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Abstract

Lake Fryxell, a perennially ice-covered lake in the McMurdo Dry Valleys of Antarctica is
an isolated extreme environment. As depth into the lake increases, the environment changes from
an illuminated and oxygen-rich environment to an increasingly dark, sulfidic environment,
lacking oxygen. The lake also hosts an abundance of microbial growth, characterized by
photosynthetic microbial mats that grow on the lake floor to the base of the photic zone. In this
study, we elucidate the taxonomic diversity and metabolic framework of the microbial mats
during the Antarctic summer at 10.1 m, which is near the maximum depth of photosynthesis.

The microbial mats at 10.1 m are exposed to ~3 umol photos/m?/s of photoactive
radiation, less than 0.5 0.5 mg O2/L, and 16.8 pM of hydrogen sulfide. How microbial
organisms thrive in these conditions, especially what metabolisms they utilize to produce
energy, is a fundamental ecological question. 16S rRNA, metagenomic and metatranscriptomic
analyses described in chapter one revealed 700 - 800 different species residing in the lake,
representing over 18 different phyla, with nine phyla that have not previously been reported in
Lake Fryxell. High completion metagenome assembled genomes, and assembled transcriptomes
reveal the metabolic capacity of the mats. Aerobic respiration, photosynthesis, fermentation,
electron bifurcation, sulfide oxidation, sulfate reduction, and nitrogen cycling metabolisms are
active at 10.1 m. The Wood Ljungdahl Pathway (WLP) and Calvin Cycle metabolisms were also
active, indicating different methods of carbon fixation. Analysis of both the genomic capacity
and transcriptomic expression of the microbial mats suggests that a diverse range of organisms
with a variety of microbial metabolism can accommodate the fluctuating environmental

conditions.



Photosynthetic and primary productivity is not limited to the bacterial community;
diatoms in Lake Fryxell display high abundance in the microbial mats but remain largely
ignored. To understand the impact that the diatom community has on the microbial mats, it is
critical to not only genomically identify the organisms present but elucidate what metabolic
pathways they are using to thrive in the extreme conditions of Lake Fryxell. Utilizing long read
sequencing for DNA and short read sequencing for RNA, chapter two explores the diversity of
diatoms in the microbial mats at 10.1 m. Six different diatom species were identified with 18S
rRNA sequences extracted from raw DNA long reads; three of these species have been
morphologically identified but not fully genomically characterized. One diatom 18S rRNA
classification was a novel sequence, only registered as Bacillariophyceae, which could indicate
novel species or genomic detection of diatoms only morphologically identified in Lake Fryxell.
The two remaining 18S rRNA sequences were unidentified species of Amphora, Pseudo-
nitzschia genera. RNA expression data showed transcription of oxygenic photosynthesis and
aerobic respiration occurring at 10.1 m despite the presence of hydrogen sulfide and only 3 pmol
photons/m?s. There was also expression data unable to be mapped but still classified as diatom in
origin. The transcript encoded components for photosynthesis, sulfide oxidation, and
fermentation. This implies that the diatom population contributes to the primary productivity of
the microbial mats in the presence of sulfide while also employing aerobic and anaerobic
processes. Overall, the discovery of new diatom species and diverse metabolic activity
establishes the diatoms as key community members in the microbial mats at 10.1 m and
improves our understanding of their genomic and metabolic diversity in extreme environments.

Constructing an ecological metabolic framework as to how the microbial mats actively

survive in this environment at 10.1 m would provide foundational knowledge into how microbial



communities may adapt to environmental and season changes in the lake. Utilizing the high
completion metagenome assembled genomes collected in chapter one, bacterial metagenome
assembled genomes (MAGs) were investigated for their specific metabolic roles in the microbial
mats. Mapping expressed RNA to the assembled DNA yielded insights into both specialization
and versatility among and within bacterial MAGs. Collected phyla contained complete pathways
for the nitrogen cycle, sulfur cycle, aerobic respiration, fermentation, the WLP, the Calvin cycle,
and lipid beta oxidation. A deeper investigation resulted in sulfate reduction expressed by forty
MAGs assembled. Other bacterial metagenomes displayed notable metabolic diversity, utilizing
over nine different metabolic pathways. MAGs within the the Gemmatimonadota phylum
heavily expresses the enzyme critical to dissimilatory nitrate to ammonium. MAGs placed within
the Desulfobacterota expressed the WLP while Pseudomonadota related metagenomes utilized
the Calvin cycle, contributing to the chemoautotrophy of the lake as nonphotodependent primary
producers. It was expected that the microbial communities at 10.1 m would rely primarily on
anaerobic metabolisms like sulfate reduction, sulfide oxidation, anaerobic respiration, and
fermentation due to the reduced dissolved oxygen and photoactive radiation. However, the
established overall diversity of framework created suggested that oxygenic photosynthesis by
Cyanobacteria and diatoms increased the oxidation reduction potential above and within the mat
in diel cycles. This may raise the ORP and provide oxygen for aerobic respiration, nitrification,
aerobic sulfide oxidation, and abiotic conversion of sulfide to sulfate for sulfate reducers. While
sulfate reduction was the most prominently expressed metabolisms, the MAGs analyzed showed
both diversity and specialization in aerobic and anaerobic processes, revealing the nuance and

complexity of this isolated extreme environment.



Introduction

Perennially ice-covered lakes of the McMurdo Dry Valleys, Antarctica, are considered an
isolated extreme environment (Laybourne-Perry et al., 2007). Lake Fryxell is characterized by
permanent ice cover, strong vertical stratification, and limited physical mixing, resulting in
pronounced gradients in light availability, dissolved oxygen, and nutrient chemistry with depth
(Green et al., 1989; Craig et al., 1992). During the summer, meltwater streams deliver solutes
and nutrients to the lake, while water loss occurs primarily through ice ablation and evaporation
from the summer moat (Lawrence & Hendy, 1985). As a result, this produced a stable, density-
stratified water column below 5 m. (Warton et al., 1986). While the ice cap does reduce 97% -
99% of incident irradiance, the light that does pass through provides enough photoactive
radiation (Howard-Williams et al., 1998) for the photosynthetic microbial communities in the

microbial mats.
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Figure 1: Location of Lake Fryxell in the McMurdo Dry Valleys, Antarctica (Sumner et
al., 2015)

Microbial mats in Lake Fryxell are layered biofilms composed of diverse bacteria,
archaea, and microeukaryotes (Jungblut et al., 2016; Dillon et al., 2020; Connell et al., 2018).

Community composition and metabolic potential are linked to environmental gradients, with

Vi



phototrophic organisms dominating surface layers and anaerobic metabolisms, including sulfate
reducers, fermenters, and methanogenic organisms, becoming increasingly important with depth
into the lake and mats (van Gemerden, 1993; Bolhuis et al., 2014; Dillon et al., 2020a). While
previous studies have demonstrated that oxygenic photosynthesis and aerobic respiration
dominate mats between 9.0 and 9.8 m, much less is known about microbial diversity, metabolic
expression, and taxonomic composition below this range, particularly near 10 m where light is

minimal and oxygen availability is highly variable (Dillon et al., 2020).

Diatoms are increasingly recognized as key contributors to primary production within Lake
Fryxell microbial mats, particularly at greater depths where they become dominant
microeukaryotic phototrophs (Jungblut et al., 2016). However, their taxonomic diversity,
genomic potential, and metabolic strategies remain poorly characterized, largely due to limited
genomic resources and reliance on short-read sequencing and morphological identification
(Schulte et al., 2021; Stone et al., 2024). Given their known capacity for metabolic plasticity
under low-light, anoxic, and sulfidic conditions, diatoms may play a critical and

underappreciated role in sustaining carbon and nitrogen cycling in deeper regions of the lake.

Understanding how microbial communities—and diatoms in particular—adapt to the combined
constraints of low light, fluctuating oxygen, and complex nitrogen and sulfur chemistry is
essential for elucidating the metabolic framework of Lake Fryxell’s benthic ecosystem. This
study aims to characterize microbial diversity and metabolic potential at ~10.1 m depth,
providing new insight into how environmental gradients structure community composition and

energy metabolism in one of Earth’s most extreme aquatic environments.

Vii



Chapter 1: Taxonomic and Metabolic Diversity of Lake Fryxell’s Microbial Mat at 10.1 m
Introduction

Microbial mats are distributed all over the globe. They can be found in hypersaline lakes,
hot springs, marine sediment, intertidal zones, and polar lakes (Prieto-Barajas et al., 2018). The
microbial mats of Lake Fryxell, Antarctica, McMurdo Dry Valleys are no exception. The
structure of microbial mats are governed by availability of photoactive radiation (PAR),
dissolved oxygen, and oxidation-reduction potential (Dillon et al., 2020). Within just millimeters
of vertical space, mat structure, microbial communities and active metabolisms can change
(Dillon et al., 2020b). The microbial mat structure shift from lift off mats at ~8 m, where oxygen
produced by photosynthesis builds up within the mat and tears it off the lake sediment, to
honeycomb mats, where ridges form honeycomb like structures (Jungblut et al., 2016). Finally,
the microbial mats become flat/prostrate at ~ 10 m (Jungblut et al., 2016). The top layers of the
lake’s microbial mats are generally covered in phototrophic organisms such as Cyanobacteria,
algae, and diatoms (Jungblut et al., 2016; Dillon et al., 2020). It is unclear though what the
composition of the mats is like below 10 m. Still, these photoautotrophic organisms on the mat
surface can provide oxygen and fix carbon, producing required materials for heterotrophic
metabolisms and build biomass to establish an ecological foundation in different environments.
Deeper into the anaerobic layers of the mats, anaerobic community members consist of anaerobic
bacteria and archaea involved in sulfate reduction, methanogenesis, fermentation, and other
anaerobic processes (van Gemerden, 1993; Bolhuis et al., 2014). Although metabolic expression
has been previously explored at oxic depths in Lake Fryxell’s mat, it is unclear how the
microbial communities adapt and what strategies they use in oxic-anoxic transition depths in the

lake (Dillon et al., 2020). Determining the community composition and metabolic activity at 10.1



m would provide insight into the dynamics of microbial mats at this depth that has not been
investigated in detail with metagenomics and metatranscriptomics.

Prior work has investigated the taxonomic diversity of microbial communities between
9.0 m and 9.8 m. Proteobacteria and Cyanobacteria were abundant, similar to Lake Untersee
and non-Antarctic microbial mats (Dillon et al., 2020; Greco et al., 2020) Yet, with the
dissipation of PAR with depth and increase in hydrogen sulfide, understanding how the
microbial populations change will provide valuable insights into how the microbial mats
communities change in response at 10.1 m. If patterns remain consistent with previous depths,
community diversity and metabolism would be determined to be influenced by the presence of
dissolved oxygen and PAR (Dillon et al., 2020).

In Lake Fryxell, as depth increases, so does light. Generally, with less photons available
for photosynthesis, there is a reduction of oxygenic photosynthesis, and less oxygen is produced.
This, in turn reduces the availability of oxygen for aerobic and oxidative processes. It also limits
microbes to using anaerobic metabolisms despite some microbes being able to utilize aerobic and
anaerobic metabolisms (Jiang et al., 2012). At 9.0 m to 9.8 m, oxygen and PAR determine the
metabolic diversity (Dillon et al., April 2020). It is expected that with a reduction in oxygen,
there will be less diversity of metabolic expression as pathways will be confined to anaerobic
reductive processes. Determining if the microbial mats follow this structured framework for
metabolic diversity at 10.1 m will provide an understanding of what autotrophic and

heterotrophic processes the microbial communities utilize.



Environment of Lake Fryxell

Lake Fryxell is a perennially ice-covered lake located in the McMurdo Dry Valleys of
Antarctica. The lake is fed by melt water streams that provide solutes, sediment, and nutrients
during the summer and into the moat that forms around the lake (Green et al., 1989, Lawrence
and Hendy, 1985). This provides the lake with dissolved organic nitrogen, soluble reactive
phosphorus, sulfate, calcium, magnesium, sodium, potassium, chloride, and dissolved organic
matter (Herbei et al., 2016; McKnight et al., 1999). Local topography prevents the outflow of
water which is only lost through ice ablation and liquid water evaporation from the summer
moat. The solutes and nutrients deposited into the lake are subject to diffusion below ~5m due to
density stratification in the water column caused by the long-term history of solute concentration
and the lack of wind mixing (e.g. Craig et al., 1992; Warton et al., 1986). The ice-cover blocks
97-99.5% of incident PAR (Howard-Williams et al., 1998). This reduces photons during the
summer at noon from 100 pmol photons/m?/s just below the ice. The water has a depth
attenuation coefficient of 0.5-0.6/m which reduces irradiance to ~3 umol photos/m?/s at about 10
m depth (Figure 1; Howard-Williams et al., 1998). The theoretical proposed minimum PAR for
photosynthesis is 0.01 pmol photons/m?/s with contextual evidence of Arctic algae
demonstrating the capacity to use as little as 0.04 +0.02 umol photos/m?/s. (Hanke K et al.,
2018; Hoppe CJM et al., 2024). Similarly in Lake Hoare, also located in the McMurdo Dry
Valleys, it has been demonstrated that Cyanobacteria and diatom communities within a 16.6 m

depth are able to produce ~100-500 pmol m~*h ™! of oxygen with only 1.0-4.6 pmol quanta m~?

s~ with a community compensation irradiance of 0.1 pmol quanta m~? s~ }(Hawes et al., 2006).

Thus, the PAR available during summer is likely enough for photoautotrophic organisms to

perform oxygenic photosynthesis at 10.1 m in Lake Fryxell.



During the winter, the sun is below the horizon for several months, and there is
insufficient light for photosynthesis within the lake. This causes a complete halt of oxygenic
photosynthesis (Cono et al., 2022). As a result, the water above the mats at 9.5 m and deeper
becomes anoxic (Figure 1; Cortes et al. in prep). In response, photoautotrophs are expected to
switch to alternative metabolic strategies, like glycogen catabolism (Welkie et al., 2018). Other
non-photosynthetic bacterial phyla may utilize the remaining oxygen and or use anaerobic
processes, such as but not limited to fermentation, anaerobic respiration, or dissimilatory sulfate
reduction. The key goal is to understand how these environmental factors affect the microbial

diversity at 10.1 m and what metabolisms the microbes use at this depth to produce energy.
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Figure 1: (a) PAR and (b) oxygen with depth below the ice-cover at Lake Fryxell. The graph
depicts dissolved oxygen declines between 9 m — 10.1 m and PAR.



Lake Fryxell’s Microbial Mats

The mats growing in Lake Fryxell thrive in extreme conditions. These microbial mats are
complex multi-layered biofilms found in and contain a variety of different microbial
communities. Previous research has identified the bacterial phyla found in the microbial mats
including Cyanobacteria, Pseudomonadota (formerly Proteobacteria), Bacillota, Chlorofelexota,
Patescibacteria, Plantomycetes, Actinobacteria, Acidobacteria, Gemmatimonadetes, Nitrospirae,
Verrucomicrobia, and Bacteroidota (Dillon et al., 2020).The microbial mats are not constrained
to only bacteria; the archaea belonging to the phyla, Melainabacteria, Thaumarchaeota,
Parvachaea, Crenarchaeota and Euryarchaeota can be found in the mats (Jungblut et al., 2016;
Karr et al., 2006). Microeukaryotic organisms are also prevalent. Bacillariophyta are present in
the microbial mats and detected between 8.9 — 9.8 m (Dillon et al., 2020; Junblut et al., 2016).
Most of the diatom community consists of Muellaria spp., Navicula spp., Luticola spp.,
Nitzschia spp., Stauroneis spp., and Psammothidum, below 10 m, Diadesmis contenta and
Navicula gregaria become most abundant (Jungblut et al., 2016). Previous research at 9.0-9.8 m
shows that alpha diversity increases with increases in both dissolved oxygen and PAR (Dillon et
al., 2020). In some cases, Cyanobacteria decrease from more than 50% in abundance at the top of
the mats at 9.8 m to less than 5% at the bottom, while Pseudomonadota increase from ~10% to
~25% abundance from the top to the bottom of the microbial mats (Dillon et al., 2020). It is still
unclear how the microbial communities of Lake Fryxell change below 9.8 m, where the water
above the mats becomes nearly permanently anoxic. It is expected that at greater depths, with
reduced levels of oxygen and PAR, Cyanobacteria will decrease in abundance. With the absence
of oxygenic photoautotrophs and oxygen production, facultative anaerobic organisms and

obligate anaerobic organisms may increase in abundance. Chemoautotrophic metabolisms would



become more prominent and expression of pathways like the Wood Ljundahl Pathway would be
more abundant. Heterotrophic pathways would favor anaerobic metabolisms like nitrogen
respiration, sulfate reduction, and or fermentation.

The organisms present in the lake have the genetic potential to perform a wide range of
metabolisms including photosynthesis, aerobic respiration, anaerobic respiration, sulfur
oxidation and reduction, nitrogen-based metabolisms, methanogenesis, and electron bifurcation (
Karr et al., 2006; Dillon et al., April; 2020; Jungblut et al., 2016). Previous research on mats at
9.0-9.8 m depth used the high relative metagenomic abundance of Cyanobacteria to conclude
that the most ecologically important process is oxygenic photosynthesis, using rubisco to fix
carbon (Dillon et al., 2020; Dillon et al., April; 2020; Jungblut et al., 2016). Complimenting this
factor, aerobic respiration capacity is highly abundant genomically as well, which is consistent
with the measured abundance of dissolved oxygen (Dillon et al., 2020; Sumner et al., 2015).
Alternative metabolisms are genomically represented as well. Genes associated with
dissimilatory sulfate reduction were less prominent at 9.0-9.8 m but indicate active sulfate
reducing communities (Dillon et al. 2020). Despite the presence of key enzymes, establishing
what metabolic activities are occurring in higher resolution at 10.1 m is critical to understanding
how autotrophic and heterotrophic processes compose the metabolic and taxonomic structure of

the microbial mat’s ecology.

Material and Methods
Dissolved Oxygen Measurements
Benthic variations in dissolved oxygen (DO) were measured from January 20 to
November 1, 2023, at 10.1 m water depth to understand oxygen availability for the mats.

Equipment was deployed and retrieved by divers operating through a hole melted in the ice cover



on the northern side of Lake Fryxell (-77.6078°, 163.114517° E). Divers deployed 3 PME
miniDOT loggers (Vista, CA) at 9.99-10.35 m (7.7-8.0 m above mean sea level (a.m.s.])) depths
by laying them horizontally with the sensor approximately 1 cm above the microbial mats
coating the lake floor. The end opposite the sensor was attached to a PVC stake to counter
buoyancy. The depth of each logger was measured using a Rugged TROLL pressure transducer
from In-situ inc. (Fort Collins, CO), and depth is reported relative to January 2023 hydrostatic
water levels. Elevation above mean sea level (a.m.s.l.) is also reported to aid in comparisons

across years.

Sample Collection

Samples were collected on January 15, 2023, by divers operating through the same hole
in the ice. Five samples were collected at 10.1 m water depth (7.9 m a.m.s.l.), and these samples
are used for this study. Divers collected the samples in sterilized plastic boxes and brought them
to the surface of the lake. At the lake surface, researchers put the samples into sterile 15 mL
screw cap tubes and then into liquid nitrogen. The time between sample collection and freezing
was less than 15 minutes for each sample. Samples remained in a dry shipper in liquid nitrogen
temperatures until they were sent from Antarctica to the lab at UCD in a -20°C container. Once

at UCD, they were stored in the laboratory at -80°C at UCD until DNA and RNA were extracted.

RNA Extraction
The RNA extractions at SeqCenter followed the ZymoBIOMICSTM Quick-RNA
Miniprep Kit (Zymo Research, Irvine, CA). The preparation of microbial mat samples followed

Zymo Research recommendations stated in the protocol. Samples were eluted into a final volume



of 40 ul. Final RNA concentrations were determined via Qubit3 from (Thermo Fisher Scientific

Waltham, MA).

RNA Sequencing

Samples were extracted by SeqCenter (Pittsburg, PA, USA). The samples were DNAse
treated with Invitrogen RNAse free DNAse (Thermo Fisher Scientific, Waltham, MA, USA) .
Library preparation was performed using Illumina's Stranded Total RNA Prep Ligation
(Ilumina, San Diego, CA) with Ribo-Sero Plus kit (Illumina, San Diego, CA) and 10bp unique
dual indices (UDI). Sequencing was done on a NovaSeq XPlus (Illumina, San Diego, CA),
producing paired end 150bp reads. Demultiplexing, quality control, and adapter trimming was

performed with [llumina’s bel-convert (v4.2.4; [llumina, San Diego, CA).

DNA Extraction

The DNA extraction was performed by SeqCenter (Pittsburg, PA, USA) and followed the
ZymoBIOMICS™ DNA Miniprep Kit2 (Zymo Research, Irvin, CA, USA). A single sequencing
sample from bulk complete mat samples was created from five individual sample collection
tubes at 10.1 m. The sample was suspended in lysis solution were transferred into the ZR
BashingBead™ Lysis Tubes (Zymo Research, Irvin, CA, USA) and mechanically lysed using the
MP FastPrep-24™ (MP Biomedicals, Irvine, CA, USA) lysis system with 1 minute of lysis at
maximum speed and 5 minutes of rest for 5 cycles. The sample were then centrifuged at 10,000
rcf for 1 minute. 400 pl of supernatant was transferred from the ZR BashingBead™ (Zymo
Research, Irvin, CA, USA) Lysis Tube to a Zymo-Spin™ III-F Filter (Zymo Research, Irvin,
CA, USA) and centrifuged at 8,000rcf for 1 minute. 1,200 pl of ZymoBIOMICS™ DNA

Binding Buffer (Zymo Research, Irvin, CA, USA) was added to the effluent and mixed via



pipetting. Next, 800ul of this solution was transferred to a Zymo-Spin™ IICR Column (Zymo
Research, Irvin, CA, USA) and centrifuged at 10,000 rcf for 1 minute. This step was repeated
until all material was loaded onto the Zymo-Spin™ IICR Column . DNA bound to the Zymo-
Spin™ IICR Column was washed 3 times with 400ul and 700pl of ZymoBIOMICS™ DNA
Wash Buffer (Zymo Research, Irvin, CA, USA)1 and then 200 pl of ZymoBIOMICS™ DNA
Wash Buffer 2 (Zymo Research, Irvin, CA, USA) with a 1-minute spin down at 10,000 rcf for
each, respectively. Washed DNA was eluted using 75l of ZymoBIOMICS™ DNase/RNase
Free Water (Zymo Research, Irvin, CA, USA) following a 5-minute incubation at room
temperature and a 1-minute spin down at 10,000 rcf. The Zymo-Spin™ III-HRC Filter (Zymo
Research, Irvin, CA, USA) was prepared using 600 pl of the ZymoBIOMICS™ HRC Prep
Solution (Zymo Research, Irvin, CA, USA) and a centrifugation at 8,000 rcf for 3 minutes.
Eluted DNA was then purified by running the effluent through the prepared Zymo-Spin™ III-
HRC Filter. Final DNA concentrations were determined via Qubit (Thermo Fisher Scientific,

Waltham, MA, USA).

DNA Sequencing

Sample libraries were prepared using the PCR-free Oxford Nanopore Technologies
ONT Ligation Sequencing Kit SQK-NBD114.24 (Oxford Nanopore Technologies, Oxford,
UK) with the NEBNext© Companion Module E7180 (Ipswich, MA, USA) to manufacturer’s
specification. No additional DNA fragmentation or size selection was performed. Nanopore
sequencing was performed on an Oxford Nanoopore, a MinlON Mk1B (Oxford Nanopore
Technologies, Oxford, UK) sequencer or a GridlON sequencer (Oxford Nanopore Technologies,
Oxford, UK) using R10.4.1 flow cells (Oxford Nanopore Technologies, Oxford, UK) in one or

more multiplexed shared-flow cell runs. Run design utilized the 400 bps sequencing mode with a



minimum read length of 200bp. Adaptive sampling was not enabled. Guppy (v6.5.7; Oxford
Nanopore Technologies, Oxford, UK) was used for super-accurate basecalling (SUP),
demultiplexing, and adapter removal. Quality filtering was performed with fastp (v0.23.4) with a

per-base quality trimming of Q20 and per-read quality filtering of Q15 (Chen et al., 2018).

Full Length 16S ¥rRNA (VI-V9) Preparation and Sequencing Methods
Samples were prepared using Zymo “Quick-16S™ Full-Length Library Prep Kit” using the

following primers:

Table 1: RNA primers used for full length 16S rRNA sequencing by SeqCenter (Pittsburg, PA,
USA)

Region Forward Sequence Reverse Sequence

27¢ 1492r
AGRGTTYGATYMTGGCTCAG RGYTACCTTGTTACGACTT

V1-V9

Samples were prepared via 1-step PCR and were pooled by equal volume. A MagBead
cleanup was performed on the pooled library which was then prepared for sequencing using the
PacBio HiFi prep kit 96 (Pacific Biosciences of California Inc, Menlo Park, CA, USA) with the
SMRTbell® barcoded adapter plate 3.01 (Pacific Biosciences of California Inc, Menlo Park, CA,
USA). Final libraries underwent the PacBio binding and cleanup steps using the Revio SPRQ
Polymerase kit (Pacific Biosciences of California Inc, Menlo Park, CA, USA). Prepared libraries
were sequenced on the PacBio Revio (Pacific Biosciences of California Inc, Menlo Park, CA,
USA) with a 12hr run time. SMRTbell® (Pacific Biosciences of California Inc, Menlo Park, CA,

USA) barcoded adapters were removed on instrument during CCS. Post-CCS HiFi reads

10



underwent secondary demultiplexing via Lima (v2.12.0; Lepik et al., 2026) using a Sbp linker

plus a 10bp index with the following enabled options in Table 2.

16S ¥RNA Analysis

The 16S rRNA analysis was performed by SeqCenter (Pittsburg, PA, USA) to determine
abundance of bacterial species. Samples were prepared using Zymo Research’s Quick-16S Full-
Length Library Prep Kit using the primers mentioned in Table 1. Five 10.1 m bulk microbial mat
samples were processed by SeqCenter (Pittsburg, PA, USA). Samples were prepared via 1-step
PCR and were pooled by equal volume. A MagBead cleanup was performed on the pooled
library which was then prepared for sequencing suing the PacBio HiFiprep kit 96 with the
SMRTbell barcoded adapter plate 3.0. Final libraries underwent the PacBio binding and cleanup
steps using the Revio SPRQ Polymerase kit. Prepared libraries were sequenced on the PacBio
Revio with a 12hr run time. SMRTbell barcoded adapters were removed on instrument during
CCS. Post-CCS HiFi reads underwent secondary demultiplexing via Lima (v2.12.0) using a Sbp

linker plus a 10bp index (Lepik et al., 2026). The following options were enabled:

11



Table 2: Options used for Lima (v2.12.0) during 16S rRNA processing.

