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ABSTRACT OF THE DISSERTATION

Indicators of Iron Metabolism in Marine Microbial Genomes and Ecosystems

by

Shane Lahman Hogle

Doctor of Philosophy in Oceanography

University of California, San Diego, 2016

Professor Katherine Barbeau, Chair

A detailed picture of the chemical speciation of iron in seawater is required to

comprehensively understand the marine iron cycle and its downstream effects on the

cycles of other nutrient elements. Although much progress has been made in our
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understanding of iron-binding ligands in the marine environment, numerous questions
remain as to their identity, structure, and biogeochemical sources and sinks. The recent
proliferation of “omic” data from cultured organisms and environmental samples now
allows us to address some of these chemical questions from a biologically informed
perspective.

The research presented in this thesis examines some of the specific molecular
mechanisms and underlying genetics that marine heterotrophic bacteria use to acquire
iron from the unique chemical conditions of the marine environment. We first examined
and reviewed the sources, transformations, and ultimate fate of heme and hemoproteins,
iron containing molecules, in seawater. We used comparative genomics to characterize
trace metal acquisition strategies in the marine Roseobacter and SAR11 clades, and we
examined these uptake pathways in light of marine trace metal chemistry, microbial
ecology, and genome evolution. We developed a genetic system for targeted mutagenesis
and insertional inactivation of a predicted heme uptake TonB dependent outer membrane
transporter in a model marine bacterial strain Ruegeria sp. TM1040. In a series of iron
amended incubations from the California current ecosystem, we examined the
heterotrophic bacterial assemblage composition using high throughput sequencing of
bacterial marker genes in conjunction with chemical speciation and algal physiology.
Finally, we examined putative iron uptake pathways in a metatranscriptome from natural
marine phyto- and bacterioplankton communities in the southern California current and
integrated patterns in the metatranscriptomic data with biogeochemical field data.

Our results have revealed genes responsible for trace metal metabolisms in marine

heterotrophic bacteria and highlight heme uptake as a model heterotrophic iron

XVii



assimilation pathway that is potentially important in particulate iron remineralization. In
turn, we have provided additional insight to the chemical speciation of iron in seawater
and have revealed potential molecular mechanisms by which heterotrophic bacteria shape

the marine iron cycle.
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Chapter 1

Introduction

Fe is a critical nutrient for all forms of life. It is employed in numerous enzymes
that organisms use to perform critical metabolic functions. The large Fe requirements of
the enzymes that facilitate these fundamental biogeochemical processes directly link Fe
to the carbon and nitrogen cycles of the marine environment. Somewhat paradoxically,
dissolved Fe is often vanishingly scarce in seawater due to its unique chemistry. Marine
photosynthetic microorganisms have evolved to cope with these low Fe conditions (1)
and still generate nearly half of earth's total primary production (2). Fe can be a limiting
nutrient for marine phytoplankton in up to 33% of the surface ocean (3), and mesoscale
Fe fertilization experiments have unequivocally demonstrated that Fe influences initiation
and development of phytoplankton blooms and thus has downstream effects on the
cycling of carbon, nitrogen, and silicon as well as effects on trophic dynamics (4). Thus,
the availability and abundance of Fe in marine systems are important parameters
influencing the global cycling of major nutrient elements.

Fe is extremely scarce in seawater relative to its biological demand due to its
thermodynamic propensity to hydrolyze into oxyhydroxide species with very low
solubility. These oxyhydroxide species have further tendency to adsorb to sinking
particulate matter or other Fe hydroxide species resulting in significant Fe export out of
the euphotic zone where, paradoxically, biological demand is highest. The remaining
dissolved Fe in the surface ocean is almost exclusively (>99%) bound to largely unknown

organic ligands. Traditionally, these ligands have been operationally partitioned into two



classes, L1 and L2, based on their conditional stability constants — a measure of the Fe
binding affinity for each class (5-8). L1 ligands, with the highest binding constants, have
a greater affinity for Fe than ligands from the L. class. These Fe-binding ligands in
seawater are hypothesized to be of biological origin, and have been shown to rapidly
accumulate after inputs of Fe from mesoscale fertilization experiments (8, 9). Very little
is known of the structural diversity of the Fe binding ligand pool, but some constituents
have been identified using mass spectrometry techniques (10, 11). To date many of the Fe
binding ligands identified from seawater or cultured marine organisms have been
siderophores, low molecular weight and high-affinity Fe(lll) chelating agents secreted by
some bacteria explicitly for the purpose of chelating Fe (12).

