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ABSTRACT

This thesis probes the interplay of organic matter complexity (Chapters 1 and 2) and local
redox gradients (Chapter 3) with the community structure and function of the anaerobic
marine sediment microbiome. Deep marine sediments, despite being generally organic-poor,
harbor a vast diversity of microorganisms that are critical to the global nutrient cycle.
Transient nutrient inputs such as whale falls result in hotspots of microbial community
activity in an environment that normally processes heavily degraded organic material from
the upper ocean. These organic loading events result in transitions down redox gradients and
dynamic shifts in the local energy availability of the microbial communities. Through in situ
seafloor and laboratory microcosm experiments, we provide insights into the impact of
energy availability and carbon complexity on maintaining hierarchical and complex

community interactions, community activity, and systematic and functional diversity.
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Introduction

Marine sediments are critical to global nutrient cycling and harbor a diverse, numerically
abundant microbiome. Sudden carbon loading events, e.g., whale falls or plankton blooms,
cause perturbations to the sediment microbiome and can result in dynamic geochemical
shifts. Because they are as widely distributed as the oceans above them, the marine sediment
ecosystem response can have global-scale effects ranging from shifts in oceanic productivity
to changes in greenhouse gas production. VVolumetrically, most of the marine subsurface is
anoxic due to the rapid exhaustion of oxygen in the water column or upper sediments. Thus,
anaerobic processes carried out by subsurface microbial communities largely determine the
fate of carbon in marine sediments. This thesis explores the response of the sediment
microbial community to anaerobic energy gradients, either as a factor of carbon complexity
(Chapter 1 and 2) or energy availability in the respiratory substrate (Chapter 3), and puts
these findings into context with regard to ecological theory.

The seafloor is not static. Marine sediments are subject to changes in the depositional
environment by factors such as riverine input, turbulent flow, upwelling, and others (Arzayus
& Canuel, 2005; Caffrey et al., 2010; Dagg et al., 2004) resulting in dynamic shifts in energy
availability on multiple timescales from diel to seasonal to annual. Organic material input to
the typically electron donor-poor, dark, cold conditions results in a transition from the oxic
environment at the sediment-water interface to electron acceptors of a lower midpoint

potential. Anaerobic processes then become responsible for carbon degradation, driven by



the energy available in the organic matter degradation coupled to the respiration of
terminal electron acceptors such as the sulfate and nitrate in seawater. The contribution of
these anaerobic processes, such as sulfate reduction, to carbon mineralization in sediments is
estimated to be, per mass of carbon, quantitatively equivalent to the contribution of the much
higher energy aerobic metabolism (Canfield, 1989; Jargensen, 1982).

Methanogenic archaea and sulfate-reducing bacteria are important terminal members in the
anaerobic degradation of organic matter in the marine regime despite their use of relatively
poor, low potential electron acceptors such as carbon dioxide or sulfate. In the absence of
sulfate, some sulfate reducers and taxonomically related organisms in the phylum
Desulfobacterota also form syntrophic partnerships with methanogenic archaea. They do so
by producing substrates such as hydrogen and formate that would normally be oxidized
coupled with sulfate reduction. These syntrophies are only energetically feasible if hydrogen
and formate are kept at low enough concentrations (Bryant, 1979; Hoehler et al., 1998).
Methanogenic archaea have a high affinity for hydrogen and are able to maintain that low —
near 40 nM — concentration (Schink, 1997), which allows the net metabolic reaction to
proceed. An additional level of complexity is added to these trophic interactions in that
neither methanogens nor sulfate reducers are known to utilize complex organic substrates:
the former is only able to use methylated compounds, acetate, or carbon dioxide, and the
latter is usually restricted to small fatty acids and primary alcohols (Schink, 1997). Thus, in
the context of the complex forms of allochthonous carbon reaching the sediment, these

terminal respirers are reliant on upstream processes of carbon degradation, usually via



fermentative heterotrophs, to degrade complex carbon into useful reductants. These
include simpler carbon substrates that are available to downstream primary or secondary
syntrophic members or to terminal respirers. However, the succession of metabolic handoffs
between the primary and terminal members in these communities can be complex and not
just tied to the direct processing of carbon. For example, the stimulation of primary degraders
through sulfate reducer-mediated production of secondary metabolites such as thioredoxins
has been observed to occur in an anaerobic chitin-degrading consortium (Pel & Gottschal,
1989).

Such interactions between microbial community members — syntrophy or other metabolic
cascades and nutrient auxotrophy — contribute to the maintenance of community structure,
here defined as the combination of the alpha diversity of taxonomic units and diversity of
functions. While alpha diversity metrics such as species richness or evenness are insufficient
as predictors of overall top-down community function, e.g., the degradation of input complex
organic matter, they are nonetheless useful in conjunction with other assessments of
community structure such as co-occurrence network analysis (Fuhrman, 2009; Shade, 2017).
Quantifying community structure is also useful as a means to move beyond descriptive
observations towards tracking communities’ responses to natural or artificial perturbation,
on a variety of timescales (Brown et al., 2024; Friedman et al., 2017; Fuhrman, 2009).

In the past, the microbial aspect of the post-disturbance community response was assumed
to be trivial so was omitted from resource models studying ecological disturbances (after

Allison & Martiny, 2008). However, more recent work has shown microbial community



composition and the distribution of functions are both sensitive to disturbance. Given
their importance in nutrient cycling, it is critical to assess their ability to withstand changes
to their environment (“resistance”) and to recover back to the initial state (“resilience”)
(Chaer et al., 2009; Griffiths & Philippot, 2013; S.-H. Lee et al., 2017; Turkarslan et al.,
2017). Moreover, the ability of the sediment microbiome to recover from perturbation is
particularly relevant given increased anthropogenic impacts (Nogales et al., 2011). Some
factors that have been suggested to contribute to community resistance and resilience include
functional redundancy, the maintenance of the rare biosphere, and interactions — positive
and negative — between members (Girvan et al., 2005; Griffiths & Philippot, 2013; Jousset
et al., 2017). Many of these factors are interrelated; for example, a species abundance
distribution with a long tail indicates many discrete rare members, which also is coincident
with higher species richness. High functional redundancy (defined here as certain broad
functions, e.g., the terminal respiratory process or primary degradation of complex polymers,
occurring in multiple community members) can additionally be overlaid onto alpha diversity
metrics to assess its role in metering the community response. While increased diversity has
been shown to contribute to community stability due to the wider distribution of functions in
some systems (Girvan et al., 2005; Xun et al., 2021), the relationship of community
interactions to ecosystem stability after a disturbance event is not as clear.

Whale falls are a standout example of a disturbance to the seafloor community. Nearly
70,000 whales are estimated to die every year, and their density causes them to sink rapidly

through the water column to rest on the seafloor, where they cause rapid successional events



in the local macrofaunal and microbial ecology. Their massive size provides an

incredible influx of organic material to the local seafloor environment corresponding to as
much as 2000 years of marine snow (C. R. Smith & Baco, 2003). This huge carbon pulse
rapidly results in local anoxia at the sediment bed and, post-scavenger, the “sulphophilic”
phase begins (C. R. Smith & Baco, 2003). This is characterized by the proliferation of sulfate-
reducing bacteria producing sulfide which can then be utilized by sulfide-oxidizers at the
sediment-water interface and can manifest macroscopically as a mat. After the initial release
of organic matter to the sediment, the more recalcitrant lipid-rich bones of the whale are
degraded by the polychaete worm Osedax in conjunction with bacterial endosymbionts
(Goffredi et al., 2005). This slower release of carbon to the surrounding sediment results in
subsequent shifts in community structure that last for years to decades (Goffredi & Orphan,
2010). A diverse suite of sulfate-reducers, both those capable of complete oxidation of their
substrates to carbon dioxide and those incomplete oxidizers that stop the catabolic process at
acetate, have been demonstrated to actively respond to these influxes of oxidizable carbon
(Goffredi & Orphan, 2010). Additionally, other low energy terminal respirers that proliferate
in these systems include methanogenic clades such as Methanogenium and
Methanococcoides, microbes which are at low abundance in background sediments
(Goffredi et al., 2008). Even after the majority of the available carbon has been utilized, the
large bones still remain and act as a reef system that can recruit assemblages of macrobenthos
such as amphipods or other arthropods. Despite a previous report suggesting that no trace of

the carcass would remain after a decade due to biotic degradation and the sedimentation rate



(Lundsten et al., 2010), it is clear that the bones still remained nearly two decades post-
emplacement. This reef system can further allow for the localized input of organic material
such as chitin from arthropod molts and excreta directly to the seafloor.

Chitin represents another important form of carbon input in the ocean, as it is among the most
abundant biopolymers produced in the oceans, with 10'° metric tons produced annually by
diatoms, molluscs, and crustaceans (Durkin et al., 2009; Gooday, 1990; Souza et al., 2011).
It consists of cross-linked N-acetylglucosamine moieties and is a major component of marine
snow (Bochdansky & Herndl, 1992). It is insoluble and moderately recalcitrant, but does not
bioaccumulate due to complete mineralization in the water column and in sediment (Poulicek
& Jeuniaux, 1991). In conjunction with the massive amount that is produced annually,
chitin’s nearly complete turnover — it does not accrue in marine sediment — renders it an
important contributor to marine nitrogen cycles. While aerobic chitin degradation can be
mediated by a single organism (e.g., Osawa & Koga, 1995), its complex nature requires
trophic interactions for complete degradation in anaerobic, low-energy environments. These
metabolic interdependencies are then hypothesized to contribute to the maintenance of
community structure in anaerobic sediments.

In this work, we examined the response to organic carbon complexity and terminal electron
acceptor manipulation on anaerobic microbial community structure and activity at a former
whale fall site (Lundsten et al., 2010). Though it had been decades since the initial organic
loading event, the community still retained the “memory” of the priming effect. In order to

assess the effect of the complexity of organic carbon, we used the insoluble polymer chitin



and its soluble monomer N-acetylglucosamine in our in situ and laboratory whale fall
sediment incubation experiments. The stimulation of the activity of low-potential respirers
such as methanogens and sulfate-reducing bacteria in response to complex carbon has been
previously reported from diverse environments including freshwater sediments, anaerobic
digesters, the human gut microbiome, and acid mine drainage (Chassard et al., 2010;
Rodrigues et al., 2019; Rojas et al., 2021; Xu et al., 2024). Chapters 1 and 3 provide further
support for the stimulation of methanogens — here in permanently cold, deep sea sediments
— by complex carbon as assessed by functional potential and taxonomic signal. These
chapters additionally discuss the competitive and cooperative interactions of these low-
potential respirers with other community members.

Previous work studying the impact of complex organic loading on environmental systems
has been restricted to aerobic incubations, freshwater environments, or the pelagic water
column (Bienhold et al., 2012; Q. Chen et al., 2022; Hoffmann et al., 2017; Rodrigues et al.,
2019; Rojas et al., 2021; Worner & Pester, 2019). Anaerobic deep sea sediments are less well
studied, despite their importance, representing nearly 2/3 of the planet’s surface. Chapter 2
of this thesis addresses this gap, comparing and contrasting the patterns of activity and
community structure seen over time in both in situ and ex situ microcosm incubations. These
parallel incubations were amended with activity tracers and chitin or GIcNAc, enabling a
better understanding of the impact of incubation in the laboratory versus on the deep sea

floor.



The major microbial ecosystem responses addressed in this thesis involve shifts in

community structure and function investigated in terms of community composition, the
distribution of members, and distribution of functions; all of these facets are expected to be
modified by environmental conditions and may be interrelated. For example, microbial
community composition is thought to be tuned by the three axes of dispersal, drift, and
selection (Fuhrman, 2009; Milke et al., 2022; Philippot et al., 2021; Vellend, 2010). These
stochastic and deterministic influences additionally feedback to intermicrobial interactions
within the community, resulting in further changes to e.qg., functional distribution or diversity.
Disentangling the drivers of microbial ecosystem functioning is further complicated by the
uncertainty surrounding the applicability of concepts from classical ecology to microbial
ecology. Studies addressing such questions and attempting to discern overarching themes
from the many, frequently contradictory, disparate single-treatment effects have recently
proliferated (Chaer et al., 2009; Finke & Snyder, 2008; Girvan et al., 2005; Goldford et al.,
2018; Konopka et al., 2015; Marsland et al., 2019; Shade, 2018). These studies often address
more tractable systems, e.g., defined cocultures, resource modeling, or aerobic environments;
we supplement the current body of knowledge through our highly replicated anaerobic and
psychrophilic microcosm approach (Chapters 1 and 3). These microcosms were inoculated
by serial dilutions of marine sediment, which was expected to result in the winnowing of the
community to, perhaps, a minimized set of core functions. Instead, we observed a
maintenance of complex interactions that highlights the irreducibility of the community, in

contrast to prior reports in soil that have shown a dilution-based decrease in members



carrying out specialized metabolic functions (McClure et al., 2020; Xun et al., 2021).
This trend could be due to particle association, consistent with other spatially heterogeneous
systems (Probandt et al., 2018), and would not necessarily be observable in planktonic
culture or in defined coculture microcosms.

During the anaerobic degradation process, marine sediments are thought to go down the
“thermodynamic ladder” of available electron acceptors in order of decreasing midpoint
potential from nitrate to CO> (Bethke et al., 2011; LaRowe & Van Cappellen, 2011). These
shifting environmental redox conditions necessarily result in differential free energy present
in the system, and transitions between these gradients have been shown to promote dynamic
changes in both the microbial community and the geochemical environment (Blodau &
Knorr, 2006; Dick et al., 2019; Graw et al., 2018). Additionally, insoluble electron acceptors
such as Fe2O3 or MnO- have energetics that are driven by surface area and the activity of
their soluble reduction products (LaRowe & Van Cappellen, 2011); here, the inherent spatial
structure of an insoluble substrate can contribute to community structure through niche
partitioning.

Through addressing the specific ecological and ecophysiological underpinnings surrounding
the community response to energy availability, this thesis hopes to provide insight into the
nature of the anaerobic marine sediment biosphere and the factors that contribute to the
maintenance  of  microbial community  structure in  these  low-energy

environments.
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Chapter 1

ACTIVITY AND DIVERSITY OF SULFATE
AND METHANE-BASED PATHWAYS OF
ANAEROBIC CARBON RESPIRATION IN
MARINE SEDIMENTS IS CORRELATED
WITH CARBON COMPLEXITY

Sujung Lim?, Ranjani Murali?, Daan R. Speth?8, Rachel E. Szabo?®, Otto X. Cordero?®, Victoria
J. Orphan'2

! Division of Geological and Planetary Sciences, Caltech, Pasadena, CA 91125

2Division of Biology and Biological Engineering, Caltech, Pasadena, CA 91125

3 Department of Civil and Environmental Engineering, Massachusetts Institute of
Technology, Cambridge, MA 02139

§ present address: Division of Microbial Ecology, Centre for Microbiology and
Environmental Systems Science, University of Vienna, Vienna, Austria

ABSTRACT

Sulfate reduction is estimated to account for half of the organic carbon respiration in anoxic
organic-rich ocean sediments; however, sulfate reducing bacteria tend to only be able to
oxidize simple carbon compounds such as primary alcohols or small fatty acids. Much of the
organic input to the seafloor is complex, resulting in trophic interactions between groups of
terminal respirers such as sulfate reducing microorganisms and primary degraders that can
catalyze the first step of complex organic carbon remineralization. To determine how these
trophic interactions structure the sediment microbiome, we used chitin, an abundant complex

biopolymer, and its monomer N-acetylglucosamine as substrates in highly replicated multi-

month time course microcosm experiments in serial dilution to independently track the effect
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on the initial sediment inoculum. By using geochemical analysis of metabolites with 16S
rRNA gene amplicon and metagenomic sequencing, we demonstrate the impact of carbon
complexity on community metabolic processes, community structure, and the maintenance
of functional redundancy. Here, complex carbon promotes the dynamic turnover, diversity,
and maintenance of rare community members, especially terminal respirers, that then

assemble in robust functional guilds.

INTRODUCTION

As much as half of organic matter biotically degraded in marine sediments is estimated to
occur through sulfate reduction. With estimated fluxes of up to 11 Tmol sulfate reduced per
year, biological sulfate reduction represents the dominant respiratory process in global ocean
sediments (Bowles et al., 2014; Canfield, 1989). Microbial ecological surveys indicate that
sulfate-reducing microorganisms dominate organic-rich sediments with as much as 85%
abundance (Jochum et al., 2017; Leloup et al., 2009; Sahm et al., 1999). The conventional
understanding is that organic matter breakdown in anaerobic systems is coupled to a
downward cascade through redox gradients as available oxidants are depleted in
thermodynamic order (Graw et al., 2018). In the oceans, sulfate is the dominant anaerobic
terminal electron acceptor; once it is exhausted, methanogenesis is the next major respiratory
process.

However, organic matter present in sediments is frequently complex, polymeric, and/or
aromatic and is not degradable by the vast majority of sulfate-reducing microbes or

methanogens. These low-energy respirers then need to rely on upstream processes such as
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exoenzyme production by fermenting heterotrophs that can yield the simple fatty acids
and alcohols needed for their growth.
The aminopolysaccharide chitin ([CsHisNOeg]n) is an important constituent of complex
particulate organic matter in marine environments. As one of the most abundant biopolymers
in the ocean, it is a major contributor to global carbon and nitrogen cycles with an estimated
annual production of over 10 kg (Souza et al., 2011). The carapaces of copepods, crabs,
and shrimp are commonly recognized as the major donor sources of chitin in the ocean, but
its production encompasses all trophic levels as it is also synthesized by phototrophic diatoms
(Durkin et al., 2009; Gooday, 1990). Chitin has been found to be a major component of
marine snow, with much of it mineralized aerobically during transit to the seafloor through
the oxic water column (Aluwihare et al., 2005; Jiang et al., 2022). As such, most
environmental microcosm studies have examined the impact of chitin on aerobic
communities (Hoffmann et al., 2017; Kanzog et al., 2008). Less is known about anaerobic
degradation of chitin in marine sediment; in deep sea productivity hotspots like whale falls,
crustaceans and other macrofauna with chitinous exoskeletons tend to congregate (C. R.
Smith & Baco, 2003), resulting in localized deposition of chitin to the seafloor.
Anaerobic chitin degradation studies in the laboratory have identified the following major
steps. Primary chitin degraders, likely fermenters in anaerobic environments, produce
exoenzymes allowing the initial cleavage of the chitin polymer to oligomeric forms (Beier
& Bertilsson, 2013). Chitin cleavage is followed by degradation of oligomers, including the

monomer N-acetylglucosamine (GICNACc), by primary and secondary chitin degraders.
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Because GICNACc is part of the bacterial cell wall, genes for its assimilation and

utilization are widespread in prokaryotes. In anaerobic environments, secondary degraders
produce organic acids and primary alcohols which are available to the terminal respirers, in
this case, either sulfate reducers or methanogens (Jgrgensen, 1982; Pelikan et al., 2021).

Marine sediment ecosystems represent one of the most taxonomically diverse after terrestrial
soils, providing many potential interactions within their microbial communities (Probandt et
al., 2018; Shaffer et al., 2022; Thompson et al., 2017). These interactions, as observed
through the lens of the relationship between microbial community structure and net
biogeochemical activity, appear to be promoted more by functional groups than taxonomic
membership (Goldford et al., 2018; Louca et al., 2018; Matthews et al., 2021; Tully et al.,
2018). This suggests that different species that share function could readily substitute for
each other within an ecosystem (“functional redundancy”), making it less likely that
communities degrading chitin and GIcNAc are composed of a fixed set of core taxa. 16S
rRNA gene-based diversity surveys and metagenomic analysis indicate a high level of
predicted functional redundancy among sulfate-reducing bacteria and methanogens in
marine sediments (Kleindienst et al., 2012; Leloup et al., 2009; Y. Zhang et al., 2017). The
contribution of functional redundancy to the maintenance of community structure and
performance in anaerobic deep sea microbial communities that necessarily require higher
order interactions for complete degradation of complex organic matter is still unclear,
however. Prior work suggests that a diffuse correlation network that contains multiple layers

of nodes (members) and edges (interactions) may contribute to driving the relationship
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between this assessment of community interactions and the overall community response
(Embree et al., 2015; Philippot et al., 2021).

