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Abstract

While it has been long appreciated that microbes can influence global processes such as
climate, how microbial dynamics and interactions impact specific ecosystem processes still
remains to be fully characterized. Since the North Pacific Subtropical Gyre (NPSG) is such a
vast ecosystem and is considered to be the world’s largest contiguous biome, it is under sampled
and understudied with respect to biological processes. Seasonality is minimal in the NPSG
compared to other temperate and polar habitats, yet microbial communities are central to this
ecosystem and small temporal shifts may cause large-scale changes. Microbial processes that
result in the formation of sinking particles, their sinking, and subsequent deep-sea export are key
elements in the global carbon cycle, carbon export, and nutrient delivery to the deep-sea.
Additionally, the effects of mesoscale eddies common to the NPSG on microbial community
structure and function are also not well constrained. In this dissertation, I examined the temporal
and spatial microbial community dynamics over time, space and habitat (free-living or particle
attached) at Station ALOHA. With respect to particles reaching the deep-sea at 4000m, I found
that particle-attached bacteria sampled during summer elevated carbon flux (ECF)
events encoded metabolic pathways reflecting their surface water origins. At other times over the
three-year study, mid- and deep-water particle colonization, predation, degradation and repackaging appeared to shape the biotic composition of particles reaching the abyss. In terms of
eddy effects on free-living microbes, I observed the enrichment of a specific high light I
(HLI) Prochlorococcus sequence in a cyclonic eddy along with a number of
specific Prochlorococcus genes, including some involved in nitrogen acquisition and
metabolism, suggesting that nutrient adaptations, in addition to lower temperature growth range,
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may provide a competitive edge to cyclone-enriched Prochlorococcus variants. Finally, with
respect to eddy effects on particle attached microbial communities, I found a cyclone-correlating
strain of Pseudoalteromonas, a copiotrophic genus often found associating with key microbial
taxa in surface waters. In total, my results reveal key microbial players and biological processes
involved in production, particle formation, export, and consumption that may influence the
ocean’s biological pump and help sustain ecosystems throughout the water column in the NPSG.
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Chapter I. Characterizing the Spatial and Temporal Variability of
Microbes in the North Pacific Subtropical Gyre

Overview

Ocean gyres occupy 40% of the Earth’s surface, but are severely under sampled 1–3. The
North Pacific Subtropical Gyre is the world’s largest gyre as well as its largest contiguous biome
(Figure 1.1) 1. Because of its size, its chemical reactions from both abiotic and biotic sources
have deep impacts on the earth’s atmosphere4. This oligotrophic system supports a broad array of
diverse planktonic microorganisms all competing for similar scarce resources. However, it is
postulated that because of dynamic fluid movement, predator-prey interactions, and
spatiotemporal habitat heterogeneity, ecotypes and strains of microbial plankton can occupy
slightly different, or overlapping, niche space in the same macroscopic habitat 5–7. Once thought
of as a “static desert”, as more research is showing, the North Pacific Subtropical Gyre (NPSG)
is a dynamic, diverse and complex biome. This, in part, is why it is important to gain a deeper
understanding of the biophysical interactions occurring in this ecosystem.
The first chapter written here provides context and justification for the research
performed in this dissertation. It outlines how microbial communities were and are characterized
historically and introduces the study site, Station ALOHA (Figure 1.1). Then some discussion
on the importance and variability of microbial communities over time and space, specifically the
microbial communities in the water column at Station ALOHA, with special emphasis on the
Prochlorococcus genus, is given. In this same section, eddy-related changes in biogeochemistry
are discussed. Finally, an introduction to the biological carbon pump and how sinking particles
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play a role in nutrient cycling is included. While emphasis in this dissertation is on Prokaryota,
for clarity we define “microbe” herein as members of Prokaryota and Eukaryota that when fully
developed are less than 500 microns in size.

Characterizing the Microbial Community at Station ALOHA

Sea-surface microbes are largely involved in the Earth’s climate, the production of a large
portion of our atmospheric oxygen, and nutrient cycles. Because of their trackable pigments and
size, eukaryotic phytoplankton are better understood than their non-photosynthetic counterparts.
However, bacteria and archaea are largely responsible for the oxidation of carbon as well as
reduced forms of nitrogen, and sulfur 4,8–10. Microbial oceanography has long been considered
crucial for understanding wide-scale global processes such as nutrient cycling. It is now clear
that interactions within microbial communities in the ocean have more complex effects on these
global processes than previously thought 11,12. Diversity and detailed classification of microbes in
a community are important factors to understand because they provide information on ecosystem
structure and functioning 13,14.
The classic work by Carolus Linnaeus, Systema Naturae, published in 1758 is considered
the birthplace of modern taxonomy. Linnaeus grouped organisms into logical groups based on
their appearance and behavior. This provided a comparison that is still helpful today 15.
However, this was less than 100 years after Hooke and Van Leeuwenhoek published the first
descriptions of a microorganisms and more than 100 years before Pasteur and Koch’s important
work helped refute the theory of spontaneous generation 16–18. Today, we still attempt to fit all
microorganisms into a Linnaean classification that was designed for macrofauna.
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However, species definitions and descriptions used for animals and plants are hardly
useful when examining microbes. Before the 1970’s, environmental microbiology was mostly a
black box. This is because firstly, distinguishing microbes based on morphology is not possible.
In addition, the only way to identify these organisms was via culture-based chemotaxonomic
methods and more than 90% of naturally occurring microbes resist cultivation 19–21. Even
medically important bacterial groups that were described in the 1800’s, like Mycobacterium
tuberculosis, had unknown phylogenetic relationships 22.
New approaches, particularly the advent of molecular phylogenetic analyses of universal
highly conserved genes, has vastly improved our knowledge and allowed for the ability to
identify microbes. In 1977, Carl Woese and George Fox used rRNA sequence data to divide life
into 23 main divisions, and three domains: Bacteria, Archaea, and Eukarya 23–25. After this point,
the field of molecular microbiology begin to evolve rapidly. Specifically, it allowed scientists to
rely on the molecules of organisms, rather than requiring their culture. In addition, it started to
provide a reasonable branch of systematics for microbes, by comparing groups phylogenetically.
As reference sequences from cultured organisms were being produced using their rRNA genes,
databases were coming together that could be used to help bring in a phylogenetic perspective
26,27

. By the mid 1990’s, it was becoming clear that most of Earth’s diversity is microbial 28.
Traditional RNA sequencing, and the first gene ever sequenced was published in 1972 by

Walter Fiers and colleagues 29. After this, the methods expanded rapidly and the development of
many early techniques occurred including Sanger and Maxam-Gilbert sequencing 30,31. Shortly
after, in 1977, the first whole-genome sequencing project was completed; the bacteriophage Phi
X174, an ssDNA virus, encoding 11 genes and just over 5,300 bp 32. By the 1980’s, researchers
were sequencing the genomes of microbes that were 100,000’s of base pairs in length. However,
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it was not until the mid 1990’s that Haemophilus influenzae, became the first free-living
organism to have its genome sequenced completely. At over 1.8 mbp. , this marked the first
whole-genome shotgun sequencing effort 33.
Now, various high throughput methods, including second and third generation, have been
developed and all have their advantages and disadvantages (Figure 1.2). Illumina sequencing by
synthesis methods, for example, have high accuracy but also require high concentrations of DNA
which can be difficult when working with environmental samples. Nanopore sequencing on the
other hand, produces the longest individual reads of all the high throughout methods, but also has
lower throughput and lower accuracy than Illumina methods. But by and large, the per base price
of sequencing has decreased dramatically over time. Per billion base pairs, Illumina and
nanopore methods will cost <$150 whereas Sanger methods would run >$2 million (Figure 1.2)
34,35

. Since the advent of these techniques, we have reached a point where we can answer

complex questions concerning environmental microbes, greatly augmenting more traditional
survey methods used in microbiology and oceanography.
In 1988, through an NSF-funded initiative, the study site for the Hawaii Ocean Time
Series, Station ALOHA (A Long-term Oligotrophic Habitat Assessment) was founded. Located
about 90 km north of the island of Oahu (22°45’ N, 158° W), Station ALOHA was chosen to
establish regular sampling of an extremely important yet under sampled habitat, the oligotrophic
NPSG (Figure 1.1) 36. Over more than three decades since its establishment, Station ALOHA
has become one of the most well studied areas of the ocean providing physical, chemical and
biological information that has been vital in developing a deeper understanding of the NPSG and
oligotrophic ocean systems as a whole 37. All three data chapters in this dissertation, Chapter’s II,
III, and IV, are focused on developing a deeper understanding of the microbial community at
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Station ALOHA primarily by correlating oceanographic data to nucleic acid sequencing data. A
variety of sequencing techniques are used throughout including Sanger, and amplicon and
shotgun-based Illumina technologies.

Spatial and Temporal Variability of Microbial Communities in the NPSG

Microbes in the ocean play an important role in our climate, primary production, and
nutrient cycles on a global scale. Large-scale temporal changes in the ocean, such as the seasons,
cause environmental heterogeneity and may allow for sustained diversity in microbiota 38. Even
in areas of the ocean where seasonal effects are comparatively minimal, such as the NPSG,
differences in microbial community structure are significant 36,37. According to a study by Bryant
et al.39, even small variations of solar irradiation can be crucial for microbial beta diversity.
Prochlorococcus is the most abundant phototroph on earth and is thus responsible for the
sequestration of a large amount of atmospheric carbon and the production of a large amount of
atmospheric oxygen 40,41. It is also the smallest photosynthetic organism at 0.5-0.7 µm giving it
an obvious advantage in oligotrophic systems, because of its high surface to volume ratio
(Figure 1.3) 40,42. Since its discovery in the late 1980’s, a plethora of work on this globally
important picoplankton has been accomplished 41,43–45. It is found ubiquitously in ocean surface
waters from 40 degrees north to 40 degrees south occupying a vertical depth down to 100-200
meters. However, in the subtropics, some Prochlorococcus ecotypes exceed the boundaries of
the photic zone, thus, the genus sustains growth in irradiance levels that change by more than 3
orders of magnitude 41. The Prochlorococcus pangenome is expansive, projected at having
80000 genes in total, with 1200 core genes and 1000-1500 flexible genes 45.
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The Prochlorococcus genus is divided into many genetically distinct ecotypes. The two
main ecotypes are high light (HL) and low light (LL) 44. Within those, there are several clades
that have differences in genome size, GC content, ITS and 16S rRNA gene identity, and adaptive
differences that differentiate them 44–48. Weak seasonal fluctuations in Prochlorococcus
populations have been observed at Station ALOHA, and consistent ecotype-specific abundance
maximums occur at different depths 48.
At Station ALOHA, the three dominant groups of microorganisms include:
Prochlorococcus, SAR11, and planktonic Archaea 37. While the surface waters at Station
ALOHA are dominated by Prochlorococcus, the alphaproteobacterial group SAR11 is abundant
from 25 meters, past 1000 meters depth 49. Along with the identity of microbes, the genomic
characteristics of organisms change throughout the water column. For example, just below the
photic zone, an abrupt transition of GC content of microbial genomes of naturally occurring
microorganisms at Station ALOHA was observed. Specifically, organisms with higher genomic
GC content, and higher proteome nitrogen content, are found below this transition zone, possibly
because of the availability of nitrogen and other nutrients 50. Conversely, microbial genomes in
nutrient poor surface waters tend towards lower GC content, and have lower nitrogen in their
proteomes, presumably an adaptation to low nitrogen availability 50–52.
While Station ALOHA experiences minimal seasonal changes compared to coastal or
high latitude habitats, seasonal variation in the NPSG is ecologically significant 53–55.
Prochlorococcus is more abundant during the winter, and in the summer, blooms often
consisting of diatom-diazotroph species are observed in this open ocean habitat 3,56,57. These
large blooms can cover more than 350,000 km2 and are thought to be responsible for an elevation
in export flux 56,57. While only a minute fraction of organic matter from the surface reaches the
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deep sea, the presence of large phytoplankton blooms may increase this nutrient flux
significantly. Resident benthic communities likely rely on this summer increase in nutrient
export from the surface to sustain their populations.
Physical features of heat and nutrient transport and ocean circulation affect the biological
systems of Earth. Mesoscale circular currents called eddies are one of the main sources of heat
and nutrient transport in the NPSG 58–60. Mesoscale eddies, which have horizontal scales on the
order of a few hundred kilometers, are circular currents of water characterized by negative or
positive changes in sea surface height that generally reflect shifts in the main pycnocline (Figure
1.4). These circular currents displace sea water vertically in the water column, either upwards in
an anticlockwise moving cyclone or downwards in a clockwise moving anticyclone (Figure 1.4).
This isopycnal displacement causes a change in the depth of the nutricline, and the deep
chlorophyll maximum 61. When this occurs, dramatic transitions in phytoplankton community
structure have been documented 62,63. Although, most evidence for these biogeochemical shifts in
marine systems have been observed in the Sargasso Sea, during a survey of a cyclone in the
NPSG, a concentrated bloom of chain-forming diatoms and protozoan grazers near the DCM was
observed 62,64–67. The same study also observed a community shift during the eight-day timeseries from chain-forming diatoms to smaller diatom species, more typically observed in the
NPSG 62. This study suggests that eddy age, as well as intensity are important to microbial
community structure. Another study surveying bacterioplankton in an anticyclonic mode-water
eddy revealed that the eddy center was enriched in Roseobacter, OCS116 and marine
Actinobacterial clades. The study also found the enriched Actinobacterial clades were correlated
strongly with pigment-based indicators of diatom abundance 67. While mode-water eddies differ
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from the mesoscale eddies found in the NPSG there is still the characteristic isopycnal
depression and elevation that impact the depth of the DCM and deep-water nutrients.
The mixture of low-light and high-nutrients at the DCM forms a distinctive habitat that
can be utilized by certain prokaryotes as well as marine eukaryotes. For example, some low-light
Prochlorococcus ecotypes are specialized to occupy this space 44,68,69. A deficit of knowledge
exists as to how cyclonic and anticyclonic eddies shift plankton communities. Whether these
oceanographic perturbations that are typical at Station ALOHA represent specialized habitats for
microbial assemblages also remains unstudied. Chapter two of this dissertation examines how
sinking particles in the abyssal zone change temporally. Chapter three investigates the impacts
that mesoscale eddies have on both the bacterioplankton community, specifically
Prochlorococcus, and eddy-related changes to the microbial communities of sinking particles at
the base of the photic zone are examined in Chapter four.

Sinking Particles and the Summer Export Pulse

About half of photosynthesis on earth is contributed by marine phytoplankton 70. A small
portion of organic matter produced in the euphotic zone is exported to deeper waters, most of
which undergoes decomposition before reaching the deep sea. The tiny fraction (1-3%) of
organic and inorganic material that sinks through the water column and reaches the abyssal zone
contributes centrally to deep sea microbial life, and nutrient cycling 71. This sinking particulate
matter is a large component of the biological carbon pump that transports surface-derived
material to the deep sea (Figure 1.5) 70,72–75. Some of the earliest measurements of carbon flux
by depth were performed by 70. These sediment trap measurements resulted in the formation of
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the Martin Curve, that explains how the relationship of particles decreasing by depth can be
described as a power law function 70. While this may be an oversimplification, that was just
chosen as the best fit model without ecological justification, the Martin Curve remains an
important model in the field of oceanography 76. While it is helpful for building models such as
those used in the Open Ocean Carbon Model Intercomparison Project, the assumption that flux
profiles are in a constant steady state may not be valid. The deep-sea exhibits seasonality, and
particles may take anywhere from days to months to sink from the surface to the deep-sea
depending on their composition, size, and changes in phytoplankton standing stocks. Finally, it is
possible that a significant amount of material reaching the sea floor originated in the mesopelagic
rather than the euphotic zone 76–78.
Carbon dioxide is a principal driver of climate change. Anthropogenic activities like
deforestation and fossil fuel combustion are driving up the levels of carbon dioxide in the
atmosphere and surface waters, causing an increase in atmospheric temperatures and a decrease
in ocean pH. A combination of solubility and the biological carbon pump (BCP) make marine
systems a huge sink for carbon. It is estimated that a third of all anthropogenically sourced
carbon is sequestered by the world’s oceans. The BCP transfers both organic and inorganic
carbon to the deep sea, and into marine sediments, keeping it sequestered for thousands of years
(Figure 1.5).
In the NPSG, at Station ALOHA, late summer export pulses of carbon, nitrogen,
phosphorus and biogenic silica have been observed for several decades 72,73. It is postulated that a
majority of the material that sinks during these events, which increases export to the deep sea by
over 150%, is likely derived from large diatom-diazotroph blooms that are observed via satellite
(Figure 1.3). Evidence for this includes microscopy and qPCR results that show an increase in
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nifH genes in sediment collected at 4000 meters during Summer Export Pulse (SEP) periods 73.
While these SEP events are fairly consistent, there are occasions when the pulse is not observed
73,79

. During these times, particles that reach 4000 meters are dominated by Epsilonproteobacteria

and deep-sea piezophilic groups 79. The assemblage of organisms associated with sinking
particles may impact the speed and efficiency in which they sink by facilitating degradation or
particle aggregation 80,81. The second chapter of this dissertation investigates how this important
carbon flux event, the SEP, impacts microbial community composition of sinking particles in the
NPSG. Chapter four also focuses on sinking particles and how mesoscale eddies of opposite
polarities change the microbial communities on particles that sink to the bottom of the photic
zone.

Dissertation Overview

Rationale:
The NPSG is the world’s largest biome and is drastically understudied

1–3

. Microbial

communities in this area are globally important and shifts on a temporal scale, such as seasons,
cause environmental heterogeneity and large-scale changes in community dynamics 38. In addition
to these temporal shifts, spatial changes, like depth have an obvious and large impact on the
structure of microbial assemblages. However, the specifics of these things remain unstudied. As
important as sinking particulate matter is to global nutrient cycling, the effects of export events
and mesoscale eddies on free-living and particle-attached microbes have not been thoroughly
investigated. Through this dissertation, the microbial community dynamics at Station ALOHA
over time and throughout the water column was examined. Studying shifts in microbial community
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dynamics during export events and under eddy conditions are important and these projects have
contributed in a substantial way to the field of oceanography.

Objectives:
By investigating the influence of environmental variability on open ocean microbial
population structure and function, my central aim was to develop further understanding of the
dynamics and variability of marine microbial communities in the NPSG. This work focused on
several specific oceanographic processes that encompass different temporal and spatial scales
that shape microbial community structure and dynamics throughout the water column. Leaning
heavily on nucleic acid-based datasets, I aimed to complete the following:

1. Identify how the microbial communities on sinking particles shift during large export
events and specifically characterize the communities on sinking particles at 4000 meters
over several annual cycles, and during SEP events.
2. Investigate whether eddy-induced shifts in the depth of the nutricline may impact the
structure and function of specific microbial community members. Specifically, I focus
on Prochlorococcus ecotype abundances, to explore how Prochlorococcus taxonomic
and genomic diversity may change over time and by depth, in response to eddy-induced
physicochemical change.
3.

Examine if the bacterial communities on sinking particles at the base of the photic zone
are impacted by mesoscale eddies and if specific organisms are correlated with varying
magnitudes of particle flux occurring across an eddy dipole.
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Chapter II:
Through space and time, the bacterial communities on sinking particles near the surface
at Station ALOHA have been observed to exhibit large variation 82–84. This has been reflected in
studies of particle export at Station ALOHA 73. Whether summertime export pulses that reach
the deep sea are reflected in the biological composition of sinking particles is of great interest.
This chapter is a genomic-centered time-series study of sinking particles at 4,000 meters near
Station ALOHA. Results from this study characterize microbes and understand their temporal
variability with regards to the SEP. In addition, using the powerful analytical tool of nucleic acid
sequencing, physical and chemical properties of sinking particles at abyssal depths in the NPSG
were contextualized. This chapter and the resulting publication represent one of the first deep-sea
metagenomic time-series datasets in the oligotrophic open oceans.

Chapter III:
Although eddies are ubiquitous, and Station ALOHA is under eddy conditions ~30% of
the time, it is unclear how eddies influence microbial community assemblages 85. In this study,
we sought to understand how dynamic shifts in the depth of the DCM caused by eddies influence
bacterial community structure and possibly function, in the NPSG. Our approach was to compare
bacterial communities across two adjacent eddies with opposite polarities, leveraging data from
two separate oceanographic expeditions. For the analysis of this data, we put special emphasis on
Prochlorococcus, partially to build on several decades of work that has been done on the genus
and also because it is of huge ecological importance in oligotrophic areas like the NPSG. While
it is somewhat clear that mesoscale eddies have impacts on surface ocean productivity, the
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effects on bacterioplankton are understudied. This chapter is one of the first to compare the
bacterioplankton communities between eddies of different polarities.

Chapter IV:
Based on the results from Chapter II and III, Chapter IV brings particle flux and
mesoscale eddy dynamics together. As stated above, eddies can be ocean hotspots of
productivity but whether this increase in productivity, and possibly particle flux, shifts particleattached bacterial communities is not well known62,67,86. Our approach was to leverage PIT
sample data collected during the 2017 MESOSCOPE cruise with geochemical data also
generated from the same PIT arrays. Successful MAG and 16S rRNA amplicon generation
followed by correlation analysis with nutrient level data resulted in fairly comprehensive project
and led to a deeper understanding of bacterial communities in mesoscale eddies.

Chapter V:
This chapter includes a synthesis of the work done in this dissertation. It also includes a
section on questions that can be expanded on and questions for future directions. As this
dissertation is largely based on metagenomic and metatranscriptomic sequencing data, utilizing
only the data already generated and utilized in this thesis could answer a variety of ecological
questions. The field of oceanography has been augmented by the advent of high-throughput
sequencing technologies. Bringing together traditional oceanographic techniques with these
methods have changed the field so that complex questions about molecular biology can be
investigated.
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Figures

NPSG
Station ALOHA

California Current

Kuroshio Current

North Pacific Current

North Equatorial Current
~1100 km

Figure 1.1. Map of the North Pacific Subtropical Gyre (NPSG) showing the location
of Station ALOHA. The white circle shows the approximate area of the NPSG. White
arrows show the directions of the four main currents of the gyre. Scale bar is shown as a
white bar on the top right. Currents are based on the Ocean Surface Current Analyses
Real-time (OSCAR) project (NASA).Ocean current map taken from the Earth Null School
at: https://earth.nullschool.net/#current/ocean/surface/currents/orthographic
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1970

First Generation

Early DNA Sequencing
Examples:
Sanger Sequencing, Maxam
and Gilbert, Sanger Chain
Termination
Length:
-500-1000 bp
Per 1gbp Cost: ~$2,500,000
Note:
Good for repetitive DNA

2000

Second Generation

Massive Parallel
Sequencing
Examples:
454, Solexa, Ion Torrent,
Illumina
Length:
-50-700 bp
Per 1gbp Cost: ~$5-$10,000
Note:
High accuracy, low cost

2010

Third Generation

Single Molecule Sequencing
Examples:
PacBio, Oxford nanopore,
Qiagen Gene Reader
Length:
-10’s of kb
Per 1gbp Cost: ~$7-$45
Note:
Longer reads, but lower
accuracy

Figure 1.2. Schematic showing the evolution of predominantly used sequencing technologies.
Examples of sequencing technologies from first to third generation are shown along with
achievable fragment lengths, cost per billion base pairs. Banners on the left indicate sequence
generation and the arrow on the right indicates a relative timeline for technology development.
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Figure 1.3. Photographs of some common organisms at Station ALOHA. A member of the Uronema
genus, a common ciliophore sampled at Station ALOHA (A). The nitrogen-fixing endosymbiont Richelia
intracellularis (C) and its host, a Rhizosolenia species (C). Free-living Crocosphaera (D) and
Crocosphaera living in symbiosis with Climacodium (E). Trichodesmium (F). Prochlorococcus NATL2A
micrograph (G). Photos credit: Mathilde Dugenne (A;F), Luke Thompson (MIT) and Nicki Watson
(Whitehead Institute)(G).
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Figure 1.4. Schematic showing a mesoscale dipole eddy system consisting of a cyclone
and anticyclone. Shaded circles indicate respective Sea Level Anomaly (SLA) values ranging
from -28 cm (dark blue) at the center of the cyclone to 28 cm (dark red) at the center of the
anticyclone. An example of longitude and latitude for mesoscale eddies is provided on the x
and y axis to show scale.
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Figure 1.5. Diagram of the Biological Carbon Pump and the Martin Curve. Black arrows show
the direction carbon is moving, blue arrows show primary production. DOC: Dissolved Organic
Carbon, POC: Particulate Organic Carbon. A stylized version of the Martin Curve adopted from
Martin et al. 1987 showing the reduction in vertical carbon flux over depth. Vertical carbon flux loss
estimates taken from Bourne et al. 2021 (right).
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Abstract

In the open ocean, elevated carbon flux (ECF) events increase the delivery of particulate carbon
from surface waters to the seafloor by three-fold or more compared to mean annual fluxes. Since
microbes play central roles in primary production and sinking particle formation, they contribute
greatly to carbon export to the deep-sea. Few studies however have quantitatively linked ECF
events with the specific microbial assemblages that drive them. Here, we identify key microbial
taxa and functional traits on deep-sea sinking particles that correlate positively with ECF events.
Microbes enriched on sinking particles in summer ECF events included symbiotic and free-living
diazotrophic cyanobacteria, rhizosolenid diatoms, phototrophic and heterotrophic protists and
photoheterotrophic and copiotrophic bacteria. Particle-attached bacteria reaching the abyss
during summer ECF events encoded metabolic pathways reflecting their surface water origins,
including oxygenic and aerobic anoxygenic photosynthesis, nitrogen-fixation and
proteorhodopsin-based photoheterotrophy. The abundances of some deep-sea bacteria also
correlated positively with summer ECF events, suggesting rapid bathypelagic responses to
elevated organic matter inputs. Biota enriched on sinking particles during a Spring ECF event
were distinct from those found in summer, and included rhizaria, copepods, fungi, and different
bacterial taxa. At other times over our three-year study, mid- and deep-water particle
colonization, predation, degradation and re-packaging (by deep-sea bacteria, protists, and
animals), appeared to shape the biotic composition of particles reaching the abyss. Our analyses
reveal key microbial players and biological processes involved in particle formation, rapid export
and consumption, that may influence the ocean’s biological pump and help sustain deep-sea
ecosystems.

