitate assimilatory nitrate reduction (nasC,
nasD, and nask) and thus is considered capable of performing this reaction. Other
nitrogen cycling genes annotated include nitrate/nitrite transporters and NADH nitrite
reductases (nirB), which have also been identified in other Methylophilaceae (Beck et al.,
2014; van Grinsven et al., 2020).

Nitrosopumilaceae

As all but one of the Nitrosopumilaceae MAGs have contamination between 10-
20% from heterogeneous genomes, analysis of specific gene annotations is restricted to
just genes involved in nitrogen and single-carbon compound metabolism in order to
mitigate the effect of that potential contamination on analysis.

Only one of the five MAGs—bin_35 (Nitrosopumilus sp.)—contains any genes
(pmoC-amoC) annotated as being one of the three subunits of ammonia monooxygenase
(Wright and Lehtovirta-Morley, 2023). It also contains an annotated gene that encodes
carbamate kinase. Otherwise, both of the other Nitrosopumilus sp. MAGSs contain one
gene copy annotated as gInA, which encodes glutamate synthetase and has been found in
all characterized Nitrosopumilaceae thus far. The two Nitrosopelagicus sp. MAGs

contain no gene annotations related to nitrogen metabolism.
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Three of these MAGs contain no gene annotations for any gene involved in the
metabolism of methane, methanol, or methylamine. The two MAGs that do, bin_35 and
bin_39, are identified as Nitrosopumilus sp. and encode pmoC-amoC and the formate
dehydrogenase iron-sulfur subunit respectively. The former is likely simply amoC and
only incidentally capable of methane oxidation, as both particulate methane
monooxygenase and ammonia monooxygenase are similar enough in structure that both
can incidentally catalyze the other reaction (Siegbahn, 2024; Jones and Morita, 1983).
Due to their similarity, it is likely difficult for these two genes to be confidently
distinguished one from the other, leading to their grouping under the same annotation.
Thioglobaceae

The Pseudothioglobus (bin_54 and bin_27) MAGs and one of the unknown genus
MAGs (bin_37) possess annotations for all subunits of methylamine-glutamate N-
methyltransferase (mgsABC) (Latypova et al., 2010). These MAGSs possess between one
to three copies of any of these three annotations. Both unknown genus MAGs (bin_37
and bin_40) as well as bin_27 have one to two annotations for the A subunit of
methylglutamate dehydrogenase (mgdA), but none of them possess annotations for any of
the other subunits. Both MAGs from the unknown genus have one annotation each for
two of the three genes (frmA and frmB) involved in glutathione-dependent formaldehyde
metabolism (Hopkinson et al., 2015). None of the Pseudothioglobus MAGs have
annotations for any of the three genes. All Thioglobaceae MAGs in turn have one or two
gene annotations associated with formate dehydrogenase subunits. While three out of the

four MAGs possess all subunits of methylamine-glutamate N-methyltransferase—the
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first enzyme in the methylamine oxidation pathway—this pathway is not complete in any
of the MAGs as none have annotations for 60% or more of the required genes (Latypova
et al., 2010). Notably, both Pseudothioglobus MAGs and the unknown genus MAG
bin_37 have annotations for 54.5% of the involved genes, just one gene under the
threshold for completion.

All Thioglobaceae MAGs have between three to five annotations for the gene
mttB, which encodes one subunit of trimethylamine methyltransferase (Paul et al., 2000).
This particular gene is believed to encode the trimethylamine methyltransferase that
transfers a methyl group from trimethylamine to the corrinoid protein MttC, encoded by
the third subunit. Neither mtbA or mttC are present in any of the Thioglobaceae MAGs.

Further, three of the four MAGs possess annotations for oxoglutarate
dehydrogenase, which is part of the citric acid cycle that present in heterotrophic
members of the Thioglobaceae family but not the autotrophic ones (Morris and Spietz,
2022).
Discussion

In this study, we investigate the distribution of microbial functional potential
across the T1 and WC methane seep fields in the Northern Atlantic using MAGs
generated from water at these sites. We focus on MAGs from the families
Methylophilaceae, Thioglobaceae, and Nitrosopumilaceae, assessing how these MAGs
that correspond to highly abundant 16S rRNA gene amplicons from these sites and may
be capable of conducting key biochemistry contribute to or simply interface with the

aerobic methane-oxidizing community hosted by these two sites.
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Distribution of MAGs and Functional Potential across Sites

Potential patterns in read recruitment suggest that the recovered MAGs show
distinct distributions across T1 and WC (Fig. 4-1). T1-22 read recruitment patterns are
divergent from observed with T1-23 and WC-23, with the latter two exhibiting minimal
differences between each other. At minimum, this indicates that the bottom water
communities in deeper bottom waters across T1 and WC are nearly indistinguishable
from each other, at least for the observed species. Previously, sampling year was found to
account for little microbial community variation in comparison to other factors such as
depth in the water column and oxygen concentrations (Table 3-S5) (Baily e al., in prep),
so it is more likely that the similarity in those key factors across T1-23 and WC-23 is
what drives the similarity, instead of different sampling years driving the difference
between those two samples and T1-22 (Table 4-2). Depth in the water column, though
varying across samples, appears to drive community variation at T1 and WC in similar
ways, with microbial communities collected from around ~300 m and ~350 m deep being
very similar to each other in non-metric multidimensional scaling plots compared to those
communities collected from ~150 m deep. Regardless, these read recruitment distribution
patterns align with those 16S rRNA gene amplicon library results reported in Baily et al.
(in prep — [Ch. HI]).

Within the greater co-assembly, there are interesting patterns in the distribution of
SNVs and indels found across sites (Fig. 4-1). The high amount of SNVs in T1-22 could
suggest that this section of the water column experiences less selective pressure against

random mutants than the other two parts of the water column if many of those SNVs
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result in nonsynonymous substitutions in coding or regulatory regions, potentially due to
less restricted access to carbon and other nutrients via closer proximity to the surface
photosynthetic community (Henson et al., 2012; Martin et al., 1987). The increased
abundance of indels at WC-23 in comparison to the T1 samples could suggest that,
despite the overall similarity between T1 and WC, that both seep fields host overlapping
but distinct ranges of microbial strains.