Moreover, rare biosphere members — those that are less than 0.1% abundance — can have
an outsized impact, providing key metabolic functions and allowing communities to remain
resistant to perturbations while being maintained stably in their local environment (Fuhrman,
2009; Lennon & Jones, 2011; Pascoal et al., 2021; Sogin et al., 2006). For example, while
sulfate-reducing bacteria are abundant in marine sediments, they are often scarce in terrestrial
freshwater systems. Despite this scarcity, they are responsible for high rates of sulfate
reduction and carbon mineralization. In freshwater peatland systems, specific taxa of sulfate
reducing bacteria contribute as much as 10.8% of the sulfate reduction rate despite only being
at 0.006% native relative abundance (Hausmann et al., 2016; Jousset et al., 2017; Pester et
al., 2010). Therefore, considering the apparent functional redundancy of multiple rare taxa
of sulfate reducers or other terminal respirers may have important implications on overall
ecosystem function and, more broadly, environmental impact.

Here, we tested the impact of organic matter complexity on marine sediment microbial
communities over time, using microcosm incubations established using serially diluted deep
sea sediment from a former whale fall site. The design of our seven-month experiment
enabled us to examine the fundamental roles of community structure and functional
redundancy in metabolic guilds during the breakdown of the complex polymer chitin and its
constituent monomer GIcNAc. Community surveys within these microcosms provided us a

readout on the abundance and diversity of key metabolic guilds while simultaneously
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allowing us to observe the effect of a dilution-based falloff of rare biosphere members

on community performance. Because the inoculum was sourced from an older whale fall site
(emplacement in October 2004), the host microbial communities were primed with a large
pulse of organic material in the past; the microbial response to organic loading can
nonetheless persist over many years (Braby et al., 2007; Goffredi & Orphan, 2010). To reflect
the low-temperature, low-energy regime on the seafloor, this experiment was carried out
under psychrophilic and anaerobic conditions. Nondestructive sampling over a timecourse
provided us the ability to follow the trajectory of metabolic potential and geochemical
changes over the degradation of differentially complex carbon substrates. These microcosms
were highly replicated, allowing us to disentangle stochastic effects caused by sediment

heterogeneity from an actual signal of community structure.

RESULTS

To examine the microbial community potential for the anaerobic degradation of the insoluble
polymer chitin and its monomer GIcNAc, we established replicated microcosm experiments
using serially diluted sediment inoculum from a 6-9 cm depth horizon at a previously
described whale fall site in the Monterey Submarine Canyon, CA, USA at 1018 m water
depth (*Whale 1018’; Braby et al., 2007). These incubations were conducted anoxically at
10 °C in 96-well plates with eight dilution steps and twelve replicates per amendment (chitin,
GIcNAc, and no amendment). The initial dilution step of the inoculum was a tenfold dilution

of a 1:1 sediment slurry resulting in sediment dilutions from 5x10 to 5x107°. This study
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focused on a subset of dilutions and replicates following preliminary unpublished data
indicating metabolic transitions at intermediate levels of dilution; all 12 replicates from 5x10°
® to 510 and four replicates from 5x10® (henceforth described as dilution 1 to dilution 4
in order of ascending dilution) were analyzed (Fig. 1). We assessed the effect of treatment,
incubation time, and dilution on microbial community structure and function by 1)
measurement of respiration of the provided substrate, 2) 16S rRNA gene sequence-based
analysis of the change in community membership and structure, and 3) metabolic gene
mining of metagenomic sequences to assess the functional redundancy of sulfate-reducing

bacteria and methanogenic archaea.

1. Geochemical proxies for microbial GIcNAc and chitin degradation

1.1 Metabolite production and sulfate drawdown in incubations allude to temporal and

substrate-dependent dynamics in the carbon breakdown process

Chitin is an insoluble polymer, making it difficult to measure the top-down process of chitin
degradation directly. We instead followed the accumulation of ammonium and acetate, the
previously reported breakdown products of chitin and monomer GICNAC, as a

proxy for their degradation (Beier & Bertilsson, 2013; Jiang et al., 2022). According to the
following predicted stoichiometry of three moles acetate, one mole ammonium, and eight
reducing equivalents, GIcNAc oxidation is assumed to be coupled with equimolar amounts

of sulfate reduction as the terminal respiratory process in these incubations. This results in
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the theoretical production of three moles acetate per mole ammonium and a loss of one
mole sulfate per overall community reaction (hypothesized total reaction, Egn. 1).
CsH1sNOg + 2H,0 + SO4% — 3CH3COO™ + NH4* + 3H* + 2HCO3 + HS (@))
Using this idealized equation, we tracked the progression of chitin or GIcNAc oxidation with
increasing dilution of the initial sediment inoculum over the course of seven months; the 3:1
acetate:ammonium ratio is expected to change over time as secondary processes (e.g., acetate
oxidation) occur. Indeed, we observed accumulation of these products in our incubations at
a greater concentration than was seen in the context geochemistry of the source inoculum
(Supp. Fig 1).

Ammonium utilization in these incubations is expected to be largely tied to anabolism and
drawdown occurs at a lower rate than catabolism of the other GIcNAc metabolic product,
acetate. For this reason, the carbon degradation activity of the GICNAc and chitin-amended
samples can be proxied by ammonium accumulation. We chose an activity threshold based
on accumulation of the hypothesized metabolites acetate or ammonium above 0.5 mM or the
utilization of sulfate below a measured concentration of 4.2 mM using the inflection points
of metabolite concentration in an empirical cumulative density function plot (Supp. Fig. 2).
In GIcNAC treatments, 60% of samples in dilutions 1-4 (69/115) met this activity threshold,;
these had a mean acetate:ammonium ratio that increased to above the expected stoichiometry
across dilutions for the first two time points (one month: 2.52:1, SD 1.6, n=37; three months:
3.63:1, SD 2.15, n=21) (Fig. 2a, middle row). This average ratio decreased back to 2.52:1

(SD 1.650) after seven months (n=29); a decrease likely attributed to acetate utilization.
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Figure 1. Experimental diagram and sampling processing scheme for 16S rRNA
gene amplicon sequencing (top, filled wells), metagenomic sequencing (top,
orange highlights), and geochemical analysis of metabolites acetate, ammonium,

and sulfate (bottom, filled wells).
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Notably, some GIcNAc-amended replicates (n=3) showed active carbon metabolism
uncoupled to a stoichiometric amount of sulfate drawdown by the final time point with
millimolar amounts of ammonium accumulation and a lack of total sulfate utilization (Fig.
2a, middle row, right). Although sulfate was largely exhausted in most active wells by three
months, acetate continued to decrease until seven months (Fig. 2b), suggesting a syntrophic
or methanogenic sink. Serial dilution of the starting sediment had a significant impact on
activity in the GIcNAc incubations. While ~19% of all measured wells consumed 50% or
greater (>2.5 mM) sulfate by the first month, the distribution of sulfate drawdown was
skewed to lower dilutions. Specifically, by the final time point, 11/15 of the replicates with
the most diluted inoculum (dilutions 3 and 4) did not show significant sulfate loss (Fig. 2b).
This was suggestive of either loss of active sulfate reducers or, alternatively, other taxa
required for GICNAc utilization at high sediment dilution.

Chitin-amended incubations contained fewer active samples, with 50% of samples meeting
our activity threshold; these active incubations were heavily weighted to the two lowest
dilutions (5x10°°, 5x10°) and additionally exhibited a strong shift in the ratio of metabolic
products over time (Fig. 2a, top row). At the earliest time point, the average
acetate:ammonium ratio for active samples was 2.21:1 (SD 2.20, n=29), indicating either
early acetate consumption or an alternative pathway (Fig. 2a, top row, left). The high
standard deviation reflected the variability within these microcosms with some samples that
accumulated low concentrations of ammonium (<1 mM) with higher relative levels of

acetate. In contrast, all 19 microcosm incubations that accumulated moderate to high
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amounts of ammonium (>1 mM) produced significantly more ammonium relative to
acetate than the predicted 3:1 stoichiometric ratio (average acetate:ammonium = 1.05:1, SD
0.31). Very high amounts of ammonium were produced from chitin and appeared decoupled
from sulfate reduction. In contrast to GIcNAc incubations, there was little to no sulfate
drawdown within the first month, with sulfate drawdown increasing in the three-month time
point. By the 7-month time point, at least 14 out of 40 incubations exhibited > 0.5 mM sulfate
utilization. This time lag in sulfate reducing activity was consistent with limited accessibility
and slower degradation of the insoluble polymeric electron donor. 83% of samples from
dilutions 1 and 2 (10/12) with greater than 5 mM ammonium used less than 1 mM sulfate
(Fig. 2a, top row, left). These temporal activity patterns suggest the potential involvement of
additional processes beyond simple cleavage to the GICNAc monomer and subsequent
secondary oxidation; for example, production of nonionic metabolites such as ethanol
(proposed metabolic reaction, Eqn. 2) in lieu of acetate. Acetate drawdown by other
community members or acetoclastic methanogens could also explain the deviation from the
predicted 3:1 stoichiometry. We did not test for ethanol but small fatty acid metabolites such
as propionate or butyrate were not detected in the microcosms.

[GIcNACc]» — GlcNAc + 4H20 — CH3COO™ + NH4" + 2CH3CHOH + 2H* + 2HCO3 (2)
In the last two time points, the acetate:ammonium ratio in active chitin-amended incubations
increased to near or above the expected value. By three months, these incubations reached a
ratio of 4.43:1 (SD 2.95, n=14), which finally decreased to near 3:1 at seven months (3.75:1,

SD 3.18, n=15) (Figure 2a, top row). Ammonium also was utilized to a greater extent than
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Figure 2. Patterns in metabolic output in 96-well incubations. (a) The bulk ratio of metabolic end products of a subset of dilutions
(represented by point shape) and replicates demonstrates a temporal shift in the stoichiometric balance between ammonium and
acetate. Catabolic processes would affect sulfate (color) and acetate concentration. The 3:1 line (solid line) denotes the ratio of acetate
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in equation 1. Early chitin-degrading incubations exhibit an equimolar amount of excreted ammonium and acetate (dashed line) The
initial metabolite concentration in the media was 0 mM for acetate and ammonium, and 5 mM for sulfate. (b) Difference plots of
acetate and ammonium concentration displaying change in metabolites between the first two (one month to three months) and last two
(three months to seven months) time points over dilution (shape). The horizontal line represents no change between time points, and
shading represents differential sulfate concentration between the time points beginning at our activity threshold of 0.8 mM sulfate
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expected between the three- and seven-month time points (Fig. 2b, top) and this
drawdown could have contributed to the elevated acetate:ammonium ratios we observed.
Both GIcNAc- and chitin-amended incubation sets were highly active in the last six months
of the experiment. These activity patterns were in agreement with the overall trend of sulfate
drawdown; with the exception of two samples in the GICNAc treatment, the maximum extent
of acetate and ammonium accumulation occurred with complete to near-complete sulfate
utilization in both amendments (Fig. 2a).

Incubations that were not supplied an external carbon source showed some evidence of
metabolic activity with endogenous organic carbon degraded to acetate and ammonium even
after a three-month incubation and even at the highest dilution (dilution 4) (Fig. 2a, bottom
row), where very little carryover of sediment from the initial inoculum is expected. The
samples using endogenous carbon rather than supplied GIcNAc or chitin did not produce
acetate or ammonium at values close to the 3:1 predicted stoichiometry for GICNACc
degradation. The degradation of this endogenous carbon is coupled to sulfate drawdown only
at the final time point, with both samples accumulating above-average ammonium (0.23

mM) and completely consuming sulfate.

1.2. Dilution has a pronounced effect on the metabolic response to the GIcNAc- and

chitin-amended incubations

We observed a strong shift in activity related to sediment dilution when tracking the

trajectory of each GIcNAc treatment replicate over time from dilutions 1-4. The lowest
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measured dilution (5x107°) exhibited strong acetate drawdown while higher dilutions
accumulated up to 10 mM acetate between the three and seven-month time points. The
trajectory of ammonium concentration per replicate was more heterogeneous but on average
ammonium concentration increased over the last two time points (Fig. 2b, top), consistent
with continued degradation of the provided substrate.

In chitin-amended incubations, sulfate reducers in the high dilution samples appeared to have
only a modest amount of activity. This is in contrast with the initially highly active acetate
and ammonium production followed by an eventual drawdown; this rise and fall behavior
occurred in all dilutions except dilution 1 (5x10°) between the first two time points (1-3
months). Both metabolites then accumulated between the last two time points (3-7 months),
indicating a shift in community behavior at three months (Fig. 2b). Chitin treatments
exhibited sporadic heterogeneous “jackpots” of microbial activity at higher dilutions with
the resulting ammonium and acetate then metabolized over time; four out of the twelve
dilution 3 samples produced either measured metabolite above the threshold 0.25 mM
concentration by the first time point; by the final time point, only one replicate has
accumulated acetate or ammonium (4.7 mM acetate, 0.6 mM ammonium). That single
replicate at dilution 3 (5x10°) with high metabolite accumulation did so in conjunction with
nearly complete sulfate utilization. A different pattern emerged at dilution 4, where there was
high ammonium and acetate production (>4 mM) decoupled to sulfate utilization in two of
the four measured samples at the one-month time point. Both metabolites were utilized in

these samples by 7 months.
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2 The stabilizing effect of complex carbon on community composition

2.1 The relationship between active carbon utilization and community composition over

time

The heterogeneity in metabolic activity between dilutions and complexity of the amended
carbon source provided an opportunity to examine the potential relationships between
microbial activity and community composition. Genus-level agglomeration of the 16S rRNA
gene sequence data simplified downstream analysis while still providing good completeness
of sampling (Supp. Fig 2). Nonmetric multidimensional scaling analysis (NMDS) indicated
that GIcNAc- and chitin-degrading communities become more dissimilar over time before
finally converging at seven months. These data agree with the analysis of similarities
between treatments (ANOSIM) (Supp. Table 1) which demonstrated a per-treatment
dissimilarity in active incubations which reaches a maximum at three months before
decreasing at the final time point. As expected, acetate and ammonium accumulation
contributed to between-treatment dissimilarities, especially at early time points (Fig. 3).

When we assessed the dissimilarity of all treatments combined, a trend consistent with that
seen in the metabolic output was observed. The one-month chitin incubations at all dilutions
exhibited greater dissimilarity from all other time points and incubations, consistent with the
unusual acetate:ammonium ratios (Supp. Fig 4). While these samples clustered together and
were distant from other treatments, by the seven-month time point all treatments had

converged (Fig. 3).
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Figure 3. Community dissimilarity using nonmetric multidimensional dissimilarity
analysis (NMDS). Only samples with geochemistry data are included in this analysis, and
metabolite abundance is contoured on the plots (p<0.005). The accumulation of both
acetate and ammonium contributes to the dissimilarity between samples and varies at
each time point. Meanwhile, per-treatment community dissimilarity converges over time.
Contour lines follow ammonium (top) and acetate (bottom) concentrations, with yellow
corresponding to greater metabolite concentration. Active samples are indicated by filled

symbols, with activity thresholded to at least 0.5 mM accumulated ammonium or acetate,
or at most 4.2 mM sulfate.

This difference was also observed in ANOSIM analysis of the active replicates with
statistically significant dissimilarity between chitin and GICNAc communities increasing
from 0.1875 at one month to 0.611 at three months (Supp. Table 1). The seven-month value
(-0.035) was insignificant. Follow-up similarity percentage (SIMPER) analysis on
significant ANOSIM analyses demonstrated that the top 30% taxa with significant (p<0.05)
contributions to dissimilarity between chitin and GICNAc treatments at the one month time
point were Psychromonas, Desulfomonadales family Sval033, and Pontiella (formerly

Kiritimatiellales family R76-B128; Van Vliet et al., 2020); at the three month time point
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these were Desulfoconvexum, Carboxylicivirga, an unassigned member of the class
Bacteroidia, and Marinifilum (Supp. Files). All of the major contributors to dissimilarity at
both time points were largely psychrophiles consistent with the deep sea source inoculum
and incubation temperature. These taxa were on average more abundant in GICNACc
treatments in the last two time points. The above taxa with the possible exception of Sval1033
and Desulfoconvexum are also groups which contain heterotrophic bacteria that have the
potential to degrade not only mono- and disaccharides but, surprisingly, also polysaccharides
of varying complexity. The metabolic potential and ecological roles for these genera were
inferred from cultivated species and environmental surveys (Enke et al., 2019; Mountfort et
al., 1998; Na et al., 2009; Van Vliet et al., 2020; Wunder et al., 2021; Yang et al., 2014).
Given the strong influence of carbon degradation activity on community dissimilarity, we
analyzed the effect of metabolic activity on indicator taxa (De Céceres et al., 2010) by
binning samples based on activity (e.g., accumulation of at least 0.5 mM acetate or
ammonium, or at most 4.2 mM sulfate remaining) and determined the taxa significantly
associated (p<0.05) with active replicates for each treatment and time point. Over twice the
number of taxa were associated with active microcosms from the chitin treatments (24) than
those incubated with the monomer GIcNAc (10). Taxa associated with activity differed
between the one-, three-, and seven-month time points, as well (Supp. Fig. 5). Seven genera
were identified as highly correlated with active GICNAc treatments at the one-month time
point, including potential sulfate-reducing taxa Desulfocapsaceae and Desulforhopalus, and

putative saccharide utilizers Spirochaeta and Marinifilum (Harwood & Canale-Parola, 1983;
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Na et al., 2009). The nearest cultured Spirochaeta species hit found via BLAST against
the NCBI nucleotide collection was the marine monosaccharide-utilizing spirochete
Spirochaeta isovalerica (Harwood & Canale-Parola, 1983). No indicator taxa were
identified at the three-month time point in these active GICNAc treatments, and at the seven-
month time point, substantially fewer indicator genera were identified versus the first time
point. Only three genera were associated with that final time point:Desulfoconvexum, a
member of the Bacteroidetes BD2-2 family, and Marinifilum.
This trend differed from the chitin treatments, which did not have any identified indicator
taxa at the first time point, and seven identified in incubations after three months. These
included putative sulfate reducers Desulfobacterium and Desulfoconvexum, the potential
saccharide-utilizing Firmicutes Christensenellaceae and Peptostreptococcales-Tissierellales
(Klouche et al., 2007; Liu et al., 2021), and the putative sulfonated saccharide-utilizing
Verrucomicrobia, Pontiella (Van Vliet et al., 2020). The member of the
Peptostreptococcales-Tissierellales belonged to an uncultured cold seep-associated genus
that branched closely with the disaccharide-utilizing genus Geosporobacter (Klouche et al.,
2007). At the final, seven-month time point, there were 17 taxa associated with active chitin-
amended treatments (Supp. Fig. 5). The taxa that were most associated with activity included
putative heterotrophs Sediminispirochaeta, a member of the Bacteroidetes BD2-2 family,
Carboxylicivirga, and an uncultured member of the Spirochaetaceae, and, notably, the
methanogenic genera Methanogenium and Methanococcoides. Of the predicted sulfate-

reducing taxa, Desulfobacterium species are known to be capable of acetate oxidation (Bak
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& Widdel, 1986), while Desulforhopalus and Desulfoconvexum are both considered
incomplete oxidizers using fatty acids or primary alcohols rather than acetate (Isaksen &
Teske, 1996; Konneke et al., 2013). Moreover, the two methanogen genera associated with
the final time point from active chitin microcosms were expected to have differing niches
and were not observed in GIcCNAc microcosms. While Methanococcoides was associated
with noncompetitive methylotrophic substrates and thus expected to potentially be
coincident with sulfate reducers, Methanogenium was thought to be hydrogenotrophic

(Akinyemi et al., 2019; L’Haridon et al., 2014; Romesser et al., 1979).