Lima Option Parameters
ccs (enabled)
different (enabled)
min-score 80
min-end-score 50
min-ref-span 0.75
min-scoring-regions 2
split-named (enabled)
split-subdirs (enabled)
store-unbarcoded (enabled)

BAM files from the secondary demultiplexing were converted to fastq.gz files using samtools
(v1.17) and pigz (v2.6) (Madler., 2022; Danecek et al., 2021).

Bioinformatic Analysis

168 rRNA Classification and Refraction Analysis

Sequences were imported to Qiime?2 for analysis (Boylen et al., 2019). Primer sequences
were removed using Qiime2’s cutadapt3 plugin using the following the degenerate primer
queries previously stated. Sequences were then denoised using Qiime2’s dada2 (v2025.7.0)
plugin4 Callahan et al., 2016; Boylen et al., 2019). Denoised whole sequences above QC 20 were
placed into a feature table detailing which amplicon sequence variants (ASVs) were observed in
which samples, and how many times each ASV was observed in each sample. ASVs were
taxonomically assessed using the Silva (v136.2; Chuvochina et al., 2025) 138 99% full-length
sequence database and the VSEARCHS utility within Qiime2’s feature-classifier plugin
(Chuvochina et al., 2025; Ragnes et al., 2016). ASVs were then collapsed to their lowest
taxonomic units (strain, species, genus, etc.), and their counts were converted to reflect their

relative frequency within a sample.
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RNA Metatranscriptomic Quality Control and Assembly

RNA sequencing for five samples recovered from 10.1 m were checked for quality with
fastqc (v0.12.1) (Chen et al. 2018; Chen 2023). Reads collected were assembled with Trinity
(v1.2.9) with paired end specification (Grabherr et al., 2011). Quality of the assembly was
assessed with RNAquast (v2.3.1) (Bushmanova et al. 2016). The assembled RNA contigs were

then annotated using kofmscan (v1.3.0) using standard settings (Arakami et al., 2019).

Taxonomic Classification of Metagenomes

DNA read quality was assessed with NanoPlot (v1.41) and low-quality reads, <15, were
filtered out with fastp (v0.23.4) (De Coster et al. 2023; Chen et al. 2018; Chen 2023).
Fastp (v0.23.4) was used to clean the sequenced reads using default settings without adapter
trimming (Chen et al. 2018; Chen 2023). Reads were assembled with flye (v2.9.4-b1799) using
using the --meta setting and checked for assembly quality with Quast (v5.2.0) using standard
settings (Kolmogorov et al. 2020, Mikheenko et al. 2023). Reads were mapped back to the
assembly using minimap2 (v2.28-r1209) (Li et al., 2018). After mapping, metabat2 (v2.18) was
used to bin the DNA contigs which were subsequently taxonomically classified with GTDB-TK
(v1.4.0) using the standard classify wf settings (Kang et al., 2019; Chuameil et al., 2019). The
metagenome assembled genomes were assessed for completion and contamination with CheckM
(v1.2.3) -lineage wf standard settings using default settings (Parks et al., 2015). High completion
low contamination (HCLC) bins were selected based on a completion equal to or greater than
ninety percent and contamination less than or equal to five percent. Contigs were also used for
protein-based classification with kaiju(v1.10.1; Menzel et al., 2016) and the nr_euk database

under greedy settings.
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Autotrophic Metabolic Pathways Present in DNA MAGs and RNA-seq Assembled Transcripts

The Wood-Ljundahl Pathway, the Calvin Cycle, the 3-hydroxypropionate bi-cycle,
photo-dependent sulfide oxidation, and photosynthesis were thought to be utilized at 10.1 m. To
determine this, DNA contigs were assembled as stated previously and annotated using PROKKA
(v1.14.6) with standard settings (Seeman et al., 2014). RNA transcripts were converted to amino
acid sequences with transdecoder (v5.7.0) and annotated using kofamscan (v1.3.0) using
standard settings and an E-value less than e (Haas., 2023; Aramaki et al., 2019). The annotation
with the lowest E-value was chosen. Both annotations were investigated for enzymes used in the
Wood-Ljundahl Pathway, the Calvin Cycle, the 3-hydroxypropionate bi-cycle, photo-dependent
sulfide oxidation, and photosynthesis (Table 3).

Table 3: List of autotrophic metabolisms and the transcripts/genes searched for within the
KEGG ON annotation files.

Metabolism Transcript/Gene Search List

ackA, acsA, cooS, coxL, coxM, coxS, fdh, fhs,

Wood-Ljungdahl Pathway folD, pfor, pta, yitJ (metF) homologue

cbbL, fbaB, fbp, gap, gapl, gapA, pgk, pgk/tpi,

Calvin Cycle prkA, rbcl/S, rpe, rpid, rpiB, sbp, tal, tkt, tpiA

accA, accB, accC, accD, acul, gcl, gk, hcl, hpd,

3-Hydroxypropionate Bicycle Cycle mce, mcl, mer, mutB, pccA, pccB, pcs, scr, ssr, tsr

fecA, feeB, pufC, pufL, pufM, soxA, soxB, soxC,

Photodependent Sulfide Oxidation soxD, soxX, soxY, soxZ, sqr, tsdA

psbA, psbB, psbC, psbD, psbE, psbF, psbH, psbl,
Oxygenic Photosynthesis — Photosystem 11 psbJ, psbK, psbL, psbM, psbO, psbT, psbU, psb.X,
psbY, psbZ, chiB, petB, petC, petE, petH

psad, psaB, psaC, psaD, psaE, psaF, psal, psaJ,

Oxygenic Photosynthesis — Photosystem I psak. psal, psaM, sqr, yef3, yefd
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Determination of Rubisco Large Chain Forms

Rubisco is a critical component in both light-dependent and light-independent carbon
fixation. To find rubisco transcripts and genes, using RNA sequences that were assembled using
Trinity (v1.2.9) and annotated with KOfamScan(v1.3.0) as previously stated to determine
presence of expression of rbcL and cbbL (Grabherr et al., 2011; Aramkai et al., 2019). Resulting
transcript sequences were subjected to BLASTX (v2.16.0) query searches using standard settings
with an E-value less than e!° using the nr database. Resulting matches with E-values less than e
15 were placed into a table displaying sample transcript, representative uniprot ID, representative
phyla, and representative organism. For rbcL gene identification, alignments were filtered to
retain only those with > 90% coverage against reference rubisco models, and sequences were
restricted to a length between 358 and 716 amino acids to exclude partial or composite
fragments. To analyze sequence diversity, clustering was performed at a 65% sequence identity
threshold using MMseqs2 (Steinegger et al., 2017). To ensure that standard reference
sequences—sourced from the dataset established by Kehl et al. (2025) served as cluster
representatives rather than target-specific study sequences, the total dataset was partitioned into
target-specific and reference subsets. Initial clustering was conducted on the reference subset
using specific parameters (--min-seq-id 0.65, -c 0.8, --cov-mode 2, -s 1.5, --cluster-mode 0, and -
-cluster-steps 1), after which representative sequences were extracted. Target-specific sequences
were then queried against these reference representatives using identical identity and coverage
thresholds, with each assigned to the best-matching representative based on bitscore. This
assignment to the Kehl et al. (2025) reference set was used to define the Rubisco Form and
subform for the target sequence library. Any sequences failing to meet these alignment criteria

were recorded as unassigned.
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Results

Dissolved Oxygen

=999 +0.01 m
=—10.09 £ 0.01 m
===10.35+0.01 m

Dissolved Oxygen (mg/L)

o
o o

o o5 o
£ 9

Time UTC

Figure 2: February 2023 Dissolved Oxygen Readings of Lake Fryxell Deep Benthic Mats.
Dissolved oxygen concentrations demonstrated diel cycles that persisted into the fall at the end
of February for 10.09 m while the records at 9.99 m and 10.35 declined to zero dissolved oxygen
on February 24th.

At9.99 m (8.0 m a.m.s.1.), the DO levels reach a maximum of 2.6 mg/L before falling to
0.2 mg/L at the start of winter. DO at 10.09 m (7.9 m a.m.s.1.) shows a similar cyclical pattern
but reaches higher DO maximums of 3.9 mg/L and continues to cycle into late February between

0.3 mg/L and 1.3 mg/L. Lastly at 10.35 m (7.7 m a.m.s.l.), DO reading reaches a maximum of

2.2 mg/L and then becomes anoxic.
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Figure 3: Rarefaction Analysis of 16 rRNA sequencing results. The sequencing depth of all 5
samples was sufficient to capture most community members.

Samples contained 835 - 927 different ASVs, averaging 876 ASVs per sample (Figure 3).

Sample four contained the lowest number of species at 835. Sample 1 contained 845 followed by

sample two at 868. Sample three contained the second highest number of species at 903,

surpassed by sample five at 927. The difference between the largest and smallest sample is

~10%.
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Figure 4: Microbial community composition of Lake Fryxell at the phylum level. Phyla with
>0.1% abundance are shown. Pseudomonadota, Planctomycetota, and Bacteriodota were the
most abundant in all five samples.

Microbial community composition was assessed across five samples (LFO1-LFO05) using
amplicon sequencing, with relative abundances calculated at the phylum level. The community
was dominated by Pseudomonadota, which accounted for the largest proportion of sequences
across all samples, with a mean relative abundance of 30.34% (range: 25.72—-35.92%). There was
a mitochondrial sequence classified as Pseudomonadota. This sequence nor any other
mitochondrial classifications were abundant, only one sequence was present, and was relegated
to the “Other” category. Planctomycetota and Bacteroidota were the second and third most
abundant phyla, contributing mean abundances of 14.00% (10.05-21.03%) and 13.95% (11.56—
16.29%), respectively. Together, these three phyla accounted for approximately 58% of the total

classified community on average. Several phyla were present at intermediate abundances.

Chloroflexota constituted a mean of 5.87% (5.27-6.82%), followed by Actinomycetota at 4.36%
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(3.43-5.66%) and Dependentiae at 3.80% (2.75-5.11%). Desulfobacterota and its variants
(Desulfobacterota B, Desulfobacterota G 459543), MBNT15, Thermodesulfobacteriota,
Latescibacterota, and Gemmatimonadota were each present at mean abundances between
approximately 1.8% and 2.2%, indicating a persistent low-to-moderate presence across samples.
Nitrospirota, Desulfobacterota, Acidobacteriota, and Cyanobacteria were collectively detected at
less than 1.5% mean abundance each. The remaining classified phyla: Verrucomicrobiota,
Armatimonadota, Krumholzibacteriota, and Bacillota were minor portions of the community,
each contributing less than 0.6% on average. Sequences that could not be assigned to a phylum
present at >0.1% relative abundance were grouped as "Other," represented a mean of 9.72%
(8.56—-10.76%) of the community across samples. From these results, five phyla were found in
Lake Fryxell for the first time, including Armatimonadota, Krumholzibacteriota,
Latescibacterota, MBNT15, and Thermodesulfobacteriota. Armatimonadota has been found in
Antarctic soil, and the species in these phyla are considered to consist of aerobic oligotrophs
(Nou et al., 2024; Iwashita et al., 2025) Krumholzibacteriota have been documented in Antarctic
soil, whereas Latescibacterota related organisms have been recorded in the Antarctic coastal
sediment, but neither are cited to be in Lake Fryxell (Medeiros et al., 2026; Dutta et al., 2023).
Thermodesulfobacteriota are known to primarily be sulfate reducing bacteria and have been

found in subglacial lakes in Antarctica (Lee et al., 2024).

19



Unclassified Gastranaerophilaceae
ULCO77BIN1 sp003249025
UBA9971 sp001784535

UBA9971 sp001784535

UBA9971 sp001784535

UBA9971 sp001784535
Tychonema CCAP 1459-11B
Tychonema CCAP 1459-11B
Phormidium CYN64

Phormidium CYN64

g PCC-6304 sp000317105

L Nostoc sp015714725 9a%

-

m© Nostoc PCC-73102

;.L—_, Nodularia sp015207755 100%

0 Leptolyngbya ANT.L67.1 100%

p FACHB-8

) Chloroplast 100% |

] Chloroplast 100%

g Chloroplast 100%

] Chloroplast 100%

= Chioroplast 100%

@ Caldora sp010672925 99% I

n Caldora sp010672925 100%
Caldora sp010672925 100%
Caldora sp010672925 100%_
Caldora sp010672925 100%_
Caldora sp010672925 100%
Caldora sp010672925 BB 97-100% (Excellent)
Caldora sp010672925 I 80-96% (Good)
Caldora sp010672925 1 70-79% (Moderate) M

Caldora sp010672925

EE <70% (Low)
Caldora sp010672925

0 20 40 60 80 100
Classification Confidence (%)

Figure 5: Classified 16S rRNA of cyanobacterial sequences. Most of the Cyanobacteria
belonged to Caldora sp010672925. Classifications are limited to the highest taxonomic
classification available. Confidence indicates percent similarity to known species.

Thirty-two cyanobacterial ASVs were identified in the 16S rRNA classification. Eleven
of the classified sequences were classified as Caldora sp010672925 with 99-100% certainty.
Four classifications were determined to be chloroplast in origin with 100% confidence; they are
most likely from diatoms within the mat (Chapter 2). These sequences were not high in
abundance, ranging from 0.0002 in sample four to 0.0024 in sample five and did not contribute
to the Cyanobacteria category in Figure 4 as it’s abundance did not meet requirements for all
samples. Three sequences were 87-93 % confident in being classified as UBA9971 sp001784535.
Two were classified as an unknown Tychonema CCAP 1459-11B at a confidence level of 100%.
Phormidium CYN64 was also represented with two 100% confident sequences. Two sequences

were identified as two different Nostoc species, Nostoc PCC-73102 and Nostoc sp015714725 at
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85% and 94% confidence. A Nodularia sp015207755 was identified at 100% confidence. The
100% classification confidence PCC-6304 sp000317105 sequence was classified as an unknown
cyanobacterium within the Phormidiaceae family. An unclassified Leptolyngbya ANT.L67.1 at
100% confidence was reported along with ULCO77BIN1 sp003249025 at 100% confidence.
There was one unclassified Gastranaerophilaceae sequence at 100% confidence. The lowest

confidence sequence at 54% belonged to FACHB-S8, an Elainellaceae.

Metagenomic Characterization

Table 5: Quality metrics of oxford nanopore flye assembly statistics using Quast (ve5.2.0).

Assembly Statistics Assembly
# contigs (>= 0 bp) 20232
# contigs (>= 1000 bp) 20069
# contigs (>= 5000 bp) 18665
# contigs (>= 10000 bp) 16339
# contigs (>= 25000 bp) 9820
# contigs (>= 50000 bp) 4997
Total length (>= 0 bp) 1139668483
Total length (>= 1000 bp) 1139548985
Total length (>= 5000 bp) 1135151615
Total length (>= 10000 bp) 1117438839
Total length (>= 25000 bp) 1007876233
Total length (>= 50000 bp) 837608649
# contigs 20228
Largest contig 5130016
Total length 1139666869
GC (%) 57.77
N50 135543
N90 22666
auN 409755.5
L50 1545
L90 10568
# N’s per 100 kbp 0
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The pooled DNA assembly sample sequenced using Oxford nanopore sequencing had a
mean sequence length of 4,957bp. Assembly resulted in a total 20,232 assembled contigs. In
total 24.7% of all reads assembled resulted in contigs longer than 50,000bp. The longest contig
was 5,130,016 bp and classified as an unknown genus of the JAHQVL(0I family within the
Rhodothermales order. The MAG was 99.72% complete. Binning of the assembled contigs
resulted in 419 bins. Taxonomic classification resulted in 242 classified bins, 109 were
“Unclassified Bacteria” and 68 were “Unclassified” due to low completion, unreliability due to
contamination, or not being archaeal or bacterial in origin. 23 different bacterial phyla were
represented in the 242 MAGs classified (Figure 6). None were classified as Cyanobacteria. Bins
were filtered for high completion and low contamination, which resulted in 15 phyla, 61 MAGs

with >90% completion and <5% contamination (Figure 6).
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Figure 6: GTDB-tk based classification of MAGs. Most assembled MAGs belong to

unclassified bacterial organisms and Pseudomonadota.

The most abundant classified phyla belonged to Pseudomonadota (49 MAGs),
Patescribacteria (35 MAGs), Actinomycetota (29 MAGs), and Planctomycetota (29 MAGs). Of
the highest classified phyla, Patescibacteria have not previously been recovered from Lake
Fryxell. They have been found in other Antarctic environments, specifically the water column of
Lake Mercer, Lake Enigma, subglacial environments, and Antarctic soil (Savaglia 2023).
Chloroflexota (28 MAGs), Bacteriodota (13 MAGs), Acidobacteriota (6 MAGs),

Verrucomicrobiota (5 MAGs), Gemmatimonadota (4 MAGs), Bacillota (2 MAGs),
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Armatimonadota (1 MAG), Chlamydoita also known as Chlamydiae (7 MAGs),
Desulfobacterota (20 MAGs), Dependentiae (6 MAGs), and Nitrospirota (1 MAG) were present
at 10.1 m and have all been found in Lake Fryxell at depths shallower than 10 m (Dillon et al.,
2020). The phyla Deinococcota (2 MAGs) Krumholzibacteriota (2 MAGs), Bdellovibrionota (1
MAG), Myxococcota (1 MAG) and OLB16 (1 MAG) were not previously known to be present
in Lake Fryxell’s mats. OLB16, a novel phylum, has been found in Ace Lake, Antarctica

(Williams et al., 2022).
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Figure 7: GTDB-tk classification of high-completion low-contamination bins of
classified phyla. After filtering, Pseudomonadota is the largest phyla represented in HCLC
MAGs.

There were 61 MAGs in total that met the requirements of >90% completion and <5%

contamination. The HCLC MAGs contained mostly Pseudomonadota (18 MAGs) (Figure 7).

Actinomycetota followed at 10% (6 MAGs). Bacteroidota (5 MAGs), Desulfobacterota (5
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MAGs), Chloroflexota (5 MAGs), Planctomycetota (5 MAGs) were represented at eight percent
each. Gemmatimonadota (3 MAGs) and Desulfobacterota B (3 MAGs) were five percent of the
total assembled. Krumholzibacteriota (2 MAGs), Acidobacteriota (2 MAGs), Chlamydiota
(MAGs), and Dependentiae (2 MAGs) were each present at three percent of the phyla recovered.
Lastly Verrucomicrobiota (1 MAG), Bacillota A (1 MAG), and Nitrospirota (1 MAG)
represented 1% each of the HCLC MAGs.
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Figure 8: Relative abundance of contigs classified as cyanobacterial contigs. Cyanobacterium
TDX16 was the most abundant classification.

Cyanobacteria were present in 16S rRNA analyses of the samples analyzed here, but
none were found in the MAGs. To address this unexpected result, protein-based classification
with kaiju (v1.10.1) was utilized to determine if any contigs in the metagenomic results were
classified as Cyanobacteria. As expected, there were cyanobacterial contigs. The 160 different

contigs were classified as 87 distinct Cyanobacteria with kaiju with the nr_euk database. The
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length of these contigs ranged from 1117 to 3,110,244 bp. Twenty-one classifications were in

percent abundance over 1% within the contigs identified as cyanobacterial.
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Figure 9: MAGs that were classified as archaeal. The 3 Archacal MAGs collected were
classified as Candidatus Woesearchaeota within the Nanoarchaeota phylum.

The taxonomic classification of the archaeal MAGs has added a new archaeal phylum to
those previously known in Lake Fryxell. Results from our phylogenetic classification indicate
that all archaeal MAGs belong to the Nanoarchaeota phylum (Figure 9). Analyses of these
MAGs show that they have glycolysis-related genes (Table 6), but methanogenesis genes were
not detected.

Table 6: Metabolic capacity of archaecal MAGs. The only protein encoding genes
identified were utilized in glycolysis and gluconeogenesis.

Gene Symbol Enzyme Function
eno Enolase (Catalyzes 2-phosphoglycerate to phosphoenolpyruvate
ppsA4 Phosphoenolpyruvate synthase [nvolved in gluconeogenesis and related pathways
fba Fructose-bisphosphate aldolase (FBP)  (Catalyzes FBP to dihydroxyacetone phosphate and
glyceraldehyde-3-Chosphate
pfkB ATP-dependent 6-phosphofructokinase [Key regulatory enzyme of catalyzing the conversion of
fructose-6-phosphate to fructose-1,6-bisphosphate
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Metabolic Transcriptomic Assemblies

Transcriptomic assemblies reveal the metabolic activity of the community at the time of
sampling (Table 7). The compiled dataset representing all five samples was searched for key
metabolic enzymes related to photosynthesis, aerobic respiration, anaerobic respiration,
dissimilatory nitrate reduction to ammonium (DNRA), denitrification/nitrate respiration, electron
bifurcation, sulfate reduction, and sulfide oxidation. Not all genes within these processes were
found. Results for photosynthesis show that the major components of PSI and PSII were being
expressed including the transcript supporting the oxygen evolving complex, psbO (Table 3).
DRNA and nitrate-based respiration were actively expressed.

Sulfate reduction and sulfide oxidation transcripts are present as well (Table 2).
Dissimilatory sulfite reductase was transcribed. The presence of these transcripts suggests that
the complete pathway for dissimilatory sulfate reduction was active. The sulfide oxidation sgr
gene transcripts are present, which both facilitate the oxidation of sulfide to elemental sulfur
(Marcia et al., 2009; Anwar et al., 2023). The fccA and fccB sulfide dehydrogenase enzymes
were also expressed when analyzing MAG expression in chapter three but was not detected in
the original scan of expressed transcripts. The sox4 and soxB enzymes transcripts are present as
well. The enzyme product initiates sulfur oxidation by forming a protein-bound sulfur
intermediate and releasing the sulfate product (Bamford et al., 2002; Kappler et al., 2001).

Electron bifurcation transcripts were found within the community (Table 7). The etfAB
complex is present. This complex is involved in flavin based electron bifurcation and is critical
for certain anaerobic organisms (Vigil et al., 2022). The hndABCD transcripts were also found;
they facilitate flavin-based electron bifurcation in Desulfovibrio fructosovorans, which belongs

to the Thermodesulfobacteroita phyla (Jacq-Bailly et al., 2021). This phylum was found in the
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16S rRNA results for these samples, but not in the MAGs. Lastly the 4ydAC components of the

hydABC complex were actively transcribed in the sample.

Table 7: Metabolic transcripts from total RNA and DNA KEGG ON annotations. KO ID
represent the KEEG Ontology identifier.

Present Present in

KO ID Gene Symbol Description in DNA RNA
Aerobic Respiration

K00330 nuoA NADH-quinone oxidoreductase subunit A X X
K00331 nuoB NADH-quinone oxidoreductase subunit B X X
K00332 nuoC NADH-quinone oxidoreductase subunit C X X
K00333 nuoD NADH-quinone oxidoreductase subunit D X X
K00334 nuoE NADH-quinone oxidoreductase subunit E X X
K00335 nuoF NADH-quinone oxidoreductase subunit F X X
K00336 nuoG NADH-quinone oxidoreductase subunit G X X
K00337 nuoH NADH-quinone oxidoreductase subunit H X X
K00338 nuol NADH-quinone oxidoreductase subunit | X X
K00339 nuoJ NADH-quinone oxidoreductase subunit J X X
K00340 nuokK NADH-quinone oxidoreductase subunit K X X
K00341 nuoL NADH-quinone oxidoreductase subunit L X X
K00342 nuoM NADH-quinone oxidoreductase subunit M X X
K00343 nuoN NADH-quinone oxidoreductase subunit N X X
K00404 ccoN/fixN Cytochrome c oxidase cbb3-type subunit | X X
K00405 ccoO/fixO Cytochrome c oxidase cbb3-type subunit II X X
on g Peneoemcwm
ooz puomce  Memenmcmacss
K00413 petA/ibcF UblqU|nol-cytsoucl?L:?;\Lizr:(ietductase iron- X

K00425 cydA Cytochrome bd complex subunit | X X
K00426 cydB Cytochrome bd complex subunit X X
K02111 atpA F-type ATPase subunit alpha X X
K02112 atpB/atpD F-type ATPase subunit beta X X
K02113 atpC/atpG F-type ATPase subunit delta X X
K02114 atpE/atpC F-type ATPase subunit epsilon X X
K02115 atpG/atpC F-type ATPase subunit gamma X X
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K02116 atpF/atpF F-type ATPase subunit b X X
K02117 atpE F-type ATPase subunit ¢ X X
K02118 atpl F-type ATPase subunit i/j X X
K02136 atpA/ntpA V-type ATPase subunit A X X
K02137 atpB/ntpB V-type ATPase subunit B X
K02138 atpC/ntpC V-type ATPase subunit C X
K02139 atpD/ntpD V-type ATPase subunit D X
K02140 atpE/ntpE V-type ATPase subunit E X
K02144 atpl/ntpl V-type ATPase subunit | X
K02145 atpK/ntpK V-type ATPase subunit K X
K02256 cox1/ctaD Cytochrome c oxidase subunit 1 X
K02262 cox3/ctaF Cytochrome c oxidase subunit 3 X
K02263 coxd/ctaG Cytochrome c oxidase subunit 4 X
K02274 CcoxA/ctaD Cytochrome c oxidase subunit | X X
K02275 coxB/ctaC Cytochrome c oxidase subunit Il X X
K02276 coxC/ctak Cytochrome c oxidase subunit Il X X
K02300 CyOA Cytochrome o ubiquinol oxidase subunit | X X
K02302 cyoC Cytochrome o ubiquinol oxidase subunit Ill X X
K02303 cyoD Cytochrome o ubiquinol oxidase subunit IV X X
K05572 ndhA NAD(P)H-quinone oxidoreductase subunit X
K05573 ndhB NAD(P)H-quinone ox;doreductase subunit X
K05574 ndhC NAD(P)H-quinone oxgdoreductase subunit X
KO05575 ndhD NAD(P)H-quinone oxidoreductase subunit X
K05576 ndhE NAD(P)H-quinone 0):1|E|0reductase subunit X X
K05577 ndhE NAD(P)H-quinone ox;doreductase subunit X X
K05578 ndhG NAD(P)H-quinone oxgdoreductase subunit X
 Fomenwin | DM | W |
K00101 ldA/dld L-lactate dehydrogenase (cytochrome) X X
K00102 db L-lactate dehydrogenase (FMN)
K00114 adhA/adh Alcohol dehydrogenase
K00116 sAhABCD/frdABCD Succinate dehydrogenase / fumarate X
reductase
K00121 adhP Alcohol dehydrogenase class IV X X
K00122 fdh Formate dehydrogenase X
K00123 fdhA Formate dehydrogenase major subunit X
K00124 fdhB Formate dehydrogenase subunit beta X
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K00125 fdhC Formate dehydrogenase subunit gamma X X
K00126 fdhD Formate dehydrogenase subunit delta X

K00127 fdhE Formate dehydrogenase subunit epsilon X X
K00132 aldH/ald Aldehyde dehydrogenase X X
K00925 ackA Acetate kinase X X
K01512 acyP Acylphosphatase X X
K04072 etfA Electron transfer flavoprotein alpha subunit X X
K04073 etfB Electron transfer flavoprotein beta subunit X