Both metrics used to assess the distribution of functional genes across samples,
KO hits (Figs. 4-2 & 4-S1) and functional pathway completeness (Fig. 4-3), suggest there
is minimal variation in the overall functional character of the microbial community across
and within both sites. The majority of unique KOs comprise roughly the same proportion
of potential open reading frames across all three samples (Fig. 4-2). When these KOs are
classified by KEGG Brite functional hierarchies, each category comprises similar
proportions of all KOs across sites (Table 4-3). Though 15.9% of all unique KOs are
only found in one sample, many these KOs belong to common microbial metabolic
pathways (i.e., TCA cycle: porD, kgd, aarC, frdB, and pycA) (Kelly and Hughes, 2001;
Lan and Wei, 2016; Lai et al., 2006; Mullins et al., 2008), suggesting their absence in
other samples is due to low sequencing depth rather than true absence. Interestingly, the
proportion of open reading frames annotated varies between T1 and WC, with samples
from the former having 30.4% and 31.8% annotated and the latter only having 16.1%.
Given the similar amounts of reads mapped to T1-22 and WC-23 (Fig. 4-1), this is likely

not a byproduct of WC-23 having much lower DNA input than T1-22 or T1-23. Rather,
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these unidentified open reading frames may be eukaryotic as only bacterial and archaeal
KOs were annotated.

There are no notable patterns in which functional pathways are present or how
complete they are across samples (Fig. 4-3). While many common pathways are
complete across sites (i.e., mixed acid fermentation and the CBB cycle), a few are not,
like those for isoleucine and valine synthesis. Again, this suggests that while we did
capture a reasonable proportion of the metagenomic material across the sites, further
sequencing is required to completely capture all the variation present.

Distribution of Functional Potential across MAGs

Metabolic pathway completion and the distribution of functional genes exhibit
across samples and MAGs, with these trends emerging consistently regardless of
annotation database used (Figs. 4-4 & 4-S2 through 4-S9). Regardless of annotation
method used, the MAGs recovered from T1 and WC cluster in remarkably similar
patterns. For example, frequently all Nitrosopumilaceae, Thioglobaceae, and
Poseidoniaceae MAGs cluster out by family and all Actinomycetota MAGsS cluster
together as well (Figs. 4-S3, 4-S6B, & 4-S7). When these clusters do separate out, they
do so into distinct subgroups, as is the case with the Pseudothioglobus and unknown
genus Thioglobaceae MAGs (Figs. 4-4, 4-S2, 4-S4, 4-S5A, & 4-S8). The reproduction of
taxonomic affiliation by functional gene content suggests that the allowed < 20%
contamination does not significantly bias the functional gene content present in each
MAG (Table 4-1). Furthermore, as each gene database and functional categorization

method searches for a different possible range of functions and genes, these consistent
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groupings within taxonomic groups suggest that closely related MAGs possess a similar
range of genes and are capable of performing many of the same functions. However, the
consistent functional subgroups that form within families such as Thioglobaceae suggest
this method can still tease out closely related microbes that possess different functional
roles, even if many of their genes overlap. Broader functional categories also see these
same clusters (Figs 4-S9, 4-S6, & 4-Sb), though divergences are more common due to
either minimal variation in presence/absence (Fig. 4-S6A) or via contamination altering
the frequency of those categories in higher contamination MAGs (i.e., bin_2 in the
Nitrosopumilaceae cluster).
Methylophilaceae MAGs

The sole Methylophilaceae MAG recovered from T1 and WC is a methanol
oxidizer like the rest of the species in the family and possess other traits common to this
family, such as the RUMP biomass incorporation pathway and the assimilatory nitrate
reduction pathway (Figs. 4-5 & 4-S10) (Beck et al., 2014; van Grinsven et al., 2020;
Hanson and Hanson, 1996). Given the extremely strong correlation between
Methylophilaceae and the dominant aerobic methanotrophs at T1 and WC with amplicon
data (Baily et al., in prep — [Ch. 1I1]) (Fig. 3-6), confirming the assumption that these
microbes are nonmethanotrophic methylotrophs that oxidize methanol specifically is
critical to correctly inferring how these two groups may be interacting and what may be
causing this correlation. Interestingly, despite possessing only annotations for XoxF-type
methanol dehydrogenase (MDH) structural genes, the recovered Methylophilaceae MAG

also possess an annotation for mxaC, which has been previously identified to be critical
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for methanol oxidation in Methylobacterium extorquens AM1, a facultative
nonmethanotrophic methylotroph (Toyoma et al., 1998). However, though similarly
named to mxaFI, which encode the major and minor subunits of the MxaF-type methanol
MDH (Chistoserdova et al., 2009), the mxaC gene does not encode any structural portion
of the MxaF-type MDH and its specific function is currently unknown (Toyoma et al.,
1998). While unknown at the time, Methylobacterium extorquens AM1 requires XoxF to
oxidize methanol despite also possessing genes for MxaF-type MDH (Skovran et al.,
2011). Annotations for both xoxF and mxaC being present in the same
nonmethanotrophic methylotroph suggests that mxaC may play some critical role in
facilitating methanol oxidation by XoxF-type MDHs instead of MxaF-type MDHs
instead. The presence of mxaC was first reported in 1995 (Morris et al., 1995) and all
further work on this gene appears to have been published before the turn of the century
(Arps et al., 1995; Toyoma et al., 1998). As such, mxaC represents a novel target for
research concerning the activity of XoxF-type methanol dehydrogenases.

The identification of type IV pilin annotated genes in this MAG suggests the
possibility for a novel syntrophic mechanism that may be employed as aerobic
methanotrophs and nonmethanotrophic methylotrophs cooperate to oxidize methane.
Methylophilaceae have been previously identified to possess a complete set of genes for
type 1V pili (Kalyuzhnaya et al., 2010; Kalyuzhnaya et al., 2008), so even though this
MAG does not contain all of the required gene annotations they may simply have not
been captured by this dataset. In addition to facilitating cell-to-cell adhesion, which

would help form mixed species clusters of aerobic methanotrophs and
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nonmethanotrophic methylotrophs as observed in van Grinsven et al. (2020), they can
also facilitate direct interspecies electron transfer (Yin et al., 2020; Lovley, 2017). The
initial step in methane oxidation requires energy instead of producing it, as is the case
with the other non-biomass forming steps (Hanson and Hanson, 1996) (Fig. 1-1). The
other two reactants—oxygen and methane—are small, nonpolar gasses, thus their entry
into the cell and intracellular concentrations are difficult to regulate. If aerobic
methanotrophs could transfer some portion of the electrons generated by methane
oxidation to their syntrophic partners, they could reduce their standing pool of available
electrons—the third reactant required for the oxidation of methane and oxygen into
methanol—and thereby throttle the conversion of methane to methanol by lowering the
concentration of that reactant.