2.2 Effect of carbon complexity and dilution on community structure and association

networks

Chitin amendments supported higher levels of microbial diversity, especially at the lower
dilutions, compared with GIcNAc amendments in the first three months. By the final, seven-
month time point, however, the species richness converged between chitin and GICNAc
treatments (Fig. 4a; Supp. Table 2). GIcNAc amendments exhibited a precipitous decrease
in richness and unique taxa between the first two time points followed by a rebound at the
last two time points (Fig. 4b). Taxonomic richness was maintained at the same magnitude in
chitin-amended incubations as in the input sediment inoculum (data not shown); these chitin-
amended incubations additionally exhibited a modest change in richness over the course of
the experiment. This change masked a dynamic gain and loss of taxa in the incubations over

time. There was gain and loss of genera at roughly equal magnitude during both the first two
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two time points in chitin-amended treatments relative to GleNAc.
Chitin-amended treatments at low dilution maintained their
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GlcNAc-amended treatments, which exhibited a diversity crash at
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included in Supplemental Table 2. (b) Community difference plots
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correspond to “rare” genera that were below 0.1% relative
abundance; point color corresponds to treatment for genera that
exhibited at least a twofold abundance change. Counts of rare
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Figure 5. Communities amended with the monomer are not compositionally nested within polymer-
amended communities. (a) A hypothetical nested community would have communities carrying out
downstream metabolic processes such as GlcNAc degradation be a subset of chitin degradation. (b)
Euler diagrams demonstrating GleNAc-amended community members found in all replicates and
dilutions at each time point are not nested within chitin-amended communities.
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replicates, and, corresponding with NMDS analysis, the communities at the first and final
time points were dissimilar. Notably, many of the genera gained between these time point
pairs proliferated from an originally rare state below 0.1% relative abundance (Fig. 4b, Supp.
Fig. 6). The increased diversity in early chitin amendments suggested that polymer degrading
communities may be a superset of the monomer degrading communities. When we assessed
the pool of shared genera within each treatment in a conservative estimate of the “core
microbiome”, we did not observe compositional nesting between GICNAc and chitin
microcosm communities (Fig. 5). This was contrary to the expectation that the community
composition in these incubations might parallel the nestedness of the GIcCNAc and chitin
degradation processes.

Given the role of sulfate reduction as the major respiratory process in these incubations, we
expected some correlation with sulfate reduction activity to community structure. However,
the lack of sulfate reduction activity was not correlated to overall diversity in any treatment

(Supp. Table 3). Further, despite the hypothesis that sulfate reducing taxa presence would be
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correlated with sulfate drawdown, high dilution incubations (dilutions 3 and 4) with low

to no sulfate utilization still maintained DNA evidence of putative sulfate reducing taxa
which were not diluted out. Although most sulfate drawdown in the chitin treatment was
constrained to dilution 1 (Fig. 2b), sulfate reducing taxa were detected even in the highest
dilution (dilution 4, 5x10°) (Supp. Fig. 7; Supp. Files). Moreover, methanogenic taxa were
below detection in the original inoculum, yet rose in relative abundance even at the highest
dilutions in response to both carbon sources (Supp. Fig. 7).

To determine whether microcosms with the highest activity contained common interaction
patterns between distinct community members, we generated co-occurrence networks using
the active incubations for each carbon amendment, dilution, and time point. All statistically
significant networks (p<0.005, threshold 0.5) contained putative sulfate reducing taxa
consistent with the sulfate reduction activity observed. An exception to this was the early
time point for the active chitin incubation where inclusion of sulfate reducing taxa in the
network preceded observed sulfate drawdown. Moreover, in all but two dilution/time point
pairs of this set, chitin incubations each contained a higher number of discrete clusters than
GIcNAc treatments (Fig. 6b) consistent with the greater overall diversity observed in these
incubations. Further, occurrence of the hydrogenotrophic methanogen Methanogenium in
correlation networks was often associated with putative incomplete acetate oxidizing sulfate
reducers (e.g., Desulfoconvexum) in active incubations (Supp. Files). Other methanogenic

genera such as methylotrophic Methanococcoides and Methanosarcina were also
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present in correlation networks for nearly all dilutions of chitin-treated incubations,
suggesting the presence of viable methanogens in situ and potential interactions with other

community members.

3 The effect of carbon amendment on the functional redundancy of metabolic genes

3.1 High diversity of sulfate reducing taxa supported polymer chitin amendments over the

monomer GIcNAc

The dynamism in community data recorded by 16S rRNA gene amplicon sequencing was
also independently supported by diversity and abundance of key genes for sulfate reduction
(dsrA) and methanogenesis (mcrA) in metagenomic data. At the one and three-month time
points, we sequenced the metagenome of one of the 12 replicate samples from each serial
dilution representing four metagenomes per treatment and per time point and sixteen
metagenomes total (eight per treatment). The dsrA gene, a subunit of sulfite reductase,
encodes the final step of sulfate reduction and is present in all putative sulfate reducers and
some sulfur oxidizers with a high degree of homology (Wagner et al., 2005). Identifying
dsrA reads in the metagenome provided an assessment of within guild diversity and possible
functional redundancy across coexisting sulfate reducing populations. We recovered dsrA
from all treatments and dilutions; all four dilutions experienced a proliferation of
phylogenetically distinct dsrA over the first two time points which was enhanced in chitin

incubations (n=65) vs. in GICNAc incubations (n=55) (Fig. 7). There were more dsrA genes
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normalized by read number in chitin amendments than in GIcNAc amendments (Supp.
Fig. 8), with three of the four chitin incubations exhibiting an increase in dsrA diversity, with
an average 82% increase in unique dsrAs, between the one-month and three-month
incubation period. In contrast, dsrA diversity in GICNAc incubations increased in two of four
incubations and averaged less than half the increase observed in the chitin incubations, at

38%.

3.2 Methanogen proliferation in chitin treatments after sulfate depletion

Methanogenic clade abundance differences between treatments and time points were
additionally supported by functional gene data. We mined methyl coenzyme reductase gene
mcrA, found in all methanogenic and methanotrophic archaea, from the metagenomic data
and found that, consistent with the 16S rRNA gene amplicon data, the taxonomic assignment
of mcrA varied by carbon treatment. Methanogenium was more abundant in chitin treatments
than GIcNAc in both 16S amplicon and metagenome sequence data; however, the detection
of Methanogenium mcrA occurred earlier than in the iTag data (three months versus seven
months; Fig. 8). Cultured Methanogenium are all hydrogenotrophic methanogens and not
known to be associated with noncompetitive substrate use (Akinyemi et al., 2019; Oremland
& Polcin, 1982); we therefore predicted the occurrence of Methanogenium to be associated
with sulfate depletion. Indeed, at the final time point, Methanogenium 16S abundance was
strongly negatively correlated with sulfate concentration (p<0.05, Spearman’s rho = -0.719)

when aggregating all dilutions and replicates in the chitin treatment.
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Methanogenium 16S abundance did not correlate with sulfate utilization in any other
treatment or time point, consistent with the indicator taxon analysis (Fig. 8b). Although
Methanogenium was not detected in the specific sediment depth horizon used as the
inoculum for this experiment, it was present at roughly 6% relative abundance in 16S rRNA

gene surveys of a deeper horizon in the same sediment core.

DISCUSSION

Little is known about the anaerobic breakdown of complex polymers like chitin by
microorganisms in deep sea sediments. This study aimed to answer outstanding questions in
microbial ecology within this context through assessing the community response to the
anaerobic respiration of complex carbon. Using this highly replicated and structured system,
where we tracked geochemical output and community metrics in tandem over time, we
received insights into the dynamics of anaerobic marine sediment communities. We
determined the impact of carbon complexity on microbial community structure through
assessing the compositional and metabolic changes over time, the role of functional
redundancy of metabolic guilds in maintaining community performance, and the relationship
between community structure and activity. Despite the expected influence of stochastic
processes on community heterogeneity (Le Moigne et al., 2023), there was nonetheless a
consistent relationship between complex carbon amendment and the maintenance of
community diversity (e.g., Fig. 4a, 5, 6). Contributions to this signal may include potential

underlying microbial interactions and interdependencies including syntrophy as well as
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physical drivers of heterogeneity such as the insolubility of the input substrate and the
spatially heterogeneous nature of the sediment inoculum (Probandt et al., 2018).

Anaerobic chitin degradation in other systems has been shown to proceed through the
hydrolysis of chitin to oligomers (e.g., chitobiose and GIcNAc) followed by fermentation to
small fatty acids or primary alcohols coupled to the reduction of available electron acceptors,
including sulfate (Beier & Bertilsson, 2013; Worner & Pester, 2019). We demonstrated that
these two processes — substrate degradation and electron acceptor respiration — do not
necessarily occur in lockstep. Chitin-amended microcosms exhibited a high level of acetate
and ammonium accumulation that was initially decoupled from sulfate reduction with a 1:1
acetate:ammonium ratio (Fig. 2a). This metabolite accumulation ratio was in contrast to
incubations with the chitin monomer GIcNAc, where acetate levels were three times that of
ammonium. The ammonium concentration in relation to sulfate drawdown differs strongly
between the two treatments even accounting for a potential time lag. Specifically, while
chitin incubations exhibit a dramatic decrease in absolute ammonium concentration coupled
to sulfate drawdown between the first two time points, GICNAc incubations overall had a
higher ammonium concentration of ammonium even as sulfate was used (Fig 2a). This
response is therefore not likely to be solely a result of rapid early succession in metabolizing
a simpler product. Because the idealized degradation of GICNAC results in a stoichiometric
acetate:ammonium ratio of 3:1, these results then suggested that chitin-amended
communities either had high levels of acetate consumption at the first time point, or that the

chitin-respiring community included fermenter groups producing alternative metabolic
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products such as primary alcohols instead of acetate. Our ion chromatography method
was unable to measure non-ionizable metabolites; however, we could exclude production of
other small fatty acids such as propionate or lactate. In the absence of sufficient sulfate
reduction to account for the oxidation of the predicted acetate (over 10 mM, Fig. 2b),
metabolic pathways capable of acetate drawdown under these conditions include acetoclastic
methanogenesis or syntrophic acetate oxidation. At the low temperatures of this experiment,
syntrophic acetate oxidation is expected to be outcompeted by acetoclastic methanogenesis
and therefore not expected to be present unless the methanogens are inhibited e.g., by high
ammonium concentrations (>90 mM, Schndirer et al., 1999). The significant sulfate-coupled
drawdown of ammonium in chitin-amended incubations between the first two time points is
also notable, suggesting more complex interactions between the terminal process of sulfate
reduction and upstream members that could be stimulated by chitin such as sulfate-coupled
ammonium oxidation (Fdz-Polanco et al., 2001).

While prior work at hydrothermal vents have shown a lack of methanogenic enrichment in
complex carbon amended thermophilic and mesophilic microcosms (Pérez Castro et al.,
2021), our incubations maintained a modest methanogen signal in both marker genes and the
16S rRNA gene diversity surveys, suggesting a further influence of temperature (Fig. 8).
Chitin-amended microcosms also accumulated high ammonium concentrations (Fig. 2a), so
it is possible that acetoclastic methanogens are present but inhibited. The relative lack of
sulfate coupled-acetate utilization is in contrast to prior reports from marine sediments

demonstrating a preference of sulfate-reducing bacteria for small organic acids (Christensen,
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1984; Glombitza et al., 2016). Additionally, the low abundance of methanogenic clades
does not preclude their activity within these microcosms; not only are relative abundance and
activity known to be decoupled (Pester et al., 2010), it is possible that some of these groups
were below the detection limits of our analysis. Indeed, many of these microcosms showed
heightened evidence of methanogenic taxa at later time points.
The presence of taxa known to utilize organosulfur substrates suggests the contribution of
other sulfur-mediated pathways spanning a range of oxidation states from sulfate esters to
methylated thiols. Some examples include the sulfated polysaccharide utilizing genus
Pontiella, which is an indicator of activity in chitin-amended microcosms, as well as
members of the family Methanofastidiosales which have the ability to reduce methylated
thiols (Nobu et al., 2016; Van Vliet et al., 2020). The production and utilization of these
sulfur compounds can allow for further niche partitioning and may contribute to diverse
community composition and interactions, especially in the case of Pontiella which is
additionally able to produce sulfated polysaccharides.
Chitin-amended incubations were able to retain both compositional and functional diversity
over time and with increasing dilution, albeit with increasing variation at higher dilution
microcosms (Fig. 4a). This indicates that the essential members required for insoluble
polymer degradation were maintained at high inoculum dilution (up to dilution 3). Notably,
community richness was largely invariant despite this extreme dilution of the starting
sediment inoculum, implying diversity was distributed among sediment particles in a manner

consistent with other particle-associated communities. Specifically, previous work has
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shown that individual sand particles can retain a significant subset of overall community
diversity (Probandt et al., 2018), potentially providing a seedbank allowing community
success even in highly dynamic environments.

The stable alpha-diversity in chitin-amended incubations over the seven month course of the
experiment, however, was underpinned by dynamic gains and losses of genera over time
(Fig. 4b). The shuffling of genera across time was seen at even the highest dilutions and was
dependent on chitin; GIcNAc-amended incubations exhibited a much more asymmetric
response reflecting the alpha diversity shifts with more genera lost than gained at the three-
month time point. This dynamic response appears to be an irreducible characteristic of the
complex carbon impact on these communities and, in the absence of dispersal to drive the
proliferation of diversity, has implications on the ability of chitin to support active
community turnover. Further contributions to community structure during the anaerobic
degradation of insoluble polymers may additionally include trophic interactions, nutrient
auxotrophies, and niche partitioning (Embree et al., 2015; Fierer & Lennon, 2011; Marsland
etal., 2019).

Although microbial community richness was enhanced and maintained down dilution in
chitin-amended microcosms, our experiments did not support a strong correlation between
alpha diversity and the terminal respiratory process (sulfate reduction). This is in agreement
with other works which have demonstrated an unclear relationship between alpha diversity
and ecosystem function or activity (Bell et al., 2005; Le Moigne et al., 2023; Shade, 2017).

Individual core metabolic processes such as substrate degradation and respiration (as
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determined through carbon dioxide accumulation in aerobic incubations) have been
shown to be affected by changing community richness (Bell et al., 2005; Peter et al., 2011;
C. Zhang et al., 2019). However, previous reports in amended freshwater microcosms have
also demonstrated that diversity is not directly correlated with overall ecosystem
performance; rather, taxonomic diversity is a descriptive metric whose power lies in
comparison between treatments or conditions but not a priori connected with function (Le
Moigne et al., 2023; Shade, 2017). In concordance with these observations, we observed a
maintenance of functional and compositional diversity down dilution including putative
sulfate reducing taxa and marker genes despite the depletion of sulfate reduction activity at
the highest dilutions (dilution 3, dilution 4) of our chitin-amended microcosms (Fig. 7).
Since GIcNAc is a monomer of chitin, we hypothesized that the pathways and microbial
communities responsible for the degradation of GIcNAc would be a subset of chitin-
degrading assemblages. However, our analysis showed that while the dissimilarity of the two
populations decreased over time, the overall communities were not nested, either by
composition or by presumed function (Fig. 2, Fig. 5). Prior work has shown that complex
carbon input to environmental communities resulted in “selfish” uptake rather than allow
secondary degrader competition for degradation products (Brown et al., 2024). We infer from
this observation that while microorganisms degrading oligomers or monomers will compete
for the same niche, when in a mixed polysaccharide-degrading community they may be

outcompeted by primary degraders. This suggests that more complex community
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interactions during polymer degradation beyond simple addition of function may be
involved and is in agreement with other work in freshwater sediments (Worner & Pester,
2019).

Investigation on potential interacting microorganisms through community correlation
analysis (Watts et al., 2019) provided a further method to probe the community dynamics of
these polymer-amended microcosms. In our experiment, communities were composed of co-
occurring units (“modules”) containing terminal respirers - here, sulfate reducers or
methanogens - and other species, such as putative fermenters or other heterotrophs. These
groups were connected through positive co-occurrence patterns suggestive of likely
interactions. Notably, taxa affiliated with sulfate reduction or methanogenesis were
maintained within these modules up to dilution 3 in active microcosms containing chitin and
GIcNAc, with a greater number of diverse interactions corresponding with the complex
polymer treatment (Fig. 6). The complex carbon substrate supported both diversity of
functions (through the proliferation and functional redundancy of metabolic genes) and
diversity of interactions (through the maintenance of multiple unique co-occurrence
modules). The underlying processes by which these modules assemble or are maintained are
still unknown; however, their maintenance appears to be an intrinsic property of these
microbial systems. In the specific case examining the contribution of the terminal respirer
(sulfate reducer or methanogen) to community assembly, prior work has established the
critical nature of the primary degradation process and by proxy the complexity of the primary

substrate. Primary degradation is the rate-limiting step around which downstream metabolic
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reactions must assemble (Arnosti et al., 1998). In the specific case examining the
contribution of the terminal respirer (sulfate reducer or methanogen) to community
assembly, sulfate-reducing microorganisms have been reported to support the upstream
process of exoenzyme production through, for example, the crossfeeding of secondary
metabolites (Pel & Gottschal, 1989).

Many of the terminal respirers that proliferated over the course of the experiment, especially
in connection with carbon degradation activity, were notably below detection or exceedingly
rare in the starting inoculum (Supp. Fig. 7). We observed that rare biosphere members
responded more dynamically in chitin treatments compared with the GICNAc monomer in
our experiment. The gain and loss of rare taxa, defined here as below 0.1% relative
abundance, occurred even at the highest dilutions of starting inoculum in contrast to the
metabolic readout which showed significantly less activity at high dilution (Fig. 2b; Fig. 4b).
Moreover, the proliferation of rare taxa was a major contributor to the dynamic response to
complex carbon supplementation (Fig. 4b). In natural ecosystems, changes in community
structure over time can be attributed to any one of several ecological factors - for example,
dispersal, drift, or selection (Vellend, 2010). Some of these factors can be ruled out with our
experimental setup, where each replicated microcosm represented a closed system with no
emigration or immigration over the seven-month experiment. Rare biosphere members may
contribute to the adaptability of ecosystems by enhancing their resistance to perturbations
(Jousset et al., 2017; Lynch & Neufeld, 2015; Wisnoski & Lennon, 2021), and their

contribution to the stability of diversity in our experiment supports this (Fig. 4b). Chitin-
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amended replicates exhibited strong outgrowth in rare biosphere members, with highly
dynamic change in taxa between time points while the overall diversity over time stayed
stable. While sulfate-reducing bacteria and methanogenic archaea can be at high abundance
in marine sediments (Goffredi et al., 2008; Leloup et al., 2009), our source sediment had not
seen a large influx of organic matter for nearly two decades. During sampling, there was no
sulfate drawdown within the sediment core (Supp. Fig. 1). It was not sulfidic and likely fully
oxic due to the decades since the whale fall site was active. Despite this, the sediment
community was still able to maintain a reservoir of methanogens and sulfate reducing
bacteria that were taxonomically similar to previous observations in the same submarine
canyon post carbon loading (Goffredi et al., 2008; Goffredi & Orphan, 2010). This suggested
a conserved “seedbank” response to complex carbon amendment; the maintenance of the
rare microbiome in these systems may contribute to community success and stability
(Wisnoski & Lennon, 2021; Xun et al., 2021) and additionally suggest that critical processes
such as sulfate reduction may be present even if these taxa are below detection. Despite the
fact that methanogens were below detection in our inoculum, 16S data showed a major
increase in relative abundance of Methanogenium in chitin treatments in the later time points.
The presence of these hydrogenotrophic methanogens when sulfate is depleted supports the
idea that a respiratory cascade occurs in sediment, with potential electron acceptors being
utilized progressively according to their redox potential.

Whether through particle association, or by maintenance of functional complexity when

degrading complex substrates, this work has highlighted mechanisms through which
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biodiversity and functional redundancy might be maintained in cold, anoxic systems.
The maintenance of diverse, viable methanogenic community members at low abundance
that proliferate in response to organic matter loading has implications on methane emissions
in marine environments that undergo regular pulses of complex carbon loading events. These
environments may vary from nearshore ecosystems to the deep sea, providing a potential link
between the sediment microbiome and climate processes (Borges et al., 2016; St. Pierre et
al., 2022). Future work, unearthing the complex interactions between members of functional
guilds, will additionally provide insight into the factors that drive the maintenance of

microbial communities.

METHODS

Sample collection, incubation conditions, and media design

The sediment core was collected in 2018 on research cruise WF12-18 on the R/V Western
Flyer with ROV Doc Ricketts at GPS coordinates 36.769873 N, 122.0829 W. The collection
site was at a former whale fall site (emplacement October 2004) in the Monterey Bay at 1018
m depth. Depth horizons were sectioned from the sediment core and the 6-9 cm horizon was
used for inoculum after anaerobic storage at 4 °C in an argon-gassed Mylar bag.

Colloidal chitin was prepared by dissolving 25 g chitin (Alfa Aesar catalog number J61206-
36) in 150 mL 12N HCI; the resulting slurry was strained through a cheesecloth and
precipitated in 1 L ice cold milli-Q water. After an overnight incubation at 4 °C, the mixture

was neutralized to pH 7 with sodium hydroxide and washed three times with milli-Q water
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using a 4 °C centrifugation step (10,000 x g, 20 minutes). The washed colloidal chitin
was then freeze-dried before use in incubations. The sulfate-free artificial seawater medium
consisted of 410.7 mM NaCl, 52.5 mM MgClz, 8.9 mM CaClz, 8.9 mM KClI, 0.84 mM KBr,
0.44 mM H3BOg3, 0.1 mM SrCly, 0.07 mM NaF, 0.055 mM K>2HPOs, 0.022 mM KH2POg4, 25
mM HEPES, and 1x SL-11 trace elements at pH 6 (15.467 uM Na>-EDTA pH 7, 7.545 uM
FeCly, 0.514 uM ZnCly, 0.505 pM MnClz, 0.097 uM H3BOs, 1.463 uM CoClz, 0.012 pM
CuCly, 0.185 uM NiCly, 0.149 uM NaxMoO4). The medium was pH-adjusted to 7.5.