41

Significance Statement
The ocean’s “biological pump” exports sinking particles containing carbon, nutrients and energy
to the deep-sea, contributing centrally to the Earth’s global carbon cycle. Here, we identify key
organisms and biological processes associated with elevated carbon flux to the abyss. Our
analyses reveal that during summer export, specific populations of photosynthetic algae,
heterotrophic protists and bacteria reach the abyss on sinking particles. Deep-sea bacteria
respond rapidly to this elevated nutrient delivery to the abyss in summer. During other seasons,
different organisms and processes appear responsible for particle export to the deep sea. Our
analyses reveal key biota and biological processes that connect surface productivity, particle
export and the deep-sea ecosystem, thereby influencing the function and efficiency of the
ocean’s biological pump.
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Introduction

As a central component of the ocean’s biological carbon pump 1-5, sinking particles mediate
the export of photosynthetically derived organic matter, and the transport of carbon and energy
to abyssal depths. At the open ocean time-series study site Station ALOHA 6, 7 in the North
Pacific Subtropical Gyre (NPSG), prominent summertime ECF events called the “summer export
pulse” (SEP; 8) typically occur from July through August. These summer ECF events, referred to
henceforth as the SEP, are defined as those periods when summertime particulate carbon flux at
4000 m exceeds the mean annual flux by 150% or more 8. Time-series measurements of
particulate carbon, nitrogen, phosphorus and silica flux have provided a long-term record of the
amounts of carbon and nutrients reaching cold, well oxygenated abyssal waters 8. These data also
provide estimates of the amount of carbon sequestered in the deep ocean in the form of sinking
particulate material that has escaped remineralization in the upper water column. Despite these
critical datasets, the biological origins and composition of sinking particles, especially during
periods of elevated flux, is less well known.
Historically, sinking particle-associated biota has been characterized and quantified in
sediment trap collected samples via light microscopy 9,10, or analyses of organic biomarkers like
carotenoids or other photosynthetic pigments 11. Shell-bearing organisms like coccolithophorids,
diatoms, tintinnids, foraminifera, radiolarians, or pelagic mollusk shells are the most readily
identified by microscopic techniques 12. This approach cannot identify most microorganisms
(including smaller protists, fungi, archaea, and bacteria), or soft-bodied pelagic metazoans like
siphonophores or other hydrozoans. Additionally, the mineral-containing shells of some common
pelagic organisms (like the aragonite shells of pteropods, or the strontium sulfate tests of
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Acantharea) dissolve at depths exceeding 1000 m and so are difficult to quantify in deeper
sediment traps 13, 14. New in situ optical techniques for identifying and quantifying sinking
organisms have also been recently developed 15, 16, but these too suffer from the same difficulties
encountered using traditional light microscopy. As a consequence, few comprehensive
inventories of sinking particle-associated biota currently exist.
Recent studies are now beginning to apply nucleic acid-based taxonomic and genomic
analyses to characterize particle-associated microorganisms. A few of these studies have used
serial filtration of seawater to identify microbial taxa found in different particle size fractions 1721

. However, these approaches cannot identify or differentiate sinking from suspended particles

22

. One approach to address this challenge employs large volume settling chambers, that can

separate and differentiate suspended from sinking particles in seawater 22. Other oceanographic
tools like sediment traps that capture sinking particles in situ 23 are also being coupled with genebased taxonomic analyses, to determine the composition and variability of sinking particleassociated microbiota 22, 24-31. Different methods to preserve cells and nucleic acids in situ have
been developed, including the use of non-crosslinking, precipitative fixatives 27, 29, 32 or poisons
like mercuric chloride 31. These approaches have been leveraged to characterize microbial
assemblages found on sinking particles and those responsible for particle degradation, using
paired sediment traps deployed with or without preservatives 25, 27, 28, 33.
Despite great progress, few quantitative studies have linked elevated carbon flux events with
their corresponding sinking particle-associated organisms reaching the deep ocean. In a recent
sediment trap study off the California coast, Preston et al. 30 found that a single diatom species
was associated with a bloom that lead to elevated carbon flux to the abyss. A recent global ocean
biogeographic survey of microbial metagenomes (from seawater sampled on filters) used

44

optically estimated carbon flux at 150 m, to infer associations of microorganisms with carbon
flux 15. One previous report documenting the SEP events in the NPSG over several decades,
postulated the involvement of diatom-diazotroph associations, based on one year of biological
data 8. Although a subsequent one-year metagenomic study of sinking particle-associated
microbes was conducted in 2014 in the NPSG 29, no elevated carbon flux events occurred that
year, so no conclusions about SEP events could be inferred 29.
To better characterize the organisms and biological processes associated with ECF events in
the NPSG, we conducted a three-year metagenomic time-series study (21 time points per year) of
particles sinking to abyssal depths (4000 m) in the open ocean. We identified specific microbial
populations whose abundances positively correlated with elevated carbon flux to the abyss. The
temporal variability of carbon-flux correlating microorganisms was analyzed and distinguishing
genomic features and inferred traits of sinking particle associated microbes were characterized.
Our analyses provide new perspective on microbial components and dynamics associated with
the open ocean biological pump and inferred biological processes and variability associated with
carbon transport to the deep ocean.

Results

Time-series analyses of sinking particle-associated microbial genes and genomes reaching
4000 m depth were conducted from 2014 – 2016 at Station ALOHA in the NPSG 6-8. SEP events
were observed in 2015 and 2016, each >150% of the 24 year mean annual particulate carbon flux
(1992-2016; mean = 230.4 umol.m-2, SE = 6.7, n=394; Figure 2.1; Figure 2.S1; Dataset 2.S1).

45

An additional ECF event was also observed in mid-May 2015. Particulate nitrogen flux patterns
coincided with particulate carbon fluxes throughout the time-series.
To identify sinking particle-associated microbes reaching the abyss, total RNA and DNA
were extracted from each sediment trap sample and the taxonomic representation of small
subunit ribosomal RNA sequences (16S rRNAs) was assessed (Figure 2.1, Figure 2.S2). We
focused most quantitative analyses on RNA-derived rRNAs (Figure 2.1), rather than rRNA
genes from metagenomic DNA (Figure 2.S2; Tables 2.S1-2.S7), for several reasons: First, the
total rRNA sequence reads per sample in the metatranscriptome dataset was ~170-fold greater
than the total rRNA sequence reads per sample in the metagenome dataset. As well, direct
enumeration of ribosomal RNAs (as opposed to rRNA genes in DNA) is thought to better
represent those microorganisms that are more metabolically active. The use of quantitative
internal RNA standards for the metatranscriptome datasets also helped facilitate consistent
normalization counts across all RNA samples. On sinking particles, depending on the taxonomic
group, rRNA abundances were either greater (Arcobacter, Colwellia, Intramacronucleata
ciliates), approximately equal to (Moritella, Psychrobium, several Flavobacteriales genera), or
less than (Ruegeria, Thalassobius, Tropicibacter, hydrozoans) corresponding rRNA gene
abundances in DNA (SI Appendix Tables 1-7). Since deep-sea sinking particle-associated biota
have diverse origins (e.g. attached microbes arriving from surface waters, colonizing and
actively growing deep-sea microbes, or dead animals from various depths in the water column),
these different abundance patterns reflect the different life histories of particle-associated groups.
Over the three-year sampling period, particle-associated RNA-derived rRNAs (Tables S1S7) were dominated by Bacteria affiliated with either the Epsilonproteobacteria (36.6% of all
bacterial and archaeal 16S rRNAs were represented by Campylobacterales, Figure 2.1) or
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Gammaproteobacteria (40.8% of all bacterial and archaeal 16S rRNAs were represented by
Alteromonadales plus other Gammaproteobacteria, Figure 2.1). The Epsilonproteobacteria order
Campylobacterales was comprised predominantly of Arcobacter spp. (Figure 2.1, Table 2.S1).
Across the entire time-series, the Alteromonadales clade was dominated by Colwellia, Moritella
and Shewanella (Table 2.S2), genera often associated with psychrophilic and piezophilic species
(34, 35, 27-30). Alphaproteobacteria, Deltaproteobacteria and Bacteroidetes each comprised a
smaller percentage (1-3.6%) of the total rRNAs associated with sinking particles reaching
abyssal depths across the time series (Figure 2.1; 2.S3-2.S5). Archaeal rRNAs were found on
sinking particles at much lower abundance, averaging 0.27% of the total rRNAs across all
samples, and consisting primarily of Woesearchaeia, Nitrosopumilaceae and Thermoplasmatota.
Sinking particle-associated eukaryotic rRNAs comprised 15.3% of the total rRNAs
recovered across the three-year time-series. The three main supergroups represented in the
eukaryotic 16S rRNA datasets included Rhizaria, Opisthokonta and Alveolata. Among these,
Cnidaria, Mollusca and Cercozoa rRNAs were most abundant (accounting for 11.8%, 18.7% and
19.7% of the eukaryotic 16S rRNAs, respectively). Among protists, ciliates, cercozoans and
acantharians,were among the most well represented across the time series (Figure 2.1; Table
2.S6). Within the Cnidaria, siphonophores (Hydroidolina) were most abundant, while pteropods
(Heterobranchia) were the most abundant molluscs (Table 2.S7).
To explore the genomic properties and functional traits of sinking particle-associated bacteria
and archaea, a non-redundant dataset of 121 medium to high quality metagenome assembled
genomes (MAGs; ≥70.7% complete and ≤8.9% contamination; Dataset 2.S2) 36, 37 was prepared
by analyzing all 63 time-series metagenomic assemblies. The taxonomic affiliation of these
MAGs was assessed using GTDB-Tk 38 which classifies genomes based on their placement in a
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reference genome tree, relative evolutionary distance and FastANI distance. The dereplicated
MAGs encompassed 15 bacterial and 3 archaeal phyla (Dataset 2.S2). Due partly to their larger
genome sizes, greater complexity and lower abundance in our samples, we did not recover any
sinking particle-associated eukaryote MAGs.
To estimate strain diversity, read-based operational taxonomic units (OTU) sequences of
ribosomal proteins were identified in the metagenomes. Conservatively, we estimated that more
than 6908 strains were present in the sediment trap samples (See Methods). To estimate the
fraction of the bacterial and archaeal assemblage represented in the dereplicated MAG sets,
comparison of the read-based OTU sequences to the ribosomal proteins in the dereplicated MAG
set was conducted cumulatively for all MAGs, across all 63 samples. At the genus-level, the
dereplicated MAGs represented approximately 40% of all bacterial and archaeal diversity
present in sinking particle-associated metagenomes.
Mapping of metagenomic reads to dereplicated MAGs across the three-year time-series
revealed significant shifts in the bacterial community during the 2015 and 2016 SEP events
(Figure 2.2; Figure 2.S3; Dataset 2.S3). Individual MAGs were tested for differential
abundance (via metagenomic read coverage profiles) during SEP versus non-SEP periods using
the Mann-Whitney test. A subset of MAGs (40 out of 121) were found to be significantly
enriched (false discovery rate-corrected p value < 0.05) during the SEP compared to non-SEP
periods. Some of the SEP-associated bacteria (14 out of 40) belonged to Alteromonadaceae,
Flavobacteriaceae, Rhodobacterales, Oceanospirillales and Vibrio, presumptive copiotrophic
particle-associated groups (Dataset 2.S3; 15, 39, 40). Nitrogen-fixing symbiotic or free-living
cyanobacteria known to be prominent in surface waters of the NPSG (Richelia and
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Crocosphaera; 8, 9, 41, 42) were also well represented among the SEP-enriched bacterial genomes
(Figure 2.2A, 2.3; Figure 2.S3).
During the Spring-2015 ECF period, Mann-Whitney tests identified the enrichment of a
different bacterial assemblage (seven out of 121 MAGs) than was found in SEP events. This
included representatives of Gammaproteobacteria belonging to the Halomonadaceae
(Halomonas, Chromahalobacter), Idiomarinaceae (Idiomarina), Psychrobiaceae (Psychrobium)
and Methylophagaceae (Figure 2.2B, Dataset 2.S3). Members of these genera are often found
associated with surfaces, including abyssopelagic particles, or are known to inhabit abyssal and
hadal plankton or sediments 17, 18, 43-45. Unlike SEP-enriched bacteria, none of the Spring-2015
ECF enriched bacteria encoded chlorophyll, bacteriochlorophyll, or proteorhodopsin-based
photosystems. Different eukaryotic taxa were also enriched during the Spring-2015 ECF period
compared to those found in SEP events (Figure 2.S4; Dataset 2.S4). Polycistine radiolaria
(Nassellaria, Polycystinea), fungi (Eurotiales), presumptive parasitic protists (Perkinsidae) and
copepods (Misophrioida, Siphonostomatoida, Harpacticoida) in particular were enriched on
deep-sea sinking particles during the Spring-2015 period (Figure 2.S4; Dataset 2.S4).
Consistent with the MAG results (Figure 2.2; Dataset 2.S3), rRNA analyses associated
Gammaproteobacteria belonging to the Halomonadaceae with the Spring-2015 ECF event as
well (Dataset 2.S4).
Both 16S rRNA and MAG analyses indicated a year-round prevalence of some groups
Epsilonproteobacteria (Arcobacter spp.) and Gammaproteobacteria closely related to known
deep-sea psychrophilic or piezophilic bacteria (e.g. Colwellia, Shewanella, Moritella spp. (Table
2.S1; Dataset S3, S5; 29, 43). In contrast, other particle-associated bacteria found on deep-sea
sinking particles were specifically associated with SEP events. The metabolic pathways of SEP-
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enriched MAGs recovered on deep-sea sinking particles for example, revealed strong vertical
connections between surface waters and the deep sea. In particular, SEP-enriched MAG-encoded
metabolic pathways encompassed oxygenic and anoxygenic phototrophy, carbon fixation and
nitrogen fixation (Dataset 2.S6), presumably as a consequence of the export of surface-dwelling
microbes attached to fast-sinking particles that reach the deep sea.
As expected, the two SEP-enriched cyanobacterial MAGs (DT-Richelia-1 and DTCrocosphaera-1), encoded the genes for oxygenic photosynthesis verifying their surface water
origins. These cyanobacteria were significantly enriched during the SEP periods (p value < 0.05;
Figure 2.3A). Additionally, eight Alphaproteobacteria MAGs in several different lineages
encoded genes for bacterial anoxygenic photosynthesis (some with intact photosynthetic
“superoperons”; 46), that were elevated in abundance during and after the SEP periods (Figure
2.3B). Five (DT-Rhodobacteracae-1,2,3, DT-Parvularculaceae-1 and DT-Rhizobiaceae-1)
encoded genes for microaerobic cbb3-type cytochromes, and the other three were related to wellknown aerobic anoxygenic phototrophs (DT-Dinoroseobacter-1, DT-Erythrobacter-1 and DTErythrobacter-2). During the SEP, these latter three AAPs were the most abundant of all the
anoxygenic phototrophs (Figure 2.3B). A total of 70% of the SEP-associated MAGs on sinking
particles reaching 4000 m also encoded photolyases, supporting the surface water origins of
many of these SEP-associated MAGs (Dataset 2.S3; 47). Additionally, a total of 30% of all the
SEP-associated MAGs encoded a proteorhodopsin gene 48, providing further evidence of the
rapid export of bacterial photoheterotrophs to the deep sea during the SEP (Dataset 2.S3).
A total of 10 MAGs encoded the Calvin-Benson-Bassham cycle (CBB cycle) which
includes the key enzyme ribulose-1,5-bisphosphate carboxylase (RuBisCO). These included the
cyanobacteria (DT-Richelia-1 and DT-Crocosphaera-1), which supports their contribution to
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SEP-associated export. Excluding the diazotrophic cyanobacteria, the genetic potential for the
CBB cycle among sinking particle-associated MAGs was most abundant between April and May
of 2015 (Figure 2.S5) and correlated with sinking particulate carbon fluxes above 150% of the
average annual mean (Figure 2.1; Figure 2.S1). Non-cyanobacterial CBB encoding bacteria
were dominated by a Chromohalobacter species (DT-Chromohalobacter-1) which was found to
be enriched only during the Spring-2015 ECF event, reflecting functional differences between
the Spring-2015 and summertime SEP events (Figure 2.2; Figure 2.S5). An alternative carbon
fixation pathway, the 3-hydroxyproprionate bi-cycle was identified in four MAGs in the
Rhodobacteraceae family (Figure 2.S5), with two (DT-Rhodobacteraceae-2 and 3) encoding
genes for anoxygenic photosynthesis. The 3-hydroxyproprionate bi-cycle encoding MAGs were
enriched during and shortly following the SEP.
A diverse range of heterotrophic diazotrophs was recently reported on particles collected at
relatively shallow depths (150 m) in the NPSG 49. This earlier study showed that a large
proportion of PCR-amplified nifH gene sequences was derived from heterotrophic bacteria and
diazotrophic cyanobacteria (Crocosphaera and Trichodesmium). In our study, in addition to
SEP-associated diazotrophic cyanobacteria (DT-Richelia-1 and DT-Crocosphaera-1), one
member of the alphaproteobacterial Micavibrionaceae family (DT-Micavibrionaceae-1) also
encoded a nitrogen fixation gene cluster (nifHDK). Nitrogen fixation genes have not previously
been reported in the Micavibrionaceae family, and this putative diazotroph was also selectively
enriched during the SEP (Figure 2.3C). To further explore the diversity of potential diazotrophs
reaching seafloor depths nifH gene sequences recovered from sediment trap metagenomic
contigs were identified, revealing 15 additional non-redundant nifH genes (amino acid identity
≤95%) (Dataset 2.S7; Figure 2.S6). Comparisons with the GTDB reference database (50)

51

suggested that these nifH gene sequences were derived from Cyanobacteria (n=10) including
Trichodesmium, Gammaproteobacteria (n=2), Alphaproteobacteria (n=2) and Deferribacterota
(n=1). The nifH genes on deep-sea sinking particles were most abundant during the SEP events
(Figure 2.S6). A summer maximum of nifH genes was also observed in 2014, even though
elevated carbon flux at 4000 m was not detected in summer that year (Figure 2.S6).
To test for potential relationships between 16S rRNA abundances and carbon flux
measurements at 4000 m, we performed Weighted Gene Co-Expression Network Analysis
(WGCNA; see Supplementary Methods). WGCNA is a systems biology approach for
identifying clusters (modules) of gene or taxon abundance profiles, that are highly correlated
with other external sample traits, in this case carbon flux values over time. Initial analyses
identified specific, particle-associated rRNA-based taxa that clustered into one of four different
modules (Figure 2.S7; Dataset 2.S5). One of these four modules, rRNA Module 1 correlated
significantly with increased carbon flux (Figure 2.4A, 2.4B, 2.4C; Dataset 2.S5). Similar
analyses were also performed for bacterial and archaeal MAG taxa (Figure 2.4D, Dataset 2.S3).
The majority of taxa in 16S rRNA Module 1 consisted of bacteria and archaea (85% of the
total taxonomic diversity and > 99% of all Module 1 16S rRNA reads). Only 2% of the bacterial
taxonomic diversity across the time-series was assigned to Module 1, with a large percentage of
16S rRNAs falling within the Gammaproteobacteria order Alteromonadales (77.1% of all
Module 1 16S rRNAs), including the family Colwelliaceae (Dataset 2.S5). Other bacterial taxa
in Module 1 included Alphaproteobacteria (25% of bacterial taxonomic diversity assigned to
Module 1), Cyanobacteria (14% of Module 1 bacterial taxonomic diversity, including a high
representation of Nostocales which contains nitrogen-fixing species like Richelia) and
Bacteroidetes (13% of Module 1 bacterial taxonomic diversity (Figure 2.4C; Dataset 2.S5). A
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large proportion of eukaryote 16S rRNAs in Module 1 were affiliated with Stramenopiles (68.4%
of all Module 1 eukaryote 16S rRNAs) and Diatomea (17.3% of the total Module 1 eukaryotic
16S rRNAs; Figure 2.4B; Dataset 2.S5).
WGCNA analyses of MAG abundances similarly identified one module that correlated
positively with elevated carbon flux (MAG Module 1; Figure 2.4D; Dataset 2.S3). Carbon-flux
enriched bacterial genomes in MAG module 1 encompassed several members of the
Flavobacteriaceae (including Winogradskyella); the endosymbiotic diazotrophic cyanobacterium
Richelia; Alphaproteobacteria associated with Rhizobiaceae and Rhodobacteraceae; members of
Rickettsiales and Bdellovibrionales; and Gammaproteobacteria species affiliated with
Halieaceae, Nitrincolaceae, Xanthomonadales, Pseudomonadales, Alteromonas,
Pseudoalteromonas, Vibrio and Colwellia (Dataset 2.S3).
Most of the MAGs identified in ECF WGCNA analyses (Figure 2.4D) were also positively
correlated with summer SEP event time periods tested in Mann-Whitney tests (Figure 2.2,
Figure 2.S3; Dataset 2.S3). These SEP-enriched MAGs included Nanoarchaeota; the
diazotrophic cyanobacterium Crocosphaera; members of Chitinophagales (Saprospiraceae);
Flavobacteriaceae (Gilvibacter spp.); Alphaproteobacteria affiliated with Hyphomonadaceae
(Henricella spp.), Micavibrionaceae, Hyphomicrobiaceae, Parvularculaceae and
Sphingomonadaceae (Erythrobacter spp.); and members of Verrucomicrobiae. (Dataset 2.S22.S3).
WGCNA analyses of rRNAs identified taxon correlations to carbon flux as a continuous
variable. To further test for rRNA-based taxon association with SEP events only, rRNA temporal
abundance profiles were classified as SEP-associated (or not) using a Random Forest (RF)
classification and regression tree algorithm (Detailed Methods) 51, 52. In the Eukaryote RF model,
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rhizosolenid diatoms were among the most important eukaryotic taxon variables, second only to
the Filasterea family Capsasporidae (Figure 2.S8; Dataset 2.S8). The Alphaproteobacteria
family Sphingomonadaceae were the most important bacterial groups emerging from the
Prokaryote RF models, along with cyanobacteria and other heterotrophic bacteria among the top
30 most highly ranked groups (Figure 2.S8; Dataset 2.S9).
To further explore co-occurrence patterns among the sinking particle-associated microbes, a
distribution-based clustering analyses on the rRNA data were also performed. Taxa that
correlated with increased carbon flux in WGCNA analyses (Figure 2.4B; Dataset 2.S3, 2.S5)
also emerged in the network analyses (Figure 2.S9). Both phytoplankton and phytoplanktonassociated bacteria were identified as central nodes in the network. In particular, eukaryote
groups associated with Capsasporidae, Bicosoetida and rhizosolenid diatoms appeared as central
nodes connecting many bacterial nodes in the network. One archaeal Nanoarchaeota group,
Woesarchaeia, was associated with rhizosolenid diatoms and Capsasporidae. The majority of
network nodes were bacterial (89.5%), mostly comprised of Alphaproteobacteria, Cyanobacteria
and Bacteroidetes, in concordance with WGCNA and RF results.