K13788 pta Phosphate acetyltransferase X X

C hdognvewolsm | Dw | A

K00436 hynL/hydA NiFe hydrogenase large subunit X X
K00437 hoxF/hndA NAD-reducing hydrogenase subunit A X
K00533 hydA Ferredoxin hydrogenase large subunit X
K00534 hydB Ferredoxin hydrogenase small subunit X
K03620 hyfA Hydrogen:quinone oﬂdoreductase subunit X X
K03621 hyB Hydrogen:quinone ox;doreductase subunit X X
K05586 mhyC Membrane-bound hydrogenase subunit C

K05587 mhyD Membrane-bound hydrogenase subunit D X

K06281 hyaA/hybO Membrane-bousnfb:ﬁ(ijtrogenase small X X
K06282 hyaB/hybC Membrane-bousr::)l:z(;rogenase large X X
K06283 hyaB NiFe hydrogenase Hyd-1 large subunit X

K06284 hyaA NiFe hydrogenase Hyd-1 small subunit X

K17992 hoxH NADP-reducing hydrogenase subunit A X

K18008 hydB/hyaA NiFe hydrogenase small subunit X

K18009 hydC NiFe hydrogenase cytochrome b subunit X

K18010 hypA NiFe hydrogenase maturation HypA X

T Nwogenoytmg | oA | A

K00362 nirB Nitrite reductase (NADH) large subunit X

K00363 nirD Nitrite reductase (NADH) small subunit X

K00366 nirA Ferredoxin-nitrite reductase X
K00367 nirA Ferredoxin-nitrite reductase X
K00368 nirk/nirS Nitrite reductase (NO-forming) X X
K00370 narG Nitrate reductase alpha subunit X X
K00371 narH Nitrate reductase beta subunit X X
K00372 narl Nitrate reductase gamma subunit X X
K00373 narJ Nitrate reductase delta subunit X X
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Nitrate reductase molybdenum cofactor

K00374 narJ/narW/ e X X
K00376 nosZ Nitrous-oxide reductase X X
K00531 nifH/anfH Nitrogenase delta subunit X
K02305 norC Nitric oxide reductase subunit C X
K02584 nifB Nitrogenase cofactor biosynthesis NifB X X
K02585 nifQ Nitrogenase biosynthesis NifQ X X
K02586 nifD Nitrogenase molybdengm-iron protein X X
alpha chain

K02587 nifE Nitrogenas;/:j;lgst;:?\lr};zm-cofactor X X
K02588 nifH Nitrogenase iron protein NifH X X
K02589 glnB/nifl1 Nitrogen regulatory protein PIl 1 X X
K02590 glnK/nifl2 Nitrogen regulatory protein PIl 2 X X
K02591 nifl3 Nitrogen regulatory protein Pl 3 X X
K03385 nrfA Nitrite reductase (cytochrome c-552) X X
K04561 norB Nitric oxide reductase subunit B X X
K10535 hdh Hydroxylamine dehydrogenase X X
K10536 hao Hydroxylamine oxidoreductase X

K10944 amoA Ammonia monooxygenase subunit A X

K10945 amoB Ammonia monooxygenase subunit B X

K10946 amoC Ammonia monooxygenase subunit C X

K15864 nirS/nirk Nitrite red ucta;e (NO-forming) / X X

hydroxylamine reductase
K15876 nrfA/cytC552 Nitrite reductase (cytochrome c) X X
K20932 hzsA Hydrazine synthase subunit A X
K20933 hzsB Hydrazine synthase subunit B X
K20935 hdh/hzo Hydrazine dehydrogenase X
| Phomsynthess | DNA_| _RNA__

K02291 crtl/pds Phytoene desaturase X X
K02634 petB Cytochrome b6

K02635 petC Cytochrome bi/:ltc):sr:ri]tplex iron-sulfur X X
K02636 petA Cytochrome f X X
K02637 petD Cytochrome b6/f complex subunit 4 X
K02638 petE/pcyA Plastocyanin X X
K02639 petF/fdx Ferredoxin X
K02640 petH/fnr Ferredoxin-NADP+ reductase X
K02641 petG Cytochrome b6/f complex subunit 5 X
K02689 psah Photosystem | P700 chlorophyll a X

apoprotein Al
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Photosystem | P700 chlorophyll a

K02690 psaB apoprotein A2 X
K02691 psaC Photosystem | iron-sulfur center X
K02692 psaD Photosystem | subunit Il X
K02694 psaE Photosystem | subunit IV X
K02696 psaF Photosystem | subunit VI X
K02697 psal Photosystem | subunit VII X
K02698 psak Photosystem | subunit VIl X
K02699 psaL Photosystem | subunit IX X
K02703 PSbA Photosystem Il D1 protein X X
K02704 psbB Photosystem Il CP47 X
K02705 psbC Photosystem Il CP43 X
K02706 psbD Photosystem Il D2 protein X
K02707 pSbE Photosystem Il cytochrome b559 alpha X
K02708 pSbF Photosystem Il cytochrome b559 beta X
K02709 psbH Photosystem Il protein H X
K02710 psbl Photosystem Il protein | X
K02711 psbO Photosystem Il oxygen-evolving enhancer 1 X
K02712 pSbP Photosystem Il oxygen-evolving enhancer 2 X
K06443 chlP/bchP Geranylgeranyl diphosphate reductase
K08906 pscB Anoxygenic type-l reaction center subunit B X
K08928 pufM Anoxygenic type-I| rel\jction center subunit X
K08929 pufL Anoxygenic type-Il reaction center subunit L X
K10027 crtY/lyc Lycopene cyclase
K13789 rpe65 Retinal pigment epithelium 65 kDa protein X X
T suwegeng | ow | An |
K00380 cysl/sir Sulfite reductase (ferredoxin) beta subunit X X
K00381 cys) Sulfite reductase (ferredoxin) alpha subunit X X
K00387 SOrA/soeA Sulfite dehydrogenase (quinone) X
K00390 CysH/aprAB Phosphoaderr:);lijr::iapsr;osphosulfate X X
K00394 aprA Adenylylsulfate reductase subunit A X X
K00395 aprB Adenylylsulfate reductase subunit B X X
K00858 sqdB Sulfolipid biosynthesis SqdB X X
K00956 sat/cysN Sulfate adenylyltransferase subunit 1 X
K00957 sat/cysD Sulfate adenylyltransferase subunit 2 X
K00958 sat Sulfate adenylyltransferase X
K05301 SorAB Sulfite dehydrogenase X
K07306 dmsA DMSO reductase subunit A X
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K07307 dmsB DMSO reductase subunit B X X
K07308 dmsC DMSO reductase subunit C X
K08352 phsA Thiosulfate reductase subunit A X X
K08354 phsC Thiosulfate reductase subunit C X
K11180 dsrA Dissimilatory sulfite r.eductase alpha X X
subunit

K11181 dsrB Dissimilatory sulfite reductase beta subunit X
K16937 doxD Thiosulfate oxidase DoxD X
K16966 ddhC DMS dehydrogenase subunit C X
K17218 sqr Sulfide:quinone oxidoreductase X X
K17222 soxB Sulfur oxidation protein SoxB X X
K17223 soxC Sulfur oxidation protein SoxC X X
K17224 soxD Sulfur oxidation protein SoxD X X
K17225 soxX Sulfur oxidation protein SoxX X

K17226 soxY Sulfur oxidation protein SoxY X

K17227 soxZ Sulfur oxidation protein SoxZ X

K17486 dddL/dddP DMSP lyase X

K17725 etf(;?;;};/) ;er,s;gg‘;de Sulfur dioxygenase X X
K17993 hydA/mvhA Sulfhydrogenase subunit alpha

K17994 hydB/mvhD Sulfhydrogenase subunit beta

K19713 tsdA Thiosulfate dehydrogenase (cytochrome) X X

TsdA
Autotrophy Potential

It was decided to determine if the metabolic potential of HCLC MAGs included
autotrophic metabolisms. The genomic annotations of the HCLC were compared to the general
assembled and annotated RNA transcripts that were annotated to see if the potential of this
subsample of the community is reflected in the larger community sample. Based on the
organisms present in the HCLC MAGs, five major autotrophic pathways were investigated based
on what is thought to occur at 10.1 m: the Calvin Beson-Bassam Cycle, the 3-hydroxypropionate
bicycle cycle, photo dependent sulfide-oxidization, oxygenic photosynthesis, and the Wood—
Ljungdahl Pathway (WLP). The WLP was fully represented in the collection of HCLC MAGs

and transcripts (Figure 8).
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Nearly all genes necessary for the Calvin Beson-Bassam Cycle were present in the subset
of HCLC MAG:s investigated. The only missing gene was sbp, Sedoheptulose-1,7-
bisphosphatase. Similarly, 14 of 17 potential transcripts were present at the time of sampling
(Figure 8). Twelve of the 18 chbL large subunits that were actively transcribed were classified
as cyanobacterial in origin, with 6 classified as from Pseudomonadota (Table 8). Numerous
rubisco rbcL genes were present (Table 5). Forms I, 1, IIIC, and I1I-like were found in the
annotation of the DNA contigs. The form I rubiscos recovered belonged to Pseudomonadota, and
Actinomycetota, as well as those belonging to Bacillariophyta and Dinoflagellata. Form II
recovered gene sequences belonged to the Pseudomonadota bacterial phyla. Three form III
rubiscos were recovered, and they were most similar to rubiscos found in the Patescibacteria
phylum, an unknown bacterium, and Candidatus Dojkabacteria bacterium. There was one
sequence, HMDFMLOA 68167, that was similar to a rubisco large chain found in a
dinoflagellate reference organism, Symbiodinium sp., but its form was unable to be classified.

Since Chloroflexota and archaea were present in our metagenomic data, we looked for
the presence and potential activity of the 3-hydroxypropionate bicycle cycle. Only 8 of the 19
genes were present in the metagenomic data and only two transcripts corresponding to the accB
and accC genes were present. Three transcripts related to the bicycle cycle (pccA, mce, and
metB) did not have a genomic counterpart in the HCLC MAGs. Neither of the key enzymes
Malonyl-CoA reductase nor Propionyl-CoA synthase were represented in the metagenome or

transcriptome
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Figure 8: Presence and absence of autotrophic pathways in assembled transcripts and general
MAG assembly. The Wood-Ljundahl Pathway was the only autotrophic pathway present at
100% capacity in both RNA transcripts and within the high completion low contamination gene
annotations. The second best most complete pathway is the Calvin Cycle at 76% completion in
both transcript and gene presence.

Phototrophic sulfur oxidation genes and transcripts were present in our MAGs and
transcriptomes. Reaction center genes, pufL and pufM were present but not the transcripts. The
fceA and feeB transcripts were present, components that facilitate the oxidation of sulfide to
elemental sulfur. The soxA4 transcript was expressed. All genes considered in this process were
found expect for sdA. The local environment contained hydrogen sulfide, which can be used as

an electron donor for light dependent sulfide oxidation. (Kushkevych et al., 2021). However,

sulfide oxidation may also occur in a light-independent process.
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Figure 9: Transcript per million of photosynthesis related transcripts collected from 10. 1
m in Lake Fryxell. A) Cyanobacteria produced the highest number of photosynthesis related
transcripts in all samples except for FT1 where Chlorophyta algae produced the highest number.
B)The highest transcriptional activity varies between sample, diatoms show the highest
transcriptional activity in FT1, Pseudomondadota in FT2, unclassified algae in FT3,
Cyanobacteria in FT4, and Haptophyta in FT5.

No oxygenic photosynthetic organisms were found in the high completion low
contamination bins. Photosynthetic genes were present in annotation files of assembled DNA
contigs. The photosystem II (PSII) D1 protein encoded by psbA was present along with psbB,
psbC,psbD, psbE, psbF, psbH, psbl, psbJ, psbK, psbL, psbM, psbO, psbT, psbU, psbX, psbY,
psbZ, chiB, petB, petC, petE and petH. The only PSII genes found in the MAG assemblies were
psbA, psbB, psbC, psbK, psbU, chlB, petB, petC, petE, and petH. Major photosystem I transcripts
were also present, including psad, psaB, psaC, psaD, psaE, psaF, psal, psaJ, psakK, psaL, psaM,
sqr, ycf3, and ycf4. Detection of the MAG genes were limited to psbB, sqr and ycf3, and ycf4.

Those transcripts unable to be attributed to the MAGs are derived from a mixture of
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photosynthetic organisms in Figure 9 (Cyanobacteria, Algae, Diatoms, Bacteria, and other

unclassified organisms).

Table 8: Active cbbL transcripts mapped to the DNA assembly. The majority of the cbbL genes
recovered were from Cyanobacteria. Pseudomonadota was the only non-Cyanobacterial phyla
represented.

Sample |Representative| Representative
Transcript | UniProt ID Phyla Representative Organism

k127 40102| QO6LBAG6 |Pseudomonadota| Afipia carboxidovorans

k127 149534 P00879 Cyanobacteria Nostoc sp.
k127 26896 P00879 Cyanobacteria Nostoc sp.
k127 166226 P54205 Cyanobacteria Synechocystis sp.

k127 63465 Q44176 Cyanobacteria Picosynechococcus sp.

k127 83407 P00879 Cyanobacteria Synechocystis sp.

k127 136501 P00879 Cyanobacteria Nostoc sp.

k127 54081 P22849 Pseudomonadota | Allochromatium vinosum

k127 44561 P54205 Cyanobacteria Synechocystis sp.

k127 144119 Q6LBAG6 |Pseudomonadota| Afipia carboxidovorans

k127 64870 QO6LBA6 |Pseudomonadota| Afipia carboxidovorans

k127 104946 P54205 Cyanobacteria Synechocystis sp.
k127 55658 P00879 Cyanobacteria Nostoc sp.
k127 2719 P00879 Cyanobacteria Nostoc sp.

k127 62259 QOK1EO0 Pseudomonadota Cupriavidus necator

k127 22577 P42721 Pseudomonadota Cupriavidus necator

Thermosynechococcus

k127 195200 Q8DISS Cyanobacteria vestifis

k127 52899 Q44176 Cyanobacteria Picosynechococcus sp.
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Table 9: Forms of rbcL rubiscos DNA sequences were classified into rubisco clades were

collected from rbcL amino acid sequences in HCLC PROKKA annotation output files. The phyla
most represented in the rbcL sequences belonged to Pseudomonadota.

Representative Representative Representative . Centroid Sub
UniProt Sequence Phyla Organism DNA Annotation ID Final Form | Form
WP 1324624161 | Pscudomonadota |  rodovulum HMDFMLOA 1119763 I Ia
- marmnum -
MCU7808652.1 | Pseudomonadota Candidatus HMDFMLOA 1119852 I n/a
Thiodiazotropha -
MCU7808652.1 | Pseudomonadota Candidatus HMDFMLOA 1120023 1 n/a
Thiodiazotropha
WP 1324624161 | Pseudomonadota |  rodovulum HMDFMLOA 1177348 I Ia
- marimnum -
QIX03930.1 Bacillariophyta |F/laria borealis | -y ey oA 171223 I Id
complex sp.
MCU7808652.1 | Pseudomonadota | .  Cendidatus HMDFMLOA 246381 il n/a
Thiodiazotropha sp -
MCU7808652.1 | Pseudomonadota |, . Cendidatus HMDFMLOA 312529 1l n/a
Thiodiazotropha sp. -
WP 132462416.1 | Pscudomonadota |  2odovulum HMDFMLOA 312554 I Ia
- marmum -
MFA6534587.1 Patescibacteria | L fescibacteria | ineni OA 494273 1IC UNK
group bacterium -
WP 132462416.1 | Pseudomonadota | rodovulum HMDFMLOA 634801 I Ia
- marmum -
WP 132462416.1 | Pseudomonadota | rodovulum HMDFMLOA 634810 I Ia
- marmum -
QIX03930.1 Bacillariophyta |~ /"laria borealis | iy e A 634833 I Id
complex sp.
MBP5204290.1 Bacteria Bacterium HMDFMLOA 68167 ILike n/a
Candidatus Candidatus
MDD2270234.1 Dojkabacteria Dojkabacteria HMDFMLOA 68169 MILike n/a
bacterium
GFG54764.1 Actinomycetota Mycozzjsffw”“m HMDFMLOA_785759 I e
CAE7724040.1 Dinoflagellata | Symbiodinium sp. | HMDFMLOA 876237 n/a n/a
WP 097030133.1 Psudomonadota | Cereibacter ovatus | HMDFMLOA 876238 I n/a
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Discussion

Classified Cyanobacteria from 16S rRNA and DNA Contigs

The abundance of Cyanobacteria in Lake Fryxell’s microbial mats is well documented.
At 10.1 m we have detected some organisms that have not been seen in Antarctica or at this
depth in Lake Fryxell. Of the cyanobacterial 16S rRNA sequences classified at 10.1 m, Caldora
has not previously been identified in Lake Fryxell or confirmed in Antarctica. Nodularia has
been found in Antarctica in meltwater ponds on the McMurdo ice shelf (Jungblut et al., 2005),
but it has not been reported in Lake Fryxell. Similarly, Phormidium CYN64 has been recovered
from Antarctic ponds in Pyramid Trough (Martineau et al., 2000) and Lake Fryxell (Lumian et
al., 2021). Nostoc has been found in Lake Fryxell and the surrounding moat, demonstrating
consistency with previous studies (Dillon et al., 2020; Sohm et al., 2020; Brambilla et al., 2001).
Tychomnema CCAP 1459-11B has been recovered on Livingston Island in Antarctica
(Doytchinov et al., 2024), but not previously from Lake Fryxell. UBA9971 sp001784535 has not
been found in Lake Fryxell or Antarctica nor has PCC-6304 sp000317105. The last of the
Cyanobacteria classified in this study, FACHB-8 has not been found in Antarctica but its family,
Elainellaceae, has been found in Lake Untersee (Greco et al., 2020). Nostoc, Nodularia sp,
Nostacales, Leptolyngbya sp, and FACHB-1407 were identified in both 16S rRNA and DNA
contigs classified by kaiju (v1.10.1). The summation of these results indicate that Cyanobacteria
are still a community member within the mats. With support from oxygenic photosynthesis
transcripts (Figure 8) and rubisco cbbL transcripts (Table 4), there is evidence to suggest that
Cyanobacteria are producing oxygen and building biomass through primary production through
autotrophy. However, the discovery of diatom 18S rRNA gene sequences (Chapter 2),

chloroplast 16S rRNA gene (Figure 5), and rbcL sequences (Table 5), and transcripts (Chapter 2)
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suggests that diatoms are playing a role in primary productivity. This may increase with depth
into the as diatoms overtake Cyanobacteria due to tolerance of hydrogen sulfide deeper in the

lake which inhibits cyanobacterial oxygenic photosynthesis.

168 rRNA ASV Classification and MAG Construction

The MAGs generated could not capture and construct genomes of all organisms present
in the 16S rRNA results but was able to provide information on some of the phyla represented.
This shortcoming is expected due to the different purpose of each technique and the
understanding that MAGs do not reflect the community due to massive data loss from reads to
HCLC MAGs (Maguire et al., 2020). For our study, the 16S rRNA gene and metagenome
taxonomic data contain similar phyla, with some important differences. We were able to
construct MAGs of some organisms of following phyla shared with the 16S rRNA ASVs to
provide a functional understanding of these microbial organisms: Verrucomicrobiota,
Pseudomonadota, Plantomycetota, Nitrospirota, Latescribacterota, Krumholzibacteriota,
Gemmatimonadota, Desulfobacterota, Dependentiae, Chloroflexota, Bacteriodota, Bacillota,
Actinomycetota, Acidobacteriota, and Armatimonadota. The >0.1% abundance ASVs contained
four phyla absent from the MAGs: Thermodesulfobacteriota, MBNT15, Latescibacterota, and
Cyanobacteria. The MAGs included four phyla not represented in the >0.1% abundance ASVs.
These were Bdellovibrionota, Myxococota, OLB16, and Chlamydiae. The phyla were only in
abundance below 0.1%. Low population abundance suggested by the low ASV abundance may
explain the low completion of the Bdellovibrionota, Myxococota, and OLB16 MAGs. In
contrast, Chlamydiae was represented by a high completion low contamination MAG despite

low abundance. The highest resolution of classification in the 16S rRNA belong to the LD1-
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PA32 order. The family identified from the MAG data suggests the Parachlamydiaceae family
which is known to infect amoeba (Greub et al., 2002).

Overall, these results demonstrate that the 16S rRNA analyses captured the phyla
represented in the MAGs. In addition, the presence of cyanobacterial ASVs confirms their
presence in the community, consistent with cyanobacterial transcripts (Figure 5), even though
they are not represented by any MAGs. In addition, the 68 “Unknown bacteria” classifications
with low completion that represent unknown metabolic potential of organisms that were unable
to be classified and did not have enough genetic information to fully annotate. This result
demonstrates that while the MAGs are important for understanding the metabolic potential of
organisms, they did not capture the full range of metabolically important organisms in the

community.

Newly Identified Phyla in Lake Fryxell

Nine new phyla were identified in Lake Fryxell from the 16S rRNA and metagenomic
results. The newly identified phyla include: Deinococcota, Krumholzibacteriota,
Bdellovibrionota, Myxococcota, OLB16, Pastescibacteria, Armatimonadota, Lastescibacterota,
also known as WS-3 , and Nanoarchaeota.

Deinococcota is a highly variable phylum characterized by their tolerance of extreme
conditions. (Liu et al., 2023) These extremophiles variety widely in their activity because they
likely do not have a metabolic core genome (Lum et al., 2024). Deinococcota has been found in
Antarctic soil but not previously within Lake Fryxell (Lefentse Mashamaite et al., 2023).

Krumbholzibacteriota is a relatively newly defined phylum that was first described in 2019

(Youssef et al. 2019). It was discovered in an anoxic spring, which is consistent with redox
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conditions in the samples analyzed here. The phylum metabolizes monoaromatic compounds
using benzoyl-CoA reductase, e.g. genes bcrABCD (Cabell et al., 2024), of which, bcrABC were
found in transcript annotations of samples analyzed here. The metabolic transcript data recovered
in our sample suggest active expression of aerobic respiration, fermentation, nitrification,
denitrification, DNRA, sulfate reduction, and lipid beta oxidation (Chapter 3).

Bdellovibrionota is a phylum of gram-negative bacteria that contains classes of obligate
bacterial predators and non-bacterial predators (Li et al., 2021). The specific genus binned was
Bacteriovorax, a known predatory bacterium that feeds on larger gram-negative bacteria
(Crossman et al., 2012). The phylum has been detected in Whaler’s Bay in Antarctica and
seasonally active streams flowing into Lake Fryxell (McQueen et al., 2022; Medieros et al.,
2024), but not previously in Lake Fryxell. The bacteria in this phylum typically invade bacterial
host cell walls using glycanases and then feed on cell contents with exozymes (Li et al., 2021). It

is unknown what hosts this phylum might have been using in Lake Fryxell.

Myxococcota is another predatory bacterial phylum that has been recorded within
Antarctic rhizospheres in the Ross Ice Shelf (Contreras et al., 2023; Martinez-Pérez et al., 2022)
but not in Lake Fryxell. The genome of this organism within this phylum contains genes from
type Il reaction centers and are suspected to be able to utilize a chimeric lifestyle (Li Liuyang et
al., 2023). Unfortunately, this could not be confirmed in my data, neither the pufL transcripts

could be mapped or genes found.

OLB16 has been recovered from sediment from Ace Lake, Antarctica (Williams et al.,
2022). The metabolisms of members of this phylum vary, including aerobic respiration,
dissimilatory nitrate reduction to ammonium, sulfur oxidation and reduction, hydrogen

oxidation, methane reduction and metal reduction (Williams et al., 2022). Published MAGs
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suggest it also fixes carbon using the Wood-Ljungdahl pathway (Willaims et al., 2022), which is
fully expressed in our samples.

Patescribacteria is a poorly characterized phylum, and their current taxonomic diversity is
not well understood (Srinivas et al., 2024). They are typically associated with a microbial host
and are considered obligate epibionts (Wang et al., 2023). Published research notes that their
small genome, less than one Mbp, indicates their requirement for a bacterial host, in some cases
Actinobacteria, for essential metabolic capabilities (Wang et al., 2023). Based on our 16S rRNA
and metagenomic data, the Actinobacteria in the Lake Fryxell community could be acting as
hosts.

Armatimonadota is a phylum found globally, including in Antarctica (Kato et al., 2022),
although previous studies have not recorded this bacterial group in Lake Fryxell. The phylum
contains classes that can use the Wood—Ljungdahl pathway to fix carbon and facilitate energy
production through glycolysis (Carlton et al., 2023).

Latescibacterota is an uncultured phylum that has been found in a variety of
environments like soil, coral, and sediment (Lan et al., 2022; Olivera et al., 2023; Hillyer et
al.,2023). The metabolism utilized by this phylum includes respiration as well as fermentation
(Oliver et al., 2023). There were fermentation and aerobic related transcripts active from these
MAGs, which provides evidence that this organism may be anaerobically active in the
community.

The only phylum of archaea found was Nanoarchaeota, which was not previously
identified in Lake Fryxell. Nanoarchaeota is a metabolically diverse phylum primarily thought to
utilize fermentation-based pathways (Cloarec et al., 2024). However, previous studies also

suggest the phylum is capable of metal-reduction respiration, glycolysis, and flavin-based
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electron bifurcation (Huang et al., 2021). Glycolysis-related genes were present in the annotated
archaeal MAG (Table 2).

With a long-read sequencing and metatranscriptomic approach, we uncovered phyla have
not been reported in Lake Fryxell that highlight the microbial diversity in Lake Fryxell.
Specifically, some of these new phyla reframe the microbe-to-microbe interaction. The phyla
Bdellovibrionota, Myxococcota, and Patescribacteria are typically bacterial predators. Thus, their
presence suggests bacterial predation in the ecosystem. More specifically, Patescribacteria are
potentially using Actinobacteria as hosts in Lake Fryxell as they do elsewhere (Wang, Yaxi et

al., 2023).

Autotrophic Metabolisms

Despite the absence of Cyanobacteria in the HCLC MAGs, 16S rRNA sequences
demonstrate the presence of Cyanobacteria, and mRNA transcripts indicated the presence of both
PSII and PSI related transcripts classified as Cyanobacteria and diatom. Collected transcripts
showed a complete collection of PSII including psbO, the transcript encoding for the oxygen
evolving complex stabilizing protein. In addition, protein classification with kaiju (v1.10.1)
revealed cyanobacterial organisms. However, one reason for the inability of Cyanobacteria to be
binned could suggest that they may have lower relative abundance at 10.1 m, although they were
present in the 16S rRNA community composition. Their decrease may be due to the lower light
and higher hydrogen sulfide concentrations (Lumian et al., 2021). A previous hypothesis
suggested that the Cyanobacteria Phormidium pseudopreistleyi at 9.8 m depth may have sulfide
tolerance or potentially use sulfide in PSI when the concentrations are high enough (Lumian et

al., 2021). However, the MAG genomic data from 10.1 m did not include this cyanobacterium,
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so it is unlikely that it was a significant contributor to the community when sampling occurred.
Even so, DO is in the water immediately above mats but not in the water column at this depth.
Cyanobacteria most likely are contributing to the production of oxygen. Diatoms have also
shown active transcription of oxygenic photosynthesis transcripts, demonstrating their
importance to the autotrophic metabolisms at 10.1 m (Chapter 2).