The sulfate-free artificial seawater medium was supplemented with 5 mM sodium sulfate
and, depending on treatment, colloidal chitin (5.7 mg/mL), N-acetylglucosamine (5 mM), or
no electron donor. Tenfold serial dilutions of a 1:1 sediment slurry in 1.75 mL total volume
were anaerobically prepared in 2 mL deep well 96-well plates (VWR part number 89237-
526) with plate rows corresponding to dilution and plate columns corresponding to biological
replicates. These deep well plates were capped with silicone mats (VWR part number 89237-
538) and sealed in separate Mylar bags with an anoxic headspace for each treatment. After
incubation at 10 °C for one, three, and seven months, each well was sampled for microscopy,
metagenome sequencing, 16S rRNA gene amplicon sequencing, and geochemistry. At each
time point, 200 uL sample was filtered through a 0.2-micron filter plate (Pall product number
8019) into a polystyrene storage plate, which was sealed with an adhesive film (Biorad
Microseal B) for ion chromatography. The filtrate was saved at -80 °C for DNA extraction.
100 pL of sample at each time point was fixed with a final concentration of 1%

paraformaldehyde and stored at 4 °C for microscopy.
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Geochemistry: quantification of major ions and metabolites

Samples for ion chromatography were stored at -20 °C until analysis, when they were diluted
1:50 and run on Dionex 1CS-2000 or Thermo Integrion HPIC as previously described (Speth
etal., 2022) on an AS19 anions and CS16 cations column. Analysis was focused on all twelve
replicates from dilutions 5x10° to 5x107, with four replicates from the highest dilution
(5x10®) for a total of 40 samples analyzed at each time point with some exceptions. Six
samples were removed from GICNAC treatments at the first and second time points (first time
point: two samples at 5x107; second time point: three samples at 5x10° and one sample at
5x107") due to lack of sample; at the first time point, all twelve replicates from this treatment
at the highest dilution (5x10®) were analyzed. Samples were run at the Water and

Environment Laboratory (Caltech).

DNA extraction and sequencing

Samples were extracted using the Beckman DNAdvance kit (Beckman product number
A48705) using the following protocol (adapted from Szabo et al., 2022). Samples were lysed
with 20 puL of a 1,000U/uL lysozyme solution at 37 °C for 1.5 hours, 140 puL of a Proteinase
K lysis mixture (132.25 pL LBH lysis buffer, 5.25 uLL 0.8 U/uL Proteinase K, 2.5 pL freshly
prepared 1M dithiothreitol) at 55 °C for 16-20 hours, and 40 puL of a 10% SDS solution at 65
°C for 2 hours. Lysate was gently mixed with 50 uL PBBA pre-bind buffer, avoiding bubbles,

followed by addition of 85 puLL BBE bind buffer. After room temperature incubation for 1
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minute, beads were separated with a 7-minute incubation on a magnetic plate stand.
Supernatant was removed and beads were washed three times with 170 pL of a freshly made
70% ethanol solution. Each wash involved thorough resuspension of pellet and subsequent
incubation on a magnetic plate stand until solution cleared. After the final wash, remaining
supernatant was removed using a 10 pL multichannel pipette and beads were incubated at
room temperature for 5 minutes to allow drying of residual ethanol. The plate was then
removed from magnet and DNA was eluted with a resuspension of beads in 30 uL. EBA
elution buffer, then magnetic separation and transfer of eluted DNA 10 pL at a time into a
storage plate.

Extracted DNA was quantified with Picogreen (Invitrogen product number P7589),
according to manufacturer’s protocol.

Samples were submitted for 16S rRNA gene sequencing of the V4 hypervariable region to
Argonne National Laboratories (Earth Microbiome Project barcoded primer set 515F 5’-
GTGYCAGCMGCCGCGGTAA/806R 5’-GGACTACNVGGGTWTCTAAT) or Laragen
(515F 5-GTGYCAGCMGCCGCGGTAA/926R 5-CCGYCAATTYMTTTRAG
TTT). Both primer sets had Illumina adapters appended to the 5’ end as described previously
(Caporaso et al., 2012; Speth et al., 2022).

Samples were submitted for metagenome sequencing to the MIT core sequencing facility
(Cambridge, MA, USA) after library preparation using the Nextera XT library preparation
kit and quality control with a TapeStation 4200 (Agilent) using the HSDNA D1000 screen

tape, both according to manufacturer’s protocol.
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16S rRNA amplicon sequence analysis

Demultiplexed 16S amplicon reads were put through the QIIME2 pipeline with denoised
ASV abundances generated using DADA2 (Bolyen et al., 2019; Callahan et al., 2016).
Taxonomy classification was done using a classifier trained on the SILVA SSU database
release 138 (Quast et al., 2013; Yilmaz et al., 2014). Samples with fewer than 20 reads were
removed from the analysis. All R analyses were done using R Statistical Software (version
4.0.3). Decontamination and abundance visualization of 16S data was done using the R
phyloseq and decontam packages (Davis et al., 2018; McMurdie & Holmes, 2013).
Diversity, dissimilarity, and species accumulation analyses were done using the vegan
package (Oksanen et al., 2020), with NMDS analysis done on fourth-root transformed genus-
agglomerated relative abundance data. Indicator species analysis was done using the
indicspecies package (De Caceres & Legendre, 2009) with the point biserial correlation
coefficient corrected for site number. Correlation analysis was done using fastspar (Watts et
al., 2019). Visualization of networks was done using the igraph R package (Csardi & Nepusz,
2005) and Cytoscape (Shannon et al., 2003). Correlation networks were then clustered with
MCODE (Bader & Hogue, 2003). Nestedness was demonstrated through Euler plots of
presence-absence transformed 16S rRNA sequence data with all dilutions and replicates
combined for each treatment at each time point. Sulfate reducing and methanogenic taxa
were defined generally as members of the phylum Desulfobacterota or orders
Methanosarcinales, Methanofastidiosales (formerly the WSA2 group; Nobu et al., 2016), and

Methanomicrobiales, respectively (Supp. Files).
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Metagenomic analysis of metabolic marker genes

Metabolic marker genes for sulfate reduction (dsrA) and methanogenesis (mcrA) were mined
from metagenomic sequence reads using a previously described protocol (Speth & Orphan,
2018) and manually curated databases derived from GTDB release 202 (Supp. Files).To
prepare a reliable Hidden Markov Model (Eddy, 1998) for searching GTDB, taxonomically
diverse DsrA and McrA amino acid sequences were identified from a non-redundant set of
bacterial and archaeal genomes in the IMG database (I.-M. A. Chen et al., 2021) using the
BLASTP (Altschul et al., 1990) function on their website. These sequences were filtered
using UCLUST (Edgar, 2010) to extract sequences that were at least 50% dissimilar in
sequence identity. The remaining highly dissimilar sequences were used to construct an
HMM using the HMMbuild function of HMMer (Eddy, 2011). These HMMs were then used
to query the genomes from GTDB r202 by using the hmmsearch function of HMMer. The
resultant databases are made available as part of the supplement. Briefly, metagenome reads
were searched against the database using DIAMOND (Buchfink et al., 2015). These reads
were then searched against an outgroup consisting of the NCBI-nr protein reference database,
and the BLAST score ratio (BSR) calculated between the two searches; a BSR threshold of
0.75 was applied. Reference DsrA phylogenetic trees were built using a MUSCLE alignment
(Edgar, 2004) of the database sequences corresponding to mined metagenome sequences
matching at least 95% identity with IQTREE (Minh et al., 2020) model LG+R6, bootstrapped
100 times. Reference McrA phylogenetic trees were generated similarly, with IQTREE

model LG+F+G4. Visualization of trees was done with iTOL (Letunic & Bork, 2021).
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Supplemental Figure 1. Porewater geochemistry from a paired sediment push core at the

whale fall site used in this experiment.



54

1.00 1.00[ ] 1.00 I
_- I | [
E0.75 ~0.75] | _.075 |
= Y [

5 & B I
g 0.50{ i © 0.50 5 0.50
E | < | 2 I
T 025 i 0251 0.25 |
I I I
0.00H 0.00H] 0.00 1
0 3 6 9 0 5 10 15 0 1 2 3 4 5
[Ammonium] (mM) [Acetate] (mM) [Sulfate] (mM)
Treatment Time n n n n
point [NH#1>05mM  [Ac]>05mM  [SOs#]<4.2mM  active
None (n.m.) 1 month n.m. n.m. n.m. n.m.
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GIcNAc (n=40) 7 months 29 28 26 29
Chitin (n=40) 1 month 20 25 15 29
Chitin (n=40) 3 months 4 12 13 14
Chitin (n=40) 7 months 5 14 14 15

Supplemental Figure 2. Empirical cumulative density functions describing the distribution
of metabolite concentration. Activity thresholds are shown with vertical lines: ammonium
and acetate thresholds are set at 0.5 mM; and sulfate is thresholded at 4.2 mM. Table below
lists incubation counts meeting each threshold. n.m., not measured.
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(orange) and agglomerated by genus (blue).
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Supplemental Figure 5. Indicator taxon analysis demonstrates an enhanced number of
differentially abundant genera associated with metabolic activity in chitin treatments (purple
points) vs GICNAc treatments (green points). Labels correspond to the lowest taxonomic
level description available. Bolded labels indicate putative methanogens or sulfate-reducing
bacteria, and asterisks denote genera supported with metabolic gene data (DsrA or McrA).
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Supplemental Figure 6. Shifts in rare genus relative abundance over time,
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Supplemental Figure 7. Relative abundance of inferred methanogenic (top) and sulfate-
reducing (bottom) taxa with 16S sequencing data. Point fill corresponds to sulfate
concentration within each replicate and shape corresponds to dilution. Asterisks correspond
to total relative abundance of these taxa in the source sediment.
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Supplemental Figure 8. (a) Mined sulfite reductase genes (dsrA4) predominantly correspond to
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shared hits. Set sizes correspond to the number of unique hits per dilution. (b) Total number of
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more dsrA gene hits per read number than GlcNAc.
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Supplemental Table 1. Per-treatment dissimilarity metric (ANOSIM R statistic) shows

a maximum dissimilarity between chitin and GICNAc treatments at three months in active
incubations. Significant values are marked (** p<0.001; italics are not statistically
significant).

1 month 3 months 7 months
All incubations 0.241** 0.276** 0.167**
Active incubations 0.1875** 0.611** -0.035
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Supplemental Table 2. Means and standard deviations of per-dilution richness (Chaol) calculated from 16S rRNA gene amplicon
sequence data. Samples with low read abundance were excluded from all analyses as described in Methods.

Chitin GlcNAc¢

DILUTION TIME POINT JLCHAO1 GCHAOL n DILUTION TIME POINT LCHAOL GCHAOL n
DIL 1 5x10° 1 month 40.25 15.65 12 DIL 1 5x10° 1 month 29.00 11.39 12
DIL 2 5x10°° 1 month 36.50 12.83 12 DIL 2 5x10°¢ 1 month 25.36 8.54 11
DIL 3 5x107 I month 22.33 11.39 12 DIL 3 5x107 1 month 26.58 11.74 12
DIL 4 5x10°® 1 month 12.83 6.71 12 DIL 4 5x10® 1 month 27.17 9.31 12
DIL 1 5x10° 3 months 57.36 22.44 11 DIL 1 5x10°° 3 months 6.44 4.00 9
DIL 2 5x10° 3 months 33.40 10.82 10 DIL 2 5x10° 3 months 5.00 2.00 8
DIL 3 5x107 3 months 23.36 19.06 11 DIL 3 5x107 3 months 3.80 1.10 5
DIL 4 5x10°® 3 months 22.64 31.78 11 DIL 4 5x10°® 3 months 433 2.07 6
DIL 1 5x10°% 7 months 46.00 16.69 11 DIL 1 5x10°% 7 months 52.18 11.10 11
DIL 2 5x10°¢ 7 months 23.64 6.41 11 DIL 2 5x10°% 7 months 54.27 7.02 11
DIL 3 5x10°7 7 months 23.82 9.60 11 DIL 3 5x107 7 months 30.00 12.16 11

DIL 4 5x10°8 7 months 12.73 347 11 DIL 4 5x10°8 7 months 3533 18.64 12
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Supplemental Table 3. Sulfate concentration does not correlate strongly with diversity
(richness). The table lists multiple linear regression analysis with R and p values reported
for each treatment/time point pair using model Chaol~[Sulfate].

TREATMENT TIME POINT R2 p
GIcNAc 1 month 0.017 0.389
GIcNACc 3 months 0.092 0.182
GIcNAc 7 months 0.041 0.228

Chitin 1 month 0.205 3.36E-03
Chitin 3 months 0.452 9.8E-03
Chitin 7 months 0.510 1E-06

LIST AND DESCRIPTION OF SUPPLEMENTAL FILES

chl sulf_supplement_simper_active_bytreatment.xlsx: Similarity Percentage (SIMPER)
analysis on significant ANOSIM analyses listing contribution of different genera to
dissimilarity between chitin and GICNAc treatments at each time point. Non-statistically
significant rows (p>0.05) are italicized.

chl_sulf_supplement_tab_functionalgroups.xlsx: a tabulation of the taxonomy data
assigned to the “methanogen” or “SRB” functional groups.

chl gen by dil by t act module_colors.cys: A Cytoscape 3 session file for co-
occurrence networks of 16S rRNA gene sequence data agglomerated by genus for active
incubations. A network for each dilution, treatment, and time point was constructed.

chl sulf supplement _active fs_ mcode_srbch4.xlsx: a tabulation of the data found in
Figure 6, including the total number of MCODE-generated clusters, the total number of
clusters containing nodes with methanogenic taxa, and the total number of clusters
containing nodes in the Desulfobacterota for each treatment, time point, and dilution.

DsrA_gtdb_r202_sequences_clean.txt: GTDB release 202 amino acid sequences of DsrA
pulled using a constructed DsrA HMM.

McrA_gtdb_r202_sequences_clean.txt: GTDB release 202 amino acid sequences of McrA
pulled using a constructed McrA HMM.
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THE IN SITU RESPONSE OF DEEP SEA
SEDIMENT COMMUNITIES TO COMPLEX
CARBON LOADING
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! Division of Geological and Planetary Sciences, Caltech, Pasadena, CA 91125

2 Division of Biology and Biological Engineering, Caltech, Pasadena, CA 91125
% Monterey Bay Aquarium Research Institute, Moss Landing, CA 95039

ABSTRACT

Seafloor communities are critically important to global carbon turnover and sequestration.
Most of the carbon available for marine sediment communities is sourced from surface
organic material sinking through the water column. With depth, this organic matter becomes
less abundant and progressively more recalcitrant as labile elements are mineralized. Whale
falls, in contrast, represent large episodic delivery of organics directly to the seafloor. These
events result in a disturbance of the local sediment microbiome as the redox potential and
geochemistry changes dramatically. Here, we assess how the seafloor sediment community
at a 1000 m deep former whale fall site in Monterey Submarine Canyon responds to influxes
of complex carbon. We used novel in situ seafloor injector core incubations and ex situ
microcosm bottle experiments amended with the insoluble aminopolysaccharide chitin as
our model carbon source. We demonstrated a consistent depth-dependent response by the
sediment microbial community to chitin supplementation with a local maximum in single-

cell translational activity (assessed by bio-orthogonal noncanonical amino acid tagging,
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“BONCAT”). Moreover, the microbial community structure of these in situ injector core
incubations at depth exhibited a consistent increase in richness over time (determined by 16S
rRNA gene sequencing analysis). Finally, despite large early differences in the geochemical
response between the ex situ laboratory microcosms and in situ seafloor incubations, over
time the ex situ and in situ incubations had convergent patterns in their activity and
community structure, suggesting that microcosms in the laboratory are in some ways good

models for tracking the deep sea sediment microbial response to complex carbon loading.

INTRODUCTION

Marine sediments are a major contributor to the carbon and nutrient budget of the planet.
While far removed from the sunlit, productive surface ocean, it is an enormous carbon
reservoir, storing twice as much carbon as terrestrial soils at an estimated 2322 versus 1325
Pg C (Atwood et al., 2020; Kochy et al., 2015). Moreover, despite the extreme conditions of
high pressure, low temperature, and slow rates of microbial metabolism, deep sea sediments
are a major contributor to global carbon cycling through particulate organic matter
remineralization or burial, CO2 sequestration, and microbial metabolic activity.

Much of the organic matter input to the deep sea is in the form of marine snow; however,
events such as whale falls transiently input massive amounts of organic matter in localized
seafloor environments, equivalent to as much as 2000 years of marine snow deposition (C.
R. Smith & Baco, 2003). This large carbon input alters the microbial and animal communities

for months to years, representing a hotspot in biomass and activity relative to the surrounding
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deep sea environment (Goffredi & Orphan, 2010; Lundsten et al., 2010; C. R. Smith &
Baco, 2003). Previous work has documented the temporal community dynamics of
phytodetrital supplementation of the marine sediment surface. Here, stimulation of deep
marine sediments through organic loading manifested differentially over time. Uptake of
isotopically-labeled input and other activity responses were observed on the order of days to
weeks while other signals such as increased microbial biomass were only observed over
longer periods of time of up to a year (Belley & Snelgrove, 2017; Kanzog et al., 2008;
Kanzog & Ramette, 2009; Witte et al., 2003). Interestingly, the rapid activity response may
be attributed to eukaryotes such as Foraminifera or benthic meiofauna while the bacterial or
archaeal community utilized more degraded material on longer time scales (Belley &
Snelgrove, 2017; Moodley et al., 2002; Witte et al., 2003). However, the extent to which
specific organic material input affects existing anaerobic subsurface sediment microbial
communities in situ especially in comparison to ex situ incubations is less well studied (e.g.,
Wirsen & Jannasch, 1986).

The sensitivity of the seafloor sediment community to disturbances such as a large influx of
carbon is an outstanding and relevant question. In soil communities, the response of the local
community to perturbations is thought to be a reflection of the both the taxonomic microbial
diversity and their distribution of functions (Chaer et al., 2009; Girvan et al., 2005; Griffiths
& Philippot, 2013). Specifically, a wider range of functional or taxonomic diversity present
is hypothesized to mitigate the effects of a disturbance on the community. These

perturbations can range from wildfire events (S.-H. Lee et al.,, 2017) to organic
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supplementation (e.g., Kurm et al., 2019). Previous work (Shade, Peter, et al., 2012) has
shown that the microbial community response to perturbation cannot be generalized to
different environments and may depend on a variety of factors. For example, while
environmental perturbations appear to have an outsized effect on soil microbial communities
Allison & Martiny, 2008, freshwater and marine microbial communities are either less
sensitive to (‘resistant’) or recover more quickly from (‘resilient”) disturbances (Baho et al.,
2012; Jones et al., 2008; Shade, Read, et al., 2012). Additionally, the timescale of the
perturbation (e.g., short-term “pulse” versus sustained “press” events) may contribute to a
differential response as communities either oscillate around the original state or re-equilibrate
to the new condition (DeAngelis et al., 2010; S.-H. Lee et al., 2017; Shade, Read, et al.,
2012).

Most deep sea microbial experiments are conducted ex situ with shipboard or laboratory
incubations (e.g., Hoffmann et al., 2017). Only a few have been conducted directly on the
seafloor (e.g., Case et al., 2017; Edwards et al., 2003; Kanzog & Ramette, 2009; Witte et al.,
2003) or have directly assessed the differences between in situ incubations and ex situ
microcosm incubations. It is currently not well understood how relevant ex situ microcosms
are to the community response in situ. To address this knowledge gap, we compared the
response of in situ seafloor incubations and laboratory microcosm experiments to a complex
carbon pulse in the form of chitin, an insoluble aminopolysaccharide that is among the most
abundant biopolymers in the marine regime (Souza et al., 2011). The in situ experiments

were conducted at a former whale fall site over a period of seven months, while the ex situ
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experiments utilized sediment from the same site in laboratory bottle incubations.
Changes in microbial community composition and activity were then tracked in response to
the initial disturbance for three different periods of incubation (one, four, and seven months)

at different sediment depths.