Discussion

To obtain a more thorough understanding of the ocean’s biological carbon pump, a deeper
knowledge of the organisms that influence particle formation, sinking and degradation is
required. Here, time-series analyses of open-ocean particles and particle flux at 4000 m allowed
us to identify taxa associated with sinking particles over three years, in particular those that were
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differentially enriched during periods of elevated carbon flux. These new observations provide a
clearer picture of the specific organisms, and their variability, that are associated with open
ocean sinking particle flux (Figure 2.5). The associated phylogenetic information and genomeenabled prokaryote trait predictions were also useful for inferring which organisms and
metabolic processes might be important to the dynamic processes that promote particle
formation, sinking, and degradation (Figure 2.5).
Our analyses confirmed that symbiotic nitrogen-fixing cyanobacteria and their rhizosolenid
diatom hosts are associated with SEP events, but also indicated that the free-living nitrogenfixing cyanobacterium Crocosphaera 53-56 was also enriched on particles reaching the abyss
during the SEP. In addition to diatom-diazotroph associations and free-living diazotrophic
cyanobacterial groups a wide variety of phototrophic and heterotrophic protists also appear to be
key players in SEP events (Figure 2.5). We did not however find evidence for the abundant
nitrogen-fixing cyanobacterial symbiont UCYN-A, on sinking particles reaching the deep-sea
during the SEP, or other time periods 53, 57.
In addition to rhizosolenid diatoms, a number of different photosynthetic protists correlated
with elevated carbon flux during the SEP, that were also identified in random forest
classification analyses (Figure 2.5, Table 2.S5, 2.S7). These carbon-flux and SEP correlating
photoautotrophic protists included other araphid and centric diatoms, green algae,
coccolithophores and other algal haptophyte and stramenopile lineages (Figure 2.5, Table 2.S5).
Carbon flux correlating heterotrophic protists prevalent during the SEP included bicosoecids,
filazoan species, MAST-9 and MAST-7 stramenopiles, parasitic protists and thrausochytrids
(Figure 2.5, Table 2.S5). The correlation of these groups with carbon flux suggests their
importance in the grazing of particle-attached bacteria, and potential roles in particle aggregation
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and sinking, consistent with previous reports of protistan groups found sinking particles 15, 24, 25.
The biomass of thrausochytrids (a heterotrophic fungus-like clade of Stramenopiles) has
previously been reported to rival that of bacteria on bathypelagic marine snow particles 58. Our
results show that thrausochytrids also were correlated with elevated carbon flux, supporting
important roles for them in the degradation of sinking particles.
The diversity and gene content of SEP-associated bacterial photoautotrophs and heterotrophs
on particles reaching the abyss reflected rapid export from surface waters during SEP events.
For example, the majority of the SEP-correlating, particle-associated MAGs reaching the abyss
encoded photolyases (70% of all SEP-correlating MAGs), and many also encoded
proteorhodopsins (30% of all SEP-correlating MAGs), indicative of their surface water origins 47,
48

. In contrast, non-SEP MAGs encoded fewer photolyases (21% of the total non-SEP MAGs)

and proteorhodopsins (11% of the total non-SEP MAGs), suggesting many of these represented
deeper water colonizers with deep-sea origins.
A large cohort of bacterial photoheterotrophs on sinking particles reaching the abyss
correlated significantly with the SEP. Among these both bacteriochlorophyll-based anoxygenic
phototrophs 46 and proteorhodopsin-based photoheterotophs 47 were well represented. SEPassociated heterotrophic bacteria were closely related to groups well known for their particleassociated lifestyles, physiologies, surface motility, predatory behaviors, or epiphytic
associations (Figure 2.5, Table 2.S3); 19, 27, 59, 60). Heterotrophs included relatives of prosthecate
bacteria (e.g., Phycisphaerae, Hyphomicrobiaceae and Caulobacterales) known to attach to
particles via stalks. The Flavobacteriaceae, well known for epiphytic associations, exopolymer
degradation and surface-associated gliding motility 59, 61, were also prevalent on sinking particles
during the SEP. Other SEP-associated bacteria included Rhodobacteraceae, Alteromonadaceae,
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Vibrionaceae, Saprospiraceae representatives, whose relatives are known for biofilm formation,
algal associations, or copiotrophic lifestyles. Bacteria with putative parasitic or predatory
lifestyles were also associated with the SEP including Bdellovibrio and Micavibrio, the
Caenarcaniphilales and one archaeon within the class Nanoarchaeia.
In addition to surface-dwelling microbes exported to the abyss on rapidly sinking particles,
SEP-correlating Gammaproteobacteria closely related to known authochthonous deep-sea
adapted bacteria, were also prevalent (Figure 2.2, Figure 2.5, Table 2.S3; 29, 30, 34, 35). Previous
work has shown that long-term pressurization of deep-sea animal or sediment samples frequently
recovers piezophilic bacterial species that including Psychrobium, Colwellia, Moritella,
Arcobacter and Shewanella 34, 43. Notably, the positive correlation of some Colwellia spp. (a
group not found in oligotrophic NPSG surface waters or shallow water sediment traps; 27, 28, 47)
with the SEP, appears to reflect the rapid colonization and/or metabolic responses of deep-sea
bacteria to elevated sinking particle inputs to the ocean’s interior.
Different suites of organisms were enriched on abyssal sinking particles in the Spring-2015
ECF event, than were found during SEP events (Figure 2.5; Table 2.S3, 2.S4, 2.S5). The
Spring-2015 ECF period included different eukaryotic taxa (including radiolaria, copepods and
fungi) as well as different bacterial taxa (including members of the family Halomonadaceae) that
were clearly distinct from those associated with the SEP (Figure 2.5; Table 2.S3, 2.S4, 2.S5).
Unlike the SEP, fungi were specifically enriched during the Spring-2015 ECF event, a result
consistent with a previous report of fungal prevalence on bathypelagic marine snow 58. These
results suggest that distinct biological processes are at play at different times of year with respect
to the formation, export, degradation and recycling of sinking particles in the oligotrophic open
ocean.
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Some of the deep-sea sinking particle-associated taxa that we observed overlapped with those
previously reported to correlate with optically inferred, near-surface (150 m) carbon export in a
recent global ocean survey 15. These included thrausochytrids, and bacterial Arcobacter,
Colwellia, Vibrio, Idiomarina, Halomonadaceae, Phycisphaeraceae, Piscirickettsiaceae and
Flavobacteriaceae species. In contrast, sinking particle associated Alphaproteobacteria and
Bdellovibrionales species that we observed especially in SEP events, were not noted in this prior
study 15. With respect to eukaryotes, we observed that siphonophores, copepods, foraminifera,
radiolarians and alveolate parasites were generally abundant on deep-sea sinking particles, a
result consistent with this recent global survey 15. Notably, diatoms were not strongly correlated
with carbon export in the global ocean survey reported by Guidi et al. 15, which the authors
attributed to their sparse sampling of silicate replete regions. Yet our study was conducted in a
silicate depleted region, and still revealed significant correlations of sinking diatoms, diatomdiazotrophic associations and free-living diazotrophic cyanobacteria to directly measured carbon
flux, and SEP events. These results support the utility of time-series analyses for documenting
the intensity and variability of biological processes associated with deep-sea carbon export.
SEP-associated microbes on particles reaching the abyss are distinct from those found at
other times of year likely for several reasons. Flux coherence between sediment traps set at
depths of 2800 m and 4000 m indicate that particles sink rapidly especially during the SEP 8.
This period of rapid sinking appears to be the result of intense summer phytoplankton blooms
and aggregation, that we show here to consist of nitrogen-fixing cyanobacteria, diatoms,
haptophyte and stramenopile algae, protistan heteroptrophs and surface-attached Bacteria and
Archaea. These faster sinking particles are also predicted to reach the abyss less degraded during
transit, better preserving the molecular signatures of their surface water origins (Figure 2.5). The
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Spring-2015 ECF particle-associated assemblages in contrast were comprised of different suites
of algae, animals, heterotrophic protists, fungi, and bacteria, suggesting different modes of
particle aggregation and processing in the ocean’s interior during these events (Figure 2.5). In
contrast to the SEP, at other times of year mid- and deep-water particle colonization, predation,
degradation and re-packaging (by deep-sea bacteria, protists, and animals), appears to shape the
biotic composition of particles reaching the abyss. Large sporadic pulses of dead meso- and
bathypelagic animals (especially pteropods and siphonophores), and their associated microbiota,
also appear to be important components of this open ocean, deep-sea carbon flux. SEP dynamics
then reflect large, temporally constrained carbon flux events, during which SEP-associated
microorganisms from surface waters augment other surface, mid and deep-water processes
during their rapid export (Figure 2.5).
Future studies focused on the nature of particle-forming microorganisms over different depth
horizons, their diverse physiological activities and their quantitative contributions to matter and
energy flux will further clarify central processes of sinking particle formation, breakdown and
transformation. Controlled laboratory studies examining degradation of defined polymeric
growth substrates using representative particle-associated bacterial cultivars also offer rich
experimental testing grounds 62. Comparative genomic analyses of microbes on suspended versus
sinking particles versus free-living bacterioplankton throughout the water column, can help to
identify habitat-specific ecological and evolutionary trends 27, 28, 49. Along with oceanographic,
biogeochemical and process measurements and regionally oriented time-series efforts 8, 29, 30, the
above approaches can provide a deeper understanding of biological mechanisms that help
regulate the functioning and efficiency of the ocean’s biological pump.
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Materials and Methods

Sample collection
Sinking POM was collected and preserved in sequencing sediment traps deployed at 4000 m
over a three-year time period as previously described 29. After sediment trap recovery and
deployment, all samples were processed, and DNA and RNA extracted and purified as
previously described 29. See Supplementary Methods for further information.

Sample processing and data generation
Metatranscriptomic and metagenomic sequencing libraries were prepared as previously
described 29. Quality controlled sequences were compared to all ribosomal RNA (rRNA) models
from RFAM release 12.1 63 using cmsearch (parameters: --hmmonly) from infernal 1.1.2 64. The
taxonomic affiliations of the 16S rRNA sequences were assessed by homology to the SILVA
16S rRNA NR99 database Release 132 65 using BWA 0.7.15-r1140 66 with matches limited to at
least 97% identity over at least 70 bases. See Supplementary Methods for further information.

Recovery of the MAGs
Mapping of quality reads was performed using CoverM v0.3.1 with default parameters
(https://github.com/wwood/CoverM). For each assembled metagenome, metagenomic assembled
genomes were recovered using MetaBAT1 v0.32.5 67 with all the sensitivity settings, MetaBAT2
v2.12.1 68 and MaxBin2 v2.2.6 69 using the 40 and 107 gene sets. The resulting MAGs from each
assembly were assessed for completeness and dereplicated using DAStool 70. Completeness and
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contamination rates of the MAGs were assessed using CheckM v1.0.13 71 with the ‘lineage wf’
command. MAGs from all metagenomes were subsequently dereplicated using dRep v2.2.3 72
using the dereplicate_wf at ≥97% average nucleotide identity over ≥70% alignment and the best
MAGs were chosen based on genome completeness. The dereplicated MAGs were further
refined by reassembling the mapped quality trimmed reads with SPAdes 73 using the –careful and
–trusted-contigs setting. Additional scaffolding and resolving ambiguous bases of the MAGs was
performed using the ‘roundup’ mode of FinishM v0.0.7 (https://github.com/wwood/finishm).

Taxonomic inference of the MAGs
Classification of the MAGs was determined using GTDB-Tk 74 v.0.3.3 implementing the
classify_wf command (https:// sciPy.com/Ecogenomics/GtdbTk). Briefly, marker genes were
identified in each genome, aligned, concatenated and classified with pplacer to identify the
maximum-likelihood placement of each genome's concatenated protein alignment in the GTDBTk reference tree. GTDB-Tk classifies each genome based on its placement in the reference tree,
its relative evolutionary distance and FastANI distance. See Supplementary Methods for further
details on MAG annotation and diversity analyses.

Calculation of MAG relative abundances
To calculate the relative abundance, reads from each metagenomic datasets were mapped to
the dereplicated MAGs using CoverM v0.3.1 with the ‘contig’ command and a cutoff of 95%
minimum identity and minimum aligned read length of 75% of each read. Coverage of each
contig was calculated with the CoverM ‘trimmed_mean’ option and the coverage for each MAG
was calculated as the average of all contig coverages, weighted by their length. The relative
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abundance of MAGs in each metagenomic dataset was calculated as its coverage divided by the
total coverage of all genomes in the dereplicated MAG dataset.
Genomes that were selectively enriched during the SEP
To determine which lineages were differentially abundant between the SEP and nonSEP
samples, the relative abundance profiles from each group were compared. All statistical analysis
was performed using sciPy 75 in the python programming environment 76. The mean and
statistical significance of the difference was analyzed using the Mann-Whitney U test. All pvalues that were affected by multiple testing were corrected for false discovery using the
Benjamini-Hochberg procedure.

Read mapping and coverage profile of the nifH gene sequences
Coverage profile of the nifH gene sequences from the MAGs and metagenome generated
using CoverM v0.3.1 with the ‘contig’ command and a cutoff of 95% minimum identity and
minimum aligned read length of 75% of each read. Coverage of each gene sequence was
calculated with the CoverM ‘trimmed_mean’ option.

Weighted Gene Co-Expression Network Analysis
To identify assemblages of families highly correlating with carbon flux, Weighted Gene
Correlation Network Analysis (WGCNA) was done using the R package WGCNA

77

.

Transformations were performed using the R “DeSeq2” package variance stabilizing
transformation function vst() 78, 79. Visualization of the resulting modules and their correlation with
carbon flux was performed using Cytoscape
information.
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80

. See Supplementary Methods for further

Random Forest Models
To further define rRNA-based taxon associations with SEP events, a Random Forest
classification and regression tree machine-learning model was built using the R package
randomForest()

51

. Each tree yielded a classification and the majority votes among all the trees

were counted and a prediction was assigned. An out-of-bag-error-rate (OOB) was estimated to
evaluate the accuracy of classifications. The final Prokaryote model was built with 10,001 trees
and 32 variables were tried at each split. The OOB estimate was 4.76%, and our permutation test
(n = 100) showed the model was significant (p < 0.05). The Eukaryote Random Forest model was
also built using 10,001 trees, with 29 variables tried at each split, and had an OOB estimate at
14.29%, and a cross-validation accuracy (85.7%), with Kappa values (15.8%), the permutation test
(n = 100) yielded significant results (p < 0.05). See Supplementary Methods and Datasets 2.S8 and
2.S9, for further information.

Correlation network analyses of sinking particle-associated bacteria and eukaryotes
Correlation networks were inferred between the 2259 families of bacteria, archaea and
eukaryotes using FastSpar(v0.0.10) 81, an efficient C++ implementation of the SparCC, which is
based on the dbOTU3 algorithm

81-83

. Correlations between Bacteria, Archaea and Eukaryotes

were based on a distribution-based clustering method dbOTU3, 50 iterations and a cut-off
threshold of 0.40 (p < 0.05) 83. A permutation approach was used to assess correlation significance.
From the original count data, 1000 bootstrap counts were generated using the command
fastspar_bootstrap. From the randomly permuted data, p-values were calculated using
fastspar_pvalues. Only interdomain correlation values calculated were retained. Using the same
count table, a Kendall correlation test between taxa and carbon flux values was performed using
the cor.test function in the R package v3.6.0 “Stats”
63

84

. Only correlations with p-values < 0.05

were considered significant. The network was visualized using the Cytoscape (v3.7.2) software to
identify the most significant positive correlations between groups and carbon flux (80).
Kendall Tau correlation tests were performed on 16S rRNA abundance data, to identify taxa
specifically enriched during the Spring-2015 ECF (Figure 2.S4; Dataset 2.S4). Only correlation
values found to be significant (p < 0.05) were retained. See Supplementary Methods and Datasets
2.S8 and 2.S9, for further information.

Data visualization
Figures were generated using pheatmap 85 and ggplot2 86 package in R 79 and further refined
using Adobe Illustrator.

Data availability
Data supporting the findings of this study that are not included in the manuscript are
included in the Supplementary Figures and Datasets S1–8. Sequence read data are available from
the NCBI short read archive (SRA) under Bioproject no. PRJNA482655. Individual MAGs are
available under the NCBI accession numbers SAMN14675689-SAMN14675809. All other data
products associated with this study are available from the corresponding author upon request
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Figure 2.1. Particulate carbon and nitrogen
flux
and community
composition on sinking particles reaching 4,000 m from 2014 2016. A. Particulate carbon (PC) and nitrogen (PN) throughout the
time-series. Dashed lines represent thresholds for the summer export
pulse for carbon and nitrogen flux (150% of the mean value). B.
Recovery of specific eukaryotic 16S rRNA in the sediment trap timeseries. C. Recovery of specific bacterial and archaeal 16S rRNAs in
the sediment trap time-series. Samples collected during the summer
export pulse (SEP) are outlined in black.

66

2014

A.

2015

2016

DT−Nanoarchaeia−1
DT−Saprospiraceae−2
DT−Flavobacteriaceae−2
DT−Phaeodactylibacter−1
DT−Flavobacteriaceae−3
DT−Saprospiraceae−1
DT−Gilvibacter−1
DT−Flavobacteriaceae−1
DT−Flavobacteriales−4
DT−Flavobacteriaceae−6
DT−Winogradskyella−2
DT−Flavobacteriaceae−5
DT−Bdellovibrionales−1
DT−Bdellovibrionales−2
DT−Pseudobacteriovorax−1
DT−Oligoflexales−1
DT−Richelia−1
DT−Crocosphaera−1
DT−Caenarcaniphilales−1
DT−Hepatoplasmataceae−2
DT−Rickettsiales−1
DT−Micavibrionaceae−1
DT−Parvularculaceae−1
DT−Dinoroseobacter−1
DT−Erythrobacter−2
DT−Henriciella−3
DT−Rhodobacteraceae−1
DT−Henriciella−2
DT−Hyphomicrobiaceae−1
DT−Henriciella−1
DT−Rhizobiaceae−1
DT−Vibrio−1
DT−Alteromonadaceae−1
DT−Alteromonadaceae−2
DT−Alteromonas−1
DT−Psychrobiaceae−2
DT−Psychrobiaceae−3
DT−Lentisphaeraceae−1
DT−Coraliomargarita−1
DT−Opitutales−1

d__Archaea;p__Nanoarchaeota;c__Nanoarchaeia

d__Bacteria;p__Bacteroidota;c__Bacteroidia

d__Bacteria;p__Bdellovibrionota;c__Bdellovibrionia
d__Bacteria;p__Bdellovibrionota_B;c__Oligoflexia
d__Bacteria;p__Cyanobacteria;c__Cyanobacteriia
d__Bacteria;p__Cyanobacteria;c__Vampirovibrionia
d__Bacteria;p__Firmicutes;c__Bacilli

SEP status
Not SEP enriched
SEP enriched
Spring-2015
Rltv.
abundance (%)
100
20
10
5
1
0.5
0.1
0.01
0.005

d__Bacteria;p__Proteobacteria;c__Alphaproteobacteria

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria

d__Bacteria;p__Verrucomicrobiota;c__Lentisphaeria
d__Bacteria;p__Verrucomicrobiota;c__Verrucomicrobiae

B.

DT−Halomonas−2
DT−Halomonas−1
DT−Idiomarina−1
DT−Chromohalobacter−1
DT−Methylophagaceae−3
DT−Alcanivorax−1
DT−Psychrobium−1

Nov 20

Jun 09

Nov 10

Apr 20

Nov 15

May 27

d__Bacteria;p__Proteobacteria;c__Gammaproteobacteria

Figure 2.2. Relative abundance of specific MAGs recovered on sinking
particles reaching 4,000 m from 2014 - 2016.
The heat map displays the relative abundance of 121 MAGs determined by
read mapping from individual sediment trap sample time points, (columns)
during 2014 (orange), 2015 (green), and 2016 (blue). Summer export pulse
(SEP) periods are shaded in grey. MAGs significantly enriched (P < 0.05)
during SEP versus non-SEP periods are displayed in the top and bottom
panels, respectively.
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Figure 2.3. Changes in genome abundances and key metabolic
pathways encoded by MAGs during the SEP. Key metabolic
pathways encoded by different MAGs driving energy production
(A. Photosystem I/II and B. Anoxygenic photosystem II), and C.,
nitrogen fixation. The area chart displays the cumulative
abundance of the MAGs contributing to each specific metabolic
process.

68

Figure 2.4. Carbon flux-associated and SEP-associated taxa
found on sinking particles reaching 4,000 m from 2014 - 2016.
A. Carbon flux values across the time series and total relative
abundances of modules that positively correlate with increased
carbon flux (See legend). B. Relative abundance of carbon fluxassociated eukaryotes (WGCNA rRNA Module 1) across the timeseries. C. Relative abundance of carbon flux-associated bacteria
and archaea (WGCNA rRNA Module 1) across the time-series. D.
Relative abundance of carbon flux-associated bacteria and archaea
taxa (WGCNA MAG Module 1) across the time-series. E. MannWhitney U Test results identifying MAGs positively correlating
with the SEP across the time-series.
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Figure 2.5. Conceptual diagram of taxon temporal export dynamics, inferred traits, and
predicted processes on particles collected at abyssal depths. Export dynamics line plots represent
the temporal abundance profiles of representative taxonomic groups on sinking particles collected
at 4,000 m. Groups shown correlated with elevated carbon flux and the summer export pulse (SEP)
period (green oval), the Spring 2015 elevated carbon flux period (Spring 2015 ECF, blue oval), or
neither period (Non-ECF, orange oval), in the 3-y time series. Inferred traits were derived from
characteristics of known close relatives, or directly from genes and pathways present in the
relevant particle-associated prokaryote MAGs. Predicted processes were derived from the export
dynamics and inferred traits. Within each oval, the eukaryote Export dynamic temporal profiles are
located in the topmost plot, with prokaryote temporal profiles below them. The gray area indicates
the SEP time periods. The specific taxa associated with each Export dynamic plot are listed in
Dataset S5 (eukaryotes) or Dataset S3 (prokaryotes). BChll, bacteriochlorophyll; Chll, chlorophyll.
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Supplementary Figures