Oxygenic photosynthesis was not the only autotrophic process. There were phototrophic
sulfide oxidation genes and transcripts, indicating that some anoxygenic photosynthetic or
possibly photoheterotrophic organisms were active. Since photoautotrophic sulfur bacteria utilize
type-1 reaction centers to obtain energy and oxidize sulfide, if this is occurring, one of the
byproducts is often elemental sulfur (Niel C., 1932). The phyla Acidobacterota and Bacillota are
known to perform this process and are present in the collected samples (Hanada et al., 2016).
The genomic and transcriptomic presence of the Wood—Ljungdahl pathway (WLP) is
particularly interesting. Several HCLC MAGs exhibit full expression of the WLP, indicating a
community actively fixing carbon without photosynthesis. Key enzymes in this pathway require
anaerobic microenvironments and hydrogen as an electron donor. Hydrogen is likely produced
by community members expressing hydA, such as the Clostridium MAGs, which are known to
be anaerobic hydrogen producing fermenters (Latifi et al., 2018; Morimoto et al., 2005). When
light becomes unavailable with depth into the mat or at deeper water depths, the WLP becomes a
convenient way to fix carbon in anoxic conditions. The only other relatively complete
autotrophic pathway in the metatranscriptomic study was the Calvin Cycle. Rubisco genes (rbcL,
rbeS and cbbL) were present in the genomic data along with other enzymes of the Calvin Cycle.
There are four forms of rubisco, but only forms LII, IIIC, III-like were recovered from the

annotated rbcL genes. Cyanobacteria and diatoms use form I, while form II is found in
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Proteobacteria and some algae, form IIIC is in bacteria and lastly form III-like is found in
bacteria and archaea (Kehl et al., 2025). The forms LI, and III that were recovered from the
annotated rbcL genes mapped to the Cyanobacteria, Pseudomonadota, Dinoflagelatta phyla and
Bacillariophycae class. The identification of the different forms indicates that Cyanobacteria,
diatoms, other algae, and non-cyanobacterial bacteria, can express rubisco for carbon fixation
and can use it to build biomass. However, no expression of rbcL and rbcS genes was identified.
Only chbL was found in the metatranscriptomic data. Two thirds of the sequences recovered
were similar to those found in Cyanobacteria, which indicates that they were active at 10.1 m
when the samples were collected, consistent with the expression of PSII and PSI genes.

In summation, at 10.1 m, there are a few key autotrophic pathways and conservation
reactions that are synthesizing chemical energy and providing an ecological foundation for a
diverse range of metabolisms in Lake Fryxell. These pathways are providing a pool of
biologically available carbon that is used to build the biomass of the microbial mats. When PAR
is available at 10.1 m, oxygenic photosynthesis provides oxygen to aerobic organisms without
removing the anaerobic community members. Phototrophic sulfur oxidizing bacteria assist in
sulfur cycling which in turn produces sulfate that is utilized by sulfate reducing bacteria. Pairing
this with rubisco-based carbon fixation, allows for production of biomolecules that build biomass
in oxic or anoxic micro-environments (Klatt et al., 2015). In anaerobic conditions, the WLP may
be a major process for carbon fixation. With an abundance of carbon dioxide and molecular

hydrogen, the WLP becomes increasingly optimal as depth increases.

46



Heterotrophic Metabolisms

The presence of transcripts for oxygenic photosynthesis demonstrated active expression
and when paired with measured changes in dissolved oxygen in the water overlying the mat, it
can be assumed the process is actively occurring. The identification of certain Pseudomonadota
in the 16S rRNA dataset, MAGs, and transcripts suggests the presence of organisms capable of
aerobic respiration along with the expression of aerobic respiration related transcripts. Species
identified included but not limited to Methyloceanibacter sp., Bradyrhizobium erythrophlei,
Aestuariivirga litoralis as major community members with other members like Actinomycetota
and some members of the Bacteriodota phyla in lesser abundance. Their activity is confirmed by
the presence and expression of aerobic respiration transcripts (Chapter 3). Thus, it is likely that
local oxygenic photosynthesis provides the ecological niche for aerobic respirators. Even though
conventional wisdom suggests that anaerobic organisms find the presence of oxygen lethal, our
data demonstrate that they are active when dissolved oxygen is present at the scale of sampling.
Phyla containing anaerobic organisms and transcripts for anaerobic processes were found in the
same samples as aerobes, demonstrating that anoxic micro-environments persist in the mats. In
addition, fermentation was active in the samples, most likely occurring in the anoxic micro-
environments of the mats along with other anaerobic processes.

Electron bifurcation was also an important discovery gathered from these results. It may
provide context in how some organisms in Lake Fryxell are able to preserve energy by utilizing
electrons from both high and low potential reactions. It can occur in diverse organisms as a near
free energy conservation metabolism. In an environment like Lake Fryxell during the winter, it
may be crucial to organisms waiting in transitioning oxic/anoxic zones for preferential conditions

as (Yuly et al., 2020; Peters et al., 2019).
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Summation of Metabolic Activity at 10.1 m in Lake Fryxell.

In the oxic-anoxic transition zone of Lake Fryxell, the environmental conditions provide
a variety of resources to support diverse metabolisms. With PAR penetrating the ice cover and
providing above the minimum threshold for photosynthesis, Cyanobacteria, diatoms, and other
algae utilize the photons and split water, producing oxygen in the local microbial mat while
fixing carbon dioxide with rubisco. The oxygen released in the local environment provides a
critical resource for aerobic respirators. Dissolved oxygen concentrations (Figure 1), active
photosynthesis transcripts (Table 3), and cbbL rubisco transcripts (Table 6) suggest that this
primary productivity is occurring and is contributing to the micro redox potential within
microbial mat and supporting aerobic metabolisms.

Hydrogen sulfide is present at 10.1 m and can be utilized by sulfide oxidizing bacteria
aerobically or anaerobically in a light-dependent manner or light-independent manner (Lumian et
al., 2021; Findlay et al.,

of energy with as little effort as possible, electron bifurcation is available. The known
bifurcating enzyme 2022; Anwar et al., 2023; Kamp et al., 2006). With the expression of dsrEF,
fecA, feeB, sat, soxA, soxB, and sqr, the product of this, directly and indirectly, is sulfate which
in turn can be utilized for sulfate reduction which is common in oxic marine and aquatic
conditions (Demin et al., 2024). The expressed transcripts cysD, cysN, sat, aprAB, dsrAB, and
asrB indicate dissimilatory sulfate reduction and ds»B suggests that this occurs in both oxic and
anoxic microenvironments. The presence of the transcripts suggests this process may be

occurring in both conditions.
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A nitrogen cycle is also active at this depth in Lake Fryxell. The narG and napA
transcripts expressed convert nitrate to nitrite while nirS produces nitric oxide and ultimate
molecular nitrogen with norB and nosZ which can then be converted to ammonium with nif.
Dissimilatory nitrate reduction to ammonium is active with the previously mentioned nitrate
reducing transcripts along with nir and nrf. Ammonium is also converted back into nitrite with
amoA. With this complete cycle active, it demonstrates that alternative metabolisms that do not
utilize light are active within these mats.

At 10.1 m, only locally produced oxygen is present, and anaerobic metabolisms are
important compared to consistently oxic depths shallower in the lake. Fermentation is active at
10.1 m and the pathways investigated are fully transcribed (Table 3). This, along with the sulfur
cycle and nitrogen cycle, shows that the microbial mats are capable of versatile metabolic
pathways and can respond to changing conditions. However, if conditions change to where
organisms need to produce adequate amounts transcripts etf4B, hndABCD, hydAC are active and
can facilitate this. This method would most likely be important if bacteria or archaea are facing

unfavorable thermodynamic conditions (Schut et al., 2022).

Comparisons with Shallower Depths and Water Column communities

The microbial mats at 9.0 - 9.8 m depths show similar bacterial communities to those at
10.1 m (Dillon, et al., 2020). Pseudomonadota, Cyanobacteria, Plantomycetota, Actinomycetota,
Chloroflexota, Bacillota, Verrucomicrobiota, Acidobacteriota, Gemmatimonadota, and
Nitrospirota are shared phyla that show changes in abundance from 9 m to 10.1 m.
Pseudomonadota is the largest phyla in abundance and increases from 9 m to 10.1 m from

approximately 15 -25% to nearly 30% (Dillon et al., 2020; Figure 2). Cyanobacteria decrease
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from ~50% at the top of mats at 9.8 m to ~1% with respect to the 16S rRNA (Dillon et al., 2020;
Figure 5). Plantomycetota increases from ~3% at 9 m to 8% at 10.1 m (Dillon et al., 2020;
Figure 5). Actinomycetota marginally increases from ~2.5% at 9.8 m to 3%. Chloroflexota
shows its presence increasing from ~1.5% to 8%. Bacillota formerly fermicutes do not show
similar increases, only rising from 1.5% to 2%. Verrucomicrobiota shows little increase from
~1.5% to 2%. Gemmatimonadota shows a large increase from ~0.75% to 5% while Nitrospirota
only shows an increase of ~1% to 2% (Dillon et al., 2020). Microbial mat 16S rRNA community
studies have also shown commonality in the presence of Bacteroides, Pseudomonadota,
Planctomycetes, Cyanobacteria, Chloroflexi, Chlorobi, and Verrucomicrobia but may still have
distinct community compositions (Jungblut et al., 2016). In comparison to our protein-based
classification of cyanobacterial contigs and 16S rRNA results, both studies verify the presence of
Oscillatoria, Leptolyngbya, and Nostoc related organisms. Organisms found by Jungblut et al.
(2016) but missing in our study at 10.1 m include Malainabacteria, Pseudanabaena, and
Phormidium pseudopriestleyi (Lumian et al., 2021). Even though the abundance of
Cyanobacteria dwindles deeper into the lake, some persist to 10.1 m depth, likely those that can
adapt to lower PAR levels. Some Cyanobacteria produce chlorophyll f and incorporate it into
photosystem I when growing in far-red low-light environments. The acclimation of the
photosystem-chlorophyl structure may allow Cyanobacteria to perform far red light-driven
photosynthesis (Gisriel et al., 2020). Although we did find transcripts or genes related to
chlorophyll f in these samples. Still, of the Cyanobacteria identified, the most numerous,

Caldora sp010672925 found in the 16S rRNA microbial composition may be a good candidate if
enough genetic information can be recovered from future samples. Overall, there are similarities

between the previous data and our data, which show significant changes in certain populations in
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Lake Fryxell with respect to depth. With environmental conditions changing, specifically PAR
and oxygen, other bacterial communities are adjusting their metabolic activity to the variable
microenvironments they may experience in the microbial mat.

The mats are also different from the water column in Lake Fryxell. Water column
taxonomic results have some overlapping phyla with previous studies of the microbial mats
(Dillon et al., 2020) at including the presence of Actinobacteria, Pseudomonadota, Chloroflexi,
Plantomycetes, Verucomicrobia, and Bacteroidetes (Lei et al., 2019). However, the water
column has a lower phyla diversity, with 28 phyla in the water column to 60 phyla in our below
0.01% abundance 16S rRNA results (Li et al., 2019). Among the shared phyla, their relative
abundances differ significantly between the water column and the microbial mats. In the water
column, Actinobacteria make up a significant amount of 16S rRNA population, >30% (Li et al.,
2019), while in the mats, they make up less than 10%. Similarly, Bacteroidetes constitute almost
40% in the water column (Li et al., 2019), but less than 20% in our microbial mat samples.
Pseudomonadota appear similar with abundances in both studies within 20-25% (Li et al., 2019).
Previous archaeal studies of Lake Fryxell’s water column revealed four archaeal phyla:
Thaumarchaeota, Parvachaea, Euryarchaeota and Crenarchaeota (Jungblut et al., 2016; Karr et
al., 2006). These four archaeal phyla were not detected in the microbial mat in our sample, but
the Nanoarchaeota phylum was, demonstrating a difference in archaeal communities.

The distribution of phyla in Lake Fryxell is not substantially different from those found in
other non-Antarctic microbial mats. Hypersaline lakes in the Atacama Desert in Chile share the
phyla Pseudomonadota, Verrucomicrobia, Armatimonadetes, Cyanobacteria, Actinobacteria,
Bacteroidetes, Bacillota, Planctomycetes, Acidobacteria, and Chloroflexota (Rasuk et al., 2015).

Pseudomonadota, represented the most abundant phyla in the Atacama lakes, similarly to Lake
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Fryxell (Vagnale et al., 2022). The same shared phyla were also major population in Dutch
barrier island Schiermonnikoog, a nearly closed horizontally stratified salt marsh (Bauersachs et
al., 2020). This demonstrates the broad success these phyla have in microbial mats. The marsh
composition shares all the same phyla as the Atacama lake and Lake Fryxell (Bolhuis et al.,
2011). Crater Lake, a sulfidic freshwater lake fed by hydrothermal springs in Oregon, shows
some commonality in microbial phyla composition. The phyla shared with Lake Fryxell include
Acidobacteria, Actinobacteria, Bacteroidetes, Blamydidae, Chloroflexi, Bacillota,
Gemmatimonadetes, Latescibacteria, Planctomycetes, Pseudomonadota, and Verrucomicrobiota
(Stromecki et al., 2022). Similarly to other lakes mentioned and Lake Fryxell, Pseudomonadota
represented the largest community member in Crater Lake (Stromecki et al., 2022). The
similarity among these different lakes emphasizes the remarkable microbial diversity of
commonly shared phyla and how these communities can adapt to different extremes while

maintaining similar community structures at the phyla level.

Conclusion
In summation, Lake Fryxell’s microbial mat at 10.1 m depth is consistent with previously
characterized taxa at shallower depths with the addition of new phyla. With the utilization of
long read sequencing of 16S rRNA, Lake Fryxell’s taxonomic profile has added five new distinct
phyla at 10.1 m. The acquired data is also consistent with previous populations of prokaryotes in
the lake. Verrucomicrobiota, Pseodomonadota, Plantomycetota, Nitrospirota,
Gemmatimonadota, Cyanobacteria, Chlorofexota, Bacteriodota, Bacillota, Actinomycetota, and

Acidobacteriota are present at this depth. In comparison to previous data, certain phyla increase
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or decrease within the community composition deeper into the lake. This signals that some
community members become more ecologically relevant or able to adjust to environmental
changes. In total, based on our refraction analysis, this depth may contain up to 900 unique
organisms at 10.1 m in this isolated extreme environment with potentially more to be discovered.

Utilizing metagenome assembled genomes provided a similar picture of microbial
composition, although they are not meant to be direct representations of the community. These
MAG:s indicate the metabolic potential of the organisms to build a metabolic framework of Lake
Fryxell at 10.1 m. Annotation of the assembled MAGs revealed an intricate mix of metabolic
potential where it can be expected that aerobic respiration, fermentation, dissimilatory sulfate
reduction, sulfide oxidation, and a complete nitrogen cycle may be reflected in expression data
from the HCLC MAGs (Chapter 3).

Metatranscriptomic data provide insights into this metabolic framework, which is
expanded in Chapter 3. Currently, it is clear, photosynthesis was occurring at 10.1 m when
sampled, with major components of photosystem II, photosystem I, and cytochrome b6f being
expressed. Aerobic respiration was active indicating that the oxygen produced was being utilized
by heterotrophs. Fermentation, nitrogen-based processes, sulfide oxidation, sulfate reduction, and
electron bifurcation transcripts demonstrate the metabolic variety organisms can apply depending
on the environmental dynamics at 10.1 m to maximize energy production to produce biomass.

It is important to note that photosynthesis may be at its lowest PAR limit and still
producing oxygen, but the overlying water is anoxic. Thus, the redox conditions represent a
balance among microbial processes and environmental conditions, including seasonality of the
region. Yet oxygen production allows aerobic metabolisms to be active in the

microenvironments of the mat. It is also almost certain that the mats are not completely
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oxygenated and contain anoxic zones. The presence of anaerobic transcripts suggests that these
anoxic micro-environments permit the activity of obligate anaerobic fermenters, nitrogen
respirators, sulfate reducers, and anaerobic sulfide oxidation. The interesting metabolic dynamics
of 10.1 m from the environmental and microbial data demonstrate that this depth is a zone with
interesting shifts between anoxic and oxic conditions and microbial populations that are

metabolically variable to adjust to changing conditions.
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Chapter 2
Taxonomic Classification and Metabolic Capacity of Lake Fryxell Diatoms at 10.1 m

Introduction

Diatoms are one of the most globally distributed photosynthetic primary producers
(Malviya et al., 2016). Ecologically, they play a critical role; they produce approximately 20%-
50% of the Earth’s oxygen and contribute to 20% of global carbon fixation (Sethi et al., 2020).
They can be found in a wide variety of environments. They are highly prevalent in oceans where
they contribute up to 40% of the total marine carbon fixation and found well below the photic
zone (Prierella et al., 2021). Diatoms are also found in freshwater streams and lakes in planktonic
and benthic habitats (B-Béres et al., 2022). They are also not strangers to extreme environments
which include sulfidic hot springs and acidic conditions below pH 3.5 (DeNicola et al., 2000;
Nikulina et al., 2026).

Due to their global distribution, they experience varying conditions. This can range from
changes in light, temperature, oxygen, nutrient availability, and microbial neighbors, which all in
turn affect diatom physiology (Zhou et al., 2021; Zeng et al., 2020). Changes in light and
temperature can affect photosynthesis, while oxygen limits respiratory capacity; alterations in
nutrient limitation can cause changes in lipid composition and microbial communities may
introduce complicated direct and indirect changes (Zeng et al., 2020; Zhou et al., 2020; Bromke
et al., 2019). Considering these alterations in activity, diatoms in extreme environments must
adapt to more than one of these conditions. This is true of diatoms found in polar regions,
including those found in Antarctica (Zhai et al., 2026). Diatoms have been studied in Lake
Fryxell, but what species are present at 10.1 m and their contributions to the microbial mats is
unknown (Jungblut et al., 2016; Dillon et al., 2020). Their ecological setting provides able

opportunities for understanding their metabolic capabilities through metagenomic approaches. At
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10.1 m, the low light, oxic, anoxic, and sulfidic conditions paired with the seasonality of light
availability creates an interesting environment to study the taxonomic diversity and metabolic
versatility of these diatoms.

Several diatom species have been discovered in broader Lake Fryxell environments,
including in lake sediment, summer streams and pools, and dispersed by the wind, but those
residing in Lake Fryxell have not been fully characterized (Schulte et al., 2021; Stone et al.,
2024). It is unclear how many species there are in Lake Fryxell benthic mats, though there are
suspected to be at least 6-10 species based on recent morphological studies (Jungblut et al.,
2016). At lake depths below 9 m, previous work suggests that two species become dominant,
Diadesmis contenta and Navicula gregaria (Jungblut et al., 2016). These two organisms in Lake
Fryxell have not been fully genomically categorized. To date, only 47 nucleic sequences of
Navicula gregaria in general are available ranging in size from 27 bp to 1745 bp. A 18S rRNA
sequence for Navicula gregaria is publicly available but Diadesmis contenta, also known as
Humidophila contenta only has an unverified chloroplast sequence available. Prior metagenomic
work on Lake Fryxell’s diatoms has been limited to metagenomic short read DNA sequencing
and protein-based classification, morphological identification, and short 18S rRNA sequencing
(Spaulding et al.,1994; Jungblut et al., 2016; Dillon et al., 2020; Schulte et al., 2021; Stone et al.,
2024). With currently less than 30 fully characterized diatom genomes available globally and
with potentially 100,000 - 200,000 different species in existence (Wang et al., 2022; Mar, 2022),
Lake Fryxell presents an opportunity to discover novel species and determine their roles within
the microbial mats and their metabolic strategies.

At 10.1 m water depth, the diatoms in Lake Fryxell experience a variety of challenging

environmental conditions such as low-light, anoxia, and presence of hydrogen sulfide (Howard-
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Williams et al., 1998; Jungblut et al., 2016; Lumian et al., 2021). To determine their functional
role in Lake Fryxell, it is important to determine how they adapt their metabolism to these
conditions. The minimum photon requirement for photosynthesis is 0.01 pmol photons/m?/s
(Hanke et al., 2018; Randelhoff et al., 2020; Raven et al., 2000) and based on collected
photoactive radiation (PAR) readings, the diatoms do receive enough PAR for photosynthesis,
approximately 3 umol photons/m?/s in summer, despite the lake’s ice cover blocking 97-99% of
incident irradiance (Howard-Williams et al., 2013). As a response to dark-anoxic conditions,
some diatoms can perform dissimilatory nitrate reduction to ammonium to persist in a long-term
resting stage while utilizing internal storage supplies (Joli et al., 2024; Kamp et al., 2011). With a
return of light, diatoms can quickly restart photosynthesis and resume optimal metabolic
productivity (Joli et al., 2024). Similarly, some diatoms can tolerate 0.9-6.8 mM of sulfide and
are stimulated by sulfide to perform nitrate reduction (Admiraal et al., 1979; Merz et al., 2022).
Since diatom adaptability can vary, and diatoms are known to inhabit Lake Fryxell, it can be
assumed that Lake Fryxell diatoms have acclimated to conditions at 10.1 m and deeper into the
lake, including the presence of sulfide. The results in this study reveal new insights into Lake
Fryxell diatoms and their contribution to the microbial ecology within microbial mats at 10.1 m

water depth.

Materials and Methods

Sample Collection

Sample collection is as described in chapter one. Samples were collected on January 15, 2023, by

divers operating through a hole melted in the ice cover on the northern side of Lake Fryxell
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(-77.6078° latitude and 163.114517° longitude). Five samples were collected at 10.1 m water
depth and were used for this study. All water depths are based on the hydrostatic water level in
January 2023. Divers collected the samples in sterilized plastic boxes and brought them to the
surface of the lake. At the lake surface, researchers put the samples into sterile falcon tubes and
then into liquid nitrogen. The time between sample collection and freezing was less than 15
minutes for each sample. Samples remained in a dry shipper at liquid nitrogen temperatures until
they were sent from Antarctica to the lab at UCD at -20°C. Once at UCD, they were stored at

-80°C until DNA and RNA were extracted.

DNA Extraction and Sequencing

DNA Extraction and Sequencing are as described in chapter one. Sample libraries were
prepared using the PCR-free Oxford Nanopore Technologies Ligation Sequencing Kit (Oxford
Nanopore Technologies, Oxford, UK) with NEBNext Companion Module (New England
Biolabs, Ipswich, MA) to manufacturer’s specifications. No additional DNA fragmentation or
size selection was performed. Nanopore sequencing was performed on an oxford Nanopore a
MinlON Mk1B (Oxford Nanopore Technologies, Oxford, UK) sequencer or a GridION (Oxford
Nanopore Technologies, Oxford, UK) sequencer using R10.4.1 flow cells (Oxford Nanopore
Technologies, Oxford, UK) in one or more multiplexed shared-flow-cell runs. Run design
utilized the 400bps sequencing mode with a minimum read length of 200bp. Adaptive sampling
was not enabled. Guppy (v6.5.7; Oxford Nanopore Technologies, Oxford, UK) was used for

super-accurate basecalling, demultiplexing, and adapter removal. Quality filtering was performed
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with fastp (v0.23.4; Chen et al., 2018) with a per-base quality trimming of Q20 and per-read

quality filtering of Q15.

RNA Extraction

All standard RNA extractions at SeqCenter follow the ZymoBIOMICSTM Quick-RNA
Miniprep Kit (Zymo Research, Irvine, CA). The preparation of cell and tissue sample types
followed Zymo Research recommendations stated in the protocol. Samples were eluted into a
final volume of 40 ul. Final RNA concentrations were determined via Qubit3 from (Thermo

Fisher Scientific Waltham, MA).

RNA Sequencing

Samples were DNAse treated with Invitrogen DNAse, RNAse free (Thermo Fisher
Scientific Waltham, Massachusetts). Library preparation was performed using Illumina’s
Stranded Total RNA Prep Ligation (Illumina, San Diego, California) with Ribo-Zero Plus kit
(New England Bio Labs, Ipswich, Massachusetts) and 10bp unique dual indices. Sequencing was
done on a NovaSeq X Plus (Illumina, San Diego, California), producing paired end 150bp reads.
De multiplexing, quality control, and adapter trimming was performed with bel-conver (v4.2.2;

[llumina, San Diego, California).
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Bioinformatic Analysis

Taxonomic Classification of Diatom DNA

Quality of the nanopore sequencing was assessed with NanoPlot (v1.46.1; De Coster
Wouter et al., 2023). The reads were assembled into contigs with flye using --meta settings
(v2.9.4-b1799) and quality controlled with quast (v5.2.0) (Gurevich et al., 2013; Kalgomorov et
al., 2019). Reads were mapped to the assembly using minimap2 (v2.27; Li et al., 2018). To
identify diatom reads, kaiju (v1.10.1; Menzel et al., 2016) was used using the nr_euk database to
perform protein-based taxonomy. Contigs that were classified as “Bacillariophyceae” were
extracted from the general assembly along with their taxonomic classification for additional

analyses.

Identification of Diatom RNA and Annotation of Expressed Transcripts

RNA reads for every sample were inspected for quality using fastqc (v0.12.1; Andrews.,
2010). Resulting reads were then assembled using Trinity(v2.5.1; Grabherr et al., 2011),
specifying paired end reads. The RNA assembly was checked using RNAquast (v2.2.4;
Bushmanova et al., 2016). The contigs were then taxonomically classified using kaiju (v1.10.1)
with the nr_euk database (Menzel et al., 2016). Contigs identified by kaiju (v1.10.1) as
belonging to Bacillariophyceae were subjected to BLASTX (ver 2.17; Altschul et al., 1990)
searches with an E-value cutoff of < 1. For functional annotation, RNA reads were aligned to
the Bacillariophyceae DNA contigs identified by kaiju (v1.10.1). Resulting mapped RNA reads

were then assembled using Trinity (v2.5.1; Grabherr et al., 2011). Transdecoder (v5.7.0; Haas B.,
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2023) was used to find open reading frames for annotation with Trinotate (v4.0.2; Bryant et al.,

2017).

Identification of Diatom 18S rRNA Sequences in Unassembled DNA Long Reads

Assembled contigs were also analyzed for 18S rRNA using barrnap (v0.9; Seeman.,
2024). Collected 18S rRNA sequences were compared to the Protist Ribosomal Reference
database and used for BLASTN queries using standard settings and an E-value cutoff of <e’!? to

identify Bacillariophyceae (Guillou et al., 2012; Camacho et al., 2009).

Generation and Visualization of Diatom Phylogenetic Tree

The 18S ribosomal RNA (rRNA) gene sequences were identified and extracted from
assembled metagenomic contigs using barrnap (v0.9; Seemann, 2013; Bioconda). The tool was
run with the eukaryotic kingdom flag --kingdom euk to specifically target eukaryotic 18S rRNA
genes. Predicted gene coordinates were output in GFF3 format, and the corresponding nucleotide
sequences were extracted from the assembly FASTA file using bedtools (v2.31.0). All sequences

annotated as 18S rRNA were saved for downstream analysis.