RESULTS

To determine the effect of chitin amendment on the in situ deep sea sediment microbial
community at a former whale fall site, we use a remotely operated vehicle (ROV)-deployed
novel injector sediment core system which delivered chitin directly to the seabed sediments
(average depth of injection approximately 7 cm). Injector core experiments were collected
after a period of one, four, and seven months (Fig. 1a, 1b). In addition to chitin, each injector
core was amended with a combination of activity and chemical tracers including 0.5 mM L-
homopropargylglycine (HPG), an alkyne-functionalized methionine analog acting as a tracer
for single cell translational activity by bio-orthogonal noncanonical amino acid tagging
(“BONCAT”; Hatzenpichler & Orphan, 2015), and 20 mM sodium bromide as an inert tracer
to assess the amount and distribution of the injected fluid. The injected fluid was osmaotically
balanced with seawater using sodium chloride, and an estimated 9 mL was delivered into the
sediment. Triplicate cores were deployed for each treatment (chitin and a no-carbon control)
and incubation time period with an additional triplicate set of injector cores amended with
monomer GIcNAc for the one-month incubation for a total of 21 injector cores at the site

(Fig. 1b).
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Figure 1. (a) Experimental setup of in situ injector core incubations and ex situ microcosm incubations. (b) Upper left: whale fall site showing
vertebrae and sulfide-oxidizing mats thirteen months after emplacement (November 2005). Lower left: whale fall site with injector cores
(December 2018); a degraded whale vertebra are visible in foreground of photo. Right: map of sample site (location denoted by “x™) with inset
showing core sampling schema on bathymetric data; filled circles are the subset of cores processed for 16S rRNA gene sequencing.
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A separate sediment push core was collected adjacent to the injector cores during each
of the in situ incubation experiment deployments and used for parallel ex situ microcosm
experiments established in the laboratory 8-35 days after collection with the same carbon
amendments as the injector cores. These incubations were partitioned into discrete depth
horizons (from two to three cm thick) and incubated under anoxic conditions in 10 mL serum
bottles at 10 °C with 6 mL of headspace over the same timeframe as the in situ experiments.
Sampling for all experiments was destructive with each time point representing an
independent incubation. Subsampling for both sets of incubations included geochemical
analysis of major ions, frozen sediment for DNA extraction, and paraformaldehyde (PFA)
fixed sediments for BONCAT (Hatzenpichler & Orphan, 2015). Due to sample processing
constraints, we initially analyzed three replicates at the one-month time point but then
focused on a single replicate for each subsequent time point and treatment, with each in situ
injector core subsampled into eight to ten discrete depth horizons. This translated into 136
total samples for the in situ data set and 75 samples for the parallel ex situ microcosm
experiments.
Geochemical analysis of the major anions and cations allowed determination of the chitin
supplementation response as well as the extent to which the activity tracer and injection
cocktail was distributed within the sediment column during the in situ incubation. Sodium
bromide was used as a conservative tracer to calculate the concentration and distribution of
the amendment cocktail within each core. The peak bromide concentration (1.7 mM) in the

porefluids across all cores was seen at the 5-6 cm depth horizon of the injector core without
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added carbon at one month; the majority of injector cores showed elevated bromide
concentrations relative to the background (Fig. 2; Supp. Fig. 1). Accounting for in situ
porewater bromide concentrations, the maximum extent of bromide enrichment was
approximately 4.5% of the total concentration within the cocktail, corresponding to a
maximum dilution factor of 22 with background porefluids. Sediment community
composition was assessed in the injector cores using 16S rRNA gene iTag sequencing
(Caporaso et al., 2012). Corresponding microbial anabolic activity was assessed using
BONCAT, fluorescently counting the percent of cells that had actively assimilated the

methionine analog HPG (Hatzenpichler & Orphan, 2015).
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Figure 2. Concentrations of the passive tracer bromide document the amount and distribution of
injection cocktail in the in situ injection core experiments at the one-month (left) and seven-month
(right) incubations. Horizontal lines describe the extent of the bromide spike relative to an

unamended background core (grey).
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Ex situ incubations have a stronger chitin-driven metabolic and community response

compared to in situ incubations

Because changes in the concentration of insoluble chitin are difficult to quantify directly in
sediment incubations, we instead tracked the chitin degradation process through
quantification of its expected degradation products, acetate and ammonium (see Chapter 1).
The analysis of major ions from the in situ and ex situ incubations after one and seven months
allowed us to determine the extent of substrate utilization through the accumulation of these
products. We observed tenfold greater acetate and ammonium accumulation in the ex situ
microcosms versus in situ (Fig. 3), with the highest amount of both acetate and ammonium
(26.6 mM and 24.6 mM respectively) measured in the chitin-amended treatments. The
maximum values of acetate and ammonium in the chitin treatments were not
contemporaneous, with the high accumulation of acetate (26.6 mM) present only at the one-
month incubation. In contrast, the ammonium concentration increased by as much as 15 mM
in all measured ex situ incubations between one and seven months. These results are distinct
from those seen in the diluted sediment incubations in Chapter 1, where chitin-amended
incubations at the 5x107° dilution of sediment accumulated the maximum concentration of
acetate and ammonium at the one-month time point. Chitin-amended ex situ incubations
additionally demonstrated nearly complete sulfate drawdown at all but the lowest depth
horizons by one month of incubation with full sulfate utilization by seven months of
incubation (Fig. 3). The asynchronicity in the ammonium and acetate peaks in these ex situ

incubations was also indicative of greater utilization of acetate coupled to sulfate reduction



73

depth (cm)

)330:_:3 1 month

Sulfate - A :._o_.___.._ Sulfate - 7 months

}_._.__._.E_._E_._._ 7 months __

>aw8$ 1month || Acetate - 7 months

w‘
@,
= =
13 &}
= 1@
- p
m. _ Z
15[ 8
_ o
: w

20L

00 05 10 1. m 0 05 1 1.5 0 025 05 075 0 025 05 075 25 26 27 28 Mm 25 26 27 28 29
Ammonium (mM) Acetate (mM) Sulfate (mM)
Ammonium - 7 _._._o_.___._m__ Acetate - 1 month __ Acetate - 7 months Sulfate - 1 month

Ammonium - 1 30:5

m...:ma 7 _._._oz_:m

%

3 | 2.

: |E

[ 2

(B A : : o

LI lo oowele s ool

; : m : : aE

o m 0 15 20 mmo 5 10 15 20 250 10 mo 0 10 20 0 10 20 300 10 20 30
Ammonium (mM) Acetate (mM) Sulfate (mM)

Figure 3. Ammonium, acetate, and sulfate data from both the one and seven month incubations demonstrated tenfold
higher chitin and GlcNAc metabolism in ex situ laboratory microcosms (bottom) versus in situ injector core
incubations (top). Moreover, there wasa complete to nearly complete sulfate drawdown in carbon-amended
microcosms (rightmost two columns of plots).

treatment

@ chitin

@ GIcNAc (1 month only)

© label only, no added C

© background (unamended)



74
early on, followed by continued substrate breakdown and subsequent acetate drawdown
from terminal end members such as methanogens upon sulfate depletion. The 6-9 cm ex situ
incubation was excluded from the dataset due to technical issues.

In contrast, carbon-amended in situ incubations had a more modest response, with little
change in sulfate concentration over seven months of incubation and accumulation of low-
millimolar concentrations of acetate and ammonium at less than 1/10 of what was observed
ex situ. The ammonium profile in all amended in situ incubations was distinctly enriched
relative to the background push core at shallower depths (Fig. 3, Supp. Fig. 2). The maximum
concentration of acetate and ammonium (0.89 mM and 1.7 mM, respectively) was seen at
seven months of incubation, surprisingly in the injector core with no added carbon (Fig. 3).
Although °N-labeled ammonium was added to the amendment cocktail, we expected the
impact of this addition to be minimal given the dilution of the amendment mixture into the
greater volume of the injector core (<0.2 mM). The high amount of both metabolites seen in
these non-chitin-amended injector cores at seven months relative to the background push
core suggest a slow degradation response of endogenous organic matter stimulated by the
injection cocktail.

Consistent with the geochemical evidence of active microbial degradation of chitin in the
microcosm experiments, the addition of chitin was also found to contribute to the
dissimilarity in community composition at both four and seven months of incubation.
Moreover, while both in situ and ex situ chitin incubations were highly dissimilar from each

other early on, this difference decreased by seven months, with neither the experiment type
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Figure 4. NMDS plot on square-root-transformed relative abundance data
demonstrated 16S community dissimilarity driven by amendment in ex situ
microcosm incubations early on. Chitin amendment resulted in a convergence
of dissimilarity between in situ seafloor incubations and microcosms. Depth
contours showed a depth-dependent contribution to dissimilarity with the
greatest effect at the earliest (one month) incubation. Statistically significant
contributions (p<0.05) of locale, depth, or amendment to dissimilarity at each
time point are tabulated below; there were no statistically significant
contributions of either factor to dissimilarity between chitin-amended
treatments at the seven-month incubation.

Contributors to dissimilarity over both chitin and no-carbon samples (p<0.05)

Incubation time | site depth amendment site:amendment
1 month | 1.94 2.92 - -
4 months - - 2.14 -
7 months | 2.52 - - 1.85

Contributors to dissimilarity in chitin-amended treatments only (p<0.05)

Incubation time | site depth site:depth
]l month | 1.99 - -

4 months | 3.85 - -

7 months -
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(in situ versus ex situ) nor depth contributing significantly to the dissimilarity between
groups. Remarkably, at this final time point, microbial community composition of the in situ
incubations converged toward the ex situ incubations (Fig. 4). This convergence of chitin-
amended incubations was in contrast to the no-carbon control incubations and the
unamended incubations, which all exhibited similar patterns of dissimilarity over time (Supp.
Fig. 3). The perturbation of the sediment microbial community with chitin therefore appears
to provide a consistent driving force shaping community composition both in bottle

incubations and in situ on longer time scales.

Response of in situ single cell BONCAT activity to carbon amendment varies with

sediment core depth

Translationally active cells within the injector cores were determined using BONCAT,
enabling quantification of the percentage of microbial cells that had assimilated the
methionine analog HPG during the in situ incubation. One replicate core was run at a subset
of depths at each time point (Fig. 5). We observed the highest percentage of BONCAT
positive cells at one month in chitin-amended incubations, with a maximum of over 20% of
the total 7x108 cells/mL displaying anabolic activity in the 3-4 cm depth horizon (Fig. 5).
Although the cell counts were 6x lower in the chitin-amended incubation in the next adjacent
depth horizon, they had a similarly high activity percentage. The BONCAT activity peak
with depth at one month was not observed in the control injector cores without carbon,

averaging 5.2% of 2.9x108 cells active (Fig. 5). BONCAT activity in chitin-amended injector
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cores at the other two time points was much lower, suggesting a transient early spike in
cellular activity potentially in response to the initial chitin pulse. Control incubations without
carbon amendment at the 5-6 cm depth horizon additionally appeared to be stimulated by the
injection cocktail over time and had more active cells than the chitin amendments at four and

seven months of incubation.

BONCAT activity cell counts
0-1 cm -'16."23? L]

20/682 [+]
191/2230 ®

I 2 1/275 N -

3-4 cm| | —— 7> Y
T 4-5cm| | —01/505 o’ 5
g ;
‘g g:g 22 ﬁﬁmm ..'. _ amer!c!ment
S 108115947 ® B chitin
S 45cm o . @ control (no C)
£ s.oon| [
S 6-9cm -112%2233395 o°

syjuow / [[syuow ¢

4-5cm| mEliss01 °

5-6 cm mwm Q’
0/n.c. (>1000) o

6-9 cm _41;?49 e

0 10% 20% 30% 0 2 4 6
percent active 108 counts/mL

Figure 5. BONCAT counts show a depth- and amendment-dependent
difference in single-cell translational activity that is not solely
dependent on cell density (right plot). Barchart (left) shows percent of
BONCAT-active cells in injector cores (in situ) cells at each depth
horizon counted. The proportion of active cells counted per total
number of cells counted in the BONCAT experiment is labeled next to
the bars. The line plot (right) displays the cell count data for Percoll-
separated sediment incubations. The highest extent of activity was in
chitin-amended incubations at 3-5 cm depths, coincident with high
bromide concentrations, suggesting an active community response to
the carbon load.
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Shifts in community structure and composition follow a depth-dependent trend in situ

By comparing chitin-amended to the control injector core incubations, we were able to assess
the effect of chitin amendment on community structure independent of the addition of the
injector core cocktail. In agreement with the activity patterns seen with depth, there was a
strong depth-dependent trend in alpha diversity. Chitin-amended depth horizons >5 cm
below surface exhibited a dynamic change in richness between the one, four and seven month
incubations. While shallower sediment horizons (0-4 cm) largely became more rich over
time, the deeper horizons dynamically increased and then decreased in diversity compared

to the averaged control incubations (Fig. 6).
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Figure 6. Shifts in community structure between treatment and control incubations
exhibit a depth-dependent response in seafloor incubations. Lines show the change
in Chaol richness from the averaged control (after Chaer et al., 2009) in replicate
one, with colors corresponding to the depth of the sediment horizon in the
incubation. The temporal pattern shifts in the in situ injector cores at the 4-5 cm
depth horizon, with shallower horizons (orange outlines) generally increasing in
diversity relative to the control and deeper horizons (purple outlines) having an
inflection point at the four month incubation. The purple horizontal line denotes no
change in richness between the control (no carbon) and chitin-amended incubations.
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We conducted an indicator taxon analysis (De Céaceres et al., 2010) in order to determine
what genera, if any, were a statistically significant indicator of the response to carbon
amendment. Following the differential diversity patterns by depth, the analysis grouped
depths from incubations below 4 cm (“deep”) and from 4 cm and above (“shallow™). The
majority of these “indicator genera” were seen in in situ seafloor incubations in “deep”
sediment horizons (Fig. 7, left). The strength of the association between the indicator taxon
and carbon amendment was quantified at each time point using a point biserial correlation
coefficient (De Céaceres et al., 2010). Only statistically significant indicator taxa are shown;

therefore, the higher number of indicator taxa highlighted in the deeper sediment horizons
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Figure 7. Genera contributing to differences in the amendment-specific
community signal divided into deep (>4 c¢cm) and shallow sediment horizons as
determined through indicator taxon analysis (de Caceres et al., 2010). Genera (or
next highest taxonomic level) were statistically significant (p<0.05) indicators of
the differential microbial response between chitin amendment and the no-carbon
control. The point biserial correlation coefficient describes the strength of the
correlation between the the taxon and the amendment at each time point with
larger values corresponding to a higher correlation strength. Colors correspond to
which treatment taxon presence is indicative of; shapes correspond to in situ
injector core (triangles; n=32) or ex situ (circles; n=4) microcosm incubations.
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indicated that these microbial communities exhibited a taxonomically robust response to
chitin enrichment (Fig. 7).

The samples with the greatest range of diversity differences between in situ treatments —
the four-month incubation — only had one statistically significant indicator taxon correlated
to chitin amendment at each range of depths (Fig. 7). In incubations below 4 cm depth, this
was a putative chemoheterotroph belonging to the Thermoanaerobaculaceae (Subgroup 23),
an indicator genus also identified in the one- and seven-month chitin incubations. In the
shallower incubations, this was a member of the Thiohalorhabdaceae. The paucity of
indicator taxa despite a high variance in richness at the four-month time point suggested that
the majority of the contribution to differences in community structure between the chitin-
amended and control incubations is not taxonomically constrained to individual genera.
Instead, it was likely a product of the combination of many distinct taxa at different depths.
In the ex situ microcosm incubations, the same strong dynamic signal between sediment
depths was not present (Fig. 6, left). Ex situ chitin incubations were comparatively less rich
than the no-carbon control treatment over time with the exception of the deepest sediment
horizon incubation — 6 cm — which increased in richness at the final time point (Fig. 6,
left). Notably, this diversity increase was also concurrent with a decrease in sulfate reduction
and lower acetate and ammonium accumulation compared to microcosm incubations from
shallower depths, suggestive of lower chitin degrading activity in the 6-9 cm ex situ

incubation (Fig. 2).
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Community differences between carbon amendments and incubation sites

Following the changes in metabolic product and community structure, we analyzed the 16S
rRNA gene sequences to determine taxa that were conserved and differentiated between
amendments. To capture an overview of community members associated with a specific
carbon amendment, we combined all time points for each amendment as well as the in situ/ex
situ combination and summarized the common genera between each incubation set. All
abundance data were presence-absence transformed, including rare taxa (below 0.1% relative
abundance). Many genera appeared to be shared between all treatments and between in situ
versus ex situ experiments (323 genera; Fig. 8). Of these genera, close to half (159) were
additionally shared with an independent sediment dilution series experiment amended with
chitin and sulfate that was inoculated with the same source sediment (see Chapter 1; Fig. 8).
That so many genera were shared between these incubations irrespective of amendment
could be due to a variety of factors. The factors contributing to the maintenance of diversity
across changing conditions could be due to the presence of metabolic microniches or spatial
effects resulting from the heterogeneity of sediment particles. The fact that over half the
genera present at any treatment (site and amendment) were shared with the rest, suggesting
a large “core microbiome”. This continuity of composition suggested that the differential
geochemical response seen between, for example, chitin-amended in situ and ex situ

incubations may have been caused by a small subset of unique community members.
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Figure 8. Upset plot demonstrating number of shared genera between site/treatment pairs,
calculated from presence-absence transformed abundance tables. 164 genera are shared between
all treatments and all sites (in situ seafloor incubation vs ex situ microcosm) within this
experiment, with an equivalent magnitude of genera additionally shared with a separate chitin-
amended serial dilution experiment with a common inoculum as the microcosm experiments (see
Chapter 1).

Indicator taxon analysis (De Céceres et al., 2010) allowed us to further determine whether
the community members that did contribute to the differences between amendments had a
consistent taxonomic signal. Indeed, we observed a greater indicator taxon signal in chitin
versus the control incubations with 24 of the 36 total genera being statistically significant
indicators of chitin amendment overall (Fig. 6). Moreover, the in situ injector cores contained
the most indicator taxa (32/36), the majority of which were uncultured. In both depth
categories, these included putative heterotrophic lineages that may be representative of the
community response to organic loading. We based this tentative physiological
characterization from sequence-based similarities with cultured heterotrophic representatives

and occurrence of these lineages in other organic-rich environments such as tidal flats and
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estuaries. Candidate heterotrophic taxa included Thermoanaerobaculaceae Subgroup 23,
Calditrichaceae, Rubripirellula, Aestuariimonas, Lutibacter, Gammaproteobacteria B2M28
group, and Latescibacterota (Albert et al., 2021; Bonch-Osmolovskaya & Kublanov, 2021;
Howe et al., 2023; Kallscheuer et al., 2020; S.-Y. Lee et al., 2012; Losey et al., 2013; Park
et al., 2018). Some taxa were known to be cosmopolitan in marine sediments such as the
Bathyarchaeia (Kubo et al., 2012). Other indicator taxa in the chitin-amended in situ
incubations included members which may contribute to other key metabolic processes during
anaerobic polymer degradation including sulfate reduction, small fatty acid oxidation, and
syntrophic interactions. These included members from the uncultured Desulfobacterota
group Sva0081, Desulfobulbaceae, and Syntrophobacterales. The uncultured
Desulfobulbaceae representative had 94.7% sequence identity with a 16S rRNA gene
sequence within the deep marine sediment-associated incomplete acetate oxidizer genus
Desulfogranum. The type species of this genus is, uncharacteristically, able to utilize
disaccharides in conjunction with sulfate reduction, suggesting a direct linkage between
polymer degradation and terminal respiratory processes in the seafloor (Galushko & Kuever,
2020; Sass et al., 2002). Some taxa were related to organisms capable of sulfur oxidation,
such as Gammaproteobacteria B2M28 and Thiohalorhabdaceae (Cifuentes et al., 2000;
Sorokin et al., 2017).
Genera that were associated with the no-carbon control incubations — both injector core and
ex situ microcosms — included ubiquitous marine microbes such as uncultured

Woesearchaeales, Lokiarchaeia, and Pirellulaceae Pir4d lineage genera. We predicted a
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distinct microbial community response to chitin amendment for the in situ incubations
including polymer degraders and sulfate reducers. However, we were surprised to also detect
indicator taxa in the no-carbon control incubations. Genera that were associated with in situ
control injector cores included putative complex carbon-utilizing heterotrophic families
Saprospiraceae and Anaerolineae A4b (Kondrotaite et al., 2022; Petriglieri et al., 2023) as
well as potential sulfate reducing taxa Desulfobacula, Desulfobacteraceae, and
Thermodesulfovibrionia. This suggested that the injection cocktail itself, independent of the
chitin amendment, may have had a stimulatory effect on the sediment microbial community.
Near the end of the experiment in the seven-month incubation, the majority of indicator taxa
were associated with chitin amendment within the in situ injector cores. Here, 8 of 11
indicator taxa were within the deep sediment horizons and 6 of 7 attributed to the shallow
horizons. Carbon amendment was more strongly correlated with the indicator taxa in these
longer-term incubations than in the one-month incubation, as seen with a higher calculated
point biserial correlation coefficient for these indicator taxa (Fig. 7). The number and strength
of associations observed points to the influence of chitin shifting microbial community
composition over time, enriching for taxa that can utilize the provided substrate in seabed
sediments.