Figure 2.S1. Total particulate carbon (PC) and nitrogen (PN) fluxes at 4000 m
during 2014-2016.
Solid and dashed horizontal lines represent the mean and 150% of the mean annual
PC and PN flux values, respectively. Points above the dotted lines represent large
flux events. The grey shaded area represents the Summer Export Pulse (SEP), and
red shaded area the Spring-2015 ECF event. The values for mean annual PC-flux
and PN-flux were 230.4 and 12.96 umol/m2/d, respectively. Values for PC and PN
represent duplicate values in 2014 and 2015 (due to sample availability), and
triplicate values for 2016. The average percent difference for all duplicate
measurements in 2014 was 4% for PC, and 5%, for PN. The average percent
difference for all duplicate measurements in 2015 was 2.9% for PC, and 11.9%, for
PN. In 2016, the coefficients of variation from all triplicate measurements for PC
ranged from 0 to 0.06, and for PN from 0.01 to 0.17.
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Figure 2.S2. Community profiles based on 16S rRNA gene abundances from
metagenomes (DNA) of sinking particles collected at 4,000 m from 2014 -2016.
A. Total small subunit rRNA gene reads recovered from bacteria plus archaea, and
eukaryotes. B. Recovery of eukaryotic 16S rRNAs in the sediment trap time-series. C.
Recovery of specific bacterial and archaeal 16S rRNAs in the sediment trap timeseries. Samples collected during the summer export pulse (SEP) are outlined in black.
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Figure 2.S3. Relative abundance of specific MAGs assembled from
metagenomes of sinking particles collected at 4,000 m from 2014 - 2016.
The heat map displays the relative abundance of 121 MAGs determined by
read mapping from 63 individual sediment trap sample time points
(columns), during 2014 (orange), 2015 (green), and 2016 (blue). Summer
export pulse (SEP) time periods are shaded in grey, and Spring-2015 ECF
time periods shaded in orange. MAGs significantly enriched (P < 0.05)
during SEP period are displayed in the top panel, those in the Spring-2015
ECF in the middle panel, and all others (Non-ECF) are displayed in the
bottom panel.
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Figure 2.S4. Eukaryotic taxa enriched in rRNA abundance during the
Spring-2015 ECF period.
Heat map showing eukaryotic taxa that were significantly enriched in 16S
rRNA abundances (P < 0.05) based on Kendall’s method during the Spring2015 ECF period. Values were calculated proportionately across rows. Samples
collected during the ECF periods are outlined in dark black (Spring-2015) or
light black (SEP periods in 2015 and 2016). Only taxa with >5000 reads across
the time series are shown.
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Figure 2.S5. Changes in the abundance of MAGs that encoded carbon
fixation genes on sinking particles collected at 4,000 m from 2014 - 2016.
Key metabolic pathways encoded by different MAGs driving carbon fixation. All
MAGs found to encode these pathways are shown in the plots. A. Calvin-BensonBassham cycle and B. 3-Hydroxyproprionate bi-cycle. The area chart represents
cumulative abundance of the MAGs contributing to the specific metabolic process.
The heatmap represents the relative contribution of the individual MAG to the
total abundance of the specific metabolic process. The symbols in solid black to
the right of the heatmap indicate those MAGs that positively correlated with either
the SEP time period (circles), the Spring-2015 ECF (squares), or carbon flux
(polygon). Empty symbols indicate no correlation found. The time periods of the
summer export pulse (SEP) are shaded in darker grey.
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Figure 2.S6. Relative abundance of nifH genes recovered from metagenomes
of sinking particles collected at 4,000 m from 2014 - 2016.
A. Violin plots summarizing the average mean coverage of nifH genes recovered from
MAGs and orphan contigs across all metagenomic samples. The nifH genes were
separated into three groups (MAGs, diazotrophic, and heterotrophic orphan genes) (See
Supplementary Table 5 for top blast hits and coverage values of the orphan genes).
Coverage values were calculated after
removing the 5% of nucleotide positions with the highest and lowest coverage. B. Area
chart representing the cumulative coverage values of the nifH genes by taxa across the
three year metagenomic time series. The time periods of the summer export pulse (SEP)
are shaded in darker grey.
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Figure 2.S7. Correlations of rRNA-based taxon abundances with carbon-flux
via WGCNA analyses.
A. Eigengenes representing the relative abundance of four modules identified in a
weighted network analysis are shown with module eigengene to carbon flux
relationship denoted by node color for each of the four modules. The edge color
represents individual taxon global significance of carbon flux (central grey node)
from most negative to most positive (blue to red). The size of the nodes represents
the cumulative relative abundance in the module.
B. The cumulative relative abundances of taxa in each of the four WGCNA
modules is plotted below the corresponding carbon flux values (red line) and
nitrogen flux values (blue line). Module 1 positively correlates with elevated
carbon flux. See Dataset S4 for the taxon composition of each WGCNA module
and Methods for more information.
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Figure 2.S8. Random Forest Mean decrease in accuracy ranking for Prokaryote (Bacteria and
Archaea) or Eukaryote models.
Left panel: Top 30 bacterial and archaeal taxa ranked by mean decrease in accuracy for a Random
Forest classification model run using bacterial and archaeal 16S rRNAs. For the models, a total of
10,001 trees were built. Left Panel:Top prokaryotic taxa ranked by mean decrease in accuracy for a
Random Forest classification model run using Prokaryote 16S rRNAs. Right panel: Top 30 eukaryotic
taxa ranked by mean decrease in accuracy for a Random Forest classification model run using
Eukaryote 16S rRNAs. Specific details on model testing are further provided in the Methods.
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Figure 2.S9. Prokaryote-Eukaryote network associations determined from 16S rRNA
abundance correlations to carbon flux.
Correlations between Bacteria, Archaea and Eukaryotes were based on a distribution-based
clustering method dbOTU3 (39), 50 iterations and a cut-off threshold of 0.40 (p < 0.05).
Kendall’s Tau coefficient calculated between taxonomic groups and carbon flux values are
denoted by the node size, with a cutoff threshold of 0.30 assigned (p < 0.05). The larger
the node size, the greater the positive correlation of the taxon with carbon flux. Nodes are
colored by higher taxonomic level and Prokaryotes and Eukaryotes assigned by node
shape.
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Supplementary Tables
Table 2.S1. Top 10 most abundant Campylobacterales genera represented in the 16S rRNA
identified from the sediment trap metatranscriptomes (MT), organized by percent of total
reads in each family. Respective metagenomic read percentages (MG) are also shown.
Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf
Table 2.S2. Top 32 most abundant Gammaproteobacteria genera represented in the 16S
rRNA identified from the sediment trap metatranscriptomes (MT) and organized by
percent of total reads in each order. Respective metagenomic read percentages (MG) are also
shown. -, undesignated. Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf
Table 2.S4. Top 20 most abundant Deltaproteobacteria families represented in the 16S
rRNA identified from the sediment trap metatranscriptomes (MT) and organized by
percent of total reads in each order. Respective metagenomic read percentages (MG) are also
shown. -, undesignated. Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf
Table 2.S5. Top 31 most abundant Bacteroidetes families represented in the 16S rRNA
identified from the sediment trap metatranscriptomes (MT) and organized by percent of
total reads in each class. Respective metagenomic read percentages (MG) are also shown. -,
undesignated. Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf
Table 2.S6. Top 31 most abundant SAR (Stramenopiles, Alveolates, and Rhizaria) classes
represented in the 16S rRNA identified from the sediment trap metatranscriptomes (MT)
and organized by percent of total reads in each supergroup. Respective metagenomic read
percentages (MG) are also shown. Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf
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Table 2.S7. Top 30 most abundant Metazoa subclasses represented in the 16S rRNA
identified from the sediment trap metatranscriptomes and organized by percent of total
reads in each phylum. Respective metagenomic read percentages are also shown. -,
undesignated. Available at:
https://www.pnas.org/content/pnas/suppl/2021/01/21/2018269118.DCSupplemental/pnas.201826
9118.sapp.pdf

81

Supplementary Datasets
Dataset 2.S1. Geochemical chemical measurements of particulate carbon (PC) and
particulate nitrogen (PN) fluxes. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S2. Quality metrics and characteristics of the metagenome-assembled genomes.
Available at: https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S3. Relative abundance profiles of the dereplicated MAGs. The relative
abundance profile of MAGs across the 63 metagenomic timepoints. Taxa that correlated
significantly with summer export pulse (SEP) events, elevated carbon flux (ECF) or the Spring2015 ECF period are indicated. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S4. Kendall correlation analyses of eukaryote 16S rRNA taxa associated with the
Spring-2015 ECF period. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S5. Weighted Gene Co-Expression Network Analysis (WGCNA) of prokaryote
and eukaryote rRNAs. WGCNA results from rRNA abundance analyses, including p-values
and module membership values for all modules for each taxon are shown. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S6. KEGG module completeness of metabolisms of interest in MAGs. Modules
analyzed include Photosystem I, Photosystem II, Reductive pentose phosphate cycle (Calvin
cycle), Nitrogen fixation, 3-Hydroxypropionate bi-cycle, and Anoxygenic photosystem II.
Dataset S7. Top Genome Taxonomy Database (GTDB) similarities and coverage profiles of nifH
genes recovered from the 63 metagenomic timepoints. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
Dataset 2.S8. Eukaryote Random Forest classification model output. Complete mean
decrease in accuracy list for Eukaryote Random Forest classification model. Columns “SEP” and
“nonSEP” represent the normalized variable importance (normalized RF prediction accuracies)
for taxa in SEP time periods, versus non-SEP time periods. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
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Dataset 2.S9. Prokaryote Random Forest classification model output. Complete mean
decrease in accuracy list for Prokaryote Random Forest classification model. Columns “SEP”
and “nonSEP” represent the normalized variable importance (normalized RF prediction
accuracies) for taxa in SEP time periods, versus non-SEP time periods. Available at:
https://www.pnas.org/content/suppl/2021/01/21/2018269118.DCSupplemental
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Chapter II. Supplementary Information
Detailed methods
Sample collection
Sinking POM was collected and preserved in sequencing sediment traps deployed at 4000 m
over a three-year time period as previously described 1. Moored sequential sediment traps were
deployed at 4,000 m at Station ALOHA (McLane Research Laboratories Inc.). These traps were
deployed yearly and operated between periods of 8-9 months during 2014, 2015 and 2016. For
each year, 21 samples were collected for a total of 63 samples collected over the entire timeseries. Each sample was collected over a 10-12-day interval (see Dataset 2.S1 for details).
Sinking particles captured in the trap were preserved in a nucleic acid preservation solution as
previously described 1. A second trap was deployed over the same time period collected sinking
particles in a formalin brine solution for analysis of particulate carbon and nitrogen as described
in Karl et al. 2. After sediment trap recovery and deployment, all samples were processed, and
DNA and RNA extracted and purified, exactly as described in Boeuf et al. 1.

Sample processing and data generation
Metatranscriptomic libraries were prepared using a ScriptSeq v2 RNA-seq kit (Illumina,
San Diego, CA). Unique barcodes were added to the cDNA by PCR enrichment. Sequencing was
performed on an Illumina NextSeq 500 system using a V2 high output 300 cycle kit (Illumina,
San Diego, CA). Primer sequences were removed from sequence reads using Trimmomatic 0.38
(parameters: ILLUMINACLIP:2:30:10) 3; read pairs were assembled using FLASH
1.2.11 (default parameters) 4 and low quality bases were removed with Trimmomatic
(parameters: LEADING:10 TRAILING:10 MINLEN:100). Reads containing spiked in
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sequences were removed using the bbduk script from BBMap 38.22 5. The first pass removed
phiX sequence and reads with extreme GC values (parameters: k=27 hdist=1 qtrim=rl trimq=17
cardinality=t mingc=0.05 maxgc=0). The second pass removed and counted the quantitative
standards (parameters: k=27 hdist=1 cardinality=t).
Metagenomic libraries were prepared using an automated NeoPrep instrument with TruSeq
Nano DNA library preparation kit (Illumina #NP1011001, San Diego, CA), using an input of 25
ng of sheared genomic DNA. Libraries were sequenced either using a 150 bp paired-end
NextSeq500/550 High Output v2 reagent kit (Illumina #FC4042004, San Diego, CA).
Quality controlled sequences were compared to all ribosomal RNA (rRNA) models from
RFAM release 12.1 6 using cmsearch (parameters: --hmmonly) from infernal 1.1.2 7. A total of
662 million reads with rRNA sequences passed the quality control filters. The taxonomic
affiliations of the 16S rRNA sequences were assessed by homology to the SILVA SSU NR99
database Release 132 8 using BWA 0.7.15-r1140 9 with matches limited to at least 97% identity
over at least 70 bases.

Diversity Calculations for 16S rRNA taxon determinations
Family level Eukaryote and combined Bacteria and Archaea datasets were rarefied to their
respective minimum depths and Shannon diversity indices were calculated for each sample using
the R package ‘vegan’ 10. Using the R package ‘stats’, a dependent 2-group Wilcoxon Signed Rank
Test was performed 11.

93

Recovery of the MAGs
A total of 3.19 billion metagenomic raw paired-end reads were quality controlled and
assembled as follows. First, contaminant sequences were removed using the bbduk script from
BBMap 38.22 5 in two passes. The first pass used parameters “ktrim=r k=23 mink=11 hdist=1
tbo tpe tbo tpe” for Illumina sequencing adapters, and the second pass used parameters “k=27
hdist=1 qtrim=rl trimq=17 cardinality=t mingc=0.05 maxgc=0.95” to remove phiX, low quality
bases, and sequences with unrealistically high or low GC. Next, additional low-quality bases and
sequences were removed with Trimmomatic 0.38 (parameters: LEADING:10 TRAILING:10
MINLEN:100) 3. Unpaired reads were removed using the dropse command from seqtk 1.2 12,
producing a total of 2.45 billion quality-controlled metagenomic reads across 63 samples.
Finally, the cleaned reads from each sample were assembled using SPAdes 3.11.1 (parameters: meta -k 21,33,55,77,99,127) 13 generating 92 million contigs, 900,000 of these were longer than
1500bp.

Mapping of quality reads was performed using CoverM v0.3.1 with default parameters
(https://github.com/wwood/CoverM). For each assembled metagenome, metagenomic assembled
genomes were recovered using MetaBAT1 v0.32.5 14 with all the sensitivity settings, MetaBAT2
v2.12.1 15 and MaxBin2 v2.2.6 16 using the 40 and 107 gene sets. The resulting MAGs from each
assembly were assessed for completeness and dereplicated using DAStool 17. Completeness and
contamination rates of the MAGs were assessed using CheckM v1.0.13 18 with the ‘lineage wf’
command. MAGs from all metagenomes were subsequently dereplicated using dRep v2.2.3 19
using the dereplicate wf at ≥97% average nucleotide identity over ≥70% alignment and the best
MAGs were chosen based on genome completeness. The dereplicated MAGs were further
refined by reassembling the mapped quality trimmed reads with SPAdes 20 using the –careful and
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–trusted-contigs setting. Additional scaffolding and resolving ambiguous bases of the MAGs was
performed using the ‘roundup’ mode of FinishM v0.0.7 (https://github.com/wwood/finishm).

Taxonomic inference of the MAGs
Classification of the MAGs was determined using GTDB-Tk (21) v.0.3.3 implementing the
classify_wf command (https://github.com/Ecogenomics/GTDBTk). Briefly, marker genes were
identified in each genome, aligned, concatenated and classified with pplacer to identify the
maximum-likelihood placement of each genome's concatenated protein alignment in the GTDBTk reference tree. GTDB-Tk classifies each genome based on its placement in the reference tree,
its relative evolutionary distance and FastANI distance.

Functional annotations
For all MAGs, open reading frames (ORF) were called and annotated using Prokka v.1.13 22.
Additional annotation was performed using the blastp ‘verysensitive’ setting in Diamond
v0.9.24.125 23 (https://github.com/bbuchfink/diamond.git) against UniRef100 (accessed
September 2019) 24, clusters of orthologous groups (COG) 25, Pfam 31 26 and TIGRfam 15.0 27.
ORFs were assigned KO ID by hmmsearch against KOfam with predefined thresholds 28. Genes
of interest were further verified using NCBI’s conserved domain search to identify conserved
motif(s) present within the gene 29. The genetic potential of each lineages for different
metabolism was based on the presence and absence of all key enzymes and a pathway coverage
of at least 60% in the KEGG module.
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Calculation of MAG relative abundances
To calculate the relative abundance, reads from each metagenomic datasets were mapped to
the dereplicated MAGs using CoverM v0.3.1 with the ‘contig’ command and a cutoff of 95%
minimum identity and minimum aligned read length of 75% of each read. Coverage of each
contig was calculated with the CoverM ‘trimmed_mean’ option and the coverage for each MAG
was calculated as the average of all contig coverages, weighted by their length. The relative
abundance of each MAGs in each metagenomic dataset was calculated as its coverage divided by
the total coverage of all genomes in the dereplicate MAGs set.

Determination of MAG diversity and abundance
To estimate strain level diversity, SingleM v0.12.1 with the ‘pipe’ command was applied to
each raw metagenomic dataset to find abundances of discrete sequence-based operational
taxonomic units (OTUs) based on alignment of translated reads to profile HMMs representing
conserved ribosomal proteins (https://github.com/wwood/singlem). As 10% of sequences are
estimated to be sequencing error, the number of individual strains was calculated as total number
of different OTU sequences detected minus 10% of the total sequence count 30. To determine
fraction of the microbial community represented by the dereplicated MAG set, read-derived
OTU sequences were compared to the ribosomal protein marker genes from the recovered
MAGs using the singlem appraise --imperfect --sequence_identity 0.89 command. Read-based
OTU sequences with ≥89% global sequence identity were determined to be from the same genus
30

.
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MAGs that were selectively enriched during the SEP, non-SEP, or Spring-2015 ECF
To determine which lineages were differentially abundant between the SEP, non-SEP, and
Spring-2015 ECF periods, the relative abundance profiles of all MAGs were compared across all
time points. All statistical analyses were performed using sciPy 31 in the python programming
environment 32. The mean and statistical significance of the difference was analyzed using the
Mann-Whitney U test. All p-values that were affected by multiple testing were corrected for
false discovery using the Benjamini-Hochberg procedure.

Identification of nifH genes from unbinned metagenomic contigs
Metagenomic contigs were annotated with Prodigal using the -p meta option. The ORFs were
searched with hmmsearch using the K02588 hmm profile and filtered with the predefined
threshold from KOfam 28. The gene sequences were dereplicated with a cutoff of 95% sequence
identity using CD-HIT 33. The genes were compared against proteins from GTDB r89 database 34
to infer their taxonomic affiliations.

Read mapping and coverage profile of the nifH gene sequences
Coverage profile of the nifH gene sequences from the MAGs and metagenome generated
using CoverM v0.3.1 with the ‘contig’ command and a cutoff of 95% minimum identity and
minimum aligned read length of 75% of each read. Coverage of each gene sequence was
calculated with the CoverM ‘trimmed_mean’ option.
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Weighted Gene Co-Expression Network Analysis
To identify assemblages of families highly correlating with carbon flux, Weighted Gene
Co-Expression Network Analysis (WGCNA) was performed using the R package WGCNA 35.
WGCNA is used in systems biology to identify clusters (modules) of temporally correlated gene
expression or taxon abundance profiles, which can be related to external sample traits, in this
case carbon flux values. A co-expressed (or co-occurring) network of taxon abundances was
represented mathematically using an adjacency matrix that expresses pairwise similarities.
Specific modules were then identified by hierarchical clustering. Module associations were
explored, by examining first principal component of the module (known as the module
eigengene). In our analyses, module and eigengene structure of the WGCNA fitted networks
interrelate taxa whose abundances were highly correlated with the magnitude of carbon flux. In
combination with module membership and global trait significance values, we identified specific
taxonomic groups that were either positively or negatively correlated with carbon flux. For our
data, 16S rRNA read counts derived from the metatranscriptome time-series were aggregated by
family or higher, if the resolution did not allow for identification at the family level. Then, the
dataset was rarefied to the sample with the lowest number of total reads and a transformation was
performed using the R “DeSeq2” package variance stabilizing transformation function vst() 11, 36.
Families with fewer than 200 reads associated with them were removed from the dataset before
further analysis. Modules were defined using a soft-threshold Pearson correlation in conjunction
with a topological overlap distance metric and Ward’s Hierarchical Agglomerative Clustering
Method. Softthresholding powers were chosen using the pickSoftThreshold() WGCNA function.
Soft thresholding power was set to 10 and the minimum module size was set at 15 taxa.
Visualization of the resulting modules and their correlation with carbon flux was performed
using Cytoscape 37.
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Random Forest Models
To further define rRNA-based taxon associations with SEP events a Random Forest
classification and regression tree machine-learning model was built using the R package
randomForest()

38

. Using a bagging approach, random forest constructs “forests” of multiple

decision trees independently from a bootstrap sample of the dataset. To avoid overfitting, each
node, or decision point, was split using a best abundance threshold among a subset of predictors
randomly selected rather than using the entire representative dataset. The best split was determined
based on the Gini criterion (a variation of entropy measures usually used for decision trees). New
data were mapped along the training set trees. Each tree yielded a classification and the majority
votes among all the trees were counted and a prediction is assigned. An out-of-bag-error-rate
(OOB) was estimated to evaluate the accuracy of classifications. Because our dataset has relatively
few samples, partitioning a training set and testing was not possible, and so our trained model was
not directly validated on independent data. Instead, we used the mean of squared residuals and
percent variance explained as performance metrics. Permutation and cross-validation tests were
also performed to assess the accuracy of our model. Due to large differences in their relative
abundances, we performed Random Forest models on Eukaryotes and Prokaryotes separately. To
decrease dataset noise, rare features were removed (taxonomic groups with less than 200 reads
assigned to them) and a z-scale transformation was done before running the model. Our final
Prokaryote model was built with 10,001 trees and 32 variables were tried at each split. The OOB
estimate was 4.76%, and our permutation test (n = 100) showed the model was significant (P <
0.05). The cross-validation test results showed both high accuracy (95.2%) and Kappa (81.4%)
values. The eukaryotic Random Forest model had a higher OOB estimate at 14.29%, and lower
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cross-validation accuracy (85.7%) and Kappa values (15.8%), the permutation test (n = 100)
yielded significant results (P < 0.05). Error tables with mean decrease in accuracy of the model for
each taxa for both models are provided in Datasets 2.S8 and 2.S9.

Correlation network analyses of sinking particle-associated bacteria and eukaryotes
Correlation networks were inferred between the 2259 families of bacteria, archaea and
eukaryotes using FastSpar(v0.0.10) 39, an efficient C++ implementation of the SparCC, which is
based on the dbOTU3 algorithm

39-41

. SparCC uses a log ratio transformation and iteratively

calculates correlations between taxa assuming a sparse network. Correlations between Bacteria,
Archaea and Eukaryotes were based on a distribution-based clustering method dbOTU3, 50
iterations and a cut-off threshold of 0.40 (p < 0.05) 41. A permutation-based approach was used to
assess correlation significance. From the original count data, 1000 bootstrap counts were generated
using the command fastspar_bootstrap. From the randomly permuted data, p-values were
calculated using fastspar_pvalues. Only interdomain correlation values calculated were retained
while correlations between families within prokaryota or eukaryote were eliminated from the
analysis. Using the same count table, a Kendall correlation test between taxa and carbon flux
values was performed using the cor.test function in the R package (v3.6.0) “Stats”42. Only
correlations with p-values < 0.05 were considered significant. Using the above matrices,
insignificant values were eliminated from the data frames. The network was visualized using the
Cytoscape (v3.7.2) software to identify the most significant positive correlations between groups
and carbon flux 37.
Additionally, Kendall Tau correlation tests were performed on 16S rRNA abundance data, to
identify taxa that were specifically enriched during the Spring-2015 ECP (Figure 2.S9; Dataset
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2.S9). Only correlation values that were found to be significant (P = 0.05) were retained. Taxa
with less than 5,000 16S rRNA reads across all samples, or those that had a negative Kendall
correlation value, were eliminated for visualization purposes (Figure 2.S9).

Data visualization
Figures were generated using pheatmap 43 and ggplot2 44 package in R 11 and further refined
using Adobe Illustrator.
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Chapter II. Additional Supplement

Introduction
Diatoms are thought to contribute ~40% of particulate organic carbon export globally and
are likely a large contributor to the Summer Export Pulse (SEP) event measured in late summer
in the North Pacific Subtropical Gyre (NPSG) 1–5. While tradeoffs between higher cellular Si/C
elemental ratios and sinking rate have been predicted, highly silicified diatoms may sink quicker
than less silicified species, and frustules provide some protection from mechanical grazing,
allowing for preservation of carbon, nitrogen, phosphorus, and biogenic silica 6,7. As crucial as
diatom species are to global carbon cycling, an estimated 70% of net primary production and up
to 27% of POC export in the ocean originates from small phytoplankton 1,8. The communities of
phytoplankton in the NPSG are complex and group-specific contribution to carbon export is not
well understood 1,9.
Although nucleic acid-based surveys are useful for taxonomic assessment, there are
limitations to using read counts to predict organism contribution to carbon export. Eukaryote
contribution to ribosomal RNA and RNA gene counts in metagenomic and transcriptomic
libraries in our study were lower and more variable than that of prokaryotes. Eukaryote nucleic
acids contributed ~10% of metagenomic (MG) and metatranscriptomic (MT) reads, the other
~90% represented prokaryotes. But this does not clarify the domain-specific biomass
contribution to export. Single-cell protists range in size between 1.0-100,000 microns, whereas
marine prokaryotes are typically <10 microns 10. In addition, large particles are often dominated
by large eukaryotes, like chain-forming diatoms, and are more likely to sink than particles
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dominated by smaller groups, like prymnesiophytes 11. Eukaryotes likely account for a large
percentage of carbon that is exported to the deep sea, both directly because of their size and
structure and ballast materials that enable rapid sinking, or indirectly because of their prokaryotic
consortia and the community of organisms that forms around them 12. While rhizosolenid
diatoms likely contribute largely to the SEP events observed in late summertime in the NPSG,
aggregate particles that sink to the abyss are diverse communities of organisms with complicated
ecologies 4,5,12,13.
Correlation based network methods like Weighted Gene Co-Expression Network
Analysis (WGCNA) are useful in these studies to better define eukaryote community dynamics
on sinking particles especially considering that rRNA copy number, cell size and rRNA content,
and lability may vary from organism to organism. Inferences using network-based analysis are
not fully reliant on abundances of read counts and are less sensitive to samples containing many
rare taxa, allowing for a thorough description of the communities on sinking particles during
Elevated Carbon Flux (ECF) events using RNA or DNA. While the use of RNA-derived rRNAs
for analyses in this chapter has allowed for a more detailed description of a community that is
perhaps more metabolically active, DNA-derived rRNA gene counts are more commonly used
for community descriptions. The purpose of this chapter supplement is to describe in further
detail some of the groups contributing to carbon flux, and to elaborate further on the possible
biological processes involved in their export. These include symbioses between eukaryotes and
prokaryotes, reasons for the differences in community profiles between RNA and DNA-derived
rRNA eukaryote genes and a description of high-abundance eukaryote and prokaryote groups.