Extracted 18S rRNA sequences were quality filtered using mothur (v1.48.0; Schloss et
al., 2009). Sequences were filtered using the screen.seqs command with the following
parameters: minimum length of 200 bp minlength=200, maximum length of 2,000 bp

maxlength=2000, and a maximum homopolymer run of 10 bp maxhomop=10. These thresholds
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removed short fragments unlikely to classify accurately and excessively long sequences. A total
of 7,562 sequences were retained after quality filtering. Quality-filtered sequences were
classified against the Protist Ribosomal Reference database (v5.0.0; Guillou et al., 2013) using
the mothur classify.seqs command with the Wang Bayesian classification method method=wang
and a bootstrap confidence cutoff of 60% cutoff=60. To remove bacterial and archaeal
contamination inherent in rRNA extraction pipelines, the remove.lineage command was applied
to exclude sequences classified as Bacteria, Archaea, or unknown. This filtering step retained

965 eukaryotic sequences with a median length of 1,703 bp.

To identify diatom-affiliated sequences among the filtered eukaryote dataset, a nucleotide
BLAST search was performed using BLAST+ v2.14.1 (Camacho et al., 2009; Bioconda). A
BLAST database was first constructed from the PR2 v5.0.0 SSU reference sequences in mothur
format using makeblastdb with the nucleotide database type flag -dbtype nucl. Query sequences
were searched against this database using blastn with the following parameters: tabular output
format 6 with query ID, subject ID, percent identity, alignment length, e-value, bitscore, and
subject title fields -outfmt "6 gseqid sseqid pident length evalue bitscore stitle"; a maximum of
ten target sequences per query -max_target seqs 10; and a minimum percent identity threshold
of 70% -perc_identity 70. BLAST results were cross-referenced with the PR2 taxonomy file to
identify queries with significant hits to Bacillariophyta sequences, confirming the presence of

one unique nuclear diatom 18S rRNA sequence.

To construct a phylogenetic reference dataset, one representative nuclear 18S rRNA
sequence was selected per diatom genus from the PR2 v5.0.0 database. Sequences were sourced
exclusively from nuclear-origin entries accessions with the suffix U, excluding plastid and

mitochondrial sequences. Where multiple sequences were available per genus, named species were
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prioritized over unclassified entries sp.. Genera represented only by unclassified or placeholder
entries were excluded. This procedure yielded a set of approximately 120 representative diatom
sequences spanning 12 orders and over 100 genera. Three outgroup sequences were selected from
closely related stramenopile lineages to root the phylogenetic tree: Aureococcus anophagefferens
(Pelagophyceae; accession AF117779), Dictyocha octonaria (Dictyochophyceae; accession
HQ646562), and Nannochloropsis sp. (Eustigmatophyceae; accession FJ896224). These taxa

represent the closest well-resolved outgroups to the Bacillariophyta within the Stramenopiles.

The one query diatom sequence, approximately 120 PR2 reference sequences, and three
outgroup sequences were combined into a single FASTA file. Multiple sequence alignment was
performed using MAFFT (v7.526; Katoh & Standley, 2013) with automatic algorithm selection —
auto and sequence reordering enabled --reorder. The --auto flag selects the most appropriate
alignment strategy based on dataset size and sequence diversity, defaulting to FFT-NS-2 or L-INS-
1 as appropriate. The resulting alignment was trimmed using trimAl (v1.4; Capella-Gutiérrez et al.,
2009) with the -automated! heuristic, which automatically selects trimming parameters optimized

for downstream maximum likelihood phylogenetic analysis.

Maximum likelihood phylogenetic analysis was conducted using IQ-TREE2 (v2.4.0;
Minh et al., 2020; Bioconda). The best-fit nucleotide substitution model was selected using
ModelFinder (Kalyaanamoorthy et al., 2017) integrated within IQ-TREE2 via the -m TEST flag,
which evaluates models using the Bayesian Information Criterion (BIC). The model General
Time Reversible with gamma-distributed rate variation model was used. Branch support was
assessed using the ultrafast bootstrap approximation (Hoang et al., 2018) with 1,000 replicates -B
1000. The tree was rooted on the three outgroup taxa using the -o flag specifying

OUTGROUP_Aureococcus _anophagefferens, OUTGROUP _Dictyocha_octonaria, and
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OUTGROUP_Nannochloropsis_sp. The consensus tree with bootstrap support values .contree

was used for all downstream visualization.

The phylogenetic tree was visualized using the Interactive Tree of Life (iTOL) web
platform (v6; Letunic & Bork, 2021). Tips were color-coded by diatom order using a custom color
strip annotation file. The one unknown query sequence was highlighted in red and labeled as
"YOUR_Unknown Diatom 18S rRNA. Outgroup taxa were labeled and colored in black. Bootstrap
support values > 70 were displayed on internal nodes. The tree was displayed in circular layout

format with branch length values displayed.

Results
Diatom Classification
Table 1: DNA contigs identified as diatoms by kaiju (v1.10.1) along with contig length,

sequencing depth, and successfully mapped RNA reads. The longest diatom contig was classified
as an unknown Bacillariophycidae.

Contig

D Contig Length DNA Sequencing Depth Mapped RNA Reads Kaiju Classification
by Onzﬁog; 69461 2 3358 Bacillariophycidae
clo (;1;17{%7* 35518 8 808 Seminavis robusta
clo ln (;ll%l_ 4528 20 0 Chaetoceros tenuissimus
0102113tizg9_ 38719 47 1760 Fragilaria crotonensis
010 6n£13g3_ 10435 69 376 Fistulifera solaris
C;(;l]t;gl* 46511 3 2141 Skeletonema marinoi
:
020 ‘gi‘gg* 26993 12 9 Thalassiosira oceanica
C;r;téig_ 42294 22 1962 Skeletonema marinoi
cgggi— 6360 9 293 Cylindrotheca closterium

In total, 20,228 contigs were assembled after long read nanopore sequencing. All read

average quality was above Q15 after fastp (v0.23.4) quality control and filtering (Chen et al.,
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2018). Ten contigs were classified as diatoms in origin with kaiju (v1.10.1) protein-based
classification and the nr_euk database (Table 1.1). The contigs assembled were classified as the
following diatom species and one taxonomic family: Bacillariophycidae, Seminavis robusta,
Chaetoceros tenuissimus, Fragilaria crotonensis, Fistulifera solaris, Skeletonema marinoi,
Pseudo-nitzschia multistriata, Thalassiosira oceanica, Skeletonema marinoi, Cylindrotheca
closterium. The diatom contig lengths ranged from 6,360 to 69,461 bp with an average coverage
spanning 2X — 69X. RNA mapping to the assembled contigs ranged from zero to 3358. The

longest contig, contig 10207, had 3358 successfully mapped RNA reads.

Table 2: Blastn results of 18S rRNA sequences using the Protist Ribosomal Reference Database.
Ribosomal RNA sequences were extracted using barrnap on raw nanopore long read sequences.

: Database
Percent Alignment
Sequence AT E-value Reference
Similarity Length A
Organism
. Pseudo-nitzschia
Unknown Diatom 1 77 1387 0 .
australis
Unknown Diatom 2 82 543 2113 Amphora sp.

Two 18S rRNA sequences were extracted from the unassembled nanopore sequenced
reads and compared to the Protist Ribosomal Reference Database. These were compared
successfully as similar to diatoms in the PR? database (Table 2). One sequence was close in
relation to the reference organism Pseudo-nitzschia australis, with a percent similarity of 77 and
an alignment length of 1387 bp. The second 18S rRNA sequence was only 82% similar to an

Amphora sp. reference sequence with an alignment length of 543 bp.
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Diatom Order

B Naviculales

B sBacilariales

[l Thalassiophysales
[l cymbeliales

B Fragilariales

[ Thalassionematales
[l Rhabdonematales
[ surireliales

. Eunotiales

[ Licmophorales
[T Achnanthales

|

[l Unknown Diatom 18S rRNA

Figure 1: Construction of Bayesian model phylogeny tree using 120 unique non-plasmid diatom
18S rRNA genes from the Protist Ribosomal Reference Database and 1 unknown sequence
collected from 10.1 m in Lake Fryxell. Actual branch length depictions are not displayed in favor
of displaying the numeric value of the branch length. Diatom phylogenetic orders are listed in the
legend. The unknown diatom 18S rRNA sequence is labeled as “YOUR Unknown diatom 18S”
and depicted in red along with its branch. Outgroups are labeled in black and diatoms with an
unclassified order are labeled in grey.

To determine the evolutionary relationship and divergence of the collected unknown
diatom sequence a phylogenetic tree was constructed. The sequence with the largest length was
chosen, 1857 bp, compared to the shorter sequence, ~600 bp, to enhance accuracy with multiple

variable regions within the sequence for comparison. Both a Bayesian and Maximum Likelihood

model were used to determine if the placement of the sequence would be similar in both
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phylogenetic trees. In the Bayesian model, the unknown sequence was in a similar clade to the
diatoms in the order Bacillariales but with a branch length of 2.1 where all other branch lengths
ranged from 0 to 0.4 (Figure 1). In the Maximum Likelihood model (Figure 2), the unknown
sequences appeared early in the phylogenetic branching in the same clade as a diatom belonging
to the Licomophorales order. The branch length was approximately 2.8. All other branch lengths
in this model ranged from 0 to 0.5. Both models produced different results displaying

inconsistencies with the unknown 18s rRNA placement.

Diatom Order

B Naviculales

. Bacillariales

. Thalassiophysales
. Cymbellales

[l Fragilariales

[ Thalassionematales
[ Rhabdonematales
|:| Surirellales

D Eunotiales

. Licmophorales

D Achnanthales

[ ] Mastogloiales

[ Unknown Diatom 18S rRNA
. Qutgroup

D Unclassified

Figure 2: Construction of Maximum Likelihood model phylogeny tree using 120 unique non-
plasmid diatom 18S rRNA genes from the Protist Ribosomal Reference Databse and 1 unknown
sequence collected from 10.1 m in Lake Fryxell. Branch length depictions are not displayed but
the assigned numeric value of the branch length is. Diatom phylogenetic orders are listed in the
legend. The unknown diatom 18S rRNA sequence is labeled as “YOUR Unknown diatom 18S”
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and depicted in red along with its branch. Outgroups are labeled in black and diatoms with an
unclassified order are labeled in grey.

Figure 3: Construction of a Maximum Likelihood phylogenetic tree with all non-plasmid or
repeat diatom 18S rRNA sequences in the Protist Ribosomal Reference Database. Branch length
depictions or values are displayed to illustrate the unknowns branch length. Diatom phylogenetic
orders are listed in the legend. The unknown diatom 18S rRNA sequence is labeled as “YOUR
Unknown diatom 18S” and depicted in red along with its branch. Outgroups are labeled in black
and diatoms with unclassified orders are labeled in grey.

To address if sample size affected the placement of the unknown 18S rRNA sequence in
the Maximum Likelihood model, a phylogenetic tree using all non-plasmid and only unique
diatom 18S rRNA sequences, ~2500, from the Protist Ribosomal Reference Database was

constructed (Figure 3). Similarly to the small sample size Bayesian model, the unknown

sequence was grouped with diatoms belonging to the Bacillarialles order. The branch length for
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the unknown sequence in this tree and model was 1.4, with other branches ranging from 0 to 5.3.
This represented at 50% reduction in branch length compared to the small-scale version. The
longest branch belonged to Navicula cryptocephala, a freshwater diatom (Kiitzing F., 1844).
The unknown sequence did not group near any Navicula gregaria, a diatom species previously
cited in Lake Fryxell. There were no Humidophila contenta, formerly Diadesmis contenta a
species found within Lake Fryxell, sequence available for comparison. However, Humidophila
contenta is under the Naviculales order, as is Navicula gregaria, but the placement of the
unknown sequence did not suggest a shared classification.

Similar to the Maximum likelihood model, a larger sample size was used to determine its
effect on placement of the unknown diatom sequence (Figure 4). The Bayesian model using all
non-plasmid unique diatom 18S rRNA sequences placed the unknown sequence in the same
clade as a Licomophora sp. MH040316.1.1708 U, a diatom classified under the Licomophorales
order. The branch length was 0.9 with the range of branch lengths in the entire tree ranging from
0 to 1.6. The reduction in branch size compared to the samller scale Bayesian model was greater
than 50%. The unknown sequence did not group with a collection of organisms within the same

order.
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Figure 4: Construction of a Bayesian model phylogenetic tree with all non-plasmid or repeat
diatom 18S rRNA sequences from the Protist Ribosomal Reference Database, 2500 sequences.
Included was an unknown sequence recovered from 10.1 m found in the red circle, and three
outgroup sequences from the same database. Branch length is depicted to distinguish the
unknown 18S rRNA diatom sequence in red. The legend displays diatom orders, outgroup
classification as black, and unknown order classifications in grey.
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Metatranscriptomic Analysis of Diatom Related RNA Transcripts

Table 2: BLASTX, average coverage, and average depth results of diatom specific metabolic
transcripts assembled with Trinity and identified with kaiju (v1.10.1) protein classification.

Category Protein Identification ll;/le i)atllll Coverage MR:;;:: d
cytochrome c oxidase subunit 3 [Scherffelia dubia] 77 100 425
cytochrome c oxidase subunit 1 [Naviculales sp.] 7 100 21
cytochrome c oxidase subunit 1 [Vischeria 29 100 182
punctata]
cytochrome ¢ oxidase subunit 1 [Naviculales sp.] 364 100 42066
succinate dehydrogenase flavoprotein 6 100 13
[Phaeodactylum tricornutum CCAP 1055/1]

ATP synthase subunit beta, mitochondrial 5 100 14
[Mayamaea pseudoterrestris]
NADH dehydrogenase subunit 7 [Vischeria 6 100 13
punctata]
NADH dehydrogenase subunit 7 [Naviculales sp.] 5 100 14
NADH dehydrogenase subunit 2 [Naviculales sp.] 962 100 42821
NADH dehydrogenase subunit 4L [Monosiga 6 100 13
brevicollis]
NADH dehydrogenase subunit 4 [Naegleria 97 100 571
gruberi]
NADH dehydrogenase subunit 4L [Schizostauron 9 100 4
trachyderma]

Aerobic cytochrome oxidase subunit II [Phacodactylum 17 100 105

Respiration tricornutum] i : :

cytochrome c oxidase subunit I [Nannochloropsis 10 97 119
gaditana]
NADH dehydrogenase subunit 11 [Berkeleya 431 100 10023
fennica]
succinate dehydrogenase flavoprotein subunit 12 100 34
[Mayamaea pseudoterrestris]
NADH dehydrogenase [Fistulifera solaris] 4 100 12
ATP synthase CF1 alpha subunit [Halamphora 6 100 20
calidilacuna]
NADH dehydrogenase subunit 4 [Naegleria 13 95 77
gruberi]
ATP synthase CF0 subunit IV [Cocconeiopsis 10 94 53
kantsiensis]
NADH dehydrogenase [Fistulifera solaris] 6 100 17
NADH dehydrogenase subunit 4L [Naviculales sp.] 49 100 385
cytochrome oxidase subunit I, partial [Plantago 13 100 57
spathulata subsp. spathulata]
cytochrome c oxidase subunit 3 [Gomphonema 19 100 162
parvulum]
ATP synthase FO subunit 6 [Naviculales sp.] 7 100 27
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NADH dehydrogenase subunit 4 [Halamphora

L 2 90 4
calidilacuna]
fucoxanthin chlorophyll a/c protein, lher type 9 100 30
[Phaeodactylum tricornutum CCAP 1055/1]
subunit II of photosystem I (ferredoxin-binding 17 100 67
protein) [Entomoneis sp.]
photosystem II protein Z [Halamphora americana] 4 100 10
protein fucoxanthin chlorophyll a/c protein 7 100 18
[Phaeodactylum tricornutum CCAP 1055/1]
photosystem II 10 kDa phosphoprotein [Fistulifera 64 88 234
solaris]
rub]isco operon transcription regulator [Craticula 7 100 396
sp.
light-harvesting complex II chlorophyll a/b binding 4 100 14
protein 4 [Fistulifera solaris]
ribulose-1 ,5.—b1sph0sphate carboxylase/oxygenase 1805 100 26673
large subunit [Gomphonema affine]
photosystem I P700 chlorophyll a apoprotein A2 32 100 375
[Phaeodactylum tricornutum]
photosystem I subunit XI [Phaeodactylum 10 08 o
tricornutumy]
CP43 chlorophyll apoprotein of photosystem II 270 100 3548
[Nitzschia anatoliensis]
Fucoxanthin-chlorophyll a-c binding protein E, 6 100 14
chloroplastic [Phacodactylum tricornutum]
protein fucoxanthin chlorophyll a/c protein 5 100 14
[Phaeodactylum tricornutum CCAP 1055/1]

Photosynthesis | ferredoxin-nitrite reductase [Fistulifera solaris] 4 100 10
Fucoxanthin-chlorophyll a-c binding protein E, 109 100 577
chloroplastic [Phaeodactylum tricornutum]|
cytochrome b6 [Phaeodactylum tricornutum] 10 96 89
subunit IV of cytochrome b6/f complex [Navicula 6 100 71
tsukamotoi]
apocytochrome f [Navicula arenaria] 4 100 10
D1 re.actlon center protein of photosystem II 6007 100 84299
[Naviculales sp.]

ATP synthase CF1 alpha subunit [Halamphora 6 100 20

calidilacuna]

pyruvate-ferredoxin/flavodoxin oxidoreductase 3 9% 10

[Fistulifera solaris]

photosystem II CP43 protein, partial [Nitzschia 33 100 213
fonticola]

magnesium chelatase subunit of 3 100 20

protochlorophyllide reductase [Amicula sp.]

ribulose-1,5-bisphosphate carboxylase/oxygenase

large subunit [Phaeodactylum tricornutum] 296 100 4181
protein fucoxanthin chlorophyll a/c protein 6 100 16

[Phaeodactylum tricornutum CCAP 1055/1]

photosystem I P700 apoprotein Al [Navicula 38 100 850
incertata]

ribulose-1,5-bisphosphate carboxylase/oxygenase

large subunit, partial [Navicula salinarum f. 18 100 111

minima]
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D1 reaction center protein of photosystem II

[Pocillopora damicornis]

. 5482 100 119405
[Naviculales sp.]
ATP §ynthase CFO0 subunit IV [Cocconeiopsis 10 94 53
kantsiensis]
photosystem I P7OQ chlorophyll a apoprotein A1l 170 100 5344
[Phaeodactylum tricornutum]
magnesium chelatase subunit of
protochlorophyllide reductase [Schizostauron 61 100 394
trachyderma]
ferredoxin [Halamphora sp.] 7 100 31
apocytochrome f of cytochrome b6/f complex
4 6 100 23
[Naviculales sp.]
pyruvate-flavodoxin oxidoreductase (Fragment)
o 6 100 20
[Seminavis robusta]
pyruvate-flavodoxin oxidoreductase (Fragment)
. o 12 100 88
Anaerobic [Seminavis robusta]
Respiration pyruvate-ferredoxin/flavodoxin oxidoreductase
L ; 3 96 10
[Fistulifera solaris]
NAD(P) transhydrogenase, mitochondrial-like 31 100 303

Thirty-seven distinct RNA transcripts that were related to a major metabolic process were

classified as diatom in origin by kaiju (v1.10.1). Fifteen RNA contigs were identified that were

relevant to photosynthesis related processes (Table 2). Major components of the photosystems

including the D1 protein, chlorophyll reaction centers, and cytochrome b6f components are

expressed. Rubisco subunit and regulation operons were also obtained from the assembled RNA

transcripts. Twenty-eight enzymes from unique transcripts were classified as belonging to

aerobic respiration, anaerobic respiration, fermentation, and sulfide oxidation (Table 5). NADH

dehydrogenases and oxidoreductases are most of the products of the collected RNA expression.

Succinate dehydrogenases, ATP synthase, and cytochrome oxidases were also products

expressed by the diatoms. Anaerobic transcripts belong to pyruvate-flavodoxin or ferredoxin

oxidoreductases. There was one transcript belonging to ferredoxin-nitrite reductase. Sulfide

oxidation transcripts only contained sulfite oxidase.

73




Discussion

Genomic Ildentification and Phylogeny of Lake Fryxell’s Diatoms

Two genomic methods were used to identify the diatoms at 10.1 m depth in Lake Fryxell,
protein-based classification of contigs and classification of 18S rRNA found within the raw
nanopore sequence dataset. This verifies that the diatom population is present, and with
expression of photosynthetic and aerobic respiration related transcripts, they are active at 10.1 m.
The Bacillariophyceae 18S rRNA results suggest that the mats may contain previously
undiscovered species in Lake Fryxell. Specifically, based on the generally poor representation of
diatom genomes in databases, it is most likely that the resulting contig classifications do not
represent the true identity of these organisms nor species that reside in Lake Fryxell. Rather, the
identified species are the closest matches from incomplete databases. Even though we discuss
their prior identification in Antarctic environments, we do not propose that these organisms are
native to Lake Fryxell. Rather, we emphasize the need for further genomic characterization and
classification of Antarctic diatoms.

Concerning the protein-based classification, the only diatom without a species-specific
classification was contig 10207, classified only as a Bacillariophyceae. It is likely that this is a
novel organism. The two diatom sequences represented in the 18S rRNA data but could not be
mapped to the unidentified contig. Other diatom species related to those from Lake Fryxell are
known to reside in Antarctica even if none have been previously reported from the lake itself.
The diatom Pseudo-nitzschia australis has not been identified in Lake Fryxell but can be found
in Australia, New Zealand, and in the Southern Ocean (Flanders Marine Institute, 2025). The
18S rRNA sequence in the lake may not be the same genus. Although the second unknown

sequence was similar to the database refence but is most likely a different genus, the Amphora
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genus has been morphologically identified in the streams of the McMurdo Dry Valleys (Stanish
et al., 2024) It is unknown in general how diatoms are deposited at 10.1 m and deeper into the
lake so the likelihood of an Amphora diatom residing in Lake Fryxell is not unlikely.

To help refine the classification and evolutionary relatedness to known diatoms,
phylogenetic trees were made using the Maximum likelihood model and Bayesian model. The
trees used120 diatom reference sequences and 3 outgroup sequences. Surprisingly, the unknown
sequence did not group with any Navicula gregaria in either tree confirming, along with
previous blast results, that this 18S rRNA extracted is most likely not from this organism or even
closely related. It is unclear if this organism is the other cited diatom species Humidophila
contenta as there were no sequences belonging to said organism within the used database. Both
trees did produce large branch lengths, >2, for the unknown sequence, which was initially
thought to be long branch attraction. To remedy this, all non-plasmid unique diatom 18S rRNA
sequences were used, ~2504 sequences (Figure 3; Figure 4). As a result, there were shorter
branches, 1.4 for the Maximum likelithood model and 0.9 for the Bayesian model, confirming
that sample size is a determining factor. This signaled that this unknown sequence is potentially
highly divergent from known diatoms rather than an artifact from long branch attraction. This
could be confirmed if more 18S rRNA sequences were collected from diatoms in Lake Fryxell.
Ideally, if the diatoms in the lake are highly divergent but still of the same community, they
would group together within the phylogenetic tree. This would help determine if they are in a
novel family or order of diatoms. Previous studies have shown that evolutionary divergence of
diatoms can be driven by local environmental conditions rather than by isolation, distance
between ponds, but it is unknown if this is true for Antarctic lakes (Taurozzi et al., 2026). So it

could be that the diatoms at 10.1 m may be genetically similar at this depth but may vary
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between the oxic and anoxic zones of Lake Fryxell. It would also be important to determine if
diatoms are genetically diverse between lakes in the McMurdo Dry Valleys and the McMurdo
Dry Valleys diatom diversity with other non-polar environments. Although diatom abundance
may increase with latitude, species richness has been cited to decrease with latitude, but this does
not consider diatoms found within the Antarctic continent stuck under a perennial ice cap
(Olguin Salinas et al., 2015).

Ultimately searching for diatoms to establish pure cultures would be an ideal way of
confirming the genetic identify with matching morphology. This combined approach would
provide a better understanding of the distribution of diatoms in Lake Fryxell, the genomic
adaptations present, and the morphological similarities to known organisms. Comprehensively
understanding how these organisms have adjusted to the region and what roles they may play
within the mats would provide ecological significance in how they may shape the mat

environment.

Comparisons to Prior Studies

The genomic identification of two potential diatom species agrees on previous
identification of only 2 morphotypes at 10 m water depth in Lake Fryxell (Jungblut et al., 2016).
The previous species identified at this depth, Diadesmis contenta and Navicula gregaria, were
not represented in our 18S rRNA sequence or contig assemblies. However, the methods used to
identify said species before was based on morphological identification (Jungblut et al., 2016).
Regionally in Antarctica, diatom populations have been morphologically identified in the pools,

streams, moat, and soil associated with Lake Fryxell (Esposito et al., 2008; Stanish et al., 2024).
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However, few of these environments have been identified using 18S rRNA, and metagenomics
for addition into databases (Dillon et al., 2020; Jungblut et al., 2016; Wang et al., 2022).

Our results highlight a gap between morphological and genomic characterization, which
can lead to misidentification if these two methods are not paired from pure cultures. The data
reflects this as prior research has identified Diadesmis contenta and Navicula gregaria as
prominent species deep into the lake, neither of these organisms were taxonomically classified in
our sample even though these 18S rRNA sequence may belong to these species. The current
genomic catalogues of diatoms are still not robust enough to categorize the species, even though
efforts are currently being made to add and refine them. It is also unknown if the DNA contigs
belong to the same or multiple organisms. Diatom genomes can range from ~30 Mbp to 558
Mbp, and the collected data is not enough to assemble complete genomes (Suzuki et al., 2022;
Jian et al., 2024). Despite this, the only way to increase our understanding of these organisms in
Lake Fryxell and diatoms in general is to isolate and classify these novel organisms with 18S
rRNA and morphologically, while utilizing metagenomes to understand metabolic capacity.

Taxonomic classification of nanopore long read assemblies did identify ten different
species, but none of the classifications match previously observed morphological classifications
from Lake Fryxell. The 18S rRNA sequencing data provides a better picture of what organisms
are present. Although one sequence was identified as 77% similar to Pseudo-nitzschia_australis,
it is not expected that this is the species present as percent. It is most likely that the Fryxell
organism is a species that has yet to be added to the Protist Ribosomal Reference Database.
There we no certainties collected from this data other than actively highlighting the need for

cooperation between morphological and genomic classification, especially when the diatoms are
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known to be present in the community and their ecological importance and potential adaptations

to this extreme environment are unknown.