As aerobic methanotrophs are prone to accumulating lethal concentrations of
intracellular formaldehyde under high oxygen conditions (Costa et al., 2001), this transfer
of electrons could supplement the documented release of methanol—the direct precursor
to formaldehyde—in reducing the amount of formaldehyde accumulated.
Nonmethanotrophic methylotrophs could benefit from this influx of electrons as it could
facilitate the transport of the released methanol into their periplasm, as the polar nature of
this compound likely make it require active transport into a given cell (Patra et al., 2006;
Agrawal and Flores, 1987). Aerobic methanotrophs such as Methyloprofundus sp.
(Hirayama et al., 2022) and Methylobacterium oryzae (Kwak et al., 2014; Rani et al.,
2021) also have been reported to possess type IV pili, which could further facilitate this

potential electron transfer.
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Nitrosopumilaceae MAGs

The low levels of completion and high levels of contamination in all but one
Nitrosopumilaceae MAG mean that limited conclusions can be drawn from the specific
content of these MAGs (Table 4-S3 & 4-S4). However, their consistent clustering by
functional gene content and distinct separation from other closely related archaea from
Poseidoniaceae suggests that the redundancy in SCCGs for these MAGs may be due to
several distinct species or strains being erroneously merged into one larger MAG. In that
case, the gene annotations for these MAGs would be truly found in T1 and WC
Nitrosopumilaceae, but just not always together in the same archaea.

Regardless, very few genes related to nitrogen metabolism are annotated in these
MAGs, with only one Nitrosopumilus sp. MAG with an annotation for any of the
subunits of ammonia monooxygenase and two with annotations for glutamate synthase,
both of which all cultured Nitrosopumilaceae to date possess (Wright and Lehtovirta-
Morley, 2023). This low number of nitrogen-related gene annotations is likely in large
part due to the low levels of completion for these MAGs (Table 4-S3 & 4-S4). However,
this result serves as a reminder that the ability of Nitrosopumilaceae species to oxidize
ammonia should not be taken for granted and such MAGs should be carefully assessed
for their ability to oxidize ammonia before making such claims. If they do not oxidize
ammonia as other cultured members of this family do, these Nitrosopumilaceae then
cannot act as an additional, incidental sink of methane as speculated (Siegbahn, 2024;

Jones and Morita, 1983).
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Thioglobaceae MAGs

Unlike Methylophilaceae, the Thioglobaceae at T1 and WC are unlikely to
interact with the direct products of aerobic methane oxidation and most likely instead
feed on other sources of organic carbon available in the water column. All four MAGs
lack any annotations for genes related to either type of methanol dehydrogenase and lack
annotations for most of the other genes in the methanol oxidation pathway as well
(KO_and_splits.zip). They do however, possess a myriad of annotations for genes
involved in methylamine oxidation. While the methylamine oxidation pathway cannot be
said to be complete for any of the four Thioglobaceae MAGs, three of the four MAGs are
one gene annotation away from reaching the 60% threshold for pathway completeness
and thus additional sequencing effort will very likely yield Thioglobaceae MAGs that can
be said to possess the methylamine oxidation pathway. Methylamines are ubiquitous in
oceanic environments, originating from the degradation of organic matter like amino
acids and other nitrogenous osmolytes (Fitzsimmons et al., 2023). As such, while
methane-derived carbon may incidentally end up in methylamines as when those
microbes that do rapidly uptake it eventually die their carbon becomes available to the
broader microbial community, methylamines are not directly byproducts of methane
oxidation by aerobic methanotrophs. A variety of marine microbes utilize methylamines
as a source of nitrogen and sometimes also carbon (Taubert et al., 2017). In this way the
T1 and WC Thioglobaceae could make the nitrogen accessible once again to the broader
microbial community and aerobic methanotrophs specifically by converting it back into

ammonia.

220



Shotgun metagenomics also provided critical insight into the metabolism of these
MAGs that would be impossible to gain from 16S rRNA gene amplicon surveys alone.
All four MAGs are heterotrophic, not autotrophic, as evidenced by the presence of
oxoglutarate dehydrogenase annotations, which are both present in all heterotrophic
Thioglobaceae and absent in all autotrophic Thioglobaceae identified to date (Morris and
Spietz, 2022). If these MAGs contained gene annotations that suggested they were
autotrophs instead, they could have represented an alternate source of organic carbon at
the seep fields given their high prevalence throughout the water column (Fig. 4-1) (Baily
etal., in prep — [Ch. 111]) (Table 3-S1). As they are likely not, aerobic methanotrophs
remain as important a source of organic carbon as ever.

Curiously, all Thioglobaceae MAGs possess three to five annotations of the gene
mttB, which ostensibly encodes for one subunit of trimethylamine methyltransferase
(Paul et al., 2000). However, no annotations are present for any of the other two subunits
in any of the MAGs. They could merely not be captured in this dataset, as each MAG is
between 51% to 98% complete (Table 4-S3), and heterotrophic Thioglobaceae are
known to sometimes metabolize trimethylamines (Morris and Spietz, 2022). However,
the high prevalence of this particular gene annotation could suggest that the gene is
actually a mislabeled glycine betaine methyltransferase (mtgB) instead, which is highly
abundant in marine bacteria (Ticak et al., 2014). Glycine betaine is a common compatible
solute used by bacteria in saltwater environments and can be degraded via glycine betaine

methyltransferase to obtain nitrogen, carbon, and energy when no longer needed.
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Conclusion

This study assesses the distribution of functional genes across both sites and
recovered MAGs in addition to closely examining the roles notable microbial families
may play in the broader microbial community and the aerobic-methane oxidizing
community specifically. Though MAGs distribute across samples as expected based upon
prior 16S rRNA gene amplicon results (Fig. 4-1) (Baily et al., in prep — [Ch. 111]),
functional gene and pathways are similarly abundant or complete across sites (Figs. 4-2
& 4-3). The clustering of MAGs by either the presence/absence or frequency of gene
annotations and functional categories frequently recapitulates phylogenetic relationships,
suggesting that those MAGs that follow those trends play similar functions in the broader
microbial community (Figs. 4-4 & 4-S2 through 4-S9). The consistent subgroups that
sometimes emerge from those clusters suggest that this method is not completely subject
to phylogeny and can detect functional differences between related MAGs when present.
Methylophilaceae at these sites have the genetic capacity to oxidize methanol, further
having several genes that have implications for the functioning of XoxF-type MDHSs and
for how these nonmethanotrophic methylotrophs can mediate syntrophy with aerobic
methanotrophs (Figs. 4-5 & 4-S10). The consistent clustering of Nitrosopumilaceae
MAGs by function despite their overall high levels of contamination suggest the presence
of several unique Nitrosopumilaceae strains co-occurring across these sites and lack of
nitrogen metabolism genes in these MAGs suggest that these archaea should be closely
scrutinized in future work to ensure they possess the nitrogen metabolism genes common

in this family. Finally, Thioglobaceae here are heterotrophs likely capable of oxidizing
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methylamine. Further, despite their prevalence are they unlikely to directly link into the
aerobic methane-oxidizing community.
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Appendix IVA: Main Figures and Tables

Table 4-1. Basic statistics of analyzed bins. Completeness is defined as the percent of bacterial or

archaeal SCCGs present in a MAG and contamination is defined as the ratio of total identified SCCGs to

the number of distinct SCCGs identified in a MAG.