107

Methods statement

Data and methods used in this supplement are as described previously in this chapter 5.
Supplemental figures were generated using the R package ggplot2 14,15. All data can be
accessed from the National Center for Biotechnology Information (NCBI) short read archive
(SRA) under Bio-project no. PRJNA482655 16.

Results and Discussion

Because RNA is more susceptible to hydrolysis and degradation than DNA, it does not
persist in the environment as long and is occasionally referred to as the “living fraction” of the
organisms represented in the nucleic acid community. While this is not necessarily the case,
especially when examining rRNA, rRNA sequenced directly from RNA may represent
organisms that are more metabolically active than those sequences derived from DNA. In
addition, the rRNA sequence reads per sample in the MT dataset were ~170-fold larger than
those of the MG samples. For these reasons, MT-derived rRNA was used to analyze community
dynamics and ecologies on sinking particles.
While there were few major differences in the community composition of the rRNA
genes sourced from DNA versus rRNAs in the RNA fraction, there were some notable
exceptions. For example, the dinoflagellate group Syndiniales was much more abundant in the
DNA profile than the RNA (the group represented 7.89% of the total MG reads, but only 0.50%
of the total MT reads; Table 2.S6; Figure 2.S2.1). This group of marine Alveolates often exhibit
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parasitic lifestyles whose trophic form is multinucleate and spore-forming. The DNA from these
spores likely persist much longer than the organism’s RNA and may be the reason for this
pattern. While it is possible there are active parasitic relationships between protists and members
of Syndiniales, there was no supporting evidence for this in the RNA network analyses. In
contrast to the Syndiniales, the ciliate group Oligohymenophorea was prevalent in the RNA
fraction in our study (Figure 2.1; Figure 2.S2.1; Figure 2.S2.2; Table 2.S6). This large class of
ciliates is widely distributed and includes many free living and symbiotic organisms. While it is
unclear why this group is so prevalent in the RNA, it could be due to enhanced grazing and
activity on deep-sea particles, or possibly related to parasitic, predatory, or even endosymbiotic
associations 17–19. There is consistency between this study and others, finding Syndiniales to be
much more abundant in the DNA than RNA and Ciliate groups to be more prevalent in the RNA
fraction 4,20. The spore forming group Acetosporea however, was more common in the RNA
fraction (the group represents 1.53% of the total MT reads, and only 0.47% of the total MG
reads; Figure 2.1; Figure 2.S2; Table 2.S6.). These cercozoan parasites typically infect marine
invertebrates. Their relatively stable abundances in the RNA fraction could point to active
infections, while their more variable abundance in the DNA fraction could be the observation of
sporadic influxes of spores from this group.
Another notable discrepancy in the rRNA versus DNA abundance patterns was in the
Metazoa. The hydrozoan subclass Hydroidolina made up the majority of metazoan reads in the
MG (59.78% of total metazoan-specific MG reads across the entire time series). In contrast this
group was less abundant in the aggregate MT, making up less than 30% of the metazoan-specific
MT reads. Within the Hydroidolina subclass, most reads were assigned to Siphonophorae
(Siphonophorae made up 88.21% and 90.31% of Hydroidolina reads derived from the MG and
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MT respectively). Almost all members of Siphonophorae are native to the deep sea, and many
taxa are found globally 21. This group likely represents an important fraction of carbon export
originating at greater depths, as opposed to most other surface associated taxonomic groups
discussed previously. There are several possible reasons why these colonial organisms were
more abundant in the MG than the MT fractions. It could be that their gelatinous forms quickly
degrade, and their RNA is not well preserved. Or it is also possible that in their living biomass,
RNA/DNA ratios are inherently low compared to other groups. Conversely, Heterobranchia, a
subclass of Gastropoda, had the opposite distribution. It accounted for almost 50% of the total
metazoan-specific reads in the MT and less than 20% of the total MG metazoan-specific reads
(Table 2.S7). In both fractions, DNA and RNA, a majority of Heterobranchia belonged to
various groups of pteropods, specifically the predatory sea butterfly genus Limacina. While some
species of pteropoda occur in the bathypelagic, a majority are found in the upper 300 meters 22.
The presence of this group in our dataset represents another important fraction of carbon that is
likely originating from the epipelagic to upper mesopelagic. The aragonite shells of pteropods
render them more sensitive to pH changes than organisms with calcite shells, and the aragonite
compensation depth is much shallower than calcite, occurring on average at 3000 meters.
Consequently almost all deep sea carbonate-rich sediments are made of calcite 23,24. While the
aragonite shells of pteropods are likely dissolved when they reach 4000 meters, their nucleic
acids remained intact rendering them detectable in our abyssal sediment trap samples. This
highlights one of the benefits of using DNA and RNA biomarkers to characterize the origins of
sinking particles in the deep sea.
Metazoan sequences are often eliminated from RNA/DNA datasets because of difficulties
in dealing with rRNA copy numbers/cell in addition to their extreme variability. We choose to
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include them in the analysis because presumably they could have a large impact on carbon
export. However, despite their fairly high abundances, no correlation between members of
Metazoa and elevated carbon flux to the deep sea was identified. Conversely, a recent paper on
coastal water deep export by 25 found that metazoan taxa abundances increased alongside that of
the diatoms thought to be responsible for a large increase in carbon export. This led the authors
to propose that zooplankton grazing was playing a role in the rapid transport of diatoms to
abyssal depths in this coastal margin study. In our observations of oligotrophic carbon flux to the
abyss, Metazoa abundances were sporadic, and not indicative of any specific trends (Figure
2.S2.1; Figure 2.S2.2). In general, the distribution of the metazoan groups Mollusca and
Cnidaria were extremely variable; throughout most of the year their abundances were quite low
but occasionally large episodes of export to 4000 m were observed (Figure 2.1; Figure 2.S2;
Figure 2.S2.1; Figure 2.S2.2). There may be several explanations for these patterns. These
episodes might correspond to a single individual (or colony) falling into the sediment trap. But,
the different depth distributions, reproductive strategies, and life histories of these animals likely
also plays a role in their export to the abyss.
Finally, for some deep-sea dwelling animals, it is possible traps capture immature larval stages as
well.
Oligohymenophorea, as mentioned above, were present in high numbers throughout
sampling but their abundances did not correlate with increases in carbon flux. Whether these
ciliates are coming from the upper water column or represent deep-sea residents is not clear from
our data, but they may represent a portion of animal-associated flux being exported to the deep
sea continuously during both ECF and non-ECF periods.
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While evidence suggests a majority of sinking Particulate Organic Matter (POM) in the
deep sea originates from the surface ocean 26, some organisms are more easily identified as
surface dwellers. As described previously, photosynthesis and other surface-related genes and
pathways provide more definitive evidence on the surface origins for some microorganisms5.
Taxonomic identity can also sometimes provide strong evidence for surface water origins. In the
WGCNA performed in this study, a number of different photosynthetic eukaryote groups were
found to correlate with carbon flux alongside rhizosolenid diatoms (Dataset 2.S5). Among these
were members of Chloroplastida, a large group comprised of photosynthetic algae, along with
stramenopile and haptophyte groups (Dataset 2.S5, Figure 2.S2.3). The export of these green
algae during the SEP may be due to a combination of factors including blooms in the
summertime, sweeping of these smaller organisms into particles facilitated by diatom and other
larger surface eukaryote aggregations, and subsequent increased sinking velocities 28. Another
group that is of interest when investigating POM and carbon flux, especially in temperate waters,
are coccolithophorids 29. Two Coccolithophore groups were found associating with increased
amounts of carbon flux, Coccolithales and Isochrysidales (Dataset 2.S5; Figure 2.S2.4).
Unfortunately, the phylogeny and taxonomy within the Coccolithophore groups is not well
constrained by our rRNA data, so it is not possible to provide a more highly resolved picture of
the specific species associated with export within this group.
Of the putatively heterotrophic eukaryotic families found in the WGCNA, around half
belong to groups that contain known parasites (4 of 9 groups). The rest are presumptive
bacterivores (Figure 2.S2.5). Some of these families may be animal associated and could
possibly facilitate the export of POM to the abyss after their consumption by metazoa, through
fecal pellets. For all of the groups mentioned above in the WGCNA analysis, their abundances
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are too low in the MG reads to conduct a reasonable comparison. While it would be
advantageous to add the support of the MG to these findings, this also highlights how the greater
sequence read depths of rRNAs in the MT can be useful for studying complex communities of
organisms.
While we know that particle succession occurs as material sinks through the water
column, we cannot rely on taxonomic information alone to make predictions about which
eukaryotic families of heterotrophs colonized particles at depth 30. However, there are several
prokaryotic groups that are closely related to known piezophilic taxa that we can predict likely
occur as deep-sea residents, since they are not typically found in shallower water picoplankton or
sediment traps (< 500 m) in the NPSG 31–34. These groups include the Alteromonadales genera
Colwellia, Moritella, and Shewanella. These groups make up large proportions of rRNA genes
and rRNAs in the MG and the MT (Figure 2.S2.6; Table 2.S2) in the 4000 m sediment traps.
Colwellia alone accounted for over 15% of the total MT reads, and just over 10% of the total
MG reads. While read abundance does not necessarily correlate with carbon export contribution,
it does suggest that the colonization of particles by indigenous deep-sea microbes is an
ecologically important process during POM export to the deep-sea.

Conclusion

While it is still uncertain precisely how much individual taxa quantitively contribute to
sinking POM carbon export in the NPSG, some of the main eukaryotic organisms involved in the
SEP event at Station ALOHA are becoming well documented. Alongside rhizosolenid diatoms,
groups of stramenopiles, haptophytes, and other green algae are contributors to the sequestration
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of nutrients by the biological carbon pump. In addition, many heterotrophic organisms that likely
represent parasites, saprophytes, and predators also play a role on particles that reach 4000
meters during the SEP event. During non-ECF times, particles are dominated by
Oligohymenophorea, Syndiniales, and occasional Metazoa.
A deeper examination of some individual groups found in high abundance during the
study would also be of interest. For instance, the origins, life history and ecological role of the
Arcobacter species which make up over 30% of the total reads in the MT of deep sediment traps
remains a mystery. The prevalence of Arcobacter species in (both the MT and MGs, and their
inverse correlation with carbon flux are intriguing Figure 2.S2.7). The availability of highquality metagenome assembled genomes of this group from our traps (Andy Leu in preparation)
should provide new clues about their specific lifestyles and metabolic traits. As a genus,
Arcobacter is widespread. Some members are pathogens in protists and other animals including
humans, while others have commensal and mutualistic relationships like that of the protist
Breviatea and its Arcobacter epibionts 35,36. Searching the MGs for groups of virulence genes
associated with pathogenic profiles will be a helpful first step to understanding the ecology of
this important group. Placing the Arcobacter strains in context, phylogenetically, will also be of
interest.
In conclusion, this contributes new observations and analyses to a growing body of work
investigating biology and ecology of sinking particles, but there is a lot left to learn. How
oceanographic processes in the surface waters, such as mesoscale eddies or similar physical
processes impact particle export locally and regionally is also worth investigating. These
complicated circulation systems may enhance vertical carbon export by triggering increases in
subsurface productivity, as well as increased vertical velocities 37–39. In the Atlantic, 2-4-fold
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increases of POC export have been measured in cyclones, but this trend may not be universal 40.
A majority of work concerning mesoscale eddy impacts on biogeochemistry and export has been
based on modeling. While models provide invaluable information on oceanographic processes,
the addition of genomic studies will provide a deep understanding of export ecology in
mesoscale eddies. More generally, more detailed work focused on connectivity between the
upper surface waters and the abyss will help us gain a better understanding of how particle
succession occurs as particles sink and may help predict ECF events in the NPSG.
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Figure 2.S2.1. Eukaryotic groups of high abundance over the time series found in the
metagenomes (top) and metatranscriptomes (bottom). The y-axis shows the percentage of
rRNA (from RNA) or rRNA gene (from DNA) read counts, relative to the total number of
eukaryotic reads per sample.
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Figure 2.S2.2. Eukaryotic groups of high abundance over
the time series. The y-axis shows rRNA (from RNA),
normalized by internal standards.
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Figure 2.S2.5. Abundance of putative heterotrophic protistan groups
correlating with increases in carbon flux. Black boxes represent samples
collected during the SEP event. The y-axis shows read numbers of RNA-derived
rRNA gene counts normalized by internal standards.
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Figure 2.S2.6. Abundance patterns of putative piezophilic bacteria:
Colwellia, Shewanella, and Moritella, shown over the time series
found in the metagenomes (top) and metatranscriptomes (middle).
The y-axis shows read numbers of RNA and DNA-derived rRNA gene
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present across the time series calculated by percent of taxa in the MT
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per sample) divided by percent of taxa in the MG (DNA derived rRNA
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Chapter III. Differential Distribution of Prochlorococcus Ecotypes
in Eddies of Opposite Polarity and Over Time at Station Aloha in
the North Pacific Subtropical Gyre

Abstract

Mesoscale eddies, vortical circulations that effect vertical export, play an important role
in primary production of the world’s oceans. In the North Pacific Subtropical Gyre (NPSG),
Cyclonic eddies that move in an anticlockwise direction are characterized by negative sea-level
anomalies (SLA), and displace deep water density surfaces (isopycnals) closer to the sea-surface.
While previous studies have shown that mesoscale eddies may affect local biogeochemistry and
microbial community composition, the details of these affects remain relatively unstudied. Here,
we investigated how dynamic shifts in the depth of deep-water density layers caused by
mesoscale eddies might influence Prochlorococcus community structure, and how
Prochlorococcus ecotype dynamics change over time and by depth at Station ALOHA. Using
Lagrangian sampling, the centers of anticyclones and cyclones were located and sampled during
the spring 2016 Dipole and summer 2017 MESOSCOPE cruises. We also examined correlations
between nitrate and phosphate availability and temperature on Prochlorococcus populations,
using a high-resolution time-series spanning more than 5 years. Typically, the HLII
Prochlorococcus ecotype dominated at Station ALOHA. In contrast, in all three analytical
approaches used in this work (16S rRNA amplicon, ITS sequencing, metagenomic sequence
comparisons), a specific HLI sequence matching with the MED4 reference genome was enriched
in the cyclones of both cruises. Cultivated HLI isolates are known to be differentiated from HLII
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based on their lower temperature growth range, as well as distributions that track lower
temperature isotherms. Consistent with this, the cyclones sampled for this study were
significantly colder at depths near the deep chlorophyll maximum (DCM), than corresponding
physically adjacent anticyclones. However, a number of specific Prochlorococcus genes,
including some involved in nitrogen acquisition and metabolism, correlated with cyclone
enriched HLI Prochlorococcus populations. This observation suggests that nutrient adaptations,
in addition to lower temperature growth range, may provide a competitive edge to cycloneenriched Prochlorococcus variants found in the colder, more nutrient rich habitats found near the
cyclone DCM. This study highlights how relatively short-term oceanographic dynamics may
have large impacts on the community dynamics of Prochlorococcus, the most abundant primary
producer in oligotrophic oceans.

Introduction

While some seasonality is observed at Station ALOHA, year-round thermal stratification
of the upper water column rarely allows the mixed layer to reach the top of the nutricline, the
layer in the ocean with a high variation in nutrient content1,2. It is postulated that nitrogen
fixation in the upper water column provides ~25-50% of the nitrogen to sustain total annual
export, with the remainder reliant on nutrient regeneration in the upper water column, and
potentially the vertical uplift of nutrients by mechanisms such as eddy pumping 2-6. Mesoscale
eddies, vortical circulations about 100 kilometers in width that effect vertical export, play an
important role in primary production of the world’s oceans 5–7. Eddies of different polarities
displace water in different directions. In the North Pacific Subtropical Gyre (NPSG), cyclonic
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eddies move in an anticlockwise direction, are characterized by negative sea-level anomalies
(SLA), and displace deep water density surfaces (isopycnals) closer to the sea-surface. These
eddies are thought to be areas of increased productivity because they bring deep water nutrients
further up the water column where more light can reach. In anticyclones, clockwise water
circulation causes a positive SLA, and deep isopycnals are displaced downwards (Figure 3.1).
While some studies show the eddy-related displacement of deep-water nutrients has
effects on the communities of microbes and the biogeochemistry of the water column, many
aspects are relatively unstudied 3,6,8–11. In a 2008 study, a large chain-forming diatom bloom was
found at the DCM of a cyclonic eddy sampled near the Hawaiian Islands 8. Another study on an
anticyclonic mode-water eddy in the Sargasso Sea showed increases in Actinobacter,
Roseobacter, and OCS116 clades that were highly correlated with diatom abundance 11. In the
same study, they observed a depletion of typical oligotrophic surface-dwelling bacterial clades,
such as Prochlorococcus, in the eddy center 11. Whether this pattern would change across eddies
of different polarities, or over time, remains unclear. While mode-water eddies of the Sargasso
Sea differ from the mesoscale eddies sampled in this work, and it has been suggested that
wind/eddy interactions in cyclones may cause downwelling in the center of cyclones, upwelling
of deep-water nutrients occurs in both types of eddies, so production may increase along with
shifts in microbial communities 7.
Eddy impacts on the dynamics and variability of different Prochlorococcus ecotypes are
not well known. The cyanobacterial genus Prochlorococcus makes up a large proportion of total
bacterial abundance in tropical and subtropical surface waters 12,13. This widespread and diverse
genus is also the smallest known photosynthetic organism at 0.5-0.7 µm giving it an advantage in
oligotrophic systems 12,14. While the core genome of Prochlorococcus is around 1200 genes, the
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pangenome is estimated to encompass about 80000 genes. The several ecotypes of currently
identified Prochlorococcus are divided into high light (HL) and low light (LL) groups that have
different sized genomes, with different GC content, ITS and 16S rRNA gene identity, as well as
adaptive differences 15–19. At Station ALOHA, short term (approximately one day) changes to the
environment may not cause shifts in Prochlorococcus ecotype-level structure 20. Instead, highlight adapted ecotypes are highly plastic and may undergo photoacclimation over these short
intervals, returning quickly to a stable pattern within days 20,21.
Weak seasonal fluctuations in Prochlorococcus populations have been observed at
Station ALOHA, and consistent ecotype-specific abundance maximums occur at different depths
17

. At Station ALOHA, the dominant HL clade present in the water column is HLII 17. A study

analyzing 23 years of biogeochemical measurements and satellite observations found that as
SLA increased, as would be the case during anticyclone conditions, Prochlorococcus also
increased at 100 m and 125 m 22. The average depth of the deep chlorophyll maximum (DCM) at
Station ALOHA is 114 m, and Station ALOHA experiences significant deviation from the mean
SLA ~30% of the time 22, due to the movement of eddies across this Eulerian-oriented study site.
While there is some evidence that microbial communities may be influenced by eddyrelated shifts in the depth of the pycnocline, whether these changes impact Prochlorococcus
ecotype dynamics is not clear 7–9,11. Historically, the phylogenetically informative region
(internally transcribed spacer, ITS), located between large and small subunit rRNA genes, has
been used to identify Prochlorococcus ecotype differences and a majority of ecotype-designation
is based on comparison of ITS sequences between different Prochlorococcus isolates, and their
occurrence in the environment 13,23–25. More recently, sequencing of 16S rRNA genes has
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become a more high-throughput and common method to survey phylogenetic diversity and
dynamics in naturally occurring bacterial communities.
In this study, we sought to understand how dynamic shifts in the depth of pycnoclines
caused by mesoscale eddies might influence Prochlorococcus community structure in the NPSG.
Using Lagrangian sampling, the centers of anticyclones and cyclones were located and sampled.
This was achieved by following the position of a Surface Velocity Program (SVP) drifter held at
15 meters depth using a surface drifter or ‘holey sock drogue’. Front locations were chosen using
thermal gradient measurements from satellite. We also examined correlations between nitrate
and phosphate availability and temperature on Prochlorococcus populations, using a highresolution time-series spanning more than 5 years. In this study, we focused on analyses of
Prochlorococcus variants, because they exhibited the greatest sensitivity to eddy polarity
compared to other bacterial types, based on 16S rRNA variability.

Methods

Dipole Eddy Sample Collection
Samples were collected in a cyclone, anticyclone, and front of a dipole eddy pair during two
oceanographic cruises; the spring 2016 Dipole cruise and the summer 2017 MESOSCOPE
cruise. As opposed to water column depth, a regularly spaced 5 m increments above and below
the DCM were used for sampling intervals. The sampling scheme can be seen in Figure 3.1;
high resolution vertical sampling took place at 15 depths at 5-meter intervals around the DCM at
three main sampling stations (in the anticyclone and cyclone centers, and at the fronts separating
them).
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Time-Series Sample Collection
A total of 917 water samples were collected from HOT Station ALOHA (22° 45’ N, 158° 0’ W)
approximately each month between November 2014-February 2020 at 20 depths (5, 25, 45, 75,
100, 125, 150, 175, 200, 225, 250, 275, 300, 400, 500, 1000, 2000, 3000, and 4000 meters).
While several cruises did not sample below 500 meters, this work focuses on water samples
collected at or above 200 meters. Water samples were collected at specified depths using a CTD
rosette sampler. These collections correspond to HOT cruise numbers 267–319 (with the
exception of cruises 276, and 308 where samples were not collected).

Sample processing
Samples were collected and processed as outlined in Luo et al. 26. Samples were filtered onto a
0.2 µm filter (Supor VWR 28147-956), placed in a tube containing 300 µl RNALater, and stored
at -80 °C until DNA extraction. In brief, all samples were collected using the following
procedure; 2–4 L of seawater (2 L from 5 to 175 m, 4 L from 200–4000 m) were collected using
CTD-attached Niskin bottles and filtered, using peristaltic pumps at a flow rate of about 6 L/h,
onto a 0.2 μm 25 mm Supor filter (VWR 28147-956) housed in a polypropylene filter holder
(Cole-Palmer EW-06623-32). These > 0.2 μm cell-enriched samples were removed from the
filter holder and stored in 300 μL of RNALater (Ambion AM7021, Waltham MA) at −80 °C.
DNA was prepared by lysing particles on the filters, extracted for DNA, and purified on
Chemagen’s Magnetic Separation Module instrument. DNA was purified on an automated
magnetic bead purification instrument MSM using Chemagen DNA Saliva buffer kit (Perkin
Elmer CMG-1037-1, Waltham MA). DNA was sheared using AFA-micro-15 (Covaris 520145,
Woburn MA). Fragment sizes were quantified using the Fragment Analyzer (Agilent DNF-488132

0500 Santa Clara CA) to customize Covaris M220 shear times to 350 bp. Libraries were
prepared using TruSeq Nano LT kits (Illumina NP-101-1001, San Diego CA) for 350 bp insert
size. Libraries were quantified using Picogreen (Thermo Fisher P11496, Waltham MA) and
normalized to equal concentrations prior to pooling.

Amplicon Sequencing and processing
Prokaryotic rRNA amplicon libraries were produced by PCR amplification of the V4 region of
the 16S rRNA using barcoded 515F (5′GTGYCAGCMGCCGCGGTAA3′) and 806R
(5′GGACTACNVGGGTWTCTAAT3′) primers described by Caporaso et al. 27 with
modifications by Apprill et al. 28, and Parada et al. 29. Pooled libraries were sequenced on a
MiSeq platform using the MiSeq Reagent Kits v2 300-cycles chemistry (Illumina, San Diego,
CA, USA). Sequences were demultiplex with QIIME2 30. Error modeling and correction was
done using DADA2 31. Taxonomy was assigned using the SILVA v132 database 32. All
sequencing reads are available from NCBI: Dipole (HL4) cruise bacterial 16S rRNA amplicons
are available at https://www.ncbi.nlm.nih.gov/bioproject/PRJNA70758. MESOSCOPE cruise
bacterial 16S rRNA amplicons are available at
https://www.ncbi.nlm.nih.gov/bioproject/PRJNA596510.