Active Diatom Metabolisms at 10.1 m in Lake Fryxell

Results show that diatoms are metabolically active in this cold, low light, sulfidic
environment. Despite PAR being only ~ 3 pM photo m s™! and oxygen at a maximum of 4
mg/L, annotated transcripts indicated diatoms were producing major components of the
photosynthetic pathway, aerobic respiration, anaerobic respiration, sulfite reduction, and sulfide
oxidation. This may provide oxygen in a microenvironment for neighboring aerobic respirators
or be utilized by the diatoms themselves. The transcription of rubisco subunits and the rubisco
operon transcription regulator indicate active carbon fixation. Previous studies have stated that
diatom populations increase deeper into the lake while Cyanobacteria populations decrease
(Jungblut et al., 2016). It is most likely that diatoms become top contributors to oxygen
production and primary productivity for biomass production at 10.1 m and below as
cyanobacterial populations dwindle due to low-light and sulfide inhibition. Interestingly this
oxygenic activity may have contributed to the unexpected microbial metabolic diversity recorded
in the general taxonomic analysis in Chapter 1 and Chapter 3.

Since diatoms are capable of both photosynthesis as well as aerobic respiration, it was no
surprise to find aerobic respiration related transcripts. The NADH dehydrogenases, ATP
synthase, and succinate dehydrogenase indicate some aspects of the respiratory activity are
occurring. Pyruvate-flavodoxin oxidoreductase is also present which would help in the

production of acetyl-co enzyme A. Although the TCA cycle is incomplete based on our
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recovered transcripts, combined with DO data, and presence of oxygenic photosynthesis
transcripts, there may be enough evidence to suggest that the diatoms were performing aerobic
respiration, potentially using the oxygen produced and or available in the mat.

Overall diatoms are prevalent at 10.1 m and novel and new species are likely present
(Jungblut et al., 2016; Dillon et al., 2020). Even though the cyanobacterial population decreases,
diatoms are still capable of conducting oxygenic photosynthesis and contributing to primary
productivity. Diatom utilization of sulfite reductase produces sulfide which can be utilized to
stimulate nitrate reduction (Merz et al., 2022). This creates a unique niche for the diatoms in the
lake as contributors to the production of oxygen at 10.1 m by photosynthesis. They also benefit
from their production of oxygen by utilizing the oxygen produced for aerobic respiration and the
resulting carbon dioxide produced for carbon fixation (Sethi et al., 2020; Hopkinson et al., 2011).
The oxygen they produce can also be used by other microbial communities for aerobic
metabolisms like but not limited to, aerobic respiration, nitrification, or sulfide oxidation. Diatom
produced oxygen also contributes to the abiotic conversion of sulfide into sulfate, providing the

necessary component for sulfate reducers.

Conclusion
Lake Fryxell’s sulfidic, low-light, and microenvironments varying in DO provide an
opportunity to discover how diatoms that have adapted to anoxic low-light sulfidic conditions.
Our results have discovered organisms that have not been previously described in Lake Fryxell.
The two unknown18S rRNA results and protein classification of long read sequences showcase
the importance of building diatom genomic databases and that Lake Fryxell harbors previously
undiscovered diatoms. It was also suggested that the two sequences could belong to Diadesmis

contenta or Navicula gregaria based on previous observations. Although the assemble contigs,
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classified by kaiju (v1.10.1), provided taxonomic results, the returned diatoms are most likely
not to be present in Lake Fryxell. Still, the contigs did provide a reference for data collected in
the future. Further investigation revealed that diatoms in Lake Fryxell at 10.1 m are actively
transcribing photosynthesis related components and fixing carbon with rubisco, establishing the
diatom community as active primary producers. Other transcripts indicated that the diatoms are
involved in aerobic and anaerobic respiration processes, displaying the potential adaptability
between oxic/anoxic microenvironments within the microbial mat. Overall, this work serves as
an initial study into determining the taxonomic diversity and metabolic contributions of diatoms

at 10.1 m depth in Lake Fryxell.
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Chapter 3

Constructing a Metabolic Framework from HCLC MAGs as a Model for Lake Fryxell
during Summer Months

Introduction

Microbial metabolic strategies are defined by the redox pairs in their environment; the
overall redox state is important for determining how much energy they can extract from reactions
(Varnam et al., 2018). Oxygen substantially increases the redox state of an environment
(Gillespie L., 1920). As oxygen decreases, the redox state becomes increasingly negative,
establishing a reductive environment favoring iron and sulfate reducers as well as methane and
hydrogen producers (Zhu et al., 2014). The perennially ice-covered lakes in Antarctica have
chemically stratified environments due to their ice covers and contain distinct oxix-anoxic zones,
that can determine what electron acceptors may be available (Vincent et al., 1981; Angino et al.,
1962; Lawrence et al., 1985; Karr et al., 2006; Aiken et al., 1996). In general, shallower depths
are oxic due to more available PAR. As a result, oxygenic photosynthesizers produce oxygen
which can abiotically remove strong reductants and increase the redox potential of the
environment. Lake Fryxell at 10.1m does contain a small amount of oxygen compared to
shallower depths (Chapter 1) and oxygenic photosynthesizers are active. The oxygen within the
mat during the summer can be utilized by local microbes for aerobic respiration and is supported
by the aerobic respiration and nitrification transcripts present (Chapter 1). Although this is
occurring, it is unclear if the decrease in Cyanobacteria abundance and oxygen production affect
other microbial metabolisms. 10.1 m has not been investigated to determine what metabolism are
active and what microbial communities are expressing them. Understanding how the metabolic
diversity at 10.1 m can provide insight into how microbial communities in Antarctic extreme

environments respond to low redox potential environments that may still contain oxygen. Ideally
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this research produces a framework for the summer metabolisms at this depth and constructs a
reference point for how metabolisms may change at different depths and during the winter in
Lake Fryxell. Previous results in chapter one show that oxygenic photosynthesis transcripts were
present at 10.1 m when sampled, as well as anaerobic transcripts. However, the mat at 10.1 m
may not be completely oxygenated. Thus, microbial activity suggests simultaneous aerobic
environments with oxygen available for aerobic processes, and anoxic environments that favor
anaerobic metabolisms. With support from the transcriptional data, the metabolisms that are
active in an environment could suggest that despite the presence of strong reductants, an
oxygenated reductive environment exists at 10.1 m in Lake Fryxell. This type of environment
provides, due to microbial processes, a wide variety of aerobic and anaerobic electron acceptors.
During the summer, oxygen is present which not only can be used as a electron acceptor but is
also used to generate anaerobic electron acceptors. For example, nitrate, nitrite, and sulfate are
present in the water column (Figure 1; Figure 2) and can be used as electron acceptors,
seemingly in both the presence and absence of oxygen (Chapter 1). During the winter, oxygenic
photosynthesis stops, eliminating oxygen production. Since the water overlying the mats at 10.1
m depth lacks oxygen (Chapter 1 Figure 1), it is reasonable that the mats would become
completely anoxic over winter, severely dropping the redox state and limiting the communities to
anaerobic metabolisms (Figure 3). In addition, the lack of oxygen except what is produced
locally in microenvironments suggests that the whole redox state of the mat in general at 10.1 m
is low in both summer and winter. This makes it more likely that anaerobic metabolisms are
more widely used by bacterial communities than aerobic processes.

In this chapter, using 1) the microbial phyla recovered in the high completion low

contamination bins, which represent a sample of the organism diversity present and 2)
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metatranscriptomic data that displays a wide range of metabolic strategies, I aim to determine if
anaerobic metabolisms are highly prevalent in the microbial community of the high completion
low contamination (HCLC) MAGs by phylum. The high completion, low contamination bins
provide an excellent reference to determine what critical enzymes for energy producing
metabolisms were actively transcribed during summer sampling. In addition, they provide
insights into whether the species represented by the HCLC MAGs rely on one metabolism or
utilize multiple different strategies at once. At 10.1 m depth in Lake Fryxell, it is most likely the
bacterial species that make up these phyla may display a wide distribution in the strategies rather

than specialization in one or two methods of energy production.

Cycles of Interest: Nitrogen and Sulfur Chemistry of Lake Fryxell

During the summer, the active oxygenic photosynthesizers within the microbial mat
provide oxygen for other metabolic processes (Chapters 1 and 2). Oxygen is needed for aerobic
respiration and the oxygen supplied by photosynthesis assists aerobic bacteria and
microeukaryotes. The oxygen produced also contributes to the sulfur cycle. Sulfide can be
abiotically and biotically oxidized to sulfate by oxygen, which also benefits sulfate reducing
bacteria utilize for energy production. Some heterotrophic bacteria able to perform sulfate
reduction can also perform sulfide oxidation under aerobic conditions (Xia et al., 2017), which
raises the possibility that bacteria at 10.1 m in Lake Fryxell might perform both processes. If so,
it could be reflected in the collected transcripts attributed to the high completion genomes to
determine what metabolisms are occurring at the taxon level. The nitrogen cycle also benefits
from oxygen production. Nitrification, the conversion of ammonium to nitrate, requires oxygen

and would provide nitrate for denitrification. With the production of DO, aerobic respiration
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becomes feasible for other bacterial communities as well as microeukaryotes while their

byproducts provide carbon dioxide for autotrophic carbon fixation.
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Figure 1: Averages of ammonium, nitrate, and nitrite concentrations, 2016 - 2026, collected
from the Water Column near the Center of the Lake Fryxell from McMurdo LTER (Priscu et al.,

2020) Error bars represent one standard deviation of collected samples per depth ranging from
sample sizes of 2-49.

Photosynthetically active radiation (PAR), oxygen, nitrogen-containing molecules,
phosphorus, sulfur-containing molecules, and organic carbon determine what processes are
available to these microbial communities. PAR at 8 m vary from 0.083 - 6.14 photons/m?/s
during the summer and is 0 photons/m?/s during the winter (McMurdo LTER 2025) oxygen at
10.1 m ranged from 0 mg/L to ~ 4.8 mg/L (Chapter 1). Nitrate, nitrite, and ammonium

concentrations vary as a function of water depth (Figure 1). Nitrate concentrations in the water
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are an average of 0.74, at ~10 m, increasing with depth (Figure 1; McMurdo LTER 2019). Nitrite
at 10 m averages 0.15 uM and similarly nitrate increases into the lake (Figure 1; McMurdo
LTER 2019). Lastly, ammonium averages a concentration of 2.42 uM at 10 m (Figure 1;

McMurdo LTER 2019).

The availability of sulfur is important to microbial sulfide oxidation and sulfate reduction
metabolisms. Sulfate is abundant at 10.1 m in the water column, with a mean concentration of
1.36 mM (Figure 2; McMurder LTER 2019). Sulfide is generally absent in the water column
above 9 m but gradually increases to 16.8 uM at 10.1 m and to over 1.2 mM at 18 m (Karr et al.,
2006; Lumian et al., 2021). Based on the environmental data collected from the past ten years,
Figure 2, and the oxygen, PAR, and transcriptomic data in Chapter 1, it is suspected that sulfate
reduction and sulfide oxidation is mainly used by the organisms in samples from 10.1 m depths

(Chapter 1).
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Figure 2: Sulfate Concentrations from 2016 - 2026, Collected from the Water Column
near the Center of the Lake Fryxell from McMurdo LTER (Priscu 2020.) Error bars represent
one standard deviation of collected samples per depth ranging from sample sizes of 3-8 based on
available public data.

Metabolic Diversity of Lake Fryxell’s Microbial Mats

The 16s rRNA analysis performed in chapter one indicated the presence of 700 - 900
unique species at 10.1 m from 18 phyla (Chapter 1). It is still unclear what metabolic pathways
the organisms were performing. If trends remain consistent with previous research, the metabolic
diversity would be structured by the availability of PAR and concentration oxygen (Dillon et al.,
2020b). At 9.8 m, Cyanobacteria were over 50% of the surface mat microbial composition, and
they were interpreted as producing oxygen near the surface of the mat (Dillon et al., 2020a). The
production of oxygen would locally produce a positive redox environment expanding the
available terminal electron acceptors. This prediction is consistent with the metabolic diversity at
9.8 m, which indicated a wider range of metabolic strategies in the top layers of the mat and

decreasing diversity with depth into it. This suggests that the presence of oxygen, in this case,
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due to oxygenic photosynthesis, increased the metabolic diversity (Dillon et al., 2020b). At 10.1
m, Cyanobacteria made up less than three percent of the 16S rRNA classified (Chapter 1). With
light and oxygen lower in the mats at 10.1 m than shallower depths, metabolic strategies might
be less diverse, since potential oxygen limitation reduces aerobic capacity, and preferential for
anaerobic metabolisms like fermentation, sulfate reduction, anaerobic sulfide oxidation,
anaerobic ammonium oxidation (anammox), dissimilatory nitrate reduction to ammonium
(DNRA), and denitrification. Aerobic respiration transcripts were recovered from the samples
analyzed here, as were those for the anaerobic metabolisms (Chapter 1). This chapter presents
analyses of transcript data that characterize which phyla were active and what metabolisms they
rely on for energy production. Results are used to build a metabolic model of the community in

summer and predict metabolic changes over winter and with increasing depth in the lake.

Methods

Oxidation Reduction Potential Measurements

To characterize the redox state of water near the mat surface, oxidation-reduction
potential (ORP) was measured using an Atlas lab-grade OPR probe and EZO circuit (Long
Island City, NY) controlled by a Mayfly Data Logger from the Stroud Water Research Center
(Avondale, PA) using custom Arduino-based software. The probe was deployed by a diver at
~10.2 m depth with the tip ~1 cm above the mat surface. It logged ORP every 4 hours starting
from January 20th, 2025 0:00 until the system stopped on October 26th, 2025, at 16:00. The
ORP data were collected two years after collection of the mat samples analyzed here and at a
slightly different depth. Thus, results are not quantitatively applicable to the transcriptomic

results.
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Sample Collection and Sequencing

Sample collection was as described in Chapter 1.

RNA Extraction

The RNA extractions at SeqCenter used the ZymoBIOMICSTM Quick-RNA Miniprep
Kit (Zymo Research, Irvine, CA). The preparation of microbial mat samples followed Zymo
Research recommendations stated in the protocol. Samples were eluted into a final volume of 40
pl. Final RNA concentrations were determined via Qubit3 from (Thermo Fisher Scientific

Waltham, MA).

RNA Sequencing

The extracted samples were DNAse treated with Invitrogen RNAse free DNAse (Thermo
Fisher Scientific, Waltham, MA, USA). Library preparation was performed using [llumina's
Stranded Total RNA Prep Ligation (Illumina, San Diego, CA, USA) with Ribo-Sero Plus kit
(Illumina, San Diego, CA, USA) and 10bp unique dual indices (UDI). Sequencing was done on a
NovaSeq XPlus (Illumina, San Diego, CA), producing paired end 150bp reads. Demultiplexing,
quality control, and adapter trimming was performed with Illumina’s bcl-convert (v4.2.4;

[llumina, San Diego, CA, USA).
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DNA Extraction

The DNA extraction at followed the ZymoBIOMICS™ DNA Miniprep Kit2 (Zymo
Research, Irvin, CA, USA). The sample was suspended in lysis solution and transferred into the
ZR BashingBead™ Lysis Tubes (Zymo Research, Irvin, CA, USA) and mechanically lysed
using the MP FastPrep-24™ (MP Biomedicals, Irvine, CA, USA) lysis system with 1 minute of
lysis at maximum speed and 5 minutes of rest for 5 cycles. The samples were then centrifuged at
10,000 rcf for 1 minute. The volume of 400 pL of supernatant was transferred from the ZR
BashingBead™ (Zymo Research, Irvin, CA, USA) Lysis Tube to a Zymo-Spin™ III-F Filter
(Zymo Research, Irvin, CA, USA) and centrifuged at 8,000rct for 1 minute. 1,200 pl of
ZymoBIOMICS™ DNA Binding Buffer (Zymo Research, Irvin, CA, USA) was added to the
effluent and mixed via pipetting. Next, 800l of the solution was transferred to a Zymo-Spin™
IICR Column (Zymo Research, Irvin, CA, USA) and centrifuged at 10,000 rcf for 1 minute. This
step was repeated until all material was loaded onto the Zymo-Spin™ IICR Column. DNA
bound to the Zymo-Spin™ IICR Column was washed 3 times with 400l and 700ul of
ZymoBIOMICS™ DNA Wash Buffer (Zymo Research, Irvin, CA, USA)1 and then 200 pl of
ZymoBIOMICS™ DNA Wash Buffer 2 (Zymo Research, Irvin, CA, USA) with a 1-minute spin
down at 10,000 rcf for each, respectively. Washed DNA was eluted using 75ul of
ZymoBIOMICS™ DNase/RNase Free Water (Zymo Research, Irvin, CA, USA) following a 5-
minute incubation at room temperature and a 1-minute spin down at 10,000 rcf. The Zymo-
Spin™ [II-HRC Filter (Zymo Research, Irvin, CA, USA) was prepared using 600 pl of the
ZymoBIOMICS™ HRC Prep Solution (Zymo Research, Irvin, CA, USA) and a centrifugation at

8,000 rcf for 3 minutes. Eluted DNA was then purified by running the effluent through the
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prepared Zymo-Spin™ III-HRC Filter. Final DNA concentration was determined via Qubit

(Thermo Fisher Scientific, Waltham, MA, USA).

Bioinformatic Analysis

Annotation of HCLC MAG Metabolic Strategies

DNA sequenced and quality controlled were used for assembly with flye using --meta
settings (v2.9.4-b1799) and checked for assembly quality with Quast (v5.2.0) using standard
settings (Kolmogorov et al. 2020, Mikheenko et al. 2023). The resulting assembly was then
binned and filtered for completion with of 90% or higher and contamination lower than five
percent and taxonomically classified according to methods described in Chapter 1. Taxonomic
classifications were matched with their respective bins and grouped by phylum. The bin specific
.fa files were then used as references for mapping assembled RNA transcripts with minimap2
(v2.28-r1209) to each MAG (Grabherr et al., 2011; Li et al., 2018). Successfully mapped reads
were extracted, and protein coding sequences were identified and translated into amino acid
sequences with prodigal (v2.6.3; Hyatt et al., 2010). Amino acid sequences were annotated with
KOfamScan (v1.3.0) and identifications were filtered for matches with an E-value less than e'°
(Aramaki et al., 2019). The annotated .tsv files were searched for transcripts involved in aerobic
respiration, fermentation, nitrification, denitrification, dissimilatory reduction of nitrate to
ammonium (DRNA), nitrogen fixation, anammox, dissimilatory sulfate reduction, sulfur
oxidation, lipid beta oxidation, the Wood-Ljungdahl Pathway, and the Calvin Cycle using

KEGGDecoder (v1.2.2; Graham et al., 2018; Table 1). Collected transcripts were normalized by
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length and depth and quantified by transcript per million with salmon (v1.10.3) using standard

settings (Patro et al., 2017).

Generation of Metabolic Pathway Presence/Absence Heat Map

A heatmap was generated to highlight the presence or absence of genes and transcripts
necessary for the metabolisms of interest. The criterium for this presence/absence heat map is
based on enzymes that were critical for metabolic pathways to occur whether that be a single
enzyme or multiple (Table 1), following an approach utilized by Du et al. (2023). Certain
enzymes deemed critical to all listed pathways were only considered present if all subunits or
chains were present in transcript annotations. Justification for the importance of the enzyme is
provided (Table 1). The score distribution was divided evenly among transcripts classified as a
critical enzymatic product and if needed, subdivided depending on importance of individual
chains or subunits. A complete pathway results in a score of one, as mentioned in Table one,

while incomplete pathways will be less than one but greater than zero.

Aerobic respiration was determined to be present with the expression of cytochrome c
oxidase cbb3-type subunit I/II or cytochrome bd ubiquinol oxidase subunit I. Both are terminal
electron acceptors specific to aerobic respiration in low oxygen environments (Hamada et al.,
2014; Grund et al., 2021). Fermentation was considered present if pyruvate formate lyase
activating enzyme, D-lactate dehydrogenase, phosphate acetyltransferase, acetate kinase, and
alcohol dehydrogenase were present. Nitrification required ammonia monooxygenase with
hydroxylamine reductase and both nitrite oxidoreductase alpha and beta units. Denitrification
was considered complete if nitrate reductase (cytochromic), nitric oxide reductase FIRA-NAD(+)

reductase, or periplasmic nitrate reductase, nitrite reductase (NO-forming), and nitric oxide
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reductase B and C subunits or anaerobic nitric oxide reductase flavorubredoxin. DRNA was
defined by the detection of the cytochrome c nitrite reductase small subunit. Nitrogen fixation
was considered complete when nitrogenase iron protein, nifH, and the alpha and beta chains of
nitrogenase molybdenum-iron protein were present. Anammox was considered complete if the
hydrazine synthase was expressed along with hydrazine dehydrogenase. Dissimilatory sulfate
reduction required sulfate adenylyltransferase subunit I, adenylylsulfate reductase subunit A and
B, dissimilatory sulfite reductase alpha and beta subunit, and dissimilatory sulfite reductase
flavoprotein beta subunit. Sulfide oxidation was complete if sulfide:quinone oxidoreductase or
sulfide dehydrogenase [flavocytochrome c] flavoprotein chain were transcribed. The WLP
required the presence of both anaerobic carbon-monoxide dehydrogenase and actyl-CoA
synthase to be considered fully complete. The epsilon subunit for the WLP was present in the
intial KOfamScan results but did not meet the E-value requirements post filtering. The alpha
subunit was used as the judgement criteria as it is crucial for enzyme function. The Calvin Cycle
was determined to be defined as both the ribulose-bisphosphate carboxylase large chain and
phosphoribulokinase present. Lipid oxidation was considered present with the identification of
enoyl-CoA hydratase, 3-hydroxyacyl-CoA dehydrogenase, acetyl-CoA acyltransferase, and 3-
hydroxybutyryl-CoA dehydrogenase. With respect to these criteria, a heat map was generated
using python (v3.10.8) and matplotlibpylot based on the scoring of critical components present

for each process.

Transcript Quantification of Expression

The successfully mapped metabolic transcripts for all taxa within a phylum were

normalized for read count and length and quantified for expression in transcripts per million
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(TPM) with salmon (v1.10.3; Patro et al., 2017). Quantified expression data of metabolic

pathways as a percentage of TPM expressed per phyla was plotted using matplotlibpylot.

Table 1: Grading Criteria for Assessment of Metabolic Pathway Completion. Grading was based
on enzymes critical to the metabolic process to determine presence or absence of the pathway.

Incomplete scores were still recorded and presented in analysis.
Total score of 1 = pathway present, < 1 = pathway not complete

protein beta chain

Metabolic Pathway Enzyme Conisiobrstion Justification
. [Terminal oxidase, supports respiration under low oxygen,
. cytochrome ¢ oxujase cbb3-type lassociated with microaerobic conditions (Hamada et al.,
Aerobic subunit I/1l 1 2014)
Respiration cytochrome bd ubiquinol oxidase ITerminal oxidase, widely used in bacteria under low oxygen
subunit | conditions (Borisov et al., 2011)
pyruvate formate lyase activating 0.2 ICentral to anaerobic metabolism, converting pyruvate into
enzyme ’ facetyl-CoA and formate (Crain et al., 2013)
Performs redox-balancing step, reoxidizing NADH and
D-lactate dehydrogenase 02 producing lactate (Kasai et al., 2019)
Fermentation phosphate acetyltransferase 0.2 gggsg]eneratlng step working with acetate kinase (Wolfe.,
. IATP generating step working with phosphate
acetate kinase 02 acetyltransferase (Puri et al., 2014)
alcohol dehydrogenase (NADP+) 0.2 ;I';;T(Lniilé?grctfsgé)producmg ethanol from acetaldehyde
ammonia monooxvaenase A 0.083 First step of nitrification converting ammonia to
ve : hydroxylamine (Hodgskiss et alk., 2023)
ammonia monooxvaenase B 0.083 First step of nitrification converting ammonia to
Ye : hydroxylamine (Hodgskiss et alk., 2023)
ammonia monooxvaenase C 0.083 First step of nitrification converting ammonia to
Nitrification ve ’ hydroxylamine (Hodgskiss et alk., 2023)
itrificati
. Central step, signals strong support when paired with
hydroxylamine reductase 025 amoABC (Soler-Jofra et al., 2021)
nitrite oxidoreductase, alpha 0.25 ;lnazlos:zg) in producing nitrate for bioavailability (Daimes et
nitrite oxidoreductase, beta 0.25 lenazlos;g in producing nitrate for bioavailability (Daimes et
nitrate reductase (cytochrome) :)n;ttﬁcfasyr}gs:: r:%(itglstloznog?)a primary starting point for the
0.5 -
eriplasmic nitrate reductase ICatalyzes nitrate reduction in the periplasm in low oxygen
perip conditions (Sparacino-Watkins et al., 2015)
nitrite reductase (NO-forming) 0.25 Key to reducing nitrite to nitric oxide (Braker et al., 2000)
Denitrification - — - - -
nitric oxide reductase subunit B 0.125 g:;a(l%ﬂin?; rzto;nltzrlgoc;f);lde reductase producing nitrogen
nitric oxide reductase subunit C 0.125 g:;al(llit(r:n(i:g rzto;nltzrg;oczlde reductase producing nitrogen
anaerobic nitric oxide reductase 0.25 Detoxifies nitric oxide under anoxic conditions (Gardner et
flavorubredoxin ’ alk., 2002)
DNRA cytochrome c nitrite reductase small 1 [Terminal step is DRNA process forming ammonium
subunit (Campecifio et al., 2020)
. . Lo One of the two component proteins widely used as a
nitrogenase iron protein NifH 0.5 functional marker (Jiang et al., 2021)
Nitrogen Fixation nltrogenasg molybdengm-lron 0.25 IContains the active site cofactors (Solomon et al., 2024)
protein alpha chain
nitrogenase molybdenum-iron 0.25 IContains the active site cofactors (Solomon et al., 2024)
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Anaerobic

Produces hydrazine intermediate, distinct for anammox

Ammonium hydrazine synthase subunit 0.5 bacteria (Hagglund et al., 2025)
Oxidation ) Oxidizes hydrazine toward nitrogen gas (Maalcke et al.,
(anammox) hydrazine dehydrogenase 0.5 D016) y gen gas (
. Sat activates sulfate to APS, a required step in sulfate
sulfate adenylyltransferase subunit 1 0.25 reduction (Carlson et al., 2025)
adenylylsulfate reductase, subunit A 0.125 ICore energy-metabolism step (Diao et alk., 2024)
L adenylylsulfate reductase, subunit B 0.125 ICore energy-metabolism step Diao et alk., 2024)
Dissimilatory
Sulfate Reduction |  dissimilatory sulfite reductase . . ) i )
flavoprotein subunit 0.25 Key enzyme in reducing sulfite to sulfide (Diao et alk., 2024)
dissimilatory sgggirzﬁductase alpha 0.125 Key enzyme in reducing sulfite to sulfide (Diao et alk., 2024)
dissimilatory SqugfnrideCtase beta 0.125 Key enzyme in reducing sulfite to sulfide (Diao et alk., 2024)
o . IConsidered first step into sulfide oxidation, used widely as
sulfide:quinone oxidoreductase lan oxidation marker (Cherney et al., 2012)
Sulfur Oxidation sulfide dehydrogenase 1 . L , .
[flavocytochrome c] flavoprotein ICentral enzyme in sulfur-oxidizing bacteria, transferring
Y chain P electrons to cytochrome c (Tikhonova et al., 2021)
anaerobic carbon-moqomde 0.5 ICore defining enzyme of the WLP (Ragsdale et al., 2009)
. dehydrogenase, subunit alpha
Woodl-Ljundahl -
Pathway 0.5 (if o
acetyl-CoA synthase codH/ac  [Carbon fixing step of WLP (Ragsdale et al., 2009)
present)
ribulose-bisphosphate carboxylase ICatalyzes the carbon dioxide fixing step, entry of inorganic
: 0.5 :
large chain icarbon (Meloni et al., 2023)
Calvin Cycle Regenerates ribulose-1,5bisphosphate, carbon dioxide
phosphoribulokinase 0.5 lacceptor, essential for sustained operation (Meloni et al.,
2023)
Hydration and oxidation steps of fatty-acid oxidation
Enoyl-CoA hydratase 0.25 (Agninotri et al., 2003)
3-hydroxyacyl-CoA dehydrogenase 0.25 Hydration and oxidation steps of fatty-acid oxidation (Schulz
et al., 2020)
Lipid B Oxidation
Acetyl-CoA acyltransferase 0.25 [Thiolytic cleavage producing acetyl-CoA (Volp., 2018)
: -~ Gatekeeps energy generation through interconversion of
3-hydroxybutyryl-CoA 0.25  |acetoacetyl-CoA and 3-hydroxybutyryl-CoA (Liu Li et al.,

dehydrogenase

2021)
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Results

Photoactive Radiation and Oxidation Reduction Potential above the Microbial Mat at 10.2 m
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Figure 3: PAR and ORP of water above microbial mats at 10.2 m. Panel A is the complete

recording from January to November in 2025. Panel B displays the PAR and ORP values from
January to March. Panel C shows the ORP values from March to May and Panel D shows ORP
values from May to November. Local solar noon is equivalent to 02:00:00.
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The PAR ORP collected at 10.2 m in Lake Fryxell displayed changing values because of
seasonal and daily change in the environment. PAR decreased from January to March from a
maximum of 17.5 umol/(s m”2) to 0 umol/(s m”2) while displaying repeating oscillating cycles.
PAR remained below 0.1 umol/(s m"2) until August and increased into the spring reaching up to
8 umol/(s m"2). The reduction potential measured from December 2024 to October 2025 was
consistently reductive and ranged from a maximum of -60.5 mV in February to a minimum of -
425.4 mV in late October (Figure 2A). ORP values in February show daily undulating patterns in
between -60.5 mV and -111 mV (Figure 2B). As the fall season progressed and light declined, a
decrease in ORP became apparent at the end of February at -110 mV and further decreased to -
200 mV in April when no PAR was present in Winter (Figure 2C). ORP finally settled to a -400
mV to -425.4 mV range with one large ORP spike to -377.4 mV in June (Figure 2D). The ORP

also remained unchanged from mid-August into October as PAR increased into the spring.
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Completion of Metabolic Pathways Mapped to High Completion Low Contamination MAGs
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Figure 3: Heatmap visualizing the percent completion of expressed metabolic pathways in
HCLC bins collected from Lake Fryxell at 10.1 m in summer 2024. The most complete pathways
across phyla were aerobic respiration, DNRA, sulfide oxidation, and lipid beta oxidation.