Quality Completeness | Contamination | Number
High >90% <5% 8

Medium >50% <10% 24
Low* >50% <20% 14

Table 4-2. Geochemical and physical properties of water samples. All samples were taken within 20 m

of the seafloor.

Name | Year | Site Depth Temperature | Salinity Inferred 0, CHa
Below (°C) (PSU) Chlorophyll (LM) (uUM)
Surface content
(m) (mg/mL)
T1-22 2022 | T1 149.08 12.00 35.53 -0.06 125.13 | 0.708
T1-23 | 2023 | T1 298.50 9.48 35.23 -0.03 92.37 4.301
WC-23 | 2023 | WC | 344.55 9.04 35.20 -0.02 95.09 1.807
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each sample. In order of innermost to outermost, the rings represent: base pair length of the metagenome,
ratio of GC to AT (max: 75%), abundance in samples WC-23, T1-23, and T1-22, percent of SCCGs
present (Completion), ratio of copies of SCCGs found to the number of distinct SCCGs in the MAG
(Redundancy [contamination]), name of the MAG (bin_name), the kingdom of the MAG (Kingdom), the
phylum of the MAG (Phylum), and if the MAG belongs to one of the three families of interest (Family).
For kingdom, light blue signifies Archaea, whereas dark blue indicates Bacteria. For phylum, white
indicates that the MAG could not be assigned a phylum, whereas all other colors correspond to the phylum
indicated in the key. For family of interest, white signifies the MAG either could not be taxonomically
assigned to a family or could be assigned but did not belong to a family of interest. Thioglobaceae is
indicated by dark green, Nitrosopumilaceae by dark aqguamarine, and Methylophilaceae by magenta.
Additional data (depth in water column [<200 m: green, >200 m: yellow], year [2022: red, 2023: blue], and
site [T1: orange, WC: black]) is indicated by the grid in the upper right quadrant and corresponds to the
sample it vertically aligns with. Barplots respectively indicate the total number of single nucleotide variants
(SNVs), of reads mapped, and of insertions or deletions (indels) found to or in each sample, from this
MAGs and from all contigs not included in this MAGs.
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Figure 4-2. Ternary plot of the relative abundance of all KO hits found in the assembly from each
sample. Each dot represents one unique KO and each side of the ternary plot corresponds to how abundant
that KO’s hits in that sample in comparison to how abundant they are in the other two samples. The closer a
dot is to one corner, the greater the proportion of its hits originate from that sample is. Dots in a corner
represent KOs that are only found in one sample and dots on the edges of the ternary plot represent KOs
that are only found in two of the samples.

Table 4-3. Distribution of KEGG Brite categories across unique KOs found in each sample.

Sample Number of | Enzymes | Transporters | Viral Secretion Other
Unique KOs | (%) (%) Proteins (%) | Systems (%) | (%)
T1-22 432 39.4 15.5 4.6 7.6 32.9
T1-23 124 29.8 17.7 12.1 4.8 35.4
WC-23 219 40.0 16.4 17.4 3.2 33.0
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Figure 4-3. Functional pathway completeness of each sample. Color indicates proportion of pathway

complete as assessed by KEGGDecoder v1.3, with dark indicating complete pathways and pale yellow

indicating pathways with no genes present.
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Figure 4-4. KEGG Ortholog pathway completeness by MAG. Each row represents one MAG and each
column represents one KEGG functional pathway. Functions are grouped by similar distributions across
MAGs and MAGs are grouped by similarity in pathway completeness. The squares on the right indicate if
the MAG belongs to a family of interest, the phylum, and the kingdom of the MAG. For kingdom, light
blue signifies Archaea, whereas dark blue indicates Bacteria. For phylum, white indicates that the MAG
could not be assigned a phylum, whereas all other colors correspond to the phylum indicated in the key. For
family of interest, white signifies the MAG either could not be taxonomically assigned to a family or could
be assigned but did not belong to a family of interest. Families of interest are colored (magenta —
Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black — other). The
intensity of each cell indicates how complete the pathway is (i.e., white indicates genes for the pathway are
completely absent, black/dark green/magenta/dark aquamarine indicates all required genes are present).
Cells are also colored by family of interest, where MAGs not belonging to a family of interest are colored
black.
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Figure 4-5. Methanol metabolism genes possessed by the sole Methylophilaceae MAG (bin_8). Colors
indicate the number of annotated genes that belong to a given enzyme category, with yellow indicating 1
copy and dark green indicating 5, with white signifying none at all. Note that multiple copies could either
be multiple copies of the same gene, copies of genes for the different subunits, or a mix of both.
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Appendix IVB: Supplemental Material

Table 4-S1. Metagenomic read trimming statistics.

Name Number of Both Forward Only | Reverse Only Both
Input Pairs Surviving Surviving Surviving Dropped
T1-22 28,286,750 97.26% 1.55% 0.82% 0.36%
T1-23 17,361,469 97.40% 1.43% 0.84% 0.33%
WC-23 23,688,932 96.88% 1.94% 0.87% 0.32%

Table 4-S2. Assembly statistics. The co-assembly is used for all downstream analyses and individual
assemblies are generated for comparison.

Name Number Number of Minimum Maximum Average N50 of

of Base Pairs Number of | Number of Contig Contig

Contigs Base Pairs Base Pairs Length Length
T1-22 1,554,661 | 877,297,496 200 716,394 564 568
T1-23 1,048,178 | 582,733,309 200 130,624 555 563
WC-23 1,517,178 | 790,921,036 200 159,366 521 520
Co-assembly | 3,073,495 | 1,671,931,854 200 692,384 544 532
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Table 4-S3. Detailed bin statistics. Completeness is defined as the percent of bacterial or archaeal SCCGs

present in a MAG and contamination is defined as the ratio of total identified SCCGs to the number of

distinct SCCGs identified in a MAG. N50 is the length of the smallest contig needed to get half of all base
airs in the MAG when counting base pairs from contigs in decreasing size order.