Preliminary Prochlorococcus ASV ecotype differentiation and generation of phylogenetic trees
Using Amplicon Sequence Variants (ASVs), assigned by the DADA2 program, Prochlorococcus
ecotype differentiation was achieved through the following methods. From the IMG genomes
portal, Prochlorococcus and Synecococcus full length 16S ribosomal reference sequences were
downloaded 33. Ecotype designations were obtained through the literature. All sequences were
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aligned using the MUSCLE alignment algorithm 34. Finally, a maximum likelihood tree was built
using 1000 bootstraps on the W-IQ-TREE web interface 35. Tree visualization was done using
the iTOL: Interactive Tree of Life online tool 36. Bootstrap values of 70 and higher were
reported. FASTA files used to construct 16S rRNA and ITS gene trees can be found in the
supplement in Dataset 3.S1-Dataset 3.S3.

Ribosomal RNA Operon Clone Library Generation
DNA from samples enriched with sequences of interest were pooled. In an attempt to produce
amplicons that spanned the ITS and 16S rRNA genes, PCR amplification was performed using
27-F (5’ AGRGTTYGATYMTGGCTCAG 3’) and ACMITS-3-R (5’TCATCGCCTCTGTGTGCC 3’)
37,38

. Amplicons were then cloned using a TOPO-TA cloning kit according to manufacturer’s

instructions (ThermoFisher K4575J10, Waltham MA). Competent cells were cultured on
Lysogeny broth (LB)-medium with kanamycin. After growth, individual colonies were picked
and sub-cultured on LB-medium with ampicillin. The sub-cultures were then picked and
incubated in a liquid LB broth for three days before plasmid extraction with a QIAprep Spin
Miniprep Kit (27104 Qiagen, Hilden Germany). Plasmids underwent PCR amplification using
the M13 primers included in the TOPO-TA cloning kit. After amplification, PCR product was
sent to the Genewiz sequencing facility in South Plainfield, New Jersey for Sanger sequence
generation. To ensure sequencing of the total ITS and 16S regions, internal primer pairs were
used. For several primers, a version of the forward and reverse complement was used. The
following are the sequencing primers used to generate sequences: 27-F (5’
AGRGTTYGATYMTGGCTCAG 3’), 515-F (5’ GTGYCAGCMGCCGCGGTAA3’), 1492-F
(5’ AAGTCGTAACAAGGTARCCGTA 3’), 515-R (TTACCGCGGCKGCTGRCAC 3’), 1492-
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R (5’ TACGGYTACCTTGTTACGACTT 3’), ACMITS-3-R (5’TCATCGCCTCTGTGTGCC
3’). Contigs were assembled using the Geneious assembler set on the highest sensitivity. Contigs
derived from Sanger sequences can be found in Dataset 3.S4.

Metagenomic data generation
Using DNA from water samples collected from the anticyclone and cyclone sampled during the
MESOSCOPE cruise, metagenomic libraries were generated. Libraries were prepared using a
TruSeq Nano DNA library preparation kit (Illumina, San Diego, CA) as previously described.
Sequencing was done using a 150 bp paired end NextSeq500/550 High Output v2 reagent kit
(20024906 Illumina, San Diego CA). 1% PhiX was added for quality control. The resulting DNA
sequence reads were demultiplexed using Illumina’s Bcl2fastq v2.17.1.14 and quality filtered in
two steps using the bbduk.sh script from bbmap v36.84 39. The first step removed sequencing
adapters with options “ktrim=r k=23 mink=11 hdist=1 tbo tpe tbo tpe
ref=resources/adapters.fa”, and the second step removed phiX and low quality sequences with
options “k=27 hdist=1 qtrim=rl trimq=17 cardinality=t mingc=0.05 maxgc=0.95
ref=resources/phix174_ill.ref.fa.gz”. Reads were then filtered with bfc vr181, with options "-1 -k
21," to correct or remove unique kmers 40. Quality-controlled reads (on average 9–10 million per
sample), were then assembled within each sample using option “-k 21,33,55,77,99,127” on
metaSPAdes v3.10.1 41.

Metagenomic read mapping
Metagenomic reads from the MESOSCOPE cruise were mapped against a database of known
Prochlorococcus ecotypes. A 75-bp length was chosen and a Burrows-Wheeler alignment
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(BWA) was performed using a cut-off that corresponded to approximately 100% identity (cut-off
of 75). In addition, using Prochlorococcus genes from the Genome Taxonomy Database,
Prochlorococcus-specific genes were identified for analysis with a cut-off of 100% average
nucleotide identity (ANI) 42. Genes were annotated using the Kyoto Encyclopedia of Genes and
Genomes (KEGG) 43. Genes were then aggregated by KEGG Orthology (KO) to describe their
possible molecular function. Then, KOs were correlated with the average read numbers per
billion of HLI and HLII specific sequences from a database of known Prochlorococcus ecotypes.
The p-values generated from these Pearson correlations were subjected to a Benjamini-Hochberg
adjustment. To assess whether KOs were over-represented in the cyclone, normalized reads
belonging to the cyclone samples collected at the DCM or shallower were compared with
normalized reads belonging to the anticyclone samples collected at the DCM or shallower. The
difference of the total reads was calculated and then divided by the total from both groups to find
the difference/total ratio. In addition, log ratios were calculated by taking the log of the sum of
the total normalized cyclone reads from the DCM or shallower divided by the total normalized
anticyclone reads from the DCM or shallower. A combination of these metrics was used to form
a list of genes that were both enriched in the cyclone and significantly correlated with known
HLI Prochlorococcus sequences.

Sea-Surface Anomaly/Oceanographic data generation
Sea surface height (SSH) data was collected using multimission satellite observations distributed
by the Copernicus Marine and Environment Monitoring Service
(http://www.marine.copernicus.eu). Sea surface anomaly (SSA) measurements were calculated
by using the respective SSH long-term average observed for each reference point. So that SSH
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could be used as a proxy for mesoscale variability, seasonal and interannual effects of climate
change were removed from the dataset as described in Barone et al. 22 and Vinogradov and Ponte
44

.

The Mesoscale Eddy Trajectory Atlas distributed by AVISO+ was utilized to track and identify
mesoscale eddies. Detailed methods are described by Barone et al. 22. Eddy dipoles were
identified based on analysis of SLA and sea surface temperature. For detailed methods
describing eddy identification and sampling see the cruise reports at:
https://hahana.soest.hawaii.edu/hot/cruises.html.

Geochemical and physiochemical data
All nutrient data was extracted from the publicly available application, Hawaii Ocean Timeseries Data Organization & Graphical System (HOT-DOGS). Detailed methodology for data
generation can be accessed at https://hahana.soest.hawaii.edu/hot/hot-dogs/. Metadata, CTD
collected data and geochemical data from the MESOSCOPE (KM1709), Dipole (KOK1607),
and HOT time series (cruises 267-319) datasets can be found in Dataset 3.S5-Dataset 3.S7.

Kruskal-Wallis and Wilcoxon rank sum tests
To test the significance of the enrichment of the single HLI-ASV in the cyclones of the Dipole
and Mesoscope research cruises, both a Kruskal-Wallis and Wilcoxan rank sum test were
performed. Data was normalized by percentage. Using the ‘Stats’ package in base R, the
functions Kruskal.test() and pairwise.wilcox.test() were used (Dataset 3.S8) 45.
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Weighted Gene Correlation Network Analysis of the HOT Time Series
To identify ASVs that correlated with other ASVs along with various oceanographic and
physical parameters including temperature, depth, nitrate/nitrite, and phosphate concentration.
Co-Expression Network Analysis (WGCNA) was performed using the R package WGCNA 46. A
co-expressed (or co-occurring) network of taxon abundances was represented mathematically
using an adjacency matrix that expresses pairwise similarities. Modules of taxa were identified
by hierarchical clustering. Module correlations were performed by examining module
eigengenes. Using module membership and global trait significance values, specific taxonomic
groups correlated with oceanographic parameters were identified. Rarefication to the sample
with the lowest number of total reads was performed. The data was transformed using the
variance stabilization function vst() in the “DeSeq2” package in R. Modules were defined with
the soft-threshold Pearson correlation with a topological overlap distance metric and Ward’s
Hierarchical Agglomerative Clustering Method. The function picksoftThreshold() from the
WGCNA R package was used to choose softthresholding powers.

Results

Eddy dipoles-16S rRNA Amplicon
The relative abundance of groups at the phylum level did not vary greatly, regardless of eddy
polarity or cruise, and as expected were dominated by proteobacterial and cyanobacterial groups
(Figure 3.S1). While cyanobacteria were more prevalent in samples collected in shallower
waters, other groups such as Euryarchaeota, Marinimicrobia, Bacteroidetes and Actinobacteria
were consistently found in lower abundance throughout the water column regardless of eddy
polarity or cruise. Other taxa such as the alphaproteobacterial SAR11 clade, a diverse group of
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small, carbon-oxidizing bacteria that are estimated to make up approximately 25% of all
plankton, also show similar relative abundances between eddy polarities with respect to depth.
However, at a finer taxonomic level, we found striking differences in Prochlorococcus ecotypes
between the eddies of both cruises. Specifically, the cyclones of both cruises were enriched in a
specific ASV sequence that clustered with the HLI ecotype according to ML phylogeny (Figure
3.2; Figure 3.3). According to the phylogeny, of the top 10 most abundant Prochlorococcus
ASV’s, sequences fell within the HLI, HLII, HLIII, LLI, and LLIV clades (Figure 3.3). While
the most abundant sequences in the MESOSCOPE and DIPOLE cruise datasets belonged to the
HLII clade, a single sequence type (ASV, amplicon sequence variant) belonging to the HLI clade
was significantly enriched in the cyclone samples of both cruise at or above the DCM (KruskalWallis rank sum test and Wilcoxon rank sum test p <0.05, Table 3.S1; Dataset 3.S8).

HLI Ecotype validation via Sanger sequencing of rRNA operon clone libraries
To validate the tentative ecotypes of Prochlorococcus from the 16S rRNA amplicon sequences, a
cloning experiment was performed using samples pooled in and above the DCM from the
MESOSCOPE cyclone. The goal was to capture near full length 16S rRNAs and ITS regions
from the cyclone-enriched Prochlorococcus ASVs. A total of 118 full length double stranded
ITS-16S region contigs were assembled from 708 individual Sanger sequences (Dataset 3.S4).
Each contig was assembled from 6 individual PCR-amplified fragments, that spanned the 16S
rRNA gene and ITS region in individual clones. The sequences were assembled using the
Geneious software’s de novo assembly method at the highest stringency setting. Assembled
sequences were manually trimmed. For phylogenetic analysis, sequences were divided into their
respective rRNA regions (ITS or 16S rRNA) and assembled separately. Seven of the 118
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samples were omitted from the ITS phylogenetic analysis due to low sequence quality. Of the
total 118 full-length assembled contigs, 39 included the specific ASV found to be enriched in the
cyclones during both cruises (33.1%). While all 39 contigs had high quality 16S rRNA gene
regions, three were eliminated from the ITS phylogeny for having poor sequence quality ITS
regions. Of the 39 contigs with the HLI-ASV sequence, all fell within the HLI clade as indicated
by 16S rRNA phylogeny, with the exception of two which were ambiguous (Figure 3.S2). Of
the 36 ITS sequences that had 16S rRNA linkages including the sequence of interest (HLI-ASV),
29 fell within the HLI clade on the ITS phylogeny (Figure 3.S3). The other 19% of ITS
associated with the cyclone enriched 16S ASV clustered with the HLII clade (7 out of 36
sequences).
Of the 118 contigs used to build the 16S rRNA phylogeny, 69 were identified as HLI
(58.47%), 25 as HLII (21.19%), 5 as LLII/III (4.24%) and 4 as LLI (3.39%). Of the 118
sequences used to construct the tree, 15 were labeled as ambiguous (Figure 3.S2). Of the 111
high quality ITS contigs used to build the ITS phylogeny, 64 fell within the HLI clade (57.66%),
38 were clustered with HLII (34.42%), 4 with LLI (3.60%), 2 with LLV (1.8%), and none with
LLII/III (0%) (Figure 3.S3). Only 3 sequences were labeled as ambiguous. It is unsurprising that
there are differences between the ITS region and 16S rRNA trees. The reference sequences
available for the ITS tree were more diverse and included more LL clades than the 16S rRNA
references sequences. Since this paper focuses on HL clades, this was inconsequential to our
conclusions.
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Weighted Gene Correlation Network Analysis
To examine relationships between Prochlorococcus ASVs in the HOT time series dataset and
depth, temperature, phosphate, nitrate/nitrite concentrations, and SLA, a Weighted Gene
Correlation Network Analysis (WGCNA) was performed. WGCNA allows for the identification
of groups, or modules, of taxa, that are correlated with environmental variables. These modules
may help distinguish differentially distributed phylotypes, based on abundance patterns and their
relationship to variable environmental parameters, instead of phylogeny. The WGCNA identified
four distinct modules in the HOT time series dataset. Each of these modules correlated with
environmental variables in different ways (Figure 3.S4; Dataset 3.S9). There were two modules
that were negatively correlated with depth, phosphate, and nitrate/nitrite concentrations while
being positively correlated with temperature (p < 0.05, Figure 3.S4; Dataset 3.S9). These results
imply a HL-type ecological interaction for both modules. However, of the two (Brown and
Yellow), the Brown module had a stronger negative correlation with depth (-0.79, p < 0.05) than
did the Yellow module (0.48, p < 0.05). In part, this differentiation may reflect differences in
temperature growth range between HL clades, since this is a trait that differentiates HLI and
HLII ecotypes in the laboratory and in situ. The HLI-ASV enriched in the cyclones of the Dipole
and MESOSCOPE cruise datasets was grouped in the Yellow module.
Of the four modules identified by the WGCNA, the Blue module had correlations
between variables that could be described as a LL ecology. The Blue module was found to be
positively correlated with depth, phosphate and nitrate/nitrite concentrations and negatively
correlated with temperature (p < 0.05). The correlations found between nutrient concentration,
temperature, and depth, in the fourth module, Turquoise, while statistically significant were not
as strong as the other three (Figure 3.S4). The abundance of these four modules through the
water column also suggests their ecological niche (Figure 3.4). The Brown and Yellow module
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abundances peak further up in the water column, at 50 m and 100 m, respectively as you would
see with HL ecotypes. The Blue and Turquoise module abundances peak further down in the
water column at 125 m (Figure 3.4). None of the modules identified by the WGCNA were
strongly correlated with SLA (Figure 3.S4; Dataset 3.S9). This result was expected, as a
majority of the samples collected during the HOT time series were not collected under strong
eddy conditions, or at eddy centers, and the average SLA values had a much lower magnitude
than those of the MESOSCOPE and Dipole cruises. While Station ALOHA has been observed as
being under eddy conditions frequently, the centers of eddies where SLA magnitudes are highest
are rarely sampled. The HLI-ASV enriched in the cyclones of the MESOSCOPE and Dipole
cruises does appear throughout the HOT time series dataset, but at much lower abundance. While
the HLI-ASV does have a weak negative correlation to SLA, these results are not statistically
significant (Pearson Correlation = -0.094, p = 0.09). However, there does appear to be a slight
trend with SLA and HLI; cruises where SLA was measured at its lowest were some of the
cruises that had the highest abundance of the HLI-ASV (Figure 3.4).

Prochlorococcus ITS ecotype relative abundances in metagenomes
To further validate the enrichment of the Prochlorococcus HLI ecotype in the cyclones of the
MESOSCOPE and Dipole cruises, metagenomic read mapping was performed using a reference
database of ITS sequences mapped against metagenomic reads generated from samples in the
cyclone and anticyclone of the MESOSCOPE cruise. In the cyclone, the HLI ecotype had the
highest abundance of all Prochlorococcus ecotypes, just above the DCM (Figure 3.5), the same
trend observed with the cyclone enriched Prochlorococcus 16S rRNA ASVs. In the upper water
column, the Prochlorococcus MED4 and EQPAC1 ITS sequences, both of which have an HLI
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ecotype affiliation, had more ~100% hits than sequences belonging to any other reference
genome. In contrast, HLI ecotypes were not dominant in the anticyclone, which instead had
Prochlorococcus ecotype distributions more typical of Station ALOHA time series profiles, with
HLII sequences dominating in the upper water column (Figure 3.5; Figure 3.S5).

Prochlorococcus metagenome-assembled gene relative abundances
To assess genes that belonged to HLI ecotypes that were over-represented in the cyclone
(relative to the anticyclone) at or above the DCM, a list of Kegg Orthologs (KOs) was compiled
that included those genes with Pearson Correlation values and difference/total ratio values of >
0.50, corresponding to log ratio values of > 0.48 (Dataset 3.S9). These analyses identified 37
Prochlorococcus KOs that were significantly enriched in the cyclone, within and above the
DCM. Among these genes were several involved in nitrogen acquisition and metabolism (AatJ,
glsA, nrtA, amiE, and a nitralase gene (K01501)). In addition, the vitamin uptake gene thiQ and
compatible solute synthesis gene ectD were present. These genes may indicate general metabolic
differences between the cyclone enriched HLI groups and the anticyclone Prochlorococcus
population (Figure 3.6). Several of these genes also had a significant positive correlation with
HLII sequences including nrtA, nasF, and cynA (0.64, p < 0.01) and a nitrilase gene (0.59, p <
0.01), but were still enriched in the cyclone, along with the HLI ecotype (Figure 3.6). The
glutaminase producing genes glsA/GLS had a strong positive correlation with HLI sequences
and a large difference/total metric (Pearson = 0.95, p < 0.01, difference/total = 0.53).
Glutamate/aspartate transport system substrate-binding protein producing genes gltI/aatJ also had
a strong significant correlation with HLI sequences and a high difference/total metric (Pearson =
0.86, p < 0.01, difference/total = 0.70). Although gltI/aatJ and glsA/GLS were weakly correlated
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with HLII sequences, the relationship was not significant. Likewise, Amidase (amiE), while
highly correlated with HLI sequences and overrepresented in the cyclone (Pearson = 0.97, p <
0.01), was still present and correlated with HLII sequences at a lower p-value (Pearson = 0.42, p
= 0.04).

Discussion

While mesoscale eddies are known to influence microbial communities and
biogeochemistry, it remains unclear what environmental variables and biological properties
might differentiate microbial communities between cyclonic and anticyclonic eddies in the
NPSG. The DCM of the anticyclones sampled in this study were on average 23 meters deeper
than the cyclones, and 15 meters deeper than the average DCM (~114 m) at Station ALOHA.
The differences in light and organic and inorganic nutrients caused by the relative lowering
(anticyclone) or uplifting (cyclone) of the pycnocline provides niche space for organisms that
normally wouldn’t thrive in these conditions. While Prochlorococcus abundance has been found
to correlate positively with SLA around the DCM at Station ALOHA, ecotype abundances across
mesoscale eddy diploes have not previously been examined 22.
Niche partitioning in Prochlorococcus is based on a variety of factors including light
intensity, nutrient content, and temperature 15,18,19,23,47,48. Generally, HLI is thought to be
differentiated from HLII based on its ability to grow at lower temperatures. This is supported by
both culture studies, as well as large-scale field observations where HLI was found to be the
dominant ecotype in cooler temperate surface waters, and HLII was dominant in warmer
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subtropical surface waters 18,38,47,48. Station ALOHA represents a subtropical hydrological
station, so the enrichment of the HLI group above the DCM in the cyclones was atypical of
normal abundance patterns in this area, where HLII typically dominates 17. Although the DCM
depth of the cyclones was shallower than that of the anticyclones (~20 m depth), the temperature
in the cyclones at and around the DCM, where sampling was performed, was lower than in the
anticyclones, ranging from an average of 20.63°C ±0.68 to 16.80°C ± 0.77 in the cyclones, and
23.6°C ±1.15 to 21.5°C ±1.06 in the anticyclones.
At the depth where the abundance of the HLI is highest, the change in temperature
between the cyclone and anticyclone of the MESOSCOPE cruise was about 3°C (Figure 3.5).
This difference is consistent with the lab-based and field studies highlighting the temperature
growth ranges and optima differences between the HLI and HLII groups 48. However, many
other environmental variables also correlate with temperature, and these have potential to be
major drivers of the differential ecotype distribution as well. Our data provide strong evidence
that mesoscale features and their associated environmental heterogeneity may influence the
distributions of major phytoplankton groups at Station ALOHA over short time scales 49–52.
There was also within-ecotype variation in Prochlorococcus in all three analytical
approaches used in this work (16S rRNA amplicon sequencing, ITS Sanger sequencing,
metagenomic sequence comparisons). Specifically, one HLI sequence with 100% identity to the
MED4 reference genome, was enriched in the MESOSCOPE cyclone samples. This particular
genome is among the smallest of any photosynthetic organism, with a genome size of 1.66 Mb 15.
It lacks many genes that are conserved among other cyanobacteria, including some involved in
DNA repair, photosynthesis, motility, intermediary metabolisms and others 53. This remarkably
small genome also has a low GC content (~30%), as is a common feature of microorganisms that
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live in nutrient depleted oligotrophic environments, and consequently undergo genome reduction
53–55

.
While temperature may be a factor in the HLI enrichment, other factors such as nitrate

and iron have genomic signatures that can be analyzed in a way temperature cannot. While other
studies have yet to find nutrient-related gene differences between HLI and HLII organisms,
suites of genes correlated with low-temperature have been found enriched in cold-adapted HLI
strains 56. In this study however, several nitrogen metabolism-related genes were found
correlating with Prochlorococcus sequences of HLI and were overrepresented in the cyclone
samples located at and above the DCM. While some of these genes (nrtA, nasF, and cynA) were
also significantly correlated with sequences belonging to HLII, glsA and GLS correlated
specifically with HLI sequences, and had high difference/total and log ratio metrics (Figure 3.6).
Since the genome of the MED4 HLI isolate lacks the nitrate and nitrite reductase genes, this
strain, and possibly other HLI strains, would need to rely heavily on reduced nitrogen
compounds, including ammonium 57. While MED4 and MIT9301, a common HLII strain, have
been shown to grow exclusively on ammonium in situ, the distribution of gene-specific pathways
involved in nitrogen metabolism in different Prochlorococcus ecotypes is still unclear 58.
According to our findings, production of ammonium through amidase (amiE), and glutaminase
(glsA/GLS) were highly correlated with HLI and overrepresented in the cyclone. However,
amidase was also weakly correlated with HLII sequences (Pearson = 0.42, p = 0.04; Figure 3.6).
Since our current analyses used only correlations of HLI and HLII sequences, we cannot assess
with certainty which genes are exclusive to specific Prochlorococcus strains or ecotypes.
However, the enrichment of many Prochlorococcus genes in and above the cyclone DCM,
including some involved in nitrogen acquisition and cycling, is striking. In contrast, in
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anticyclone surface water samples in the NPSG, the nitrogen-fixing cyanobacterium
Crocosphaera is very abundant, suggesting nitrogen limitation in the anticyclones 59,60.
At higher latitudes, surface water temperatures are cooler than in the subtropics, allowing
vertical mixing of deep-water nutrients. While temperature range appears to be one adaptive
difference between HLI and HLII strains, the populations of HLI enriched in the cyclones of the
NPSG may have other adaptive advantages, allowing them to outcompete other Prochlorococcus
populations that thrive in the anticyclone. While the cyclones of the MESOSCOPE cruise had
slightly lower levels of phosphate and chlorophyll as measured by a CTD, steady-state
concentrations do not measure fluxes, and so are imperfect metrics of productivity. Above the
DCM in both eddies, nitrate and nitrite levels were low (Dataset 3.S5). In addition, because
sampling focused on the area around the DCM across the dipole, depths sampled across the
water column were not conserved. Anticyclone samples were collected ~20 meters deeper than
were cyclone samples in the MESOSCOPE cruise. Despite the difference in depth, light
attenuation and phosphate levels between the two sampling locations were similar. While
chlorophyll fluorescence measurements were slightly higher in the anticyclone than the cyclone,
how this pattern changes at shallower depths where samples were not collected is unknown
(Dataset 3.S5).
This study has identified an important eddy-related difference in Prochlorococcus
communities at Station ALOHA. While only two eddy dipole events (2016, 2017) were sampled
in this study, the pattern of enriched Prochlorococcus ecotypes in the cyclones was not typical of
waters around Station ALOHA. Further study of mesoscale eddies in the NPSG should help to
provide a better understanding of how specific Prochlorococcus populations respond to eddyinduced environmental perturbation. In addition, gene expression data from metatranscriptomes
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alongside these metagenomic datasets may help to clarify expression-based differences between
the populations of Prochlorococcus in cyclones and anticyclones. Future studies where
metagenome assembled genomes (MAGs) of specific ecotypes isolated from cyclones and
anticyclones of the MESOSCOPE or Dipole cruise would also be helpful to examine differences
in gene content between the populations of Prochlorococcus.
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Figure 3.1. Diagram and information of cyclone and anticyclone eddy conditions
alongside non-eddy conditions. For the MESOSCOPE and Dipole research cruises,
sampling was performed every 5 m above and below the DCM in the cyclone (1), the front
(2), and the anticyclone (3). For HOT time-series sampling, standard HOT sampling water
column depths were used.
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Figure 3.2. Prochlorococcus Amplicon Sequence Varient (ASV)
Abundances in the MESOSCOPE and Dipole Cruises. Relative
abundances of Prochlorococcus ASV’s at sampling locations in the
Anticyclones (top), Fronts (middle), and Cyclones (bottom), of both the
MESOSCOPE (left) and Dipole (right) research Cruises. For each of the
six locations, relative abundance of the most abundant ASVs are shown.
Possible ecotype designations based on 16S rRNA phylogeny are given
in parenthesis in the legend.