Transcripts mapped to the MAGs within 11 of the 14 phyla contained at least three
complete metabolic pathways for each phylum, with a maximum of 6 for MAGs within
Desulfobactereota and Pseudomonadota (Figure 2). In contrast, Bacillota and Chlamydiota only
had low completion pathways represented in the transcripts, and Dependentiae lacked any
transcripts for the metabolisms investigated. Transcripts mapped to Verrucomicrobiota
represented only a single, complete metabolic pathway, lipid oxidation.

Transcripts associated with complete aerobic respiration pathways were present in all
MAGs within the present phyla except for Bacillota, Chlamydoita, Dependentiae, and
Verrucomicrobiota. Fermentation varied in percent pathway completion, only reaching 100%

completion in Plantomycetota. The next highest completion was 80% in Chloroflexota. Bacillota,
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Chlamydoita, Dependentiae, and Verrucomicrobiota did not contain any mapped fermentation
related transcripts.

The nitrogen cycle consisted of five different pathways: Nitrification, Denitrification,
Dissimilatory Nitrate Reduction to Ammonium, Nitrogen Fixation, and Anammox. There were
no MAGs in within any phyla that contained a complete nitrification pathway. Nitrification was
present in nine phyla. Nitrospirota, Chloroflexota, and Desulfobacterota were at 75%
completion, Acidobacteriota, Actinomycetota, Bacteroidota, Krumholzibacteriota,
Planctomycetota, and Pseodomonadota were 50% complete, and Bacillota only displayed 25%
completion of this pathway.

Denitrification was expressed by MAGs classified withing ten phyla. Pseudomonadota
and Nitrospirota expressed 75% of the required enzymes. Chloroflexota, Planctomycetota and
Desulfobacterota followed at 50%. Bacteroidota and Krumholzibacteriota had 25% complete
pathways. Acidobacteriota, Actinomycetota and Gemmatimonadota only reached 12.5%
completion.

The DNRA pathway was fully expressed in Bacteroidota, Chloroflexota,
Desulfobacterota, Gemmatimonadota, Krumholzibacteriota, and Nitrospirota and absent from all
other phyla.

Nitrogen fixation was only fully expressed in one phylum, Pseudomonadota.
Chloroflexota, and Desulfobacterota expressed 50% of the required enzymes. All remaining
phyla did not express any of the required key enzymes.

Anaerobic ammonium oxidation (anammox) was only expressed in two phyla. It was

fully complete in Nitrospirota and only 50% complete in Chloroflexota.
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Dissimilatory sulfate reduction was completely expressed in Pseudomonadota and
Desulfobacterota. This pathway was expressed above 50% completion in Acidobacteriota,
Actinomycetota, Bacteroidota, Chloroflexota, and Planctomycetota. Krumholzibacteriota MAGs
contained 50%. Chlamydoita, Gemmatimonadota, and Nitrospirota contained less than to 50% of
the necessary transcripts. This pathway was not expressed in Bacillota, Dependentiae, and
Verrucomicrobiota. Dissimilatory sullfide oxidation was completely expressed in seven phyla,
Acidobacteriota, Actinomycetota, Bacteroidota, Chloroflexota, Desulfobacterota,
Planctomycetota, and Pseodomonadota. Sulfide oxidation was not expressed in any other phyla.
Assimilatory sulfide oxidaiton, phosphoadenosine phosphosulfate was expressed in the total
RNA sample indicating both processes are occuring within the mat. Assimilatory sulfite
reductase was not expressed, only dissimilatory.

Autotrophic pathways were limited to the Wood Ljundahl Pathway and the Calvin Cycle.
Desulfobacterota expressed both enzymes required for completion of the WLP. Pseudomonadota
and Chloroflexota both only expressed carbon-monoxide dehydrogenase, resulting in a 50%
completion. The Calvin Cycle was only expressed in Pseudomonadota as cbbL. There were no
rbeL transcripts found in the annotated metatranscriptomic sample.

Fatty acid beta oxidation was expressed in all phyla except Chlamydiota and
Dependentiae. The only incomplete pathways were found in Gemmatimonadota at 75%,
Nitrospirota at 25%, and Planctomycetota at 25%. Interestingly, fatty acid oxidation was the only

pathway recorded for Verrucomicrobiota, the only phylum with 100% completion.
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Metabolic Composition of HLCL Phyla expressed as Percent Transcripts per Million at 10.1 m

in Lake Fryxell
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Figure 4: Metabolic pathway expression as percent transcripts per million by phylum at 10.1 m
in Lake Fryxell. MAGs were labeled with their most specific taxonomic classification. In
parenthesis is the number of unique transcripts of critical enzymes from table 1 that successfully
mapped to the HCLC MAGs. Numbers represent the number of HCLC MAGs classified to these
phyla. All metabolisms were included regardless of if they were incomplete to completely assess
the composition of metabolic expression within a phylum.
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The dominant metabolic process in Acidobacteriota MAGs was lipid beta oxidation,
representing 61.5% of average transcript expression across these MAGs, with 3 total transcripts
assigned to this pathway. However, individual MAGs showed distinct profiles: MAG
g UBA5066 specialized in lipid beta oxidation (61.5%, 3 transcripts), with additional activity in
sulfur oxidation (18.2%, 3 transcripts), dissimilatory sulfate reduction (16.7%, 43 transcripts),
aerobic respiration (3.1%, 12 transcripts), and minor fermentation (0.4%, 1 transcript). This
MAG appears to be a versatile heterotroph capable of lipid degradation with facultative
respiratory capabilities. MAG g JAEUQQOI showed a different profile dominated by sulfur
oxidation (49.5%, 3 transcripts), followed by dissimilatory sulfate reduction (27.8%, 24
transcripts), aerobic respiration (22.2%, 20 transcripts), and minor nitrification (0.5%, 1
transcript).

Dissimilatory sulfate reduction was the overwhelmingly dominant metabolism in
Actinomycetota, representing 96.3% of mean expression across 6 MAGs, with 187
total transcripts. This phylum showed remarkable specialization in sulfate
reduction: MAG g Mycobacterium exhibited near-complete specialization in dissimilatory
sulfate reduction (99.9%, 61 transcripts), with only trace aerobic respiration
(0.1%, 1 transcript). MAG g UBA10799 showed complete dedication (100.0%) to dissimilatory
sulfate reduction with 21 transcripts, indicating obligate sulfate-reducing metabolism. MAG
g Fen731 similarly showed 100.0% dissimilatory sulfate reduction with 2
transcripts. MAG £ 70-9;g  67-14 was dominated by dissimilatory sulfate reduction (95.9%,
61 transcripts), with minor activities in nitrification (1.7%, 2 transcripts),

fermentation (1.6%, 4 transcripts), sulfur oxidation (0.5%, 2 transcripts), and
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lipid beta oxidation (0.3%, 1 transcript). MAG g F1-60-MAGs163 showed 99.7% dissimilatory
sulfate reduction (34 transcripts), with traces of aerobic respiration (0.1%, 1 transcript) and
fermentation (0.1%, 1 transcript). MAG g JAGQTY0I exhibited 82.1% dissimilatory sulfate
reduction (8 transcripts) alongside 17.9% lipid beta oxidation (2 transcripts), suggesting coupling
of sulfate reduction with organic carbon oxidation.

The single Bacillota MAG, g Clostridium AD, showed lipid beta oxidation as the
dominant process (61.8%, 1 transcript), with substantial nitrification (38.2%,
1 transcript).

Dissimilatory sulfate reduction was the major metabolism in Bacteroidota, representing
80.9% ofmean expression across 5 MAGs, with 65 total transcripts assigned. MAG g LD2]
and g JAIOIKOI both showed 100.0% dedication to dissimilatory sulfate reduction, 12 and 3
transcripts, respectively. MAG g JAERTDOI exhibited 97.1% dissimilatory sulfate reduction
(17 transcripts) with minor aerobic respiration (2.9%, 1 transcript). MAG f JAHQVLO1
showed 73.5% Dissimilatory sulfate reduction (25 transcripts), with notable aerobic respiration
(22.5%, 8 transcripts), and minor nitrification (1.9%, 1 transcript), Sulfur oxidation (1.2%, 1
transcript), and denitrification (1.0%, 1 transcript). This MAG demonstrates metabolic
versatility with both anaerobic sulfate reduction and aerobic respiration. MAG g JADKGY0I
diverged from the phylum pattern, showing lipid beta oxidation as dominant (34.4%, 2
transcripts), followed by dissimilatory sulfate reduction (27.4%, 6 transcripts), acrobic
respiration (25.8%, 5 transcripts), denitrification (9.6%, 2 transcripts), and sulfur oxidation
(2.8%, 1 transcript), indicating a facultative metabolism with diverse respiratory options.

Both Chlamydiota MAGs showed complete (100.0%) specialization in Dissimilatory
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sulfate reduction. MAG f Parachlamydiaceae had 4 transcripts and f Parachlamydiaceae A
had 1 transcript assigned to this pathway. This represents an interesting metabolic streamlining in
organisms traditionally known as obligate intracellular pathogens, suggesting either free-living
sulfate-reducing Chlamydiae or symbiotic relationships where sulfate reduction benefits the host.

Lipid beta oxidation was highly expressed in Chloroflexota (37.5% mean expression, 22
total transcripts), though individual MAGs showed diverse strategies: MAG f Tepidiformaceae
showed 70.5% lipid beta oxidation (3 transcripts), with additional aerobic respiration (27.5%, 3
transcripts) and minor dissimilatory sulfate reduction (2.1%, 1 transcript), suggesting aerobic
heterotrophic metabolism utilizing lipids. MAG f _ Caldilineaceae was dominated by
Fermentation (29.9%, 57 transcripts), followed by dissimilatory sulfate reduction (27.8%, 33
transcripts), aerobic respiration (22.3%, 16 transcripts), lipid beta oxidation (11.8%, 5
transcripts), denitrification (4.4%, 4 transcripts), and sulfur oxidation (3.8%, 4 transcripts). This
highly versatile MAG demonstrates broad metabolic capabilities across multiple pathways.
MAG g JALHNBO0I showed fermentation dominance (32.1%, 15 transcripts), alongside
dissimilatory sulfate reduction (30.8%, 37 transcripts), aerobic respiration (21.6%, 17
transcripts), lipid beta oxidation (14.4%, 14 transcripts), and sulfur oxidation (1.2%, 1
transcript), indicating facultative anaerobic metabolism.

Desulfobacterota contained seven MAGs with diverse metabolic profiles. MAG
f JAGDMSO0I1 was dominated by DNRA (58.40%, 1 transcript), aerobic respiration
(31.03%, 1 transcript), and dissimilatory sulfate reduction (10.57%, 1 transcript). MAG g_ 0-14-
0-80-60-11 expressed dissimilatory sulfate reduction (51.95%, 15 transcripts), nitrification
(21.89%, 5 transcripts), the WLP (10.45%, 7 transcripts), lipid beta oxidation (7.43%, 1

transcript), anammox (2.74%, 1 transcript), denitrification (1.99%, 1 transcript), sulfur oxidation
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(1.89%, 1 transcript), and aerobic respiration (1.67%, 1 transcript). The WLP was the highest
expressed metabolism (37.88%, 6 transcripts) in MAG g QZKS01, followed by dissimilatory
sulfate reduction (27.20%, 23 transcripts), lipid beta oxidation (10.25%, 5 transcripts),
fermentation (6.99%, 6 transcripts), nitrogen fixation (6.20%, 5 transcripts), aerobic respiration
(5.28%, 4 transcripts), denitrification (2.97%, 2 transcripts), nitrification (2.72%, 3 transcripts),
and sulfur oxidation (0.50%, 1 transcript). MAG g RBG-13-43-22 was dominated by

lipid beta oxidation (83.58%, 2 transcripts) with dissimilatory sulfate reduction (16.42%, 1
transcript). MAG g SpSt-501 expressed dissimilatory sulfate reduction (50.34%, 6 transcripts),
lipid beta oxidation (30.73%, 2 transcripts), nitrification (15.16%, 3 transcripts), and aerobic
respiration (3.76%, 1 transcript). MAG g UBA2270 was heavily dominated by dissimilatory
sulfate reduction (97.95%, 5 transcripts) with minor aerobic respiration (2.05%, 2 transcripts).
MAG g VGTKOI only expressed lipid beta oxidation at 100% with two

transcripts.

Gemmatimonadota was represented by one MAG, g Palsa-1233, which expressed lipid
beta oxidation (45.85%, 2 transcripts), dissimilatory sulfate reduction (20.83%, 4 transcripts),
aerobic respiration (14.22%, 3 transcripts), DNRA (12.96%, 1 transcript), denitrification
(4.49%, 1 transcript), and fermentation (1.66%, 1 transcript).

Krumholzibacteriota contained two MAGs, both heavily dominated by dissimilatory
sulfate reduction. MAG f LZORAL124-64-63 expressed dissimilatory sulfate
reduction (86.65%, 73 transcripts), aerobic respiration (12.99%, 38 transcripts),
nitrification (0.21%, 3 transcripts), fermentation (0.09%, 1 transcript), and
DNRA (0.06%, 1 transcript). MAG g JAGRNPOI expressed dissimilatory sulfate

reduction (94.63%, 75 transcripts), aerobic respiration (1.59%, 12 transcripts),
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nitrification (1.50%, 9 transcripts), denitrification (1.24%, 8 transcripts),
lipid beta oxidation (0.50%, 1 transcript), fermentation (0.41%, 2 transcripts),
and DNRA (0.14%, 2 transcripts).
Nitrospirota was represented by one MAG, g Palsa-1315, which was dominated by
aerobic respiration (97.89%, 3 transcripts) with minor nitrification (1.79%, 13
transcripts), fermentation (0.08%, 2 transcripts), anammox (0.07%, 4
transcripts), denitrification (0.07%, 3 transcripts), dissimilatory sulfate
reduction (0.05%, 2 transcripts), lipid beta oxidation (0.03%, 2 transcripts),
and DNRA (0.02%, 1 transcript).
Planctomycetota contained three MAGs with different metabolic profiles. MAG
f Phycisphaeraceae expressed dissimilatory sulfate reduction (32.36%, 11 transcripts),
fermentation (31.94%, 18 transcripts), denitrification (8.53%, 5 transcripts), nitrogen fixation
(8.44%, 3 transcripts), nitrification (6.95%, 1 transcript), lipid beta oxidation (5.77%, 1
transcript), sulfur oxidation (3.84%, 2 transcripts), and aerobic respiration (2.16%, 2 transcripts).
MAG g JAEUHZO0I only expressed dissimilatory sulfate reduction at 100% with one transcript.
MAG g JALHMIOI only expressed aerobic respiration at 100% with one transcript.
Pseudomonadota contained 14 MAGs exhibiting the greatest metabolic diversity of
any phylum. MAG f HTCC2089 expressed lipid beta oxidation (59.11%, 5 transcripts),
denitrification (15.71%, 3 transcripts), aerobic respiration (11.47%, 2 transcripts), dissimilatory
sulfate reduction (9.05%, 2 transcripts), and sulfur oxidation (4.65%, 1 transcript). MAG
g  GCA-2729495 expressed aerobic respiration (30.83%, 2 transcripts), denitrification (26.45%,

1 transcript), dissimilatory sulfate reduction (20.37%, 1 transcript), nitrification (14.80%, 1
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transcript), and fermentation (7.54%, 1 transcript). MAG g Ga0077527 was dominated by
nitrification (43.05%, 7 transcripts), followed by denitrification (24.18%, 3 transcripts), aerobic
respiration (18.20%, 4 transcripts), dissimilatory sulfate reduction (11.25%, 4 transcripts), and
sulfur oxidation (3.32%, 1 transcript). MAG g Ga0077536 expressed lipid beta oxidation
(54.68%, 5 transcripts), dissimilatory sulfate reduction (20.66%, 6 transcripts), aerobic
respiration (14.39%, 5 transcripts), sulfur oxidation (3.91%, 1 transcript), nitrification (3.55%, 1
transcript), and fermentation (2.81%, 1 transcript). MAG g_ Methylobacter A was heavily
dominated by nitrification (97.36%, 8 transcripts) with minor sulfur oxidation (1.37%, 2
transcripts) and dissimilatory sulfate reduction (1.26%, 2 transcripts). MAG

g Methyloceanibacter only expressed dissimilatory sulfate reduction at 100% with one
transcript. MAG g PFJX01 exhibited the most diverse metabolic profile in the dataset,
expressing dissimilatory sulfate reduction (32.10%, 22 transcripts), nitrogen fixation

(23.15%, 7 transcripts), sulfur oxidation (11.98%, 9 transcripts), denitrification (10.63%, 16
transcripts), lipid beta oxidation (5.92%, 3 transcripts), aerobic respiration (5.44%, 6 transcripts),
the Calvin Cycle (4.00%, 2 transcripts), anammox (2.80%, 2 transcripts), nitrification (2.09%, 3
transcripts), the WLP (1.28%, 4 transcripts), and fermentation (0.62%, 1 transcript). MAG

g Pseudorhodobacter B expressed aerobic respiration (29.85%, 4 transcripts), denitrification
(29.49%, 5 transcripts), sulfur oxidation (20.75%, 2 transcripts), dissimilatory sulfate reduction
(10.13%, 2 transcripts), and nitrification (9.78%, 2 transcripts). MAG g Rubrivivax expressed
nearly equal nitrification (51.01%, 4 transcripts) and denitrification (48.99%, 4 transcripts).
MAG g SYFY0I was dominated by lipid beta oxidation (85.00%, 15 transcripts), followed by
aerobic respiration (6.15%, 5 transcripts), fermentation (3.66%, 2 transcripts), dissimilatory

sulfate reduction (2.42%, 2 transcripts), nitrogen fixation (2.11%, 1 transcript), and
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denitrification (0.66%, 1 transcript). MAG g Thermohalobaculum expressed aerobic
respiration (69.34%, 2 transcripts) and dissimilatory sulfate reduction (30.66%, 1

transcript). MAG g VBCGO0I only expressed fermentation at 100% with one transcript. MAG
o__Reyranellales only expressed lipid beta oxidation at 100% with one transcript. MAG

s Hyphomonas sp018830285 expressed lipid beta oxidation (52.70%, 7 transcripts),
dissimilatory sulfate reduction (18.83%, 5 transcripts), sulfur oxidation (12.78%, 4 transcripts),

aerobic respiration (10.87%, 4 transcripts), and nitrogen fixation (4.81%, 1 transcript).

Discussion

PAR and ORP Above Microbial Mats

ORP and PAR are indicators of what metabolic processes are possible, and the contextual
information it provides helps establish a metabolic framework at 10.1 m. The PAR recorded
before March at 10.2 m is well above the theoretical minimum for net primary productivity,
therefore there is more likely more PAR available at 10.1 m. At 10.1 m it is most likely that
oxygen is being produced by oxygenic photosynthesizers. Figure 3B demonstrates the daily
cycles of PAR and ORP activity suggesting that if oxygenic photosynthesis is occurring, the
oxygen produced is increasing the ORP before being consumed. The oxygen reduction could be
due to reacting abiotically with sulfide, through aerobic sulfide oxidation, aerobic respiration,
nitrification, or aerobic lipid-beta oxidation and that is reflected in decreasing ORP in these
cycles. The decrease of ORP within this cycle could also be due to the production of strong

reductions like hydrogen sulfide which is a product of dissimilatory sulfide reduction. This
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metabolism was widely expressed by the MAGs in this study and in pair with the environmental
data of the lake could be a common process in the community.

Progression from March to May in Figure 3C shows a sharp decline in PAR due to
seasonal change and most likely as a result ORP declines. With a reduction in PAR, less oxygen
may be produced which creates an imbalance with processes consuming it. Strong reductants
produced from sulfate reducers contribute to the creation of this highly reductive environment,
reducing the ORP by more than four times the values recorded from January to March. At
approximately -400 mV, sulfate reduction, fermentation, methanogenesis and hydrogen
production are the processes that are likely to occur ( Fleitas Garcia et al., 2025; de Rink et al.,
2022; Soule et al., 1951; Thauer et al., 1977). It would be expected that although thesis processes
may happen year-round, they would become more prominent metabolic strategies.

Interestingly, as PAR increases into the spring, ORP remains low. During the winter,
there may have been a large accumulation of hydrogen sulfide. The hydrogen sulfide could be
inhibiting cyanobacterial oxygenic photosynthesis and need to be reduced or outpaced by
cyanobacterial D1 protein repair. It is also likely that this is where diatoms help Cyanobacteria
since diatoms can tolerate hydrogen sulfide. As the diatoms produce more oxygen, the hydrogen
sulfide would be slowly removed until cyanobacterial oxygenic photosynthesis restarts. Sulfide
oxidizers would contribute to the removal of sulfide aerobically when enough oxygen is present
or anaerobically. Eventually it is expected that enough sulfide is removed to increase the ORP

and return to a low oxygen reductive environment during the summer.
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Relative Expression of Metabolic Pathways at 10.1 m

The expression of the metabolisms chosen for study attempted to determine what
metabolisms were used by organisms within these phyla. Transcript per million (TPM)
normalizes the sequencing data, accounting for length and abundance for all the metabolic
transcripts specified within the sample. This provided us with a balanced comparison of
metabolic strategies within each phylum to determine what strategy is most prominent.

Aerobic respiration is only possible in the presence of oxygen. Oxygen at 10.1 m in the
mat and diversity of metabolisms present are largely influenced by the production of oxygen
from oxygenic photoautotrophs, e.g. Cyanobacteria, diatoms, and other algae. The presence of
cytochrome c oxidase cbb3-type subunit I/II and cytochrome bd ubiquinol oxidase subunit I
indicated that within the Bacillota, Chlamydoita, Dependentiae, and Verrucomicrobiota phyla,
the taxa were able to utilize the oxygen produced by oxygenic photoautotrophs. Cytochrome ¢
oxidase cbb3-type and cytochrome bd ubiquinol oxidase have a high affinity for oxygen and are
predominantly expressed under low-oxygen conditions (Hamada et al., 2014; Brisov et al.,
2011), indicating that aerobic organisms were in oxygen limited conditions and utilizing what
little oxygen is available. Aerobic respiration is one of the highest energy producing
metabolisms. With respect to the relative expression within each MAG, aerobic respiration
highly prevalent. Surprisingly, it was a majority of sole Nitrospirota MAG expressed pathways
despite it being known that organisms within Nitrospirota often rely on nitrification-based
pathways which is most likely due to the low amount of successfully mapped transcripts (Kop et
al., 2025). Although aerobic respiration may not be the major pathway utilized, microbial
communities are still utilizing the oxygen available to produce energy. Whether or not aerobic

respiration is producing the most energy at this depth is speculation, but it is still actively used.
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Sulfide increases with depth in Lake Fryxell, reaching 16.8 uM, at 10.1 m (Lumian et al.,
2021). The criteria for sulfide oxidation expression only consisted of sulfide oxidases (Table 1),
they perform a crucial step for conversion of sulfide into sulfur. Over 50% of the MAGs
analyzed expressed one of the enzymes required. This biological capacity correlates with the
ecological conditions the microbial mats experience and may contribute to the increase in sulfate
as depth increases (Figure 2). This interpretation is reinforced by the ecological conditions of the
lake where abiotic conversion of sulfate into sulfide is abiotically impossible in these conditions
and 1s most likely due to microbial sulfate reduction (Ohmoto et al., 1982). The HCLC MAGs
classified within the phyla Actinomycetota, Bacteroidota, Desulfobacterota, Krumholzibacteriota
are the main contributors to sulfide production by dissimilatory sulfate reduction within this
sample. Interestingly, Chlamydoita contained dissimilatory sulfate reduction despite all
cultivated organisms within this phylum being obligate intracellular bacteria. The sulfide
released by these organisms can then be utilized by the MAGs expressing sulfide oxidation,
leading to sulfate production and a complete return of the sulfur cycle. This reenforces the
concept that sulfate reducers and sulfide oxidators could be residing near each other. Overall, the
resulting percent TPM in these collected MAGs confirms the heavy reliance of sulfate reduction
within this metabolic composition. Since sulfate is present in abundance in the environment and
the ORP of 10.1 m is most likely reductive. Acidobacteriota, Actinomycetota, Desulfobacterota,
Planctomycetota, Pseudomonadota, Chloroflexota, and Bacteroidota MAGs would be able to
perform both sulfide oxidation and sulfate reduction, but it is unknown if they are performed
concurrently within the same organism. Within the microbial mat, these MAGs are actively
contributing to a complete sulfur redox cycle and potentially interchanging metabolism end

products within and between community members for reuse.
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The nitrogen cycle processes investigated consisted of five different pathways that are
active in mats at 10.1 m. Nitrification, oxidation of ammonium or ammonia to nitrate, is not a
dominant pathway expressed at 10.1 m. The MAGs in multiple phyla expressed components
involved in the process, but only two expressed high quantities in percent TPM. These were
MAG:s in Bacillota, Desulfobacterota, and Pseudomonadota. The product of nitrification, nitrate,
can be used for denitrification and dissimilatory nitrate reduction to ammonium, both anaerobic
respiratory processes, but in an oxygen poor environment this process may be limited.
Denitrification was present in similar phyla as nitrification. This does imply that these MAGs
can produce nitrogen gas as a by-product of anaerobic nitrogen respiration in oxygen scarce
environments, which can be used to produce ammonia and ammonium for amino acid and
nucleic acid synthesis by other organisms by nitrogen fixation. DNRA, another microbial process
capable of reducing nitrate, was present in Bacteroidota, Chloroflexota, Desulfobacterota,
Gemmatimonadota, Krumholzibacteriota, and Nitrospirota MAGs. The Gemmatimonadota MAG
highly expressed the key enzyme required in our collected sample indicating this is a viable
metabolism at 10.1 m. It was expected that it was primarily diatoms performing DNRA, but that
was not reflected in the data presented here. These organisms are contributing to the nitrogen
cycle by production of ammonium which can then be readily available for incorporation into
organic molecules or reused in the nitrogen cycle by anammox and nitrification. However, unlike
nitrification, anammox results in the production of nitrogen gas. Anammox was expressed in
Chloroflexota, Nitrospirota, Bacteroidota, and Pseudomonadota MAGs. However, the pathway
did not make up a significant portion of any of the phyla’s metabolic expressed pathways. It
ranged from 0.07% to 1.57%, which may contribute to the nitrogen gas that is produced overall.