Bin# | Completeness | Contamination | GC Content N50 Size (bp)
7 100.0% 1.531% 0.410 332670 4500932
17 98.10% 1.575% 0.441 32349 3736876
28 97.65% 2.126% 0.445 20556 4712778
37 97.18% 1.324% 0.433 34108 1571535
8 96.87% 0.534% 0.430 52882 1349670
30 95.68% 3.174% 0.503 12317 3157728
40 93.65% 2.487% 0.427 10394 1275605
19 90.49% 1.913% 0.493 22385 4550144
16 86.24% 6.780% 0.689 6839 2153117
35 82.79% 13.10% 0.319 8859 1322703
6 77.08% 3.478% 0.335 4626 753664
55 76.41% 2.185% 0.733 2633 3354272
26 76.26% 5.635% 0.519 5062 1394003
3 73.05% 3.936% 0.520 5049 2464238
11 73.05% 2.739% 0.463 5837 2521127
9 70.03% 2.646% 0.569 2135 2025173
33 69.60% 4.201% 0.422 2974 1372851
31 66.24% 4.819% 0.302 8260 1496621
20 65.88% 5.982% 0.679 3407 1661973
12 63.74% 0.555% 0.324 8099 910680
4 61.63% 12.61% 0.405 1843 1629854
49 61.08% 2.861% 0.557 4261 1072497
41 60.17% 4.0% 0.442 4500 1488485
14 59.32% 14.10% 0.556 2566 1953684
22 58.94% 12.77% 0.416 2257 1869582
10 58.58% 1.866% 0.540 9110 1075852
15 56.62% 7.535% 0.675 2260 1394082
45 56.50% 19.49% 0.349 2017 735858
27 56.06% 9.823% 0.385 3118 1159224
29 55.72% 5.462% 0.359 5710 712963
5 55.35% 6.593% 0.402 2936 1443804
21 54.46% 3.927% 0.397 4692 1230534
25 53.94% 4.084% 0.512 3439 2637871
39 53.29% 10.11% 0.309 1993 754052
43 52.98% 1.733% 0.535 4956 910020
36 52.80% 10.91% 0.548 2687 1590341
2 52.26% 15.29% 0.336 1626 494201
47 52.10% 17.15% 0.312 2140 550994
24 51.97% 18.96% 0.367 3152 1438522
18 51.93% 12.12% 0.591 2616 1006285
54 51.27% 2.122% 0.383 3345 868432
13 50.88% 5.561% 0.367 3368 914982
42 50.70% 16.33% 0.590 1314 3412759
34 50.48% 6.068% 0.424 2756 1162328
38 50.39% 14.44% 0.376 2406 854899
53 50.29% 16.79% 0.424 1371 781236
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Table 4-S4. Taxonomy of analyzed bins. Taxonomic levels of kingdom, phylum, family, and genus are
displayed. Empty spaces indicate that bin could not be identified down to that taxonomic level.

Bin Kingdom Phylum Family Genus

bin 36 | Bacteria Actinomycetota TKO06 UBA2110
bin 28 | Bacteria Pseudomonadota Alteromonadaceae Alteromonas
bin 7 Bacteria Pseudomonadota Alteromonadaceae Pseudoalteromonas
bin 37 | Bacteria Pseudomonadota Thioglobaceae DUCFO01
bin 11 | Bacteria Pseudomonadota Pseudohongiellaceae | UBA9145

bin_8 Bacteria Pseudomonadota Methylophilaceae GCA-2401735
bin_53 | Bacteria Nitrospinota Nitrospinaceae Nitromaritima
bin 17 | Bacteria Pseudomonadota Vibrionaceae Vibrio

bin 19 | Bacteria Pseudomonadota HTCC2089 UBA9926
bin_16 | Bacteria Actinomycetota MedAcidi-G1 S20-B6

bin 40 | Bacteria Pseudomonadota Thioglobaceae DUCFO01

bin_3 Bacteria Pseudomonadota UBAB868 REDSEA-S09-B13
bin_38 | Bacteria Pseudomonadota SAR86 AEGEAN-183
bin_30 | Bacteria Pseudomonadota Rhodobacteraceae CABZJG01
bin_31 | Bacteria Pseudomonadota GCA-002718135 AG-337-102
bin_9 Bacteria Pseudomonadota Halomonadaceae Halomonas

bin 20 | Bacteria Actinomycetota MedAcidi-G1 UBA9410
bin_4 Bacteria Pseudomonadota Nitrosomonadaceae GCA-2721545
bin 45 | Bacteria Pseudomonadota SAR86 AEGEAN-183
bin 15 | Bacteria Actinomycetota MedAcidi-G1 UBA9410
bin 54 | Bacteria Pseudomonadota Thioglobaceae Pseudothioglobus
bin 14 | Bacteria Pseudomonadota UBAB868 UBA868

bin 5 Bacteria Marinisomatota TCS55 TCS55

bin 12 | Bacteria Bacteroidota BACL11 DUALO1
bin 22 | Bacteria SAR324 NAC60-12 Arctic96AD-7
bin 42 | Bacteria Verrucomicrobiota Akkermansiaceae Roseibacillus
bin 33 | Bacteria SAR324 NAC60-12 Arctic96AD-7
bin 25 | Bacteria Pseudomonadota HTCC2089 UBA9659
bin 13 | Bacteria Pseudomonadota SAR86 AEGEAN-183
bin_34 | Bacteria Actinomycetota MedAcidi-G1 MedAcidi-G1
bin 26 | Archaea Thermoplasmatota Thalassarchaeaceae MGIIb-O1
bin 21 | Bacteria Pseudomonadota UBA11654 UBA11654
bin_39 | Archaea Thermoproteota Nitrosopumilaceae Nitrosopumilus
bin 55 | Bacteria Bacteroidota Rubricoccaceae Rubrivirga
bin 29 | Bacteria

bin_ 49 | Archaea Thermoplasmatota Thalassarchaeaceae Thalassarchaeum
bin 35 | Archaea Thermoproteota Nitrosopumilaceae Nitrosopumilus
bin_6 Archaea Thermoproteota Nitrosopumilaceae Nitrosopelagicus
bin_47 | Archaea Thermoproteota Nitrosopumilaceae Nitrosopelagicus
bin_2 Archaea Thermoproteota Nitrosopumilaceae Nitrosopumilus
bin_ 43 | Archaea Thermoplasmatota Thalassarchaeaceae MGIIb-O1
bin_18 | Archaea Thermoplasmatota Thalassarchaeaceae Thalassarchaeum
bin_10 | Archaea Thermoplasmatota Thalassarchaeaceae Thalassarchaeum
bin 24 | Bacteria