To corroborate the results from the indicator taxon analysis, we also employed an
independent ANOSIM and SIMPER analyses to identify taxa that were driving the
differences between our incubations. These results were in broad agreement with the

indicator taxon analysis. Additionally, these analyses supported the observation of
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convergent community dissimilarities at the final seven-month time point, with a value
of 0.40 (p<0.005) for the ANOSIM R statistic of dissimilarity between in situ chitin and no-
carbon control treatments at seven months. The top 17% of the dissimilarity at the final time
point was contributed by the following SIMPER-determined taxa: Desulfobulbaceae,
Thermoanaerobaculaceae  subgroup 23, the phylum NB1-j, Latescibacterota,
Gammaproteobacteria order BD7-8, Syntrophobacterales, Peptostreptococcales-
Tissierellales genus livecontrolB21, Desulfosarcinaceae genus SEEP-SRB1, and the
archaeal phylum Bathyarchaeia. These taxa all were statistically significant within the
analysis (p<0.05) and were more abundant in chitin treatments with the exception of the
Peptostreptococcales-Tissierellales taxon, which was more abundant in label-only treatments

(Supp. Table 1).

DISCUSSION

An observation and outstanding methodological challenge in environmental microbiology is
the plate count anomaly — past research has shown that only a fraction of environmental
microbes are culturable (Staley & Konopka, 1985). Whether the culturable fraction is
representative of the total local microbial community is a matter of great interest, as these
laboratory-amenable species are often used to proxy ecological functions and interactions
(Friedman et al., 2017; Harcombe et al., 2014; Kerr et al., 2002). Deep sea sediment
microcosms necessarily result in multiple perturbations ranging from pressure and

temperature shifts during sediment core recovery to the disturbance of the sediment matrix
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through sediment collection and slurrying. The effects of these perturbations on the
sediment microbial community is unclear, with some prior work suggesting contradictory
responses to e.g., physical homogenization (Findlay et al., 1990; Kurtz et al., 1998). Using
novel methodology involving injector cores that allowed for the direct perturbation of the
subseafloor environment, our study consolidated in situ and microcosm incubations to
determine whether in-situ microbial communities and the laboratory-amenable subset of
these communities are comparable in functional behavior and composition.

We observed significant microbial activity with the addition of chitin in both in situ injector
cores — as translational activity — and ex situ microcosm incubations — as metabolic
activity — within one month of incubation. Notably, the maximum extent of activity at the
one-month incubation was observed at adjacent depth horizons in the ex situ microcosms (4
cm) and in situ injector cores (3 cm) suggesting that there is a hotspot of primable microbes
at this depth range. With in situ incubations, the highest activity was coincident with a
maximum in cell counts from cells removed from the host sediment (Fig. 5). In situ
incubations had an injection front that was localized near these depths (Fig. 2); however, the
same concentration of label was added to all microcosm incubations during preparation.
Therefore, the metabolic activity peak seen in the ex situ microcosms, and potentially also
the in situ injector cores, was not solely due to the addition of the injection cocktail. Instead,
there may be a depth-dependent structuring of the microbial community that is more
responsive to our perturbation. We were able to determine taxa associated with chitin

supplementation through our indicator taxon and SIMPER analyses (Clarke, 1993; De
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Céceres et al., 2010); although there was a strong metabolic response ex situ, the
community signal was not statistically significant. In the closed system of the ex situ
microcosm, metabolic products can accumulate rapidly while in situ injector cores are a more
open system with a higher volume and free vertical diffusion of accumulated metabolites.
The lack of consistent community response could then be due to stochastic factors shaping
the microbial community in laboratory microcosms and the metabolic response uncoupled
to community composition changes. For example, copiotrophic hetrerotrophs that are fast-
growing may readily colonize and degrade chitin particles, resulting in the high accumulation
of acetate and ammonium. However, if there is a large pool of potential competitive
copiotrophs, stochastic effects would determine which member colonizes first, resulting in a
selective sweep of the primary degrader and further downstream colonization effects
culminating in distinct community trajectories between individual bottles. Particle
heterogeneity in sediments or the structural complexity of substrates such as chitin may
further support the separation of these communities.
In this chapter, we showed that the maintenance of microbial community diversity that we
demonstrated across numerous replicates in ex situ incubations (in Chapter 1) is also relevant
for in situ incubations. The demonstration that these communities remain robust to
perturbation is of significant impact on our understanding of the “resilience” of marine
microbial communities in the face of changing conditions. These results are consistent with

earlier work on artificially implanted whale fall sites demonstrating a strong community
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response to disturbance that slowly dissipates over time (Lundsten et al., 2010; C. Smith
etal., 2014).

Although community composition did not have a unified relationship with metabolic activity
either in situ or ex situ, there were consistent microorganisms that were stimulated in
response to chitin addition. These community members were capable of relevant functions
such as chitin degradation and sulfate reduction. In the in situ incubations, common taxa
stimulated by chitin amendment included a few sulfate reducing genera such as
Desulfobacula and some diverse genera associated with heterotrophy that may use the
degradation products of chitin breakdown. Geochemistry data from the ex situ incubations
also indicated the presence of an acetate sink after complete sulfate utilization that could be
attributed to methanogenesis (Fig. 3). However, there was no evidence of methanogenic
clades in our ex situ incubations despite prior studies from this whale fall site demonstrating
the stimulation of methanogenesis near the seabed at the site of carbon loading (Goffredi et
al., 2008). Acetate utilization in these sulfate-exhausted incubations could then be attributed
to members below the detection limit of our analyses, or linked to cryptic oxidants through
syntrophic processes (McDaniel et al., 2023; Szeinbaum et al., 2017).

Microcosm experiments are common in deep sea microbiological studies (Boetius & Lochte,
1994; Glombitza et al., 2016) and provide a laboratory-amenable method to probe the
microbial ecology of these ecosystems. Our experiment showed that many genera were
shared overall between in situ and ex situ incubations, indicating that a large percentage of

deep sea taxa were retained under laboratory conditions (Fig. 8). However, the overall
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community composition of the two experiment sets was very dissimilar and had differing
alpha diversity patterns at the initial time points (Fig. 4, Fig. 6), suggesting that there are
major differences in community assembly. Despite these differences, the activity patterns
determined through single cell BONCAT activity in situ and changes in geochemistry ex situ
at the one-month time point showed a consistent depth-dependent pattern. The highest
number of BONCAT-active cells and most metabolite accumulation following chitin
degradation in the ex situ incubations were at the same depth, indicating a consistency of
community activity patterns despite laboratory incubation. Although chitin-amended in situ
and ex situ communities had high early variability of activity and composition, by the final
time point they converged (Fig. 4). These results suggest that while the microbial community
in laboratory-maintained deep sea microcosms may differ from those in seafloor incubations,
the larger trends of activity over depth are conserved. Prior reports studying the effect of
disturbances ranging from sediment homogenization to surface organic loading on marine
sediments have showed significant impacts on metabolic activity (Findlay et al., 1990;
Hoffmann et al., 2017). We demonstrated that the microbial activity response to organic
loading persisted below the seafloor surface and indeed is enhanced at depth (Fig. 5).
Future work will determine whether translational activity as well as metabolic activity has a
depth-dependent response in ex situ microcosms. This would further support comparison of
the two approaches — while ex situ incubations are more easily replicable and logistically
less challenging, further work is needed to establish that they are a good proxy for

environmental microbial interactions. Additionally, determining whether the community
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composition-independent functional response in marine sediment to complex substrate
loading was specific to chitin or is generalizable to atypical substrates and conditions would
provide insight to the sediment community response to other pulse or press events. This is
relevant to understanding the sediment community response to anthropogenic disturbances
such as deep sea mining or oil spills on these critical environments (Haffert et al., 2020;

Mason et al., 2014; Nogales et al., 2011).

METHODS

Sample collection and deployment of in situ incubations

Sediment cores were collected by ROV Doc Ricketts on R/V Western Flyer (owned and
operated by Monterey Bay Aquarium Research Institute) on a series of cruises in Monterey
Submarine Canyon, CA at a former blue whale carcass implanted in October 2004 at 1018
m depth (36.769873 N, 122.0829 W). The carcass, nearly fifteen years after emplacement,
still contained intact, if degraded, vertebrae despite predictions of total degradation within a
decade at this site (Fig. 1b; Lundsten et al., 2010) and the sediments were not sulfidic. See
Supplemental Table 2 for a description of push core collection and injector core amendments.
In situ incubations were deployed by introducing a cocktail of chemical and isotopic tracers
(0.5 mM homopropargylglycine, 20 mM NaBr, 3.5% NaCl, 4 mM 10 at% *SNH4CI, and 1%
D-0) via a push core injector top directly to sediment adjacent to the vertebrae using ROV
Doc Ricketts. A subset of cores at each time point was further amended with chitin (0.2 g

added to 40 mL injection cocktail volume) or 10 mM N-acetylglucosamine. The injector core
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assembly was developed by A. Worden’s group at MBARI and consisted of a BioProcess
container (Thermo Fisher) containing the amendment cocktail that is ultimately attached to
stainless steel needles with perforated ends allowing injection into the sediment column. The
injection is conducted through the ROV manipulator arm providing peristalsis of the
amendment cocktail through 5.5” lengths of 1/2” x 1/8” ClearFlex 60 PVC tubing (Curbell
Plastics). Check valves prevent backflow of the amendment cocktail. After injection, the
assembly was left on the seafloor to incubate for one, four, or seven months before retrieval
and processing.

All sediment cores were extruded shipboard from push core liners at 1 cm sediment horizons
sampled down to 6 cm, after which 3 cm horizons were collected using polycarbonate spacer
rings. The injector cores and a subset of standard push cores was then subsampled for DNA
extraction, imaging, and geochemistry at each depth horizon. DNA sampling was done
through transferring sediment with a sterile 1 cc cut off syringe to a 2 mLcryovial and stored
at -80°C. Sediment was fixed for imaging by an overnight 4°C incubation of 0.75 mL
sediment with 1 mL 1:1 4% paraformaldehyde:3x phosphate buffered saline (PBS) solution
followed by two 3x PBS washes and resuspension in 1:1 3x PBS:100% ethanol. Fixed and
washed sediment was then stored at -20°C. Sediment porewater for geochemistry was
immediately extracted after core extrusion through centrifugation of 4 mL sediment at 16,100
x g for five minutes and subsequent supernatant filtration through a 0.2 um 13 mm

polyethersulfone syringe filter. During injector core sampling, the volume of the remaining
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amount of amendment cocktail in the BioProcess containers and tubing was measured,
allowing estimation of the quantity of amendment cocktail added in each injection.

A separate standard push core was extruded and the same depth horizons collected for ex
situ incubations. These horizons were individually stored in Whirl-Pak bags (Nasco) and all
bags sealed in Mylar under a purged argon atmosphere at 4°C. During core retrieval, seawater
from immediately above push cores was also collected, filtered with a 0.2 um Sterivex, and

stored at 4°C for use with ex situ incubations.

Media design, conditions, and sampling of ex situ incubations

Collected sediment horizons were anoxically pooled in equivalent amounts in 2 cm
increments down to 6 cmbsf. These 2 cm horizons as well as the 6-9 and 9-12 cm horizons
were slurried 1:1 anoxically with N»-sparged bottom water from the site where the sediment
inoculum was collected. 4 mL of sediment slurry was added to each 10 mL serum vial and
0.4 mL of the injector core cocktail was added to each labeled incubation. 0.04 g chitin was
added to each chitin-amended incubation and each GIcNAc-amended incubation contained
15 mM GIcNAc. Serum vials were incubated for one, four, and seven months at 10 °C before
collection for DNA extraction, fixation for imaging, and geochemical analysis. 1 mL of
slurry was stored in 2 mL cryovials at -80 °C for DNA extraction. 750 pL of slurry was fixed
with 1 mL 1:1 4% paraformaldehyde:3x PBS overnight at 4 °C before two 3x PBS washes

and resuspension with 1 mL 1:1 3x PBS:100% ethanol. Fixed and washed samples were
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stored at -20°C. The remaining slurry was filtered through a 0.2 pum 13 mm

polyethersulfone syringe filter for geochemical analysis.

DNA extraction and 16S rRNA amplicon sequencing analysis

DNA extractions were done with approximately 0.1 g wet weight sediment collected as
described above using the PowerSoil kit (Qiagen). 16S rRNA gene iTag sequencing and
downstream analysis was conducted as described previously using the 515F/926R primer set
for the V4 hypervariable region (Chapter 1). Reads were processed through the QIIME2
pipeline with denoising done with DADA2 and singletons removed before taxonomy
classification with the Silva 139 release. Dissimilarity analyses were done with the vegan

package in R.

Geochemical analyses

Major anions and cations were quantified as described previously on the dual-channel ICS-
2000 ion chromatography system (Dionex) using the AS19 and CS16 analytical columns
(Speth 2022). Briefly, 0.2 um-filtered samples were diluted 1:25 and run through the AS19
anions column with an isocratic method and the CS16 cations column through a gradient to
optimize separation of the sodium and ammonium peaks (Green-Saxena et al.,

2014). Samples were run at the Water and Environment Laboratory (Caltech).
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Activity quantification, microscopy, and fluorescence in situ hybridization

PFA-fixed cells were separated from sediment using a Percoll density gradient (Orphan
2002). Briefly, 200 uL fixed sediment was added to 600 uL 1M TE (IM Tris HCI, 0.1 M
EDTA pH 8) and 100 pL 100 uM sodium pyrophosphate and incubated at 60°C for 3
minutes. After cooling on ice, the sample was sonicated three times for 10 seconds at 4-6 W
(power setting 3, Branson Sonifier 150 with C4333 style probe, Branson Ultrasonics,
Dansbury, CT, USA) with a 10 second pause between each step. 1 mL of filter-sterilized (0.2
pum) Percoll was pipetted under the sample. After centrifugation at 16,000 x g for 20 minutes
at 4°C, the upper aqueous layer, including the discolored layer with cells, is moved to a clean
2 mL microfuge tube (Eppendorf) then centrifuged again at 16,000 x g for 3 minutes at 4 °C.
The supernatant was removed and pelleted cells are washed with 3x PBS by centrifugation
at 16,000 x g for 3 minutes at 4 °C. The pellet was then resuspended in 100 pL 1:1 3x
PBS:100% ethanol and stored at -20 °C.

Anabolically active cells were quantified using bio-orthogonal noncanonical amino acid
tagging (BONCAT, Hatzenpichler & Orphan, 2015). Here, 10 pL Percoll-separated cells
assimilating L-homopropargylglycine (HPG), an alkyne-functionalized methionine analog,
were spotted on a PTFE-printed slide and were fluorescently labeled using an azide -
containing Oregon Green dye with copper-catalyzed click reaction, which allowed cells to
be visualized on the basis of their HPG uptake and incorporation into proteins. Cells were
then overlaid with a 4.5 ng/uL DAPI solution in Citifluor AF1 (Electron Microscopy

Services). Percent activity was assessed by counting Oregon Green-fluorescent cells and
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DAPI-fluorescent cells in at least 15 fields of view at 60X. For cell counts, 10 pL of
Percoll-separated cells were filtered with a 25 mm 0.2 um polycarbonate filter (Millipore)
with a 5 um Durapore backing filter (Millipore). Filtered cells were washed with 0.2 um
filter sterilized 1x PBS and stained with the DAPI-Citifluor solution as above. For all
microscopy, cells were visualized using an Olympus epifluorescence microscope with a 350

nm and 480 nm filter set and a 60X Plan Apochromat oil immersion objective.
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Supplemental Figure 1. Empirical cumulative density function (ECDF)
showing distribution of porewater bromide concentration in injector cores over
all depths for each treatment (colored lines). Nearly all injector cores exhibited
bromide enrichment relative to the  averaged background bromide
concentration in a parallel unamended sediment core (dashed vertical line).
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Supplemental Figure 2. Porewater ammonium concentrations measured in in
situ seafloor incubations versus the background, unamended push core. There
is a distinct ammonium response in the injector cores even without additional
carbon supplementation in the longest (seven month) incubation.
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abundance data faceted by amendment show a differential dissimilarity pattern
between chitin-amended incubations and the other amendments over time.
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dissimilarity patterns with the highest dissimilarity at one month of incubation
with ex situ microcosm incubations (empty points), chitin-amended in situ
incubations converge toward chitin-amended ex situ incubations.
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Supplemental Table 1. SIMPER analysis of in situ incubations at the final timepoint; the ANOSIM R statistic between amendments for
these incubations was 0.404 with p<0.005. Taxa contributing to the top 25% of dissimilarity between amendments are listed, with
statistically significant taxa shown in bold (p<0.05)

Kingdom Phylum Class Order Family Genus larger Cumulative sum

Bacteria Desulfobacterota  Desulfobulbia Desulfobulbales Desulfobulbaceae uncultured chitin  0.011 0.005
Bacteria  Acidobacteriota ~ Thermoanaerobaculia ~ Thermoanacrobaculales Thermoanaerobaculaceac  Subgroup_23 chitin  0.022 0.001
Bacteria Bacteroidota Bacteroidia Bacteroidales Bactervidetes BD2-2 Bacteroidetes BD2-2 label 0.041 0.443
Bacteria ~ NBI+j NE1-j NE1-j NE1-j NBE1-j chitin 0,050 0.007
Bacteria Latescibacterota  Latescibacterota Latescibacterota Latescibacterota Latescibacterota chitin  0.059 0.004
Bacteria Desulfobacterota Desulfuromonadia Sval033 Sval033 Sval033 label 0.068 0.834
Archaea Crenarchaeota Bathyarchaeia Bathyarchaeia Bathyarchaeia Bathyarchaeia chitin 0,076 0.026
Bacteria Proteobacteria Gammaproteobacteria B2M28 B2M28 B2M28 chitin  0.085 0.063
Bacteria Proteobacteria G proteohacteria  BD7-8 BD7-8 BD7-8 chitin  0.101 0.049
Bacteria Desulfobacterota  Syntrophobacteria Syntrophobacterales uncultured uncultured chitin 0,109 0.003
Bacteria Myxococcota Polyangia Polyangiales Sandaracinaceae uncultured chitin ~ 0.133 0.156
Bacteria Desulfobacterota Desulfobacteria Desulfobacterales Desulfobacteraceae Desulfobacter chitin  0.140 0.697
Bacteria  Firmicutes Clostridia Peptostreptococcales-Tissierellales  Peptostreptococcales- livecontrolB21 label  0.162 0.043

Tissierellales

Bacteria Desulfobacterota  Desulfobacteria Desulfobacterales Desulfosarcinaceae SEEP-SRB1 chitin  0.169 0.008
Bacteria Proteobacteria Gammaproteobacleria AT -52-59 AT -s2-59 AT -52-59 chitin ~ 0.175 0.553
Bacteria Fusobacteriota Fusobacteriia Fusobacteriales Fusobacteriaccae Psychrilyobacter label 0.195 0.422
Racteria Desulfobacterota ~ Desulfobacteria Desulfobacterales Desulfosarcinaceae LCP-80 label 0.202 0.503
Bacteria Desulfobacterota Desulfobacteria Desulfobacterales Desulfolunaceae uncultured label 0215 0.798
Archaea Asgardarchaeota Lokiarchaeia Lokiarchaeia Lokiarchaeia Lokiarchaeia label 0.221 0.021
Bacteria DTBI120 DTB120 DTB120 DTB120 DTBI120 chitin 0.234 0.712
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Supplemental Table 2. List of amendments and samples analyzed for ex situ microcosm incubations (top) and in situ injector core
incubations (bottom). Highlighted cores were analyzed with BONCAT (Fig. 5). Information on sediment push cores used as inoculum
is additionally included in ex situ microcosm sample data.