If nitrogen gas is produced by denitrification or anammox, nitrogen fixation by Planctomycetota,
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Desulfobacterota, and Chloroflexota can convert it back into ammonia or nitrate. The nitrogen
fixation pathway was only fully complete and expressed in Pseudomonadota. Antarctic nitrogen
fixing Pseudomonadota have been previously reported in Antarctic soil (Eckford et al., 2002). In
the microbial mats of Lake Fryxell, it may produce ammonium for itself or other microbes in the
community. Although the pathways in the other three phyla were not complete, it is still highly
likely that these communities are producing biologically available forms of nitrogen as the key
nitrogenase transcript, nifH, was being produced by all three. Overall, a complete cycle of
nitrogen is present in Lake Fryxell, nitrate is produced and consumed along with ammonium and
nitrogen gas.

Fermentation was expressed in ten phyla but only complete across Planctomycetota
MAG:s, in which it also constituted approximately 24.9% of percent TPM within the phyla and
was complete in its expression. Chloroflexota also heavily expressed fermentation (23.7%)
related transcripts indicating that for both these phyla were utilizing this anaerobic process
heavily of their energy production. The uniqueness of it being an outlier may provide a
competitive advantage to these phyla as it would only rely on carbohydrates and amino acids.

The only chemoautotrophic pathways investigated were the WLP and the Calvin Cycle.
The WLP was actively transcribed in Desulfobacterota HCLC MAGs indicating that bacteria
within this phylum could contribute to the microbial mats by biomass production while also
using heterotrophic pathways to produce energy. The Calvin Cycle was small overall portion of
the HCLC MAG activity within Pseudomonadota. The Pseudomonadota rubisco can be used in
light-dependent or independent manner but overall does not seem to be highly expressed in the

collected HCLC MAGs (Nishihara et al., 2026).
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Lipid beta oxidation allows for these microbes to utilize free fatty acids as carbon
sources when nutrients are scarce (Cambell et al, 2003). Lipid beta oxidation was found in the
HCLCL MAG:s, distributed among twelve phyla. The process was a sole activity collected in the
metabolic composition of Verrucomicrobiota (100%) MAG. The process was a piece of the
overall activity of the HCLC MAGs in Acidobacteriota (~31.4%), Bacillota (~61.8%),
Chloroflexota (~20.1%), Gemmatimonadota (~45.8%), and Pseudomonadota (~23.2%). The
results indicate that these microbes are utilizing fatty acids collected from their environment.
This process may be utilized to work to produce energy production in aerobic
microenvironments in parallel to other metabolic strategies expressed by HCLC MAGs within
these phyla. Verrucomicrobiota related MAGs only containing genes for this process. In all,
lipid beta oxidation appears to be an important metabolic process to several phyla and may assist

in optimal energy production during the summer in Lake Fryxell.

Versatility and Specialization within Recovered Phyla

The versatility of and selective specialization of some bacterial phyla in the Fryxell mats
at 10.1 m depth display marked adaptability and resourcefulness that contribute to dynamic
interactions among and within the phyla. The relatively new phylum, Krumholzibacteriota, made
up less than five percent of the HCLC MAGs and less than three percent of the 16S rRNA
classified (Chapter 1). This phylum has been recovered from anoxic sulfidic conditions and is
capable of fermentation and nitrite reduction to ammonium (Youssef et al., 2019), which is
reflected in the data collected from this study. Here I demonstrated metabolic transcription of

sulfate reduction, aerobic respiration, and denitrification, expanding the known metabolic
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capabilities of Krumholzibacteriota. This was also determined in different extreme environments
experiencing sulfidic conditions (Sun et al., 2024; Campbell et al., 2024; Youssef et al., 2019),
where the phylum participated in the sulfur cycle and nitrogen cycle.

Unlike Krumholzibacteriota, Nitrospirota did not highly express any nitrogen related
transcripts. It is also important to note that although Nitrospirota was one of the highest-
completion MAG phyla, it represented a small portion of the microbial abundance (Chapter 1).
The main pathway expressed was aerobic respiration at 97.9%. The enzyme transcribed was
cytochrome bd ubiquinol oxidase, which is specifically expressed under microaerobic conditions
and is tolerant to oxidative stress, hypoxic conditions, and sulfide. (D'mello et al., 1996; Forte et
al., 2020; Belevich et al., 2005; Grund et al., 2021). Nitrogen-based processes, including
anammox, DNRA, denitrification, and nitrification, were expressed but just were only a small
portion of overall MAG activity. This does still suggest evidence for involvement in the nitrogen
cycle of Lake Fryxell. Nitrification was the main nitrogen cycle process present (1.80%), which
shows that the Nitrospirota collected were oxidizing ammonium, but the proportion of transcripts
suggests a focus on aerobic respiration in low oxygen conditions.

Pseudomonadota displayed a wide variety of metabolic activity and was one of the most
metabolically diverse and abundant phyla. Carbon fixation by the Calvin Cycle was present, and
only present in Pseudomonadota, suggesting that this phylum was contributing as part of
autotrophic microbial community by assimilating carbon dioxide. Specifically, the phylum
demonstrated transcription and presence of sulfate reduction and sulfide oxidation pathways.
Upon further investigation, the MAG bin 176 was classified as an unknown
Gammaproteobacteria species. It contained transcripts critical to sulfide oxidation, sulfide

quinone oxidoreductase and a dissimilatory sulfite reductase flavoprotein subunit. This result
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implies the possibility that one group of organisms can recycle their own end products or utilize
both pathways to maximize energy production while also contributing to the nitrogen and sulfur
cycles. This also highlights that within these phyla, individual taxa can show versatility in the
metabolisms they express.

Desulfobacterota was the only phylum in the high completion MAGs to express both
enzymes required for the Wood-Ljundahl Pathway. This observation indicates that
nonphotoautrotrophic organisms likely played a role in carbon fixation and building biomass at
10.1 m. Similar to Pseudomonadota, Desulfobacterota was not solely performing autotrophic
carbon fixation; it expressed nitrogen fixation, nitrification, lipid beta oxidation, fermentation,

DNRA, dissimilatory sulfate reduction, denitrification, anammox, aerobic respiration.

Summer Metabolic Framework in Lake Fryxell at 10.1 m

Characteristic of an extreme environment, the organisms in Lake Fryxell mats
implemented diverse metabolic approaches. My results provide a framework for understanding
the summer ecosystem. The metabolisms active during summer at 10.1 m include aerobic and
anaerobic respiration, fermentation, photosynthesis, the Calvin Cycle, and the WLP. Results
have shown that oxygen and ORP increase and decrease in daily cycles that reflect the activity of
aerobic and anaerobic metabolisms. Using these results, we propose an ecologic structure for
these mats.

The presence of sufficient light allows oxygenic photosynthesis, performed by
cyanobacteria, diatoms, and other algae. This activity is confirmed with the expression of
photosystem II and I from cyanobacteria and diatoms (Chapter 1; Chapter 2). Diatoms are

conducting photosynthesis at 10.1 m as they can display higher resistance to hydrogen sulfide,
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which inhibits cyanobacterial oxygenic photosynthesis (Admiraal et al., 1979; Kennett et al.,
1985). It is possible that at 10.1 m there are Cyanobacteria resistant to or utilize sulfide in
photosynthesis. The most likely candidate, from the classified Cyanobacteria in the 16S rRNA
results, are the Caldora species as they are the most abundant Cyanobacteria. The
photoautotrophy is paired with expression of enzymes for light-dependent rubisco carbon
fixation and establishes that diatoms and cyanobacteria are key parts of the primary producer
community, which also includes Desulfobacterota or Pseudomonadota utilizing the WLP and
Calvin Cycle which converts carbon dioxide into organic matter. In addition, the oxygen
produced increases ORP and supplies oxygen for oxygen dependent processes while
chemoautotrophs build biomass, both supporting the microbial mat community by introducing
the potential for aerobic metabolisms and biomolecules. The production of oxygen can be traced
in the ORP values collected from the water above the microbial mats (Figure 1). As oxygen is
produced, ORP rises; when it is consumed by oxygen-based metabolisms like aerobic respiration
or nitrification, it decreases. In addition, dissimilatory sulfate reduction produces a strong
reductant, sulfide, which can decrease the ORP (Pearsall et al., 1939). Despite the negative ORP,
oxygen is still present, but not in high enough concentrations to establish an oxidative
environment. The resulting oxygenated reductive environment in the mat provides a situation in
which by ORP, reductive processes are favored but aerobic respiration is still occurring as shown
by the expression of both dissimilatory sulfate reduction and aerobic respiration in 25 MAGs
(Figure 4).

The oxygen produced by oxygenic phototrophs creates a thin layer of DO, an oxygen
oasis, available for the aerobic metabolisms (Sumner et al., 2015). Aerobic respiration was

present and expressed in nine phyla analyzed, even constituting almost 100% percent of the
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Nitrospirota g Palsa-1315 MAG activity which is highly unlikely. Considering Nitrospirota
made up a small portion of the 16S rRNA analysis, it is likely not all transcripts from MAGs
classified within the phyla present have been sufficiently sampled. The enzymes expressed,
cytochrome c oxidase cbb3-type and cytochrome bd ubiquinol oxidase, indicate aerobic
organisms experience low-oxygen conditions but can still utilize aerobic respiration for
additional energy production. The transcriptional evidence establishes that Pseudomonadota,
Planctomycetota, Nitrospirota, Krumholzibacteriota, Gemmatimonadota, Desulfobacterota,
Chloroflexota, Bacteroidota, and Acidobacteriota MAGs are aerobic consumers of the oxygen
oasis. However, despite the presence of an oxygen oasis, anaerobic metabolisms are also active,
implying that oxygen consumption produces anaerobic microenvironments and contributes to
ORP decline through oxygen removal. In these anaerobic microenvironments, fermentation is a
common metabolism. Fermentation does not produce as much ATP when compared to its
aerobic alternative, aerobic respiration. Acidobacteriota, Actinomycetota, Bacteroidota,
Chloroflexota, Desulfobacterota, Gemmatimonadota, Krumholzibacteriota, Nitrospirota,
Planctomycetota, and Pseudomonadota MAGs all expressed some degree of completion of
fermentation in at least one of the MAGs representing these phyla. The process was fully
complete and was 27% of percent TPM in the Plactomycetota MAG f Phycisphaeraceae. All the
MAGs present except those within Chlamydoita and Dependentiae lipid beta oxidation was
expressed. This process can be aerobic or anaerobic and is used while organisms are
experiencing a stationary or stress phase (Pelikan et al., 2020; Jimenez-Diaz et al., 2017). In the
Lake Fryxell framework, lipid beta oxidation can serve as an alternative metabolism to produce
additional energy. Overall, 10.1 m clearly shows combinations of aerobic and anaerobic

metabolisms, displaying versatility in this oxygenated reductive environment.
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The presence of oxygen also supports the oxidative processes of the sulfur and nitrogen
cycles. Sulfide is present at 10.1 m at 0.571 mg/L (Lumian et al., 2021). Oxygen produced in
summer can be used to oxidize sulfide to produce energy and sulfate, while also reducing sulfide
inhibition of oxygenic photosynthesis in cyanobacteria. Sulfide oxidation was present in seven
phyla but the highest average percent TPM expression across MAGs was in the Acidobacteriota
MAG g JAEUQQO!I at 49%. In the remaining average across MAGs within the phyla
Actinomycetota, Bacteroidota, Chloroflexota, Desulfobacterota, Planctomycetota, and
Pseudomonadota sulfide oxidation below 6.5%. This may indicate that bacterial sulfide oxidation
is not an optimal metabolic strategy for all community members during the summer. In addition,
the enzymes determined to be critical for sulfide oxidation function both aerobically and
anaerobically (Jung et al., 2025; Chuanjuan et al., 2024; Xia et al., 2017). Anaerobic sulfide
oxidation connects the sulfur and nitrogen cycle by the utilization of nitrate which can be
produced by the nitrification activity of the Bacillota, Chloroflexota, Desulfobacterota,
Krumbholzibacteriota, Nitrospirota, Planctomycetota, Pseudomonadota, and Bacteroidota MAGs
(Kamp et al., 2006; Nie et al., 2021). The biotic or abiotic oxidation of sulfide to sulfate provides
a resource that can be reduced through dissimilatory sulfate reduction. The MAGs that showed
expression greater than 50% TPM in dissimilatory sulfate reduction pathway belonged to
Bacteroidota, Actinomycetota, Desulfobacterota, and Krumholzibacteriota. During the summer
while oxygen is present, these organisms can capitalize on the abiotic and biotic conversion of
sulfide into sulfate. Interestingly, Acidobacteriota, Actinomycetota, Desulfobacterota,
Planctomycetota, Pseudomonadota, Chloroflexota, and Bacteroidota MAGs contained both
sulfate reduction and sulfide oxidation within the same MAGs suggesting the organisms can use

both pathways but most likely not concurrently.
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Bacillota MAGs and Pseudomonoda MAGs heavily expressed nitrification related
enzymes. The increase in nitrate production could assist in providing anaerobic electron
acceptors in anaerobic microenvironments. Anammox, which requires nitrite, was not as
prevalent, only ranging from 0.07-1.6% TPM within the analyzed phyla. Overall, it does not
seem to be a pathway that is particularly active during the summer or one that leads to large
amounts of nitrogen gas production. Together though, nitrification and anammox convert
ammonium and ammonia to nitrite and nitrate, or nitrogen gas, respectively, which can be
utilized in the anaerobic process’s denitrification, DNRA, and nitrogen fixation. Denitrification
was widespread and heavily expressed in Pseudomonadota MAGs. The process could be used to
prevent biofilm damage from reactive nitrogen species (Barraud et al., 2006). DNRA was only
expressed in four MAGs. Strong inferences on the importance of this activity can’t be made but
it does show that this part of the nitrogen cycle is occurring within the mat. Nitrogen fixation was
supported by activity in Pseudomonadota and Planctomycetota MAGs. Chloroflexota and
Desulfobacterota allocated fewer resources to this process based on the successfully mapped
transcripts. Still, there is reintroduction of nitrogen back into the microbial mats. Ammonium can
also be produced from nitrate by DNRA, so nitrogen fixation is not necessarily the only means to
produce biologically available nitrogen. In summation, a complete summer nitrogen cycle has
numerous community members participating in one or multiple processes within the nitrogen

cycle.
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Predicted Changes in Summer Metabolisms at Shallower Depths

The 10.1 m summer metabolic framework in Lake Fryxell allows inferences to be made
on how microbial communities may alter their metabolism to adjust to depths below and above
10.1 m. Above 10.1 m, oxygen increases due to increased PAR availability, sulfide also
decreases, allowing more oxygenic photosynthesis by Cyanobacteria and diatoms. Increased
photosynthesis should result in an increase in Calvin Cycle activity, since sulfide is considerably
low in shallower depths it would not be likely to see this increase due photo-dependent sulfide
oxidizers or purple sulfur bacteria (McFarlane et al., 2019). The WLP may decrease in
prominence as a carbon fixation pathway on the surface of the mats compared to the Calvin
Cycle utilized by Cyanobacteria, which produce oxygen that can inhibit the WLP. This may be
in response to an increase in Cyanobacteria in the community that would utilize light-dependent
rubisco carbon fixation. The resulting oxygenic photosynthesis oxygenates the mat and overlying
water, providing more oxygen for aerobic respiration. Aerobic respiration would most likely
increase following an increase in oxygen and is a high energy producing metabolism. As a result
of increased oxygen, fermentation and lipid beta oxidation expression may decrease (Cho et al.,
2006). Aerobic environments would be inhospitable to obligate anaerobic organisms that rely on
fermentation. Still, there may be anaerobic microenvironments available deeper into the mat, s.
Overall, increased oxygen would increase metabolic diversity (Jiang et al., 2012). Aerobic
respiration should see a substantial increase. This would be consistent with previously collected
data at 9 — 9.8 m where aerobic respiration was one of the highest gene markers recovered
(Dillon et al., 2020b).

Higher oxygen will alter the sulfur cycle in shallower depths. As oxygen is produced, it

can react with sulfide yielding sulfate. However, the sulfide concentration is low, < 0.01 mg/L,
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above 9.5 m (Lumian et al., 2021), suggesting that it either oxides back to sulfate quickly or
there is not a source of sulfide. However, sulfate found at shallower depths (Karr et al., 2005).
Thus, dissimilatory sulfate reduction would potentially be active in the mats at the same level or
even higher.

The nitrogen cycle is crucial to the production of organic molecules and would be
present, but the different metabolisms involved may change. With more oxygen available, it
would not be a limiting factor for oxidation of ammonium in the nitrification process.
Denitrification would most likely decrease as the process is inhibited by high oxygen
concentrations. Some denitrification may still occur to remove radial nitrogen species, helping
prevent biofilm damage and protecting cell wall integrity (Mai et al., 2021; Nikolaou et al.,
2025). As a result, nitrogen gas production would increase. Expression of DNRA would decrease
at shallower depths during the summer as oxygen becomes available for aerobic respiration.
Ammonium would still be produced for incorporation into biomolecules (Pandy et al., 2020;
Decleyre et al., 2015). Despite the presence of ammonium and oxygen which can be used to
make the required nitrite, anammox would most likely not occur as it is an anaerobic based
metabolism and inhibited by the presence of oxygen (Dalsgaard et al., 2014). It may only be

likely in anaerobic microenvironments with nitrite produced from denitrification.

Predicted Changes in Summer Metabolisms at Deeper Depths

Metabolic dynamics in the deeper parts of Lake Fryxell can be inferred upon with the
results produced during the summer at 10.1 m. With an increase in depth, PAR is attenuated,
reducing photosynthetic capacity of oxygenic phototrophs. This would reduce light-dependent

Calvin Cycle carbon fixation. An increase in chemoautotrophy, via the Wood-Ljundahl Pathway,
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would become more prominent throughout the mats as it can be paired with methanogenesis and
acetogenic metabolisms (Ragsdale et al., 2008; Borrel et al., 2016). As oxygenic photosynthesis
decreases, lack of oxygen reduces the ORP, preventing removal of strong reductants. Once
oxygen production is no longer active and remaining supply exhausted, the aerobic respiration
process will cease as well, instead restricting microbes to alternative electron acceptors.
Alternative strategies to maximize energy production lost by respiration may involve increased
fermentation and lipid oxidation. Changes in metabolic activity would not be limited to these
processes as lack of oxygen would have a notable influence on the sulfur and nitrogen cycles.

In this study involving the sulfur cycle, sulfide oxidation and sulfate reduction were
active processes and most likely are used as deeper depths. In the lower parts of Lake Fryxell
sulfide oxidizers would benefit from the increased amounts of sulfide available for oxidation.
Sulfide oxidation itself can be performed in oxic and anoxic conditions, aerobically and
anaerobically (Friedrich et al., 2001; Xia et al., 2017; Findlay et al., 2015). Without oxygen the
aerobic process would not occur and below 10.1 m anaerobic sulfide oxidation would most likely
be the dominant form of this metabolism. In this anaerobic environment, nitrate could be used as
an oxidizing agent for sulfide oxidation, but the production of nitrate may be limited as
nitrification requires oxygen. If nitrate and nitrite are no longer available this may prevent other
anaerobic oxidation processes in other cycles. This may potentially present a decoupling of the
sulfur cycle and nitrogen cycle if nitrate is not being produced or acquired. Sulfate reduction
would most likely remain a prominent metabolism deeper into the lake as sulfate is still present
and builds with depth (Figure 2). Due to the decrease in ORP by lack of oxygen and presence of
hydrogen sulfide, sulfate would be a useful electron acceptor for facilitating energy production in

an environment with oxygen as a higher potential electron acceptor.
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The nitrogen cycle is composed of many processes of converting nitrogen species, but in
an anoxic environment, mainly the anaerobic processes would increase in prevalence.
Nitrification would likely decrease as oxygen would no longer be available for nitrate production
while denitrification is no longer inhibited by oxygen and will increase. DNRA would increase
as nitrate would be a viable electron acceptor in the absence of oxygen and has been noted to be
used by diatoms in dark anoxic waters unless nitrate is depleted (Merz et al., 2020). The resulting
ammonium could then be used for anaerobic ammonium oxidation, anammox, if nitrite is
available. The lack of nitrogenous species due to lack of oxygen for production would limit

anaerobic oxidation of sulfide and anaerobic respiratory processes.

Implications for Metabolic Changes During Winter at 10.1 m

As the season changes to winter, PAR declines and then becomes unavailable. With a
loss of photons, photosynthesis ceases, reducing the oxygen output to zero. This, along with
oxygen consumption and sulfide production, causes ORP to decline by over -300 mV (Figure
3A). With a lack of photoautotrophy, chemoautotrophic pathways would increase in relative
importance. Desulfobacterota, Pseudomonadota, and Chloroflexota taxa may increase expression
of the WLP and rubisco for light-independent carbon fixation. Aerobic respiration may remain
consistent until oxygen is depleted, creating a completely anoxic environment. Fermentation
would be expected to increase as a result. Evidence also suggests that sulfate reducing microbes
can use ethanol, along with the /#nd bifurcating gene family, to oxidize hydrogen for NADH and
ferredoxin production (Kpebe et al., 2023). Fermentation was expressed in our sample including
alcohol dehydrogenase. Alcohol dehydrogenase can perform bidirectional reactions between

ethanol and acetyl-CoA, implying the presence of ethanol. Of the phyla represented,
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Plactomycetota, Desulfobacterota, and Chloroflexota taxa may utilize this process to maximize
energy production during the winter. The interplay between dissimilatory sulfate reduction,
fermentation, and electron bifurcation may become more common.

The sulfur cycle may change from fall to winter as the lack of oxygen can permit the
increase of sulfide over time. The lack of oxygen reduces the abiotic reaction of oxygen and
sulfide. Without oxygen from the oxygen oasis oxidizing sulfide to sulfate, sulfide builds up,
promoting anaerobic sulfide oxidation as a valid metabolic strategy. The process was present in
seven phyla and would likely show an increased expression as more sulfide becomes available.
Dissimilatory sulfate reduction would be expected to continue to show increased prominence in
the metabolic composition of the microbial mat community.

Like the sulfur cycle, the nitrogen cycle may have attenuated oxidation reactions due to
the lack of oxygen. Without oxygen, nitrification becomes highly unlikely to occur after
depletion of the oxygen oasis. Expression may continue into winter but would ultimately cease
when anoxia is established. Denitrification would substantially increase in anoxic environments
as nitrate is used as a terminal electron acceptor. DNRA is expected to increase in expression due
to anoxic dark conditions. Nitrogen fixation may increase as the nitrogen limitation of the lake
may prompt communities to scavenge available nitrogen for biomolecule anabolism (Green et
al., 1989). This would also be promoted by the lack of oxygen which can inhibit the nitrogenase
critical to the fixation process (Asubel et al., 1984; Sakar et al., 2014; Helbleib et al., 2000).
Lastly with the production of ammonium, it is likely that anammox could increase to convert
excess ammonium to nitrogen gas but that is dependent on the levels of nitrite as it is required for

the process to occur.
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Conclusion

The metabolic framework of Lake Fryxell displays a diversity of metabolic processes
with phyla diversifying or specializing their metabolic capabilities. Autotrophic expression,
forming the basic biomass of the microbial mats can most likely be attributed to
Desulfobacterota and some Pseudomonadota MAGs participating in the WLP and Calvin Cycle.
The framework includes a complete sulfur cycle with both sulfide oxidation and sulfate
reduction present and sometimes performed by the same organisms. Denitrification, nitrification,
anammox, nitrogen fixation, and DNRA are represented indicating a complete nitrogen cycle at
10.1 m during the summer in Lake Fryxell. Anaerobic processes are also active as fermentation
occurs as well in the microbial mats. Although both anaerobic and aerobic processes are
expressed, they may also be supplemented by lipid beta oxidation to further utilize fatty acids in
the extreme environment.

Overall, this study at 10.1 m extends understanding of the microbial metabolisms in the
lower parts of Lake Fryxell in depth by investigating what metabolisms are present and what
assembled MAGs are expressing. Previous studies have focused within the oxycline, 9.0 - 9.8 m,
where cyanobacteria are highly prominent in the surface layers of the mat (Dillon et al., 2020).
There they produce oxygen and it is reflected in the high prevalence of key photosynthesis genes,
which benefits aerobic respirators (Dillon et al., 2020b). At 10.1 m this study, an anaerobic shift
is occurring. This change explains how the communities, that were also found at shallower
depths, adjust to changing environmental conditions with the respect to depth in summer.

Oxygenic photosynthesizers are still contributing to oxygen production, which increases the
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ORP, but most likely doesn’t lead to positive ORP above the mat. Instead, the reductive

environment at 10.1 m supports the prominence of anaerobic metabolisms.
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