bin 27 | Bacteria Pseudomonadota Thioglobaceae Pseudothioglobus
bin 41 | Archaea Thermoplasmatota Poseidoniaceae MGlla-K1
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Figure 4-S1. Ternary plot of the absolute abundance of all KO hits found in each sample. Each dot
represents one unique KO and each side of the ternary plot corresponds to what percentage of that KO’s
hits are found in that sample. The closer a dot is to one corner, the more of its hits originate from that
sample. Dots in a corner represent KOs that are only found in one sample and dots on the edges of the
ternary plot represent KOs that are only found in two of the samples.
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Figure 4-S2. KOfam gene function annotations by MAG. Each row represents one MAG and each
column represents one unique KOfam gene function annotation. KOfam gene function annotations are
grouped by similar presence/absence distributions across MAGs and MAGS are grouped by similarity in
the presence/absence of KOfam gene function annotations. Cells are colored by family of interest (magenta
— Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black — other),
where MAGs not belonging to a family of interest are colored black. A colored cell indicates the presence
of that KOfam gene function annotation in that particular MAG, whereas grey indicates the absence of that
KOfam gene function annotation.
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Figure 4-S3. Pfam gene function annotations by MAG. Each row represents one MAG and each column
represents one unique Pfam gene function annotation. Pfam gene function annotations are grouped by
similar presence/absence distributions across MAGs and MAGs are grouped by similarity in the
presence/absence of Pfam gene function annotations. Cells are colored by family of interest (magenta —
Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black — other),
where MAGs not belonging to a family of interest are colored black. A colored cell indicates the presence
of that Pfam gene function annotation in that particular MAG, whereas grey indicates the absence of that
Pfam gene function annotation.
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Figure 4-S4. COG20 gene function annotations by MAG. Each row represents one MAG and each
column represents one unique COG20 gene function annotation. COG20 gene function annotations are
grouped by similar presence/absence distributions across MAGs and MAGS are grouped by similarity in
the presence/absence of COG20 gene function annotations. Cells are colored by family of interest (magenta
— Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black — other),
where MAGs not belonging to a family of interest are colored black. A colored cell indicates the presence
of that COG20 gene function annotation in that particular MAG, whereas grey indicates the absence of that
COG20 gene function annotation.
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Figure 4-S5. Distribution of COG20 functional pathways across MAGs. Each row represents one MAG
and each column represents one unique COG20 functional pathway. Cells are colored by family of interest
(magenta — Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black —
other), where MAGs not belonging to a family of interest are colored black. A) COG20 functional
pathways are grouped by similar presence/absence distributions across MAGs and MAGs are grouped by
similarity in the presence/absence of COG20 functional pathway. A colored cell indicates the presence of
that COG20 functional pathway in that particular MAG, whereas grey indicates the absence of that COG20
functional pathway. B) COG20 functional pathways are grouped by similar distribution frequencies across
MAGs and MAGs are grouped by similarity in the frequencies of the COG20 functional pathways. The
intensity of each cell indicates how frequent the pathway is in the MAG (i.e., white indicates genes
belonging the pathway are completely absent and progressively darker shades of black/grey, green,
magenta, and aquamarine indicate the increased frequency of genes belonging to the pathway).
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Figure 4-S6. Distribution of COG20 functional categories across MAGs. Each row represents one
MAG and each column represents one unique COG20 functional category. Cells are colored by family of
interest (magenta — Methylophilaceae, dark green — Thioglobaceae, aguamarine blue — Nitrosopumilaceae,
black — other), where MAGs not belonging to a family of interest are colored black. A) COG20 functional
categories are grouped by similar presence/absence distributions across MAGs and MAGs are grouped by
similarity in the presence/absence of COG20 functional categories. A colored cell indicates the presence of
that COG20 functional category in that particular MAG, whereas grey indicates the absence of that COG20
functional category. B) COG20 functional categories are grouped by similar distribution frequencies across
MAGs and MAGs are grouped by similarity in the frequencies of the COG20 functional categories. The
intensity of each cell indicates how frequent the category is in the MAG (i.e., white indicates genes
belonging the category are completely absent and progressively darker shades of black/grey, green,
magenta, and aquamarine indicate the increased frequency of genes belonging to the category).
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Figure 4-S7. Distribution of KEGG BRITE functional hierarchies across MAGs. Each row represents
one MAG and each column represents one unique KEGG BRITE functional hierarchy. Cells are colored by
family of interest (magenta — Methylophilaceae, dark green — Thioglobaceae, aqguamarine blue —
Nitrosopumilaceae, black — other), where MAGs not belonging to a family of interest are colored black. A)
KEGG BRITE functional hierarchies are grouped by similar presence/absence distributions across MAGs
and MAGs are grouped by similarity in the presence/absence of KEGG BRITE functional hierarchies. A
colored cell indicates the presence of that KEGG BRITE functional hierarchy in that particular MAG,
whereas grey indicates the absence of that KEGG BRITE functional hierarchy. B) KEGG BRITE
functional hierarchies are grouped by similar distribution frequencies across MAGs and MAGs are grouped
by similarity in the frequencies of the KEGG BRITE functional hierarchies. The intensity of each cell
indicates how frequent the hierarchy is in the MAG (i.e., white indicates genes belonging the hierarchy are
completely absent and progressively darker shades of black/grey, green, magenta, and aquamarine indicate
the increased frequency of genes belonging to the hierarchy).
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Figure 4-S8. Distribution of KEGG functional modules across MAGs. Each row represents one MAG
and each column represents one unique KEGG functional module. Cells are colored by family of interest
(magenta — Methylophilaceae, dark green — Thioglobaceae, aguamarine blue — Nitrosopumilaceae, black —
other), where MAGs not belonging to a family of interest are colored black. A) KEGG functional modules
are grouped by similar presence/absence distributions across MAGs and MAGs are grouped by similarity
in the presence/absence of KEGG functional modules. A colored cell indicates the presence of that KEGG
functional module in that particular MAG, whereas grey indicates the absence of that KEGG functional
module. B) KEGG functional modules are grouped by similar distribution frequencies across MAGs and
MAGs are grouped by similarity in the frequencies of the KEGG functional modules. The intensity of each
cell indicates how frequent the module is in the MAG (i.e., white indicates genes belonging the module are
completely absent and progressively darker shades of black/grey, green, magenta, and aquamarine indicate
the increased frequency of genes belonging to the module).
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Figure 4-S9. Distribution of KEGG classes across MAGs. Each row represents one MAG and each
column represents one unique KEGG class. Cells are colored by family of interest (magenta —
Methylophilaceae, dark green — Thioglobaceae, aquamarine blue — Nitrosopumilaceae, black — other),
where MAGs not belonging to a family of interest are colored black. A) KEGG classes are grouped by
similar presence/absence distributions across MAGs and MAGs are grouped by similarity in the
presence/absence of KEGG classes. A colored cell indicates the presence of that KEGG class in that
particular MAG, whereas grey indicates the absence of that KEGG class. B) KEGG classes are grouped by
similar distribution frequencies across MAGs and MAGs are grouped by similarity in the frequencies of the
KEGG classes. The intensity of each cell indicates how frequent the class is in the MAG (i.e., white
indicates genes belonging the class are completely absent and progressively darker shades of black/grey,
green, magenta, and aquamarine indicate the increased frequency of genes belonging to the class).
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Figure 4-S10. Pentose phosphate pathway genes possessed by the sole Methylophilaceae MAG
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yellow indicating 1 copy and dark green indicating 5, with white signifying none at all. Note that multiple
copies could either be multiple copies of the same gene, copies of genes for the different subunits, or a mix