150

Syn
LL

LLIV

LLI

LLII/III

HL
HLIII
HLI

Bootstrap
HLII

Figure 3.3. 16S rRNA maximum likelihood tree. Phylogenetic tree showing the most
similar ecotype relative to abundant Amplicon Sequence Variants (ASVs) prevalent in both
the MESOSCOPE and Dipole research cruises. Branch lengths have been ignored for
clarity. Reference sequences are full-length 16S rRNA genes extracted from Metagenome
Assembled Genomes of known ecotype affiliation in the Joint Genome Institute (JGI)
database. The tree was constructed with 1000 bootstraps using the IQ-TREE web server.
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Figure 3.S1. Amplicon based abundances of abundant bacterial Phyla in the
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Figure 3.S2. 16S rRNA Maximum likelihood tree with sanger and amplicon sequences.
Phylogenetic tree showing the possible ecotype placement of abundant Amplicon Sequence
Variants (ASVs) prevalent in both the MESOSCOPE and Dipole research cruises and fulllength 16S rRNA sanger-derived cloned sequences from specific pooled samples from the
MESOSCOPE cruise. Reference sequences are full-length 16S rRNA genes extracted from
Metagenome Assembled Genomes of known ecotype affiliation in the Joint Genome
Institute (JGI) database. The tree was constructed with 1000 bootstraps using the IQ-TREE
web server.
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majority of which are isolates of known ecotype. The tree was constructed with 1000
bootstraps using the IQ-TREE web server.
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Supplementary Tables
Test
Kruskal-Wallis rank sum

Dataset
MESOSCOPE
Dipole

Test

Dataset

Wilcoxon rank sum test

MESOSCOPE
Dipole

Chi-squared
17.121
14.716
Cyclone x
Anticyclone
0.00087
0.00087

Df
2
2

p-value
0.0001916
0.0006374
Cyclone x Front

Anticyclone x Front

0.00233
0.09732

0.00087
0.00087

Table 3.S1. Summary of Kruskal-Wallis and Wilcoxon rank sum tests performed
on samples at and above the DCM collected during the MESOSCOPE and Dipole
cruises.
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Supplementary Datasets
Dataset 3.S1. FASTA file used to build supplemental 16S Tree (Figure 3.S2). Dataset is
available upon request.
Dataset 3.S2. Amplicon Sequence Variance (ASV) identifiers and sequences in FASTA
format. Dataset is available upon request.
Dataset 3.S3. FASTA file used to build 16S rRNA tree (Figure 3.3). Dataset is available upon
request.
Dataset 3.S4. FASTA file containing full length 16S rRNA and ITS region Sanger
generated contigs. Dataset is available upon request.
Dataset 3.S5. Metadata, CTD collected data, and geochemical data from the MESOSCOPE
cruise. Dataset is available online at: https://zenodo.org/record/5208977
Dataset 3.S6. CTD collected data, and geochemical data from the Dipole cruise. Dataset is
available online at: https://zenodo.org/record/5208870
Dataset 3.S7. CTD collected data, and geochemical data from the HOT cruises collected
between 11/22/2014-2/1/2020. Dataset is available upon request.
Dataset 3.S8. 16S rRNA Weighted Gene Correlation Network Analysis module
membership and global significance values. Dataset is available upon request.
Dataset 3.S9 List of KEGG Orthologs, Pearson Correlations, difference/total, log ratio
metrics, and gene counts/billion reads. Dataset is available upon request.
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Chapter IV. Impacts of Sea Level Anomaly on the Bacterial
Communities of Sinking Particles

Abstract

Sinking particle detritus, derived from phytoplankton originating in the euphotic zone is a large
contributor to deep sea carbon export. The production of sinking particles is dependent on
complex processes that impact particle size and carbon content. Mesoscale eddies that change
deep-water nutrient depth by shifting deep layer density gradients closer to or farther from the
sea surface may impact surface production, and particulate organic matter (POM) formation. To
determine whether and how sinking particle-associated microbial communities differ between
cyclonic, front and anticyclonic conditions, and how this might influence export processes, the
2017 MESOSCOPE cruise sampled a dipole eddy system, consisting of a side-by-side cyclone
and anticyclone. During this sampling, particle interceptor trap (PIT) arrays deployed in a
transect across the dipole confirmed that differences in the nutricline depth acted as an important
driver of fine-scale shifts in microbial community composition. Through 16S rRNA amplicon
and metagenome assembled genome (MAG) based methods, particle-associated Bacteria and
Archaea collected in sediment traps deployed across two adjacent eddies of opposite polarities
were examined with respect to ocean surface sea-level anomaly (SLA) metrics, as well as
geochemical measurements of particulate carbon (PC) and nitrogen (PN). The bacterial
community was dominated by the Pseudoalteromonas genus (4 of 18 recovered MAGs and >
70% of 16S rRNA amplicon reads). A specific MAG and ASV (amplicon sequence variant) were
found to strongly correlate with the center of the eddy cyclone. The rRNAs analyzed from the
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MAG and ASV differed by a single base pair transition, suggesting they originate from the same
bacterium. This study highlights the correlation between SLA and sinking particles, specifically
the enrichment of a copiotrophic genus often found associating with key microbial taxa in
surface waters. Further investigation into the functional genes of this cyclone-enriched strain will
allow a deeper understanding of the various roles of copiotrophic bacteria on sinking particles in
mesoscale cyclones and how they influence the biological carbon pump in the North Pacific
Subtropical Gyre.

Introduction
Sinking particulate detritus that originates in the euphotic zone is composed of both
particulate organic material (POM) as well as inorganic material. Particulate matter exists in a
spectrum of size classes, including macroaggregates (particles ranging from centimeters to 500
µm), microaggregates (1 µm-500 µm), and submicron particles (0.1 µm-1 µm). These particles
can be collected using various methods including particle interceptor traps (PITs), net traps, and
marine snow catchers. The composition of suspended POM versus sinking POM can vary 1.
Specialized k-strategists that thrive on a narrow range of semi-labile carbon sources may be more
common on suspended POM whereas generalist fast-growing r-strategists requiring more labile
carbon sources are often enriched on sinking POM 2. Suspended detrital particles are also lighter,
and have been documented as composed of bacterial representatives of cyanobacteria,
Bacteroidetes, and Flavobacteria with a greater species richness than sinking particles 3-5.
The production and subsequent sinking of particles is dependent on complex processes
that impact particle size and carbon content. Throughout the world’s oceans, seasonal changes in
photoperiodism and temperature can impact the amount and size of POM that sink through the
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water column. Even in areas where seasonal changes are minimal, like the North Pacific
Subtropical Gyre (NPSG), fluctuations in POM change drastically throughout the year 6–10. The
composition of communities on such particles that have reached the abyss have also been found
to shift seasonally, likely due to ecological processes in the surface waters9,11. The composition,
size, and shape of these particles originating in the surface waters can impact how quickly and
efficiently they sink through the water column and contribute to the biological carbon pump, the
process through which carbon is exported from the surface waters and sequestered in the deep
sea 12,13. In addition, bacterial species richness of particles may decrease with prokaryotic carbon
loss at mesopelagic depths. This may be due to the conditions of rapidly sinking particles
changing drastically as they fall through the water column. This in turn causes many prokaryotic
genera to detach, enriching the sinking particles with specific genera that can withstand the
changes induced by sinking (e.g. temperature, pressure) and also enriching the surrounding
suspended particles with more species14. In the North Atlantic, suspended particles were found to
be dominated by SAR11 and Rhodobacteraceae. Fast-sinking particles, while also having a
relatively high abundance of SAR11 and Rhodobacteraecae were also dominated by
Flavabacteriaceae and Saprospiraceae 14.
In surface waters of subtropical gyres like the NPSG, since seasonal shifts are not large
enough to promote mixing of upper waters with those below the nutricline, nitrogen-fixation by
cyanobacteria and heterotrophic bacteria can provide essential sources of new nitrogen to fuel
primary productivity. While nitrogen fixation may provide ~25-50% of the nitrogen that sustains
total annual export, ~70% is reliant on nutrient regeneration and potentially the uplift of nutrients
by vertical mixing mechanisms such as eddy-pumping 15-17. Eddies of different polarities
displace water in different directions. In the NPSG, cyclonic eddies move in an anticlockwise
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direction, are characterized by negative sea-level anomalies (SLA), and displace deep water
density surfaces (isopycnals) closer to the sea-surface. In anticyclones, clockwise water
circulation causes a positive SLA, and deep isopycnals are displaced downwards into the ocean’s
interior. Eddies that draw-up deep-water nutrients closer to the surface may increase surface
production, and POM formation 18–20. In the Sargasso Sea, an anticyclonic mode-water eddy was
found to be enriched with Actinobacter, Roseobacter, and OCS116 clades that were highly
correlated with diatom abundance 21. In another study examining 23 years of changes in seasurface height at Station ALOHA the long-term hydrological station was found to be under eddy
conditions ~30% of the time, and that SLA was correlated positively and negatively with many
ecological and biogeochemical parameters; perhaps most notably was dissolved inorganic carbon
that was negatively correlated with SLA throughout the water column. Dissolved organic carbon
however, showed a positive correlation 22. While it is clear that SLA is linked with surface-water
production in the NPSG, and mesoscale eddies have the potential to cause large shifts in the
bacterioplankton community, how these shifts change across an eddy dipole and impact sinking
particle matter remain understudied.
Recent work at the Bermuda Atlantic Time-series Study (BATS) station showed that
while particles were dominated by phytodetrital, and fecal aggregates and pellets, there was
seasonal variation in sinking particle composition. Specifically, during the spring, particle flux
below 150 meters declined and shifted to being dominated by fecal aggregates. However,
particles across sampling were dominated by Alphaproteobacteria and Gammaproteobacteria and
had a high abundance of Dinoflagellates, specifically those in the Syndiniales order 23.
Temperature and nutrient content of side-by-side mesoscale eddies of different polarities in the
NPSG are known to vary across the dipole and may mimic some seasonal changes that occur at
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BATS. In this study we sought to determine whether and how sinking particle-associated
microbial communities differ between cyclones, front and anticyclone conditions, and how this
might influence export processes.
Each technique developed to sample sinking particles has varying levels of collection
biases caused by hydrodynamics, solubilization, and swimmers or active migration 24. These
biases can impact calculations related to carbon balances and make it difficult to estimate the
true flux signals. Surface tethered traps like PITs are more susceptible to hydrodynamic biases
than neutrally buoyant traps, as they need to remain upright to work properly and are often
deployed in strong currents. In addition, various types of sediment traps may bias themselves by
attracting swimmers, although this may be more of an issue in the deep sea where food is
scarcer. Nevertheless, PIT arrays remain an excellent way to measure total particle flux amounts
over a time period 24.
To determine whether and how sinking particle-associated microbial communities differ
between cyclone, front and anticyclone conditions, and how this might influence export
processes, the 2017 MESOSCOPE cruise sampled a dipole eddy system, consisting of a side-byside cyclone and anticyclone in the NPSG. During this sampling, PIT arrays were deployed in a
transect across the dipole to examine whether differences in the depth of the deep chlorophyll
maximum (DCM) across an eddy dipole could drive variability in the NPSG. The cyclonic
community had an increase in eukaryotic phytoplankton cells that correlated with elevated
exports of carbonate and silicate 25. Other work from data collected on the MESOSCOPE cruise
found that while bacterioplankton and microeukaryote communities in the cyclone and
anticyclone were distinct, metabolic functions within the community were shared between the
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eddies. This suggests that while eddy-related differences in microeukaryotic communities are
present, there may be resilience in metabolic function 26.
In this work, we examined how particle-associated Bacteria and Archaea in surface
waters might be influenced by variable conditions across eddy dipoles, and impact primary
production and POM formation, degradation and mineralization. Our central questions included:
What is the bacterial and archaeal community composition of sinking particles at 150 meters at
Station ALOHA? Do eddy-related shifts in sea surface height impact prokaryotic communities of
sinking particles at 150 meters across an eddy-dipole? Do the changes in PC and PN that occur
across a dipole eddy system correlate with shifts in the prokaryotic communities on particleattached microbes? Our approached leveraged PIT traps designed to preserve microbial
community nucleic acids, that were deployed in different locations at a depth of 150m across a
dipole eddy. Our results suggest that the differential physical and biogeochemical conditions
found in cyclones versus anticyclones, influence the composition of sinking, particle-associated
microbial communities.

Methods

Sample Collection and processing
Twelve Particle interceptor trap (PIT) arrays were deployed at a depth of 150 m along a
transect starting at the center of a cyclonic eddy and moving across an eddy dipole to the center
of an anticyclone. The PITs were deployed on July 2, 2017 and were recovered on July 12, 13
and 14, 2017 (Figure 4.1). A summary of the deployment times and recovery days for each trap
are summarized in Table 3 of the MESOSCOPE cruise report
(http://scope.soest.hawaii.edu/data/mesoscope/MesoScope2017_CruiseReport.pdf). Throughout
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their deployment, traps drifted clockwise or counterclockwise following the anticyclonic or
cyclonic circulation they were subject to. Satellite images showing the trap placement, their
locations mid-way through sampling, and ending locations can be found in Figure 12 of the
MESOSCOPE cruise report
(http://scope.soest.hawaii.edu/data/mesoscope/MesoScope2017_CruiseReport.pdf).
The PITs were constructed with tubes leading to a funnel set in a highly efficient RNA later
solution, which collected sinking particles continuously throughout the course of the deployment
(~10-12 days). After recovery, sediment was filtered and stored at -80°C until DNA extraction.
DNA extraction was performed using a DNeasy PowerBiofilm Kit (Qiagenm, Hilden, Germany)
following the manufacturer’s protocol.

Amplicon Sequencing
Prokaryotic rRNA amplicon libraries were produced by PCR amplification of the V4
region of the 16S rRNA using barcoded 515F (5′GTGYCAGCMGCCGCGGTAA3′) and 806R
(5′GGACTACNVGGGTWTCTAAT3′) primers 27, with modifications intended to minimize
potential primer biases 28,29. Pooled libraries were sequenced on a MiSeq platform using the
MiSeq Reagent Kits v2 300-cycles chemistry (Illumina, San Diego, CA, USA). Sequences were
demultiplexed using QIIME2 30. Error modeling and correction was done using the DADA2
QIIME2 plug-in 30,31. Taxonomy was assigned by blasting the sequences against the SILVA
v138 database with an annotation identity threshold of 85% (Dataset 4.S1; 4.S2) 32.
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Metagenome sequencing
Using DNA from sediment collected from the PITs deployed along a transect between the
cyclone and anticyclone, Metagenomic libraries were generated. Libraries were prepared using a
TruSeq Nano DNA library preparation kit (Illumina, San Diego, CA) as previously described
Mende et al. 33. Sequencing was performed using a 150 bp paired end NextSeq500/550 High
Output v2 reagent kit (Illumina, San Diego, CA).

Metagenome assembled genome (MAG) recovery
Assembly was performed on reads using MEGAHIT v1.2.9 with options “—pre-sets metasensitive” 34. For each metagenome assembled, a total of nine binning methods were used to
recover MAGs. CONCOCT v1.1.0, MetaBAT2 v2.15, and MetaBAT v2.15 programs were used
with all sensitivity settings and MaxBin2 v2.2.7. In the MaxBin2 program, both the 40 and 107
marker gene sets were utilized 35-38. The reasoning for this is that the 107 gene set is larger but
corresponds primarily to bacterial lineages and may exclude archaea, whereas the 40 gene set
includes markers found in both domains. Initial MAG completeness was assessed using DAS
Tool v1.1.2 39. The MAGs were refined by bin-specific reassembly performed with SPAdes
v3.15.3 40. Using CheckM v1.1.3, completeness, contamination, and identity was assigned to the
resulted reassembled MAGs 41. During this step, contamination rates were assessed using the
“lineage_wf” command in CheckM 41. MAGs from all metagenomes were then dereplicated
using the drep command “dereplicate_wf” at 97% ANI and 70% alignment. The best MAGs
were picked using based on percent completeness. Finally, FinishM was used to further improve
the MAGs through additional scaffolding and ambiguous base resolution using the “roundup”
mode (https://github.com/wwood/finishm).
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Metagenome assembled genome (MAG) Identification
Taxonomic classification of MAGs was performed with the GTDB-tk v.1.5.0 program 42. Marker
genes were identified, aligned, concatenated and classified with pplacer. Genomes were
classified based on placement in the GTDB-tk reference tree, their relative evolutionary
distances, and FastANI distances (Dataset 4.S3).

Metagenome assembled genome (MAG) abundance calculation
Metagenomic reads from each sample were mapped to the dereplicated set of MAGs using the
CoverM v0.6.1 ‘genome’ command on normal settings. The coverage of each MAG was
calculated using the ‘trimmed_mean’ option which allows for the coverage to be calculated as
the weighted average according to genome length. To normalize the abundance calculations, the
coverage of each MAG was divided by the total coverage of all the MAGs in the dereplicated set
of MAGs (Dataset 4.S4).

Functional Annotations
For each MAG, open reading frames (ORFs) were found and annotated using Prokka v1.14.5 43.

Pearson, Spearman, and Kendall Tau correlations
To test whether specific MAGs or ASVs were correlated with SLA, Pearson and Spearman
correlation values were calculated in R using the ‘Hmisc’ package’s ‘rcorr’ function and
visualization was done using the ‘corrplot’ package 44,45. Kendall Tau correlations and associated
test statistics were calculated using the ‘psych’ package’s ‘corr.test’ function 46 (Dataset 4.S5;
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4.S6). To decrease the false discovery rate (FDR), Benjamini-Hochberg adjustments were
performed on all p-values generated using the ‘p.adjust’ function in R.

Sea-Surface Anomaly/Oceanographic data generation
Sea surface height (SSH) data was collected using multimission satellite observations distributed
by the Copernicus Marine and Environment Monitoring Service
(http://www.marine.copernicus.eu). Sea surface anomaly (SSA) measurements were calculated
by using the respective SSH long-term average observed for each reference point. So that SSH
could be used as a proxy for mesoscale variability, seasonal and interannual effects of climate
change were removed from the dataset. The Mesoscale Eddy Trajectory Atlas distributed by
AVISO+ was utilized to track and identify mesoscale eddies. Detailed methods are described by
Barone et al. 22. Eddy dipoles were identified based on analysis of SLA and sea surface
temperature. For detailed methods describing eddy identification and sampling see the cruise
reports at: https://hahana.soest.hawaii.edu/hot/cruises.html. Measurements of SLA for each PIT
were averaged over the total deployment time for analysis.

Geochemical data
All nutrient data was extracted from the publicly available application, Hawaii Ocean Timeseries Data Organization & Graphical System (HOT-DOGS). Detailed methodology for data
generation can be accessed at https://hahana.soest.hawaii.edu/hot/hot-dogs/. Geochemical data
can be found in Dataset 4.S7.
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Weighted Gene Correlation Network Analyses
To identify clusters of ASVs that were correlated with SLA, PN, and PC, a Co-Expression
Network Analysis (WGCNA) was performed. First the samples were rarefied to the sample with
the least number of reads (25570 reads). Then, a transformation was done using the variance
stabilization function vst() in the “DeSeq2” package in R 47,48. Using the WGCNA R package, a
co-expressed (or co-occurring) network of taxon abundances was represented mathematically
using an adjacency matrix that expresses pairwise similarities. Clusters of taxa were then
identified using hierarchical clustering. Using the soft-threshold Pearson correlation with a
topological overlap distance metric and Ward’s hierarchical Agglomerative Clustering method,
modules were defined. Softthresholding powers were assigned with the picksoftThreshold() in
the WGCNA package. The module correlations were assigned using module eigengenes. Then,
according to module membership and global trait significance values, a specific module of taxa
that correlated with SLA was identified (Dataset 4.S8).

Results

Bacterial and Archaeal Taxonomic Composision as Assessed by Amplicon Sequence Variants
(ASVs)
After removing sequences with unassigned taxonomy (0.056% of total reads), over 70% of the
16S rRNA amplicon reads clustered with the Pseudoalteromonas genus. When reads were
collapsed to the family level, nine families comprised more than 1% of total reads. Of these nine
families, four belonged to Alteromonadales (~44% of families). Of the twelve samples, only one
was not dominated by the Pseudoalteromonadaceae family. This sample was located in close
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proximity to the center of the anticyclone and a majority of the reads making up that sample
belonged to Alteromonadaceae. Chloroplasts were relatively abundant in the dataset (~1.5% of
total reads) (Figure 4.S1). Vibrionaceae was also relatively abundant and its relative abundance
peaked in samples of mid-range SLA collected in the front between the cyclone and anticyclone
(Figure 4.2; Figure 4.1).

Metagenome Assembled Genomes of Particle Associated Bacteria
A total of 18 high quality MAGs (≥ 84.84% complete and ≤ 1.76% contamination; Dataset 4.S3)
were recovered from the metagenomic reads. The genomes were between 84.84-100% complete
and contamination percentages between 0.22-1.76. Six of the MAGs were classified as
Alteromonadaceae (~33%). There were also 3 Vibrio MAGs (~17%). A majority of the MAGs
belonged to Proteobacteria (~89%), while the other 2 were classified as Flavobacteriaceae
(Bacteroidota). The genome sizes ranged from 2.5-6.1 Mbp (Figure 4.3; Figure 4.S2; Dataset
4.S3; 4.S4).

Weighted Gene Correlation Network Analyses of Prokaryote ASVs Across a Dipole
To understand the relationship between the 150 m sinking particle-associated prokaryote rRNA
ASVs and SLA, a WGCNA was performed. This analysis allows taxa to be grouped into
modules and then correlated with oceanographic data. The WGCNA distinguished four modules.
Of the four modules, only one correlation was significant. The “Turquoise” module was found to
have a strong, significant, negative correlation with SLA (-0.69, p < 0.05; Dataset 4.8; Figure
4.S3). More than 75% of the reads in this module were made up of ASVs belonging to the
Pseudoalteromonas genus. The community composition of reads from all other modules was
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different from that of the Turquoise module. More than 50% of the reads from the other three
modules were from ASVs belonging to Alteromonadaceae. The cyclone-correlated module also
had a relatively high abundance of Vibrionaceae (Figure 4.4).

Kendal Tau, Pearson, and Spearman Correlations (MAGs and Amplicon 16S cyclone enriched)
To evaluate taxa that are correlated with SLA, PC, and PN, a few types of correlation analyses
were performed. Kendall Tau, Pearson, and Spearman correlations done in R. After a BenjaminiHochberg adjustment, none of the Kendall Tau or Spearman correlations were significant.
However, one ASV, a member of the Pseudoalteromonas, was negatively correlated with SLA
according to the BH adjusted Pearson correlation (p < 0.05; Figure 4.5; Dataset 4.S6) as was a
single MAG (p < 0.05, Dataset 4.S5; Figure 4.S4). The MAG belonged to the
Alteromonadaceae family and identified as ‘Pseudoalteromonas sp002684115’. Using a Muscle
alignment, the single 16S sequence extracted from the ‘Pseudoalteromonas sp002684115’ MAG
was nearly identical to the correlated ASV, differing by a single base pair transition out of 253
nucleotides total.