EX SITU MICROCOSMS
dive record core name amendment depth horizons time (months) lat long n(16S) n (geochem)

DR1105 PC44 none 0-2,2-4, 4-6, 6-9, 1 36.77151 -122.082903 3 3
912

DR1105 PC44 0-2,2-4, 4.6, 69, 1 36.77151 -122.082903 3 3
9-12

DR1105 PC44 GleNAe 0-2, 24, 4-6, 69, 1 36.77151 -122.082903 3 3
9-12

DR1056 PCR0O none 0-2,2-4, 4-6, 6-9, 4 36.77153 -122.082955 1 0
9-12

DR1056 PCR0 0-2, 24, 4-6, 6-9, 4 3677153 -122.082955 1 0
9-12

DR1030 PC66 none 02,24, 4-6,6-9, 7 3677147 -122.082893 1 1
9-12

DR1030 PC66 0-2,2-4, 4-6, 6-9, 7 36.77147 -122.082893 1 1
9-12

IN SITU INJECTOR CORE INCUBATIONS
dive record core name amendment replicate time (months) lat long 168 geochem

DR1107 ic1 none 1 7 3677151 -122.082903 + +

DRI1107 1C4 none 2 7 3677151 -122.082903 - -

DR1107 IC6 none 3 7 3677151 -122.082903 - -

DR1107 IC14 : 2 7 36.77151 -122.082903 - -

DR1107 IC15 3 7 36.77151 -122.082903 - -

DR1107 Ic12 1 7 3677151 -122.082903 ;

DR1105 IC10 none 2 4 36.77153 -122.082955 - -

DR1105 €17 none 1 4 3677153 -122.082955 ; -

DR1105 IC19 none 3 4 36.77153 -122.082955 - -

DR1105 23 iti 1 4 36.77153 -122.082955 + .

DR1105 1C24 2 4 3677153 -122.082955 - -

DR1105 1C25 3 4 36.77153 -122.082955 - -

DRI112 121 2 1 36.77147 -122.082893 + +

DRI112 1c22 3 1 3677147 -122.082893 + +

DRI1112 IC26 1 1 36.77147 -122.082893 + +

DRI1112 142 GleNAc 1 1 36.77147 -122.082893 ; }

DR1112 IC44 GleNAc 2 1 36.77147 -122.082893 + +

DRI1112 1C46 GleNAe 3 1 36.77147 122082893 + +

DRI1112 | (o] none 1 1 36.77152 -122,08288 + +

DRI1112 IC9 none 2 1 36.77152 12208288 + +

DRI1112 IC38 none 3 1 36.77152 -122,08288 + +

DR1030 PCA48 background I 7 36.77151 -122.082903 t f

DR1056 PCRO background 1 4 36.77153 -122.082955 ; f

DR1105 PC44 background, live 1 1 36.77147 -122.082893 ¢ -

mud
DR1105 PC69 background, 1 1 36.77147 -122.082893 - +

geochem
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ABSTRACT

Marine sediments experience dynamic shifts in energy availability through the input of
oxidizable carbon that can promote transitions down redox gradients. Continental margin
sediments receive a constant input of marine snow from the productive sunlit surface ocean
and occasionally receive large inputs of more labile organic matter from sudden carbon
loading events such as whale falls. Upon the input of oxidizable organic matter, the local
seafloor can quickly become anoxic after exhausting the oxygen in the oxic sediment-water
interface. Subsequently, the microbial communities are hypothesized to respire the available
electron acceptors in order of potential, with high potential electron acceptors such as nitrate
utilized first. The changing redox environment and energy availability is predicted to impact

the structure of microbial ecosystems, especially those degrading complex carbon and reliant

on tight trophic connections between upstream primary degraders and terminal electron
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acceptor respirers. The influence of energy availability in the form of dominant electron
accepting processes on the structure and function of organic carbon-degrading anaerobic
microbial communities in deep sea ecosystems in poorly understood. Here, we conducted a
highly replicated set of serially diluted anoxic marine sediment incubations supplied with
varying electron acceptors including sulfate, ferric iron, and nitrate, and either the polymer
chitin or its monomer GIcNACc as electron donors. The production of metabolites (acetate
and ammonium), consumption of electron acceptor, and changes in community (16S rRNA
iTAG and metagenomic sequencing) were tracked over the course of seven months in the 10
°C incubations. While the complexity of input carbon and its effect on sediment microbial
communities was discussed in Chapter 1, we additionally demonstrate here that the free
energy of the system had a significant impact on deep sea sediment microbial community
structure and function. In these communities, we observed redox potential-dependent shifts
in metabolic products with the highest potential electron acceptors (nitrate and ferric iron)
accumulating the most ammonium and acetate. Lower taxonomic and functional gene
diversity was seen in the ferric iron oxide-reducing chitin incubation set, potentially
demonstrating restricted trophic interactions in communities challenged through transferring
electrons between insoluble substrates. Finally, low-energy regimes such as those reducing
sulfate or not provided with a terminal electron acceptor exhibited a proliferation of specialist

terminal members such as methanogens.
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INTRODUCTION
Despite a lack of easily oxidizable carbon, deep sea sediment is responsible for a significant
amount of organic matter turnover, with an estimated 90% of input organic matter degraded
(Hedges & Keil, 1995; LaRowe et al., 2020). This organic matter is in a wide variety of
stages of degradation scaling on its age from relatively more labile to recalcitrant (Burdige,
2007; Canfield, 1994; Hedges et al., 2000). However, there are hotspots of productivity in
the deep sea such as methane seeps and whale falls that result in the direct deposition of
oxidizable organic matter (Boetius & Wenzhofer, 2013; C. R. Smith & Baco, 2003). In these
organic-rich areas as well as other sedimentary regimes such as nearshore coastal and
estuarine environments, transitions occur through gradients of differing redox potential
within the sediment (Froelich et al., 1979; Yicel, 2013). The environment quickly becomes
anoxic as oxygen is exhausted from the upper layers. In these anaerobic zones, microbes
preferentially utilize the highest potential electron acceptors available before moving to less
thermodynamically favorable regimes such as methanogenesis (Bethke et al., 2011;
Jorgensen, 1982).
Microbes such as sulfate-reducers and methanogens that utilize lower potential electron
acceptors are not generally thought to be able to degrade complex carbon such as
polysaccharides alone. However, much of the organic matter that reaches the seafloor is
complex — usually polymeric and/or aromatic (Arndt et al., 2013; Arnosti et al., 2021). In
the case of a polysaccharide electron donor, trophic interactions between primary degraders

able to cleave the polymer and downstream terminal respirers are hypothesized to play an
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important role in the mineralization of organic matter. Moreover, complex carbon is
thought to promote functional and systematic microbial diversity and support community
structure through the maintenance of functional redundancy (Q. Chen et al., 2022).

In marine regimes, which exhibit dynamic shifts in local energy availability due to turbidity
and riverine input resulting in rapidly changing oxidizable organic matter loading (Reader et
al., 2019; Talling et al., 2024), the relationship between the free energy in the system and the
microbial community is especially interesting. The energetics of the environment is driven
by the midpoint potential of both the electron donor — the organic matter input — and the
electron acceptor present. Therefore, we expect that the available electron acceptors may
impact microbial community structure in these seafloor systems. Low energy metabolic
processes such as syntrophies found in methane seeps and at the terminal stages of anaerobic
digestion encourage cooperation to keep limiting products at a low enough concentration to
maintain the thermodynamic favorability of the net reaction. This requirement of cooperation
is not expected to exist in higher energy regimes where instead members may compete for
resources. Prior modeling work has addressed the community interactions in high energy
systems, including competitive dynamics between denitrifiers and nitrate reducers that
produce ammonia (Jia et al., 2020), and the transition between anaerobic and aerobic
metabolism in the ocean (Zakem et al., 2020), primarily through applications of resource-
ratio theory. However, less work has compared the impact of energy availability across a
wide gradient on marine sediment-hosted communities. Much of the existing literature is

focused on the interactions between community members with varying energetics in
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freshwater systems, or on a more restricted scale (e.g., the ferric iron-to-sulfate
transition) in deep marine sediments (Graw et al., 2018; Lovley & Phillips, 1987; Roden &
Wetzel, 2003).

Chapter 1 of this thesis has highlighted the impact of complex carbon in supporting activity,
taxonomic diversity, and functional redundancy in deep marine sediments; this chapter
emphasizes the effect of terminal electron acceptor redox potential in these seafloor
communities, especially with regard to the distribution of functions. We generated highly
replicated incubations of serially diluted whale fall sediment and incubated them with a
pairwise combination of electron acceptors nitrate, ferric iron, sulfate, and no electron
acceptor (also described as ‘methanogenic’) and chitin or N-acetylglucosamine (GICNAC) as
electron donors. Control incubations were also done without added carbon. A subset of these
incubations was then sampled at three time points to determine their metabolic response and

community composition (using 16S rRNA gene amplicon and metagenomic sequencing).

RESULTS

Chitin degradation and metabolic product accumulation generally followed the midpoint
potential of the provided electron acceptor

We tracked the utilization of chitin and GIcCNAc through quantification of their predicted
metabolic products — ammonium and acetate — in our incubations at the three time points
(one, three, and seven months). While there was a consistent pattern of time-dependent shifts

in the ratio between acetate and ammonium in the sulfate-reducing chitin incubations (see
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Chapter 1), the other three electron acceptor treatments instead showed a strong
relationship between the midpoint potential of the electron acceptor and amount of
ammonium produced. Over the course of the entire experiment, incubations without an
electron acceptor reached a maximum ammonium concentration of 2.16 mM, while sulfate-
containing incubations reached 11.4 mM, ferric iron-containing incubations 15.8 mM, and
nitrate-containing incubations accumulated up to 16 mM ammonium (Fig. 1, right). The
same trend was seen in acetate concentrations with nitrate, sulfate, and no electron acceptor-
containing microcosms (maximum concentrations 19.3 mM, 11.4, and 3 mM respectively).
Iron-reducing incubations accumulated higher concentrations of acetate (28.7 mM), perhaps
due to the potential difficulty in forming communities bridging between an insoluble electron
acceptor and insoluble electron donor. Consistent with this, the soluble monomer GIcNAc
did not show a large accumulation of acetate in the iron treatment. In fact, GIcNAc-amended
incubations showed a similar relationship between metabolite accumulation (ammonium)
and electron acceptor redox potential, with the exception of ‘methanogenic’ and sulfate-
reducing conditions which accumulated similar amounts of ammonium (5.5 and 4.8 mM,
respectively; Fig. 1, left). Here, nitrate-reducing incubations accumulated the most
ammonium (a maximum of 13.8 mM) and iron-reducing incubations produced up to 10.4
mM.
The hypothesized degradation pathway from GIcNAc to acetate results in one mole of
ammonium and three moles of acetate per mole of GIcNAc (see Chapter 1). Because we

supplied the GIcNAc incubations with 5 mM GIcNAc, we expected an upper bound of 5 mM
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Figure 1. Geochemistry data demonstrate an electron acceptor-based shift in acetate and ammonium accumulation in GleNAc- (left) and chitin-oxidizing (right)
incubations. We expected a product ratio of 3:1:8 acetate:ammonium:electrons per equivalent of GleNAc (and, by proxy, chitin) oxidized; deviations from this
expected 3:1 stoichiometric ratio may indicate downstream product utilization or other changes in the carbon oxidation process. Notably, nitrate/GlcNAc (left, bottom
row) incubations exhibited a high amount of ammonium production that was not coupled to the expected amount of acetate accumulation but instead approached a
3:2 acetate:ammonium trend, consistent with DNRA (dotted green line; overall formula is in green box). The maximum extent of ammonium accumulation in these
treatments was generally correlated to the redox potential of the supplied electron acceptor, as well.
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ammonium from these microcosms. Nitrate-reducing incubations produced several
times this, likely due to dissimilatory reduction of nitrate to ammonium (DNRA; Fig. 1, left,
bottom) rather than denitrification to N2 or N2O. Moreover, the ratio between acetate and
ammonium produced averaged to 1.15:1 at one month (n=41), 1.62:1 at three months (n=42),
and 1.15:1 at seven months (n=16) when weighted by ammonium concentration — values
that are much lower than the expected ratio of 3:1 acetate:ammonium. We also observed
elevated ammonium in the iron-reducing GIcNAc-amended incubations, albeit to a lesser
extent than the nitrate-reducing incubations. The maximum ammonium concentration of
iron-reducing GIcNAc incubations was 10.4 mM, double the amount expected from the
concentration of GICNAc provided.

The sediment incubations that were not amended with a terminal electron acceptor
additionally accumulated less acetate than expected (Fig. 1, top row), with an ammonium-
weighted average acetate:ammonium ratio at 1.95:1 at one month (n=54), 1.72:1 at three
months (n=16), and 2.14:1 at the final time point (n=16) in GIcNAc-amended incubations
(Fig. 1, left, top row) rather than the expected 3:1 acetate:ammonium ratio. While chitin-
amended incubations accumulated considerably less acetate and ammonium than GIcNAc-
amended incubations, these incubations also exhibited significant acetate utilization with an
ammonium-weighted average ratio less than 3:2 at all time points. The decreased acetate
accumulation despite the absence of a provided terminal electron acceptor is suggestive of

acetate utilization either through methanogenic disproportionation or syntrophy.
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Control sediment incubations unamended with exogenous carbon accumulated a
maximum of nearly 3 mM ammonium during the experiment (Supp. Files). This observed
elevated ammonium could be attributed to endogenous carbon, possibly carried over from
the inoculum, and was mostly seen in the lower dilution incubations (5x104, 5x107). Finally,
the iron-reducing chitin-amended incubations had an ammonium-weighted average
acetate:ammonium ratio of 2.58:1, exhibiting little to no relative acetate utilization from the

expected stoichiometric product ratio of 3:1.

Effect of high electron acceptor midpoint potential or electron acceptor insolubility on
communities

To test the effect of electron acceptor and donor amendments on microbial community
structure, we analyzed the community dissimilarity from 16S rRNA gene sequencing data
using NMDS. While the geochemical data showed a strong electron acceptor-mediated
response, the corresponding community composition showed only a small (but statistically
significant) contribution to the dissimilarity at each time point (Supp. Table 1). Trends are
visible at the three-month time point, with nitrate-amended incubations clustering together
(Fig. 2a) and greater dissimilarity among the iron-amended incubations (Fig. 2a, 2b). The
three-month time point had high concentrations of acetate and ammonium for most
treatments. Acetate and ammonium contours on community data at this time point showed
that ammonium concentration could be a driver for the dissimilarity of the iron-reducing

community (Fig. 2b).
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Figure 2. NMDS plots show dissimilarity of genus-agglomerated 168 sequences between supplied
electron acceptors (point color). (a) Dissimilarity of all analyzed incubations calculated at one and
three month time points; over time, the dissimilarity of nitrate-reducing communities (purple) was
relatively low and iron-reducing communities (red) tended to be divergent. (b) Dissimilarity between
presence-absence transformed communities with geochemistry data at the three month time point.
Contours showing the contribution of metabolic product concentration (left, acetate contours; right,
ammonium contours) indicate a potential contribution of ammonium to iron/GlcNAc (red, unfilled
points) community dissimilarity.

Alpha diversity analysis of the community data at three months of incubation also showed
an electron acceptor-dependent response which varied depending on the provided electron

donor. In the three-month chitin incubations, iron-reducing incubations had significantly
lower mean Chaol richness than the other two electron acceptor treatments (iron: pchao1=5.9,

Ochao1=6.5, N=23; sulfate: pchao1=32.9, 6cha1=26.2, N=45; nitrate: [chao1=46.4, cchao1=21,
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n=43), further supporting the hypothesis that the microbial community was challenged
through the combination of insoluble electron acceptor and donor (Fig. 3, top; Supp. Table
2). GIcNAc incubations did not exhibit the same decreased richness in iron-reducing
incubations; however, nitrate-reducing incubations were significantly more diverse than
either of the other electron acceptors and the no electron acceptor control (Fig. 3, bottom;
Supp. Table 2). All incubations at three months with a similar magnitude of richness
(iron/chitin, sulfate/GIcNAc, no electron acceptor/chitin, no electron acceptor/GIcNAC) also
had a similar magnitude of Simpson’s evenness (iron/chitin: pinv.simpson=2.8, Ginv.simpson=1.4,
n=23; sulfate/GICNAC: Hinv.simpson=3.3, Ginv.simpson=1.9, N=33; none/chitin: Hinv.simpson=5.3,

GInv.Simpson=3.4, n=45; none/GIcNACc: Hlnv_simpson:4.2, Glnv,Simpson:2.3, n:28).
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Figure 3. Chaol diversity distributions of 16S rRNA gene sequence data demonstrate a transient
differential effect with insoluble substrates. Iron-reducing chitin-amended incubations (center, top,
red fill) exhibited reduced richness at three months, suggesting that substrate solubility contributes
a selective effect. Moreover, at this time point, nitrate-reducing GlcNAc-oxidizing incubations
(center, bottom, purple fill) had increased richness. This diversity increase was temporary, and by
the final time point, sulfate and nitrate-reducing communities regardless of amendment had similar
Chaol richness (right).
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Despite the greater diversity in the nitrate/GIcCNAc incubations at the three-month time
point, analysis of chitin metabolism genes from the metagenomic data showed lower gene
diversity of chitin and GICNAc metabolic genes relative to the parallel sulfate-reducing
incubations (Fig. 4). Additionally, for chitinase, N-acetylglucosamine kinase, N-
acetylglucosamine-6-phosphate deacetylase, and glucosamine-6-phosphate deaminase, the
sulfate-reducing incubations with chitin had the highest gene diversity, suggesting a
community response to natively present electron acceptors that is enhanced by complex

carbon.

Electron acceptor redox potential restricts functional gene diversity

We assessed the functional diversity of methanogenesis, as the common hypothesized
downstream function between all electron acceptors, by mining the methanogen marker gene
methyl coenzyme reductase (mcrA). There were systematic shifts in mcrA genes present
between treatments and time points. We assigned taxonomy to the mcrA genes mined
through 95% identity with a reference amino acid sequence (see Methods). As reported
previously, sulfate-containing incubations amended with chitin or GICNAc were
differentiable at three months on the basis of a family-level mcrA fingerprint with chitin-
amended incubations being enriched in the Methanomicrobiales.

Although none of the other electron acceptors exhibited the same per-family signal between
chitin and GIcNAc seen in sulfate-reducing incubations, we observed a consistent taxonomic

signal within mcrA genes belonging to the Methanosarcinaceae in the iron-reducing



113

extracellular chitin and GlcNAc metabolic genes
transport and degradation)

intracellular chitin and GlcNAc metabolic genes
(degradation)

sulfate and iron-reducing chitin-oxidizing incubations (purple fill), and lower
diversity in nitrate-reducing incubations. GleNAc-specific metabolic genes (green

(
10.0
200
75
150
% *_ chitin beta-N-acetyl-
50 deacetylase 100 @% % ik
50
4 7 -
- 4 0 = =
20 %
.m 10 20 N,N'-diacetyl-
it chitobiose
® 10 & v chitinase ft W u.ﬂ phosphorylase
= 10 ﬂ
: . . A B
2 1
HEY 5 -
(= ==
o = 30
215 M. ﬂv PTS system, | 5 ad m“u
= N-acetyl- = v N-acetyl-
b3 10 v I'm glucosamine- | T 20 glucosamine
2 F - specific b4 kinase
@ L ana A component | @ %_
oL ¥ 18 1 c " TS
2 =
20 8
: ¢
15
v 12 N-acetyl-
- tonB chitin glucosamine
10 ° receptor 8 ﬂ .M-uscw_w_:ma
eacelylase
5
e + & 4 g [T
none  sulfate iron (lll) nitrate
e acceptor 15
Figure 4. Box plots of chitin and GleNAc metabolic gene diversity in incubations )
combining all dilutions (point shape) at the three-month time point. Chitin-amended 0 & um_cﬂ._owm:_.._._.“m.
incubations showed a general electron acceptor potential-dependent trend. Overall, ‘ mﬂm“.mwwmmo
chitin-specific metabolic genes (purple text) demonstrated increased diversity in 5 m? - %ﬂ

text) additionally were generally more diverse in GleNAc-oxidizing incubations
(green fill) without a provided electron acceptor.

none sulfate  iron (lll)  nitrate

e acceptor

dilution

® 5x10¢
W 5x10°
¢ 5x10¢
A 51107
W 5x10°

e donor
@ chitin
@ GlcNAc



114

Figure 5. McrA tree generated from metagenome reads mined from GTDB and constructed at 95%
identity for one replicate of all incubations shows a proliferation of functional diversity at the three-
month time point with all electron acceptors except for nitrate. Sulfate- (blue) and iron-reducing (red)
incubations exhibited a differential taxonomic McrA signal between electron donors, suggesting that
methanogens may be specialized to both the input organic matter and the available electron acceptor.
Supporting this, the GlcNAc-oxidizing incubation with no electron acceptor exhibited a proliferation of

mcrA diversity.
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incubations. GIcNAc-amended iron-reducing incubations were generally enriched in the
metabolically diverse Methanosarcina genus and chitin-amended incubations were enriched
in Methanococcoides while both incubation sets had members of the hydrogenotrophic genus
Methanogenium (Fig. 5; Akinyemi et al., 2019).