of both.
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CHAPTER V: CONCLUSION
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The aerobic methane-oxidizing community converts methane into more labile
organic carbon and carbon dioxide in oxygenated sediments and water columns across
the globe. This body of work investigates how the aerobic methane-oxidizing
community—comprising of these two groups of bacteria and more—respond collectively
to changing environmental conditions and how these microorganisms in turn might
influence their environment. This work further interrogates natural methane-oxidizing
communities in order to see if aerobic methanotrophs and nonmethanotrophic
methylotrophs may engage in symbiotic or even syntrophic interactions in natural
systems and for insights into how these interactions may be mediated. One important
focus of this work is the role of nonmethanotrophic methylotrophs, particularly from
Methylophilaceae, as they are often overlooked yet stand to play a critical role supporting
aerobic methanotrophs as they oxidize methane. A combination of in situ incubations,
fieldwork, and the in silico techniques of 16S rRNA gene amplicon surveys and shotgun
metagenomics are used to investigate these microbial communities.

Chapter Il explores how a naturally co-occurring community of aerobic
methanotrophs and nonmethanotrophic methylotrophs from a freshwater lake respond to
the natural range of environmental conditions seen in that lake and in turn how they work
together to oxidize methane. The relative abundance of the dominant obligately aerobic
methanotrophic family Methylococcaceae is tightly correlated with the rate constant of
aerobic methane oxidation, suggesting that not only is this family responsible for the
majority of the oxidation observed in this lake but that they have little ability to regulate

their per cell methane oxidation. The obligate aerobic methanotrophs like
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Methylococcaceae respond negatively to oxygen concentration, an effect that is worsened
at higher methane concentrations, whereas facultative aerobic methanotrophs and
nonmethanotrophic methylotrophs respond differently or not at all to it. Methane on its
own fails to either correlate with or explain even marginal amounts of the observed
variances in relative abundance of any group of interest. These results collectively
suggest that obligate aerobic methanotrophs exhibit genuine aversion to oxygen instead
of merely tolerating hypoxic conditions for access to higher methane concentrations.
Broadly, this chapter has implications for why aerobic methanotrophs distribute
throughout the water column as is typically observed and for how changes in the oxygen
status of a given lake may impact its rates of methane removal.

Chapter 111 investigates the spatiotemporal stability of the overall prokaryotic
community and aerobic methane-oxidizing community in general at North Atlantic
methane seep fields, further determining which geochemical and physical factors affect
distribution within the seep fields and scrutinizing the methane-oxidizing community for
signs of syntrophy. The water column prokaryotic community proves to be very stable
across both physical distance (between sites) and across years, with only minimal or
insignificant differences in alpha diversity, beta diversity, and taxonomic composition
being observed. Depth in the water column and oxygen concentrations prove to be the
strongest factors measured that drive community composition, with methane
concentration being the only completely insignificant factor measured. The insignificance
of methane within seep communities suggests that while it may be important for seeding

these communities, beyond an unknown concentration threshold more of it does not
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meaningfully change the community character. Given these results, less thorough
sampling may be sufficient to reasonably capture the character of the water column
microbiome of a marine methane seep and the microbiomes of nearby seeps may be
reasonably similar, assuming they are all subject to the same current influences. The
aerobic methane-oxidizing community shows strong signs of the aerobic methanotroph-
nonmethanotrophic methylotroph syntrophy, with the dominant families of both in the
water column (Methylomonadaceae and Methylophilaceae, respectively) correlating very
strongly and positively throughout the water column. This correlation is further exhibited
across both sites and both sampling years, implying it is robust and could indicate the
presence of mixed-species clusters in the water column. Both groups, however, appear to
have different origins, with the Methylomonadaceae genera in the water column also
being found in the sediments, whereas Methylophilaceae are completely absent from
every sediment core taken. This difference in origin implies the consistent ratios of both
families in the water column to be the result of in situ association between both families.
Methylomonadaceae, despite being comprised of several fairly abundant genera in the
sediment, are overwhelmingly dominated by Milano-WF1B-03 (>99% of aerobic
methanotroph sequences) in the water column, implying some kind of selective pressure
in the water column at T1 and WC that favors this genus alone over the rest of the genera
present in the sediment. Dominance to this extent adds inherent instability to the methane
oxidation potential of this community, as an unfavorable environmental shift could lead
to population collapse with no reservoir of alternative water column aerobic

methanotrophs to fill the gap. This study has implications for both how future methane

258



seep surveys can be conducted as well as how the aerobic methane-oxidizing and wider
prokaryotic communities distribute within seeps and if syntrophy is occurring within the
aerobic methane-oxidizing community in nature.

Finally, Chapter IV approaches the T1 and WC methane seep fields from the
perspective of functional distribution rather than taxonomic distribution. Though
recovered MAGs divide into two groups based upon which samples they are most
abundant in, this pattern does not carry over to metrics of functional distribution across
both seep fields over the sampling years. All samples contain very similar KEGG
Orthologs along with having similar functional pathway completeness, suggesting that—
at least below 150 m deep where aerobic methanotrophs are present—the functional
character of the microbial community exhibits little variation, even across years and sites
that are ~16 km apart. The recovered MAGs exhibit similar clustering by functional
similarity across several different metrics. When these cluster do break down, they
separate out into consistent subgroups. Collectively, this suggests that biochemical
functions largely shift across taxa, but that some families that are present—such as
Thioglobaceae—contain species or strains performing different overall functions. The
presence of type IV pilin genes suggests a new avenue of investigation for the syntrophy
between aerobic methanotrophs and nonmethanotrophic methylotrophs whereby electron
transport between the two groups via type IV pilins could serve to manually throttle the
first step of methane oxidation when it would otherwise be detrimentally overactive.
While Methylophilaceae at T1 and WC are confirmed to be capable of methanol

metabolism, the Nitrosopumilaceae are not confirmed to be capable of ammonia
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oxidation, which may bear closer investigation in future studies. The Thioglobaceae at
these seep sites are heterotrophs and likely simply coexist with the aerobic methane-
oxidizing community, only indirectly receiving carbon derived from this community
instead of interacting directly with aerobic methanotrophs to access this carbon as
nonmethanotrophic methylotrophs do.