Discussion

It is now well understood that mesoscale eddies can have large impacts on production and
microbial community dynamics 21,22,49,50. Developing a deeper understanding of how changes in
isopycnal depth shift microbial dynamics and sinking particle formation is critical because it has
broader implications for long-term carbon sequestration. Station ALOHA is under eddy
conditions ~30% of the time, so identifying key microbial groups associating with cyclones and
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anticyclones may implicate specific processes that drive the biological carbon pump in the NPSG
22

.
While the majority of what is known about particles in the euphotic zone is based on

suspended particles, PITs allow for the collection of sinking particles over the course of days or
weeks. This sampling method more accurately describes the communities of organisms that are
contributing heavily to the biological carbon pump, versus suspended particulate material that is
more likely to be recycled in the photic zone. Over the course of PIT deployment in this study,
the bacterial communities were dominated by the Pseudoalteromonadaceae family with the
exception of one sample located near the anticyclone (Figure 4.2; Figure 4.3). This suggests that
there is consistency in the processes in which these particles originated across time and SLA
gradient. Gammaproteobacteria is commonly found to be enriched on sinking particles at the
base of the euphotic zone, regardless of location 2,9,10,14,23. However, on the family level, this
pattern is not conserved. Enriched families range from Pseudoalteromonadaceae,
Pseudomonadaceae, Alteromonadaceae, Moraxellaceae, among others 4 2,10,14,23,51.
In this study, a specific Pseudoalteromonas strain was found enriched in the cyclone
(Figure 4.5). The Pseudoalteromonas genus is often found associating with higher organisms in
addition to other prokaryotes 52–54. This group has also previously been found enriched and
associating with sinking particles in the NPSG 55,56. A previous study based solely on
metagenomic read abundances relative to total reads, reported a high proportion of
Pseudoalteromonas in PIT traps collected at 150m at Station ALOHA 55. Comparison of live and
poisoned PIT traps suggested that at 150m, Pseudoalteromonas were more prevalent in the live
traps than poisoned traps, albeit Vibrio abundances exceeded those of Pseudoalteromonas 55. The
traps used in our study however were all charged with preservative (“poisoned”), so a strong
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association of Pseudoalteromonas with sinking particles is also strongly supported by our data.
Another study of particle-attached microbes using a very different type of sediment trap (net
traps), reported a diverse array of diazotrophic bacteria on particles, along with diverse
gammaproteobacterial groups 57. The sampling in this particular study was performed in an
anticyclone, and similar to the results found in this paper, there was little variation across
sampling space and time 57. Free-living cyanobacteria such as Trichodesmium, in addition to
nitrogen-fixing endosymbionts (Richelia and relatives) were enriched on particles collected in
the anticyclone, compared to surrounding sea water samples 56. While the Pseudoalteromonas
spp. enriched in the cyclone sampled in our study here could indicate their association with
eukaryotic or prokaryote phytoplankton, as Pseudoalteromonas has been reported as an epibiont
of the nitrogen-fixing cyanobacteria Trichodesmium. Colonies of Trichodesmium in the NPSG
have been suggested to account for up to 50% of nitrogen fixation and promote the growth of the
larger plankton community 52,58,59. The genus has an extensive microbiome that includes many
heterotrophic bacterial species 58,59. In the same cyclone sampled in this study, an increase in
Trichodesmium was observed 60. In addition to this nitrogen-fixing cyanobacterial genus, an
increase in several dinoflagellate organisms was also recorded. Live Trichodesmium is known to
be able to adjust its buoyancy, which may explain why we did not detect this diazotrophic
cyanobacterium in the PIT traps of our study here 61,62.
The interactions between Pseudoalteromonas and dinoflagellate species are complex
however, and strain or species dependent. Some strains can cause algicidal effects and predatory
swarming behavior has been observed in certain Pseudoalteromonas strains when in contact with
dinoflagellate cells 54. It is possible the cyclone correlated Pseudoalteromonas in this study are
predatory and could be attracted to the Syndiniales, or Trichodesmium enriched in the cyclone.
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Whether or not the cyclone enriched Pseudoalteromonas has the same ecological function as
other Pseudoalteromonas strains sampled along the transect is unknown. For example, other
work showing the microeukaryote community sampled from in the waters of the cyclone
sampled in this study was found to be distinct from the anticyclone but shared many metabolic
functions. This could also be the case for our study with the similar strains of
Pseudoalteromonas sampled filling similar or the same ecological niches, but more analysis is
needed to test this hypothesis 26.
While the correlation with carbon, nitrogen, or SLA was not significant, the Alteromonas
enrichment in one of the PIT samples close in the anticyclone center is striking (Figure 4.2;
Figure 4.3). Both Alteromonas and Pseudoalteromonas are often cited as producing algicidal
and agarolytic compounds as well as commonly associating with planktonic organisms 66–69.
Once thought to be part of the same family, these two groups are sometimes thought of as being
interchangeable but differences in the 16S rRNA gene identity clearly separate them 70. Previous
work also suggests Alteromonas and Pseudoalteromonas abundances shift based on physical
parameters such as pCO2 levels with Pseudoalteromonas abundances reported as increasing with
pCO2 71. The Alteromonas MAGs herein did have slightly higher GC content (44.5-44.9%;
Dataset 4.S3) than the Pseudoalteromonas strains (40.5-41.2%; Dataset 4.S3), but this small
difference is not necessarily indicative of biological or ecological distinction. A deeper
investigation into the functional genes of their respective genomes however may be able to
provide insight into the possible adaptive differences differentiating these two genera.
The Lagrangian sampling approach taken in the MESOSCOPE cruise PIT sampling has
allowed us to observe how sinking particulate communities may change across eddy dipoles.
Specifically, while the communities were largely conserved, fine-scale differences that could
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have broader ecological implications were found. Previous work at Station ALOHA has
demonstrated the importance of copiotrophic bacterial contributions to nutrient flux. In this
study, we sought to characterize the bacterial and archaeal community composition of sinking
particles at 150 meters at Station ALOHA, investigate whether eddy-related shifts in sea surface
height impact prokaryotic communities of sinking particles at 150 meters across an eddy-dipole,
and to correlate changes in PC and PN that occur across a dipole eddy system with shifts in the
prokaryotic communities on particle-attached microbes. While we did not find microbial
community compositional changes correlated with PC and PN across the eddy dipole, this study
highlights the correlation between low SLA and sinking particles. Specifically, the enrichment of
a copiotrophic genus often found associating with key microbial taxa in surface waters. While
we can only make inferences about the ecology of the Pseudoalteromonas enriched in the
cyclone, further analysis comparing the functional genes within different Pseudoalteromonas
MAGs will be key to understanding this enrichment. In addition, analyses involving the
combination of 18S and 16S rRNA amplicon data would be helpful to understand interdomain
associations. The strong correlation between the cyclone sinking particles and
Pseudoalteromonas observed using both amplicon and MAG based approaches warrants further
investigation, to better understand the roles of microbes on the formation and sinking of
particles, and how they are influenced by eddy dynamics and variations in ocean surface SLA.
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Figure 4.1. Schematic showing approximate Particle Interceptor Trap (PIT)
locations throughout sampling. Location of trap deployment (left) and recovery
(right) are shown for the 12 PITs. Lagrangian sampling was done over the course
of 10-12 days. Trap locations are marked with black dots. Circles are colored
with their respective SLA values.
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Figure 4.2. Relative abundance of 16S rRNA by family with corresponding
geochemical data, in sediment collected using Particle Interceptor Traps
(PITs) at 150 meters. Geochemical measurements of particulate carbon,
particulate nitrogen, and carbon to nitrogen ratios with standard deviations across
particle interceptor trap sampling (A). Relative abundance of families across
particle interceptor trap sampling based on amplicon 16S sequences. Families
making up less than 1% of sequences were omitted (B). Average Sea Level
Anomaly (SLA) values for PIT deployment time are shown on the x-axis. Colored
arrows representing relative distance from the cyclone (blue) and anticyclone
(red) center are present.
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Figure 4.3. Metagenome Assembled Genomes (MAGs) derived from sediment
collected in Particle Interceptor Traps (PITs) at 150 meters across a dipoleeddy system. The heatmap displays relative abundance of MAGs based on read
mapping from individual samples along the PIT transect (columns). MAGs are
listed based on hierarchical clustering (rows). Average Sea Level Anomaly (SLA)
values for PIT deployment time are shown on the x-axis along with colored arrows
representing relative distance from the cyclone (blue) and anticyclone (red) center.
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Figure 4.5. Relative abundances of Pseudoalteromonas derived from
sediment collected by Particle Interceptor Traps (PITs) at 150 meters. The
abundance of individual ASVs (A) and MAGs (B) are shown separately. Average
Sea Level Anomaly (SLA) values for PIT deployment time are shown on the xaxis along with colored arrows representing relative distance from the cyclone
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Figure 4.S2. Low-abundance Metagenome Assembled Genomes (MAGs)
derived from sediment collected in Particle Interceptor Traps (PITs) at 150
meters across a dipole-eddy system. The heatmap displays relative abundance of
MAGs based on read mapping from individual samples along the PIT transect after
removing the two most abundant MAGs in the dataset (columns). MAGs are listed
based on hierarchical clustering (rows). Average Sea Level Anomaly (SLA) values
for PIT deployment time are shown on the x-axis along with colored arrows
representing relative distance from the cyclone (blue) and anticyclone (red) center.
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Figure 4.S3. Heatmap of module-trait relationships found in the WGCNA. Each
row of the heatmap represents a module and each column represents a variable.
Correlation values are denoted with block color.
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Supplementary Datasets
Dataset 4.S1. 16S rRNA Amplicon Sequence Variance (ASV) count table used for analyses
after removing unassigned taxa and taxa with zero counts for Particle Interceptor Trap
(PIT) samples. Dataset available upon request.
Dataset 4.S2. Amplicon Sequence Variance (ASV) identifiers and sequences in FASTA
format. Dataset available upon request.
Dataset 4.S3. Metagenome Assembled Genome information. Dataset available upon request.
Dataset 4.S4. Metagenome Assembled Genome 'trimmed_mean' coverages. Dataset
available upon request.
Dataset 4.S5. Metagenome Assembled Genome correlation value, p-value, and test statistic
matrices for Kendall tau, Pearson, and Spearman calculations. Dataset available upon
request.
Dataset 4.S6. 16S rRNA correlation value, p-value, and test statistic values for Kendall tau,
Pearson, and Spearman calculations. Dataset available upon request.
Dataset 4.S7. Geochemical data generated by Karl et al. Available at:
http://scope.soest.hawaii.edu/data/mesoscope/mesoscope.html.
Dataset 4.S8. 16S rRNA Weighted Gene Correlation Network Analysis module
membership and global significance values. Dataset available upon request.
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Chapter V: Summary, Conclusions and Future Directions

Overview, Chapter Summary and Conclusions

Sea-surface microbes are largely involved in earth’s climate. With the advent of
sequencing technologies, now we can answer complex questions about the interactions within
microbial communities, and how they impact global processes 1,2. While the NPSG is considered
the world’s largest contiguous biome, it is drastically understudied 3–5. Although seasonality is
minimal, the microbial communities of the NPSG, are globally important and small temporal
shifts can cause large-scale changes. Spatial changes, like depth, have an obvious impact on the
structure of microbial assemblages, but examining specifics is of upmost importance. Sinking
particulate matter is a critical part of global nutrient cycling. As important as sinking particles
are, the effects of export events and mesoscale eddies on microbial communities involved are not
well understood. Through this dissertation, I examined the temporal and spatial microbial
community dynamics at Station ALOHA. Studying the planktonic and particle-associated
microbial community shifts during export events and under eddy conditions through these
projects have contributed significantly to the field of microbial oceanography.
In Chapter II, the microbial dynamics of elevated carbon flux (ECF) events were
examined through a multi-year sequential sediment trap dataset consisting of metatranscriptomederived 16S rRNA reads and MAGs. Sequential sediment traps were deployed at 4000 meters
during 2014, 2015, and 2016 continuously collecting sinking particles. In open ocean systems,
ECF events drastically increase the amount of carbon from surface waters that make it to the
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seafloor relative to other times of year 6–8. Microbes play a critical part in primary production
and sinking particle formation and contribute greatly to the biological carbon pump and to deep
sea export 4,9,10. Previous to this work, few studies have been able to quantitatively link ECF
events to the microbes responsible for their formation.
In this project, key microbial taxa, as well as their functional traits were identified on
deep-sea particles, some correlating positively to the specific periods of ECF. On the sinking
particles collected during summer ECF events, enriched populations included symbiotic and
free-living diazotrophic cyanobacteria, rhizosolenid diatoms, phototrophic and heterotrophic
protists, and photoheterotrophic and copiotrophic bacteria. In addition, the particle-attached
bacteria that were correlated with summer ECF events encoded metabolic pathways such as
photosynthesis, nitrogen fixation, and proteorhodopsin-based photoheterotrophy supporting their
origin from surface-water derived sinking particles. There was also evidence of rapid
bathypelagic responses to elevated organic matter occurs during ECF events, since some groups
of deep-sea bacteria also positively correlated with summer increases in carbon and nitrogen
flux. Particle-attached microbes collected in 4000 m sediment traps during an ECF event in the
springtime of 2015 were distinct from those found during the summertime ECFs. Among the
groups that were positively correlated with the 2015 Spring ECF were rhizaria, copepods, fungi
and a distinct group of bacterial taxa. It was also found that at during non-ECF periods,
organisms may colonize or repackage particles in the mid and deep water. High abundances of
deep-sea bacteria, protists and animals. Through this project, key microbial taxa and processes
involved in the formation, export, and consumption of particulate matter that helps drive the
biological pump and sustains the ecosystems of the deep-sea were identified.
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Chapter III focused on one of the physical oceanographic processes that can affect
primary production, specifically, mesoscale eddies. These vortical circulations that occur at
Station ALOHA ~30% of the time can impact vertical export and surface water production 11–14.
Cyclonic eddy currents in the NPSG move in a counterclockwise direction and are characterized
by negative SLAs. They also have the effect of displacing deep-water density surfaces closer to
the surface. Anticyclonic eddies are the opposite, they move clockwise, have positive SLAs and
force isopycnals downward into the ocean’s interior. Previous studies have reported that the
upwelling of deep-water nutrients caused by cyclonic eddies has profound effects on the
biogeochemistry of the water column and microbial communities, but most studies focus on a
mixture of satellite data and modeling 11,12,14–16. In this study, we gained a deeper understanding
of how the shifts in the depth of pycnoclines caused by mesoscale eddies influence the
Prochlorococcus communities and how Prochlorococcus populations change over time and by
depth at Station ALOHA.
This was accomplished by leveraging data from both the spring 2016 Dipole and summer
2017 MESOSCOPE cruises. During both cruises, the centers of anticyclones and cyclones were
located and sampled using Lagrangian methods. To examine the impact of nitrogen and
phosphate availability, and temperature on Prochlorococcus populations, a high-resolution timeseries spanning more than 5 years collected by the HOT Time Series team was utilized. At
Station ALOHA, typically Prochlorococcus belonging to the HLII ecotype dominates the surface
waters. However, in our study we found that a specific sequence belonging to the HLI ecotype
was enriched in all the approaches taken (16S rRNA amplicon, ITS sequence, metagenomic
sequence comparisons), in the cyclones of both the MESOSCOPE and Dipole cruises. This
enrichment occurred at and above the DCM layer. Laboratory studies of isolates have indicated
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that a lower temperature growth range in part differentiates Prochlorococcus HLI from HLII
ecotypes 17–21.
Our results are consistent with the temperature differential found between the colder
cyclonic and warmer anticyclonic eddies we studied. In addition, among Prochlorococcus genes
that correlated with the cyclone, several were involved the metabolism of nitrogen, including
genes associated with nitrogen acquisition and metabolism (AatJ, glsA, nrtA, amiE, and a
nitralase gene (K01501)). In addition, other genes that may be advantageous in areas of higher
production, such as the vitamin uptake gene thiQ and compatible solute synthesis gene ectD
were also found enriched in those cyclonic populations. Collectively, the data indicate that
relatively short-term oceanographic changes caused by mesoscale eddies can have an impact on
the community dynamics of Prochlorococcus ecotype variants.
Building upon Chapters II and III, Chapter IV involved investigating sinking particles in
mesoscale eddies during the MESOSCOPE cruise. During sampling, a total of 12 PIT arrays
were deployed in a transect across the dipole. While each technique developed to sample sinking
particles (e.g. net traps, marine snow catchers, PITs) has varying levels of collection biases
caused by hydrodynamics, solubilization, and swimmers or active migration, PIT arrays are an
excellent way to measure total particle flux amounts over a time period 22. Data from these arrays
previously confirmed that differences in the nutricline depth acted as an important driver of
variability 11,23. Specifically, the anticyclonic community had an increase in the eukaryotic
plankton community that correlated with exports in carbonate and silicate 24. However,
bacterioplankton play a central role in primary production and POM formation, degradation and
mineralization and should be included in studies. While Chapter III of this dissertation found that
bacterioplankton communities in the cyclone and anticyclone were distinct, how this translates
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into sinking particle community dynamics was unknown. Developing a deeper understanding of
how changes in isopycnal depth shift microbial dynamics and sinking particle formation is
critical because it has broader implications for long-term carbon sequestration.
Metagenomic and amplicon sequencing was performed to assess whether eddy related
changes in SLA, PC, and PN were correlated with specific particle-associated bacteria or
archaea. A total of 18 high quality MAGs (≥ 84.84% complete and ≤ 1.76% contamination;
Dataset 4.S3) were recovered from the metagenomic reads. The genomes were between 84.84100% complete and contamination percentages between 0.22-1.33. Six of the MAGs were
classified as Alteromonadaceae (~33%). Over 70% of the 16s rRNA amplicon reads clustered
with the Pseudoalteromonas genus. When reads were collapsed to the family level, only nine
families made up more than 1% of total reads. Of these nine families, four belonged to
Alteromonadales (~44% of families). Of the twelve samples, only one was not dominated by the
Pseudoalteromonadaceae family. This sample was located in close proximity to the center of the
anticyclone and a majority of the reads and MAG coverage making up that sample belonged to
Alteromonadaceae. One MAG, a member of the Leisingera genus was found correlating with
PC. A specific Pseudoalteromonas strain was found enriched in the cyclone in both the MAG
and amplicon-based datasets. These sequences likely belong to the same bacterium as their
sequences were extremely similar (separated by one base pair transition). The
Pseudoalteromonas genus is often found associating with higher organisms in addition to other
prokaryotes 25–27. This group has also previously been found enriched and associating with
sinking particles in the NPSG 28,29. While the Pseudoalteromonas spp. enriched in the cyclone
sampled in this work could be associated with eukaryotic organisms, it is also a known epibiont
of the nitrogen-fixing cyanobacteria Trichodesmium, a genus previously found to be enriched in
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the cyclone of the MESOSCOPE cruise 30. The Lagrangian sampling approach taken in the
MESOSCOPE cruise PIT sampling has allowed us to investigate how the sinking particulate
communities change across the eddy dipole. Specifically, while the communities were largely
conserved, fine-scale differences that could have broader ecological implications were found.

Future Directions

This section outlines some of the possible directions that this work could be taken in,
based on the data and conclusions drawn in Chapters II, III, and IV of this dissertation. While
Chapter II outlined the importance of specific microbial groups in elevated carbon flux events,
future studies that are focused on specific particle-forming microbes found at different depths
would help us gain a deeper understanding of how particles form and change throughout the
water column. Future studies could also focus on physiological activities of these organisms and
quantify their contributions to sinking POM. Examining particles at multiple depths is critical to
understanding and clarifying the central processes of sinking POM. Measuring the succession of
particles by measuring particle formation, breakdown, and transformation in situ or in controlled
laboratory experiments would be helpful.
Since it is now possible to generate high-quality MAGs from complex sediment trap
samples 8, a deeper examination of some groups that are in high abundance, specifically
Arcobacter species that make up more than 30% of the total MT reads in Chapter I, would be a
straight-forward direction to take. Using gene pathway-specific analyses, habitat origins, life
history and ecological niche of this genus could be examined. Not only is this group abundant in
both the MT and MG datasets, it is also inversely correlated with carbon and could shed light on
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some of the processes that occur during non-ECF periods that drive particle flux. The Arcobacter
genus is widespread and includes members that fill multiple ecological roles. Some are
symbionts in protists and other animals and can be pathogenic, mutualistic, or commensal.
Examining the Arcobacter MAGs for groups of virulence genes and other suites of genes is one
thing that would be helpful in identifying the ecology of this abundant and somewhat mysterious
group. While Chapter II contributes to the growing body of literature investigating sinking
particles and the ecology of elevated carbon flux events, possibilities for future directions, even
with just the data generated in this study, are abundant and would gain a deeper understanding of
the particle flux and the ocean’s biological carbon pump.
Chapter III built onto Chapter II by examining how an important physical process
occurring in the ocean’s surface waters that can impact production and export. As explained, a
majority of work concerning mesoscale eddy impacts on biogeochemistry and production is
based on modeling. The ability to use genomic studies alongside the modeling knowledge has
allowed for a deeper understanding of export ecology in these ubiquitous systems. The study
identified an unusual and important pattern related to Prochlorococcus populations in cyclones
vs. anticyclones. This HLI enrichment is not typical of Station ALOHA, or tropical surface
waters in general. The analysis performed in this chapter involved sampled collected from two
dipole eddy systems and recognized the same pattern. However, further studies of eddy systems
in the NPSG will allow further understanding of the Prochlorococcus communities in cyclones
and anticyclones. Chapter III was able to identify and verify this important pattern using several
different sequencing technologies, as well as provide some reasons as to why there was such a
striking difference between the cyclone and anticyclone communities. In my study, I employed
metagenomic reads, which allowed identification of genomic differences between communities

206

of Prochlorococcus. In addition, these data provided a list of possible genes enriched in the
cyclone HLI population, using MAGs would have provided a more complete genomic picture.
Although preliminary attempts to generate Prochlorococcus MAGs were performed, the
microheterogeneity within sympatric Prochlorococcus populations interfered with the generation
of high-quality, strain-level MAGs. However, it may be possible to generate strain specific
MAGs for Prochlorococcus, with more thorough single molecule or single cell sequencing
efforts, to determine gene-related differences between the cyclone and anticyclone
Prochlorococcus populations.
Chapter IV highlights the correlation between SLA and sinking particles, specifically the
enrichment of a copiotrophic genus (Pseudoalteromonas) often found associated with
phytoplankton in ocean surface waters. While the current data only are strictly correlative, they
do provide new information on the ecology of particle associated Pseudoalteromonas enriched in
eddies. Future analyses comparing functional genes found within different Pseudoalteromonas
MAGs will be key to understanding this enrichment and ecology. Gene-related differences found
between the Pseudoalteromonas MAG variants, could provide new information on the ecology
of these particle-associated copiotrophs. More refined phylogenetic analyses of
Pseudoalteromonas MAGs could help to define their evolutionarily relationships and
trajectories. Based on previous studies, the cyclone enriched Pseudoalteromonas spp. might be
associated with a variety of groups including prokaryotes as well as eukaryotes, but this remains
to be further investigated 27,28,31. Alteromonas is also often found associating with eukaryotes 32.
Whether a shift in the eukaryotic community occurs in the anticyclone correlating with this shift
found in the bacterial community is unknown. Preliminary analysis of the origins of chloroplast
sequences, indicate that the 150 m PIT traps captured large amounts of Syndinales in the
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Cymbella genus (Figure 5.1). While these types of analyses are based on a relatively small
amount of reads and only take into account organisms that have chloroplasts, expanding this
approach might assist in providing a better understanding of the photosynthetic eukaryotic
community. Network analyses involving the combination of 18S and 16S rRNA amplicon data,
on the other hand, would be helpful to understand interdomain associations.
To summarize, future studies focused on particle-forming microbes found at different
depths, and deeper study of their physiological activities and contribution to carbon flux will
help to form a deeper understanding of sinking particle formation, degradation and succession.
Additionally, the investigation of functional genes in deep-sea Arcobacter MAGs will be key in
understanding this ecologically significant group. These approaches can provide a deeper
understanding of biological mechanisms that help regulate the functioning and efficiency of the
ocean’s biological pump. For Chapter III, further study of mesoscale eddies in the NPSG should
help to provide a better understanding of how specific Prochlorococcus populations respond to
eddy-induced environmental perturbation. In addition, utilizing gene expression data from
metatranscriptomes will clarify differences in gene expression between Prochlorococcus
populations in the cyclone and anticyclone. The generation of ecotype-level MAGs will also help
gain an understanding of gene-related differences. Finally, for Chapter IV, investigation into the
functional genes of the cyclone correlated Pseudoalteromonas spp. will allow a deeper
understanding of the various roles of copiotrophic bacteria on sinking particles in mesoscale
cyclones. Future studies focusing on the above will yield a deeper understanding of planktonic
and particle-associated microbes in the NPSG and how they impact ecological communities
throughout the water column.
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Figure 5.1. Relative abundance and identity of chloroplast 16S rRNA blasted
against the Phytoref database. The Relative abundance and identity of
chloroplasts across PIT sampling based on amplicon 16S rRNA sequences.
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