We expected incubations with no provided terminal electron acceptor to be enriched in
methanogens utilizing acetate given the geochemistry data showing lower acetate
concentrations than expected from the GIcNAc or chitin provided (Fig. 1, top row). In
agreement with the geochemistry data, GIcNAc-amended incubations without added electron
acceptor maintained a high level of mcrA diversity. Interestingly, the chitin amendments
harbored a lower diversity of this marker gene, suggesting that there are energetic limitations
on the maintenance of diverse methanogenic clades, especially with complex carbon as the
feedstock. Finally, nitrate-containing microcosms contained very few to no mcrA genes
within the one- and three-month time points. These data were largely in agreement with the
16S rRNA sequence data (Fig. 6b), which showed a strong negative correlation between
Methanogenium and ammonium concentration. Those methanogenic clades that were
associated with high ammonium concentration in our incubation set, such as the amounts
seen in ferric iron-reducing incubations, were members of the Methanosarcinales.

Iron- and nitrate-reducing microcosms additionally accumulated millimolar amounts of
formate over the course of the experiment (Fig. 6a). The accumulation of formate, a substrate
for methanogenesis that all hydrogenotrophic methanogens are capable of using, may be a

signal of metabolic imbalance in these amendments and is coincident with a lack of a



methanogenic functional signal in nitrate-reducing microcosms as well as an additional

signifier of an interruption of trophic flow in iron-reducing microcosms.
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Figure 6. Geochemical and molecular signals allude to inhibition of methanogens.
(a) Formate accumulated at three and seven month time points in nitrate (purple) and
ferric iron (red) incubations. This trend was not seen with the no electron acceptor-
containing and sulfate-reducing incubations, and in the case of nitrate was
coincident with methanogen marker gene abundance (Fig. 5). Ferric iron
incubations also accumulated formate in both electron donor conditions, possibly
due to the difficulty of respiring an insoluble substrate. (b) 16S rRNA gene relative
abundances of methanogenic taxa showed a strong negative correlation between
ammonium concentration and Methanogenium relative abundance, while members
of the Methanosarcinales were not as affected.
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DISCUSSION
This study provided insight into the contribution of energy availability to sediment-hosted
microbial communities. Through varying the available terminal electron acceptors provided
to sediment microcosms, we observed trends in these communities’ ability to oxidize the
polymer chitin or its monomer GIcNAc. Specifically, we observed that the electron acceptor
present had the greatest effect on and was able to significantly modify the dynamics of chitin
degradation, a behavior that could potentially be generalized to other complex substrates in
the marine regime.
Here, methanogens are supported by the presence of a terminal electron acceptor in chitin
treatments; incubations lacking the terminal electron acceptor accumulated less ammonium
and acetate and had lower methanogenic marker gene diversity (Fig. 1, 5). Moreover, when
an electron acceptor was supplied, the lowest potential electron acceptors exhibited the
highest gene diversity in chitin-oxidizing incubations both with methanogenic marker genes
and in upstream processes; genes involved in chitin metabolism were more diverse in sulfate-
and iron-reducing incubations versus nitrate-reducing incubations (Fig. 4). This may be
because the sediment community members are specialized to the local electron acceptors
present. While iron and sulfate are abundant in marine sediments, nitrate is uncommon in
our sample site. We can infer that a greater number of microbes adapted to chitin degradation
and sulfate reduction are present in the source sediment than those adapted to nitrate
reduction, resulting in a correspondingly high diversity of taxonomy and function in chitin

and sulfate incubation. Specialized sediment members could be outcompeted by generalists
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such as copiotrophic facultative anaerobes in the high-energy nitrate-containing
incubations. Interestingly, the meager methanogen response seen in our nitrate-reducing
microcosms is only present in chitin-oxidizing incubations, suggesting that in spite of the
stresses upon introducing a high-energy substrate into a low-energy system, complex carbon
was still able to support greater methanogen diversity than a simpler substrate.

In the case of the simpler electron donor, GICNAc, we observed, as expected, higher activity
in the nitrate-reducing incubations. The maximum amount of ammonium produced was
greater than the hypothesized maximum from the supplied GIcNAc, even accounting for
carbon carryover from the initial inoculum. This, along with the ratio of acetate to ammonium
approaching 3:2 rather than the expected stoichiometric product ratio of 3:1 (Fig. 1, left),
suggested an alternative metabolism besides denitrification may be involved — namely,
dissimilatory reduction of nitrate to ammonia (DNRA). Denitrifying and DNRA microbes
are known to compete for nitrate, and previous reports suggest that acetate stimulates DNRA
in favor of denitrification or in conditions of excess electron donor (van den Berg et al., 2016,
2017); the high amount of acetate produced in these incubations would meet both conditions
and support the hypothesis that DNRA is the major nitrate sink in these incubations.
Additionally, there were no methanogenic marker genes at high identity to known references
present in the GICNAC and nitrate incubations, and few in the chitin and nitrate incubations.
Ammonium is known to have an inhibitory effect on some methanogenic archaea at high
concentrations (100-300 mM; Koster & Lettinga, 1984; Sprott & Patel, 1986). Although the

ammonium concentration in the nitrate-reducing incubations did not have such a high
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concentration, we cannot discount that it was a contributing factor in the lack of
methanogenic functional genes observed. Upstream metabolic genes corresponding to
GIcNAc utilization, primarily the intracellular metabolic genes, tended to be less diverse in
the nitrate-reducing incubations relative to the no electron acceptor incubations as well (Fig.
4). These incubations had the highest taxonomic diversity, despite the lack of functional
diversity, suggesting that the pool of diversity is centered around neither the primary
degradation process nor methanogenesis.

Insoluble substrates, whether in the form of the electron acceptor (ferric iron) or electron
donor (chitin) may provide an additional challenge to communities that is amplified when
both acceptor and donor are insoluble. This manifested in geochemical output, community
dissimilarity, and methanogenic marker gene diversity (Fig. 1, 2a, 5), and likely was due to
the difficulty of transferring electrons between two solid substrates. There was little acetate
utilization in the ferric iron/chitin incubations, despite the presence of methanogen marker
genes from the methylotrophic methanogen Methanococcoides and, unexpectedly,
hydrogenotrophic methanogen Methanogenium (Akinyemi et al., 2019; L’Haridon et al.,
2014). These abundance patterns were also seen, albeit at low relative abundance, in our 16S
rRNA gene survey. The presence of a hydrogenotrophic methanogen taxon in conjunction
with formate accumulation (Fig. 6a) and high acetate accumulation suggests a breakdown in
the degradation process and the trophic handoff of electrons from the primary degraders to
terminal respirers. Interestingly, the iron/chitin response with regard to formate

accumulation, community dissimilarity, and methanogenic marker gene distribution is
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distinct from the no electron acceptor/chitin response, suggesting that other factors such
as the midpoint potential of the electron acceptor are involved in structuring these
microcosms. This behavior is in contrast to prior reports which suggested that stratified
environments allow the maintenance of diversity by restricting dispersal and “winner-take-
all” events (Kerr et al., 2002), likely due to the necessity of interfacing two insoluble
substrates exceeding the ability of the community to sustain diversity.
The methanogenic marker genes were taxonomically distributed in iron-reducing
incubations between chitin and GIcNAc amendments, with GIcCNAc-oxidizing incubations
exhibiting a greater quantity of acetoclastic members of the Methanosarcinaceae (Fig. 5). In
marine sediments, prior reports have shown that syntrophy rather than acetoclastic
methanogenesis is primary driver of methanogenic acetate utilization (Beulig et al., 2018).
Contrary to these reports, we observed an enrichment of acetoclastic methanogens at the
three-month time point both in marker genes and in the 16S data in conjunction with active
acetate utilization in the iron/GIcNAc treatments, suggesting that the iron-responding
methanogenic acetate sink is mediated by acetoclastic methanogens in these sediment
systems.
In this work, we demonstrate the impact of high- versus low-energy regimes on community
structure and functional diversity. We are unable to unilaterally determine whether this effect
was due to competitive dynamics in a high-energy system or community members
specialized to a low-energy seafloor environment being incompatible with reduction of a

high potential electron acceptor. We observed that the complexity, insolubility, and energy
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availability of the substrate were able to drive community dynamics; these dynamics can
then feedback on the ecophysiological response of individual members such as methanogens
and the primary degraders. Future work will determine the role other terminal respiratory
processes, including iron reduction, denitrification, and DNRA, have in contributing to

community diversity and the geochemical dynamics observed.

METHODS

Sample collection, incubation conditions, and media design

The sediment inoculum was collected from a whale fall site in Monterey Bay at 1020 m
depth, slurried 1:1 in artificial seawater, and diluted into deep well 96-well plates as described
previously (Chapter 1). The medium used was 1575 pL artificial seawater medium
supplemented with pairwise combinations of the electron acceptors sodium sulfate (5 mM),
sodium nitrate (4 mM), poorly crystalline iron oxide (0.01 g/well), and no electron acceptor;
and the electron donors colloidal chitin (0.01 g/well) or N-acetylglucosamine (5 mM). An
incubation set containing the provided electron acceptors and no electron donor was included
as a control. Colloidal chitin and the artificial seawater medium were prepared as described
in Chapter 1. Poorly crystalline iron oxide was prepared by neutralizing dissolved FeCl. to
pH 7 with NaOH, subsequent washing in dH.O, and freeze-drying. Sampling at one, three,
and seven-month time points included filtration of 200 pL of sample on a 0.2 micron 96-well
plate filter (Pall product number 8019) with the filtrate retained at -80 °C for DNA extraction

(see Chapter 1 for further detail).
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Geochemistry analyses and quantification of major ions

A portion of the filtered samples were diluted 1:50 and run on a Dionex 1CS-2000 or Thermo
Integrion HPIC as previously described on an AS19 anions and CS16 cations column (Speth
et al., 2022). Due to analytical constraints and lack of sample in some cases, ion
chromatography was done on a subset of the replicates. Sulfate-reducing incubations were
analyzed as described in Chapter 1. Incubations were analyzed according to the schema in
the supplement (Supp. Table 3). Ferrous iron was quantified in iron-reducing incubations
with the Ferrozine assay (Stookey, 1970) using the following protocol. 2 mM Ferrozine
reagent (Sigma) was prepared in 6.5 M acidified ammonium acetate dissolved in 1N HCI.
The reagent was added to the filtered samples in a dilution-dependent manner: 10 uL of the
5x1072 dilution, 50 uL of the 5x107 dilution, and 100 puL of subsequent dilutions were added
to 100 uL of Ferrozine reagent, after which ferrous iron was quantified colorimetrically at

562 nm.

16S rRNA gene amplicon sequence analysis

DNA was extracted from incubations using the Beckman DNAdvance kit, quantified with
Picogreen, and 16S rRNA gene amplicons sequenced as described in Chapter 1 using primers
for the V4 hypervariable region. Samples sequenced at Argonne National Laboratories used
Earth Microbiome Project barcoded primer set 515F/806R and samples sequenced at

Laragen wused primer set 515F 5-GTGYCAGCMGCCGCGGTAA/926R 5’-
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CCGYCAATTYMTTTRAGTTT (Chapter 1). Due to sampling constraints, a subset of
incubations was extracted and sequenced as described in the supplement (Supp. Table 4).
Data was demultiplexed and put through a QIIME2 (v2019.7) pipeline with denoised ASV
abundances generated using DADAZ2 (Bolyen et al., 2019; Callahan et al., 2016). Taxonomy
classification was done using a classifier trained on the SILVA SSU database release 138
(Quast et al., 2013; Yilmaz et al., 2014). Samples with fewer than 15 reads were removed
from the analysis. All R analyses were done using R Statistical Software (version 4.0.3). The
decontam and phyloseq R packages were used for decontamination and handling of 16S data;
the vegan package was used for alpha diversity (Chaol, Inverse Simpson) and dissimilarity
analyses (Davis et al., 2018; McMurdie & Holmes, 2013; Oksanen et al., 2020). NMDS
analyses were done using the lowest stress transformation; for the one-month time point this
was a fourth-root transform, while for three- and seven-month time points this was a
presence-absence transformation. All 16S rRNA gene sequencing analyses except for the

Chaol diversity analysis were done on genus-agglomerated data.

Metagenomic sequence analysis

Libraries for metagenomic sequencing were made using one replicate of the first two time
points with the Nextera XT kit and quality control done with the TapeStation 4200 HSDNA
D1000 screen tape as described in Chapter 1.

Methyl coenzyme reductase genes (mcrA) were mined from unassembled metagenomes

using a previously described protocol (Speth & Orphan, 2018) and a manually curated
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database derived from GTDB release 202 as described in Chapter 1. Mined mcrA reads
were assigned a taxonomy based on a 95% identity to the reference amino acid sequence. A
phylogenetic tree was then constructed using the reference McrA sequences with IQTREE
model LG+1+G4, bootstrapped 100 times (Minh et al., 2020). Trees were visualized with
iTOL (Letunic & Bork, 2021).

Metagenomic reads were then coassembled with Plass (Steinegger et al., 2019) and contigs
greater than 100 amino acids in length kept. Coassemblies were made by combining dilutions
at each time point and electron acceptor/donor pair. Assemblies were then clustered using
MMsegs (Steinegger & Soding, 2017) and annotated using a custom HMM database for
chitin and GIcNAc metabolic genes. Metagenome reads were then aligned to the annotated
Plass assemblies with PALADIN (Westbrook et al., 2017) and gene relative abundances
calculated normalized against read counts for housekeeping genes. Effective gene diversity

was calculated from these gene relative abundances with the formula eShanon,
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SUPPLEMENTAL TABLES

Supplemental Table 1. Adonis metric describing the contribution (R?) show a small but
significant contribution of each listed factor (electron acceptor or electron donor) to
community dissimilarity. Formula: e” acceptor * e” donor. df, degrees of freedom. p, p-value.
Statistically significant contribution (p<0.05) are in bold.

1 month 3 months 7 months

(fourth root) (presence-absence) | (presence-absence)
df R? p df R? p df R? P

e acceptor |3 0.0426 0.001 |3 0.0065 0.974 |1 0.0364 0.001
e” donor 1 0.0356 0.001 |1 0.0358 0.001 |1 0.0191 0.001
e acceptor: | 3 0.0322 0.017 |3 0.0075 0.931 |1 0.0203 0.001
e donor

residuals 277 112 173
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Supplemental Table 2. Tukey’s HSD comparison of mean Chaol between electron
acceptor/electron donor pairs at 3 months. diff, difference in mean Chaol. Iwr and upr, lower
and upper bounds of 95% confidence interval. pagj, adjusted p-value. Statistically significant
differences in Chaol are in bold.

diff Iwr upr Padi

none:chitin-Fe:chitin | 7.28043 -10.949 25.5098 0.92555
SOa4:chitin-Fe:chitin | 27.0193 9.16354 44.8751 0.00016
NOs:chitin-Fe:chitin | 40.549 22.5534 58.5447 0

none:chitin-NOs:chitin | -33.269 -48.571 -17.966 0
SOas:chitin-none:chitin | 19.7389 4.60092 34.8769 0.0022
SOg:chitin-NOz:chitin | -13.53 -28.385 1.32606 0.10388
NO3s:GIcNAc-Fe:GIcNAc | 24.3611 7.59352 41.1287 0.00035
none:GIcNAc-Fe:GIcNAc | -13.821 -32.439 4.79646 0.31552
SO4:GIcNAc-Fe:GIcNAc | -15.114 -33.012 2.78515 0.1681

none:GIcNAc-NOs:GIcNAc | -38.183  -54.95 -21.415 0

SO4:GIcNAc-none:GIcNAc | -1.2922 -19.191 16.6066 1
SO4:GIcNAc-NO3:GIcNAc | -39.475 -55.44 -23.509 0
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Supplemental table 3. Sample table for major ions analysis; number of replicates run at each dilution, time point, and electron acceptor/donor pair

no e- acceptor/chitin no e- acceptor/GlcNAc no e- acceptor/no e- donor
dilution 1 month 3 months 7 months 1 month |3 months 7 months 1 month 3 months 7 months
sx10* |6 0 0 6 0 0 6 0 0
sx10° |12 4 4 12 4 4 6 4 4
sx10°® 12 4 4 12 4 4 6 4 4
sx107 |12 4 4 12 4 4 6 4 4
5x10° 6 4 4 12 4 4 6 4 4
sulfate/chitin sulfate/GleNAe sulfate/no e- donor
dilution || month 3 months 7 months | month |3 months 7 months I month 3 months 7 months
sx10* |0 0 0 0 0 0 0 0 0
sx10”° |12 12 12 12 12 12 0 12 12
sx10% |12 12 12 12 9 12 0 12 12
sx107 |12 12 12 10 11 12 0 12 12
sx10° 4 4 4 12 4 4 0 4 4
iron (III)/chitin iron (III)/GleNAc iron (III)/no e- donor
dilution || month 3 months 7 months | month |3 months 7 months I month 3 months 7 months
sx10? 8 12 12 8 12 12 8 12 12
sx10° |8 10 12 8 12 12 8 12 12
5x10° |8 12 12 8 12 12 8 12 12
sx107 |8 12 12 8 12 12 8 12 12
sx10° |0 0 0 0 0 0 0 0 0
nitrate/chitin nitrate/GleNAc nitrate/no e- donor
dilution || month 3 months 7 months | month |3 months 7 months I month 3 months 7 months
sx10* |0 7 4 11 8 4 0 0 4
5x10° 0 12 4 12 12 4 0 4 4
5x10° |0 12 4 12 12 4 0 4 4
5x107 |0 6 4 6 6 4 0 4 4
sx10* |0 4 0 0 0 0 0 4 0
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Supplemental Table 4. Sample table for 16S rRNA gene amplicon sequencing; number of replicates run at each dilution, time point, and
electron acceptor/donor pair

no e- acceptor/chitin no e- acceptor/GleNAc no e- acceptor/no e- donor
dilution | month 3 months 7 months | month |3 months 7 months | month 3 months 7 months
sx10* 1 10 0 1 11 0 1 0 0
5x10° 1 9 0 1 8 0 1 1 0
5x10° 1 10 0 I 3 0 I I 0
sx10” 1 10 0 1 6 0 1 1 0
sx10% 1 1 0 1 0 0 1 0 0
sulfate/chitin sulfate/GleNAc sulfate/no e- donor
dilution 1 month |3 months 7 months 1 month |3 months ' 7 months 1 month '3 months 7 months
sx10t 1 1 0 1 0 0 1 1 0
sx10” 12 11 11 12 9 11 6 6 5
sx10° 12 11 11 11 8 11 6 5 5
sx107 12 11 11 12 7 11 6 6 5
sx10® 12 11 11 12 9 12 6 6 3
iron (III)/chitin iron (ITI)/GleNAc iron (III)/no e- donor
dilution | month 3 months 7 months 1 month |3 months 7 months 1 month 3 months 7 months
sx10 1 5 0 _ 6 0 1 1 0
5x10° 0 8 0 1 5 0 1 1 0
5x10° 1 4 0 1 9 0 1 1 0
sx107 0 6 0 1 7 0 1 1 0
5x10% 0 0 0 ! ! 0 1 1 0
nitrate/chitin nitrate/GlcNAc nitrate/no e- donor
dilution | month 3 months 7 months | month |3 months 7 months 1 month 3 months 7 months
sx10 1 0 1 1 1 11 1 1 0
5x107 10 1 1 11 |

-6

1 0 | 0
5x10 1 11 11 0 11 11 0 1 0
5x107 0 11 11 0 11 11 1 0
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LIST AND DESCRIPTION OF SUPPLEMENTAL FILES
geochem_w_activity alleacc.txt: All geochemistry data used in the 96-well experiment

series with column including activity thresholding.
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