In summary, nonmethanotrophic methylotrophs are a critical part of aerobic
methane-oxidizing communities and their presence should not be overlooked in natural
populations. Aerobic methanotroph distribution in freshwater systems may be a direct
effect of oxygen gradients rather than methane gradients. Methane may have limited
influence on microbial community structures once a certain threshold concentration is
reached and then be less important than other factors like depth in the water column or
oxygen concentrations. Aerobic methanotrophs and nonmethanotrophic methylotrophs
exhibit signs of syntrophic interactions in deep-sea methane seep water column
communities but not in freshwater ones, which may be a byproduct of
nonmethanotrophic methylotrophs preferentially associating with photosynthetic
communities over aerobic methanotrophs when the option is available. Further, my
research in the T1 and WC seep fields provides both some of the first evidence
demonstrating that the aforementioned syntrophy may occur in nature and not just ex situ,
as well as indicating a potentially new dimension to how that syntrophy could be
mediated and what specific benefit fostering it may provide to aerobic methanotrophs.

Collectively, this work helps fill in the blanks of the current model of aerobic

methanotroph—nonmethanotrophic methylotroph syntrophy. Obligate aerobic
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methanotrophs likely engage in syntrophy with nonmethanotrophic methylotrophs to
avoid the consequences of high oxygen concentrations, chiefly the buildup of toxic
concentrations of formaldehyde. In environments where a stable community of aerobic
methanotrophs and nonmethanotrophic methylotrophs is able to form, such as at the T1
and WC seep fields on the Mid-Atlantic Bight as demonstrated in Chapter I11, aerobic
methanotrophs can tolerate comparatively high concentrations of oxygen above ~100
UM, Otherwise, aerobic methanotroph population sizes plummet at concentrations of
oxygen above this threshold, as shown in Jordan Lake in Chapter Il where aerobic
methanotrophs correlate most strongly with geochemical variables instead. The
comparative susceptibility of obligate aerobic methanotrophs to the buildup of toxic
levels of formaldehyde is a byproduct of how easily oxygen and methane pass through
the lipid bilayer, which is not an issue for facultative aerobic methanotrophs that can
swap to an alternative metabolic strategy and for nonmethanotrophic methylotrophs that
consume polar methylated molecules that requires active transport.

The presence of type IV pilins, as identified in Chapter 1V, in the metagenome of
the dominant nonmethanotrophic methylotrophs of the stable aerobic methane-oxidizing
population found at the T1 and WC seeps fields suggests a mechanism by which aerobic
methanotrophs can leverage the presence of nonmethanotrophic methylotrophs to
mitigate their rate of formaldehyde accumulation. By passing electrons to their syntrophic
partners, aerobic methanotrophs can remove one of the three reactants required for the
conversion of methane into methanol, thereby limiting the production of the precursor to

formaldehyde. If this occurs, then the export of methanol into their surroundings may
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further reduce the pool of methanol available to become formaldehyde.
Nonmethanotrophic methylotrophs would benefit from both of these exports as it
increases the concentration of a preferred carbon source and provides energy to fuel the
active transport of this carbon source into the cell.

Combined, these hypotheses suggest the necessity of a paradigm shift regarding
how this syntrophic interaction is viewed. Consistently across both Jordan Lake and the
Mid-Atlantic Bight in Chapters Il and 111, nonmethanotrophic methylotrophs can thrive in
the absence of aerobic methanotrophs, whereas the reverse does not occur in either
environment. Aerobic methanotrophs do not hold the power in their syntrophic
interactions by gatekeeping access to critical sources of carbon for nonmethanotrophic
methylotrophs; rather, aerobic methanotrophs can only thrive when they manage to
cultivate a population of partner nonmethanotrophic methylotrophs. In turn, these
nonmethanotrophic methylotrophs do not always associate with aerobic methanotrophs
nonpreferentially—when coexisting with the comparatively highly productive
photosynthetic communities in shallow waters, nonmethanotrophic methylotrophs
abandon aerobic methanotrophs entirely, thriving while aerobic methanotrophs vanish
from the overall microbial community. Areas that see a reduction in available organic
matter may in turn see increased rates of aerobic methane oxidation and an expansion of
territory for aerobic methanotrophs throughout the water column as nonmethanotrophic
methylotroph reestablish syntrophy with them. In turn, regions subject to increased
eutrophication may see less efficient methane capture and increased rates of methane

emissions into the atmosphere.
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More work must be done to investigate these hypotheses, both in terms of broader
surveys of the distribution of the members of the aerobic methane-oxidizing community
across environments and of culture work to investigate the mechanisms proposed here.
While the ratio of aerobic methanotrophs to nonmethanotrophic methylotrophs is
consistent throughout the Mid-Atlantic Bight seep fields studied here, it is unclear if this
is a broader feature of marine aerobic methane-oxidizing communities across the globe
since it has not yet been investigated broadly. More thorough environmental surveys and
investigations into preexisting datasets should reveal more about the biotic and abiotic
factors that govern this potential syntrophy and under what conditions it breaks down.
Culture work is critical to enhancing our understanding of this syntrophy. Ideally, the
effect of oxygen on pure cultures of aerobic methanotrophs and co-cultures of aerobic
methanotrophs and nonmethanotrophic methylotrophs should be tested to see if this
syntrophy causes enhanced oxygen tolerance in aerobic methanotrophs. Modulating the
amount of alternative carbon sources available to these pure and co-cultures should also
show if nonmethanotrophic methylotrophs only resort to their syntrophy with aerobic
methanotrophs when alternative sources of organic carbon are less available. Knocking
out the type IV pilin genes of both groups and co-culturing mixes of knockouts and
unaltered strains under the same ranges of oxygen concentrations should further reveal
whether interspecies electron transfer plays a role in the syntrophy. Further, using
microscopy on co-cultures and natural samples of these two groups should clarify if type
IV pilins are involved at least in the capacity that they help clusters of the two species

stay together in the water column. As such, while this work reveals potentially key pieces
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of the puzzle underlying the syntrophy between aerobic methanotrophs and
nonmethanotrophic methylotrophs, much work needs to be done to verify these proposed

mechanisms and interactions.
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