Siderophores have been proposed to comprise a major component of the L1 ligand
pool due to the similarity of the binding constants of purified siderophores and natural
marine ligands (6, 13). This has led to hypotheses that marine L1 ligands are biologically
derived (9) and may actually be siderophores produced in situ by microbial taxa (6).
However, for unicellular free living marine organisms in oligotrophic waters, diffusive
loss would make siderophore production a risky and metabolically expensive strategy
(14). 1t may be that bacterial siderophore production is confined to particles where
diffusion is attenuated and labile nitrogen and carbon are abundant relative to that in bulk
seawater (14). More elusive is the weaker L class, which is likely much more diverse
with respect to its chemical structure and sources to the water column. Dissolved organic
matter is a complex mixture of new and degraded biogenic molecules, some of which
have an Fe chelating capacity. It is likely that a proportion of the L class is derived from

the decomposition of complex particulate and dissolved organic matter, of which the



altered products have Fe binding capabilities (15). Thus, it is probable that a continuum
of Fe-binding molecules exists in seawater. Organisms intentionally produce some of the
chelators to extract Fe from their surrounding medium, while other secreted molecules
have incidental Fe chelating functional groups. Weaker chelators may be fragments of
particulate matter picked over by heterotrophic bacteria (15), polysaccharides (16, 17),
humic substances (18), or the liberated prosthetic groups from the metalloproteins of
lysed phytoplankton cells. In the generally Fe-deficient conditions of the ocean, it would
be advantageous for organisms to employ systems that access and utilize compounds
from across the Fe-ligand continuum as well as unbound Fe(l1) and Fe(l11).

The existence of Fe uptake pathways and homeostasis mechanisms in marine
bacterial genomes and metagenomes is bioinformatically inferred from functional
information derived from well-studied model bacteria. Relatively little is known about
marine microbial Fe transport compared to that for terrestrial and pathogenic microbes,
yet the generalized models established in well-characterized pathogens are important
guides for unveiling the phenomenon in marine microbes (19). In gram negative bacteria,
Fe moves through the outer membrane in three basic forms - inorganic ferric Fe,
inorganic ferrous Fe, and ferric Fe bound to organic ligands. Some of these forms are
probably able to passively diffuse through porins in the outer membrane while others
require the energy dependent transport of tonB dependent outer membrane transporters
(TBDTs). Once in the periplasmic space, Fe is transported into the cytoplasm by ferrous
Fe transporters or various forms of the ATP binding cassette transport system (ABCT).

Molecules greater than approximately 600 daltons or those that exist in very low

concentrations cannot cross the bacterial outer membrane simply by diffusion and require



energized transport from TBDTSs to reach the periplasm. Structurally, TBDTSs contain a
C-terminal membrane spanning [ barrel domain and a N-terminal domain that fills the
end of the beta barrel forming a plug. The plug domain contains two loops that extend
towards the extracellular side of the barrel and form a recognition site for the binding of
different substrates. Once a substrate is recognized, conformational changes in the TBDT
at the surface of the outer membrane are transferred to the periplasmic facing side, which
signals a TonB/ExbB/ExbD complex to somehow transduce energy to the membrane
receptor (20). Until recently, tonB dependent transport was shown to only occur with
small Fe complexes, such as siderophores, heme, or transferrin as well as the cobalt-
containing Vitamin B12. However, recent research has demonstrated TBDT transport of
nickel containing compounds, carbohydrates, and organic-phosphorous esters (21-26).
Thus, TBDTs may be a far more generalist uptake strategy than was originally thought.
TBDT are abundant in sequenced marine heterotrophic bacteria (26, 27) particularly the
generalist Roseobacter lineage (28) but more modestly distributed in marine
metagenomes (27, 29), suggesting that in the environment this capability may be
confined to specific niches.

ABCTs are transmembrane, ATP dependent proteins that translocate diverse
substrates from the periplasmic space to the cytoplasm by means of substrate-binding,
permease, and ATP binding components. Bacteria have been generally assumed to
translocate only unbound inorganic Fe(l11) through the cellular inner membrane using
ABCTSs. However, detailed biochemical studies of the system have been limited to only a
few organisms, mechanistic details are often conflicting, and microbial ABCTs have been

shown to also interact with metal-chelates and ferrous Fe (30-33). TBDTs for



siderophores and heme complexes are often co-localized with ABCTs in bacterial
genomes, implying a common transcriptional control. A recent survey found ABCTSs to
be the most common Fe acquisition system in marine bacterial genomes and
metagenomes suggesting it is the most common strategy for Fe acquisition in the marine
environment (27). Still, the limited functional characterization of a diversity of ABCTs
coupled with the fact that most Fe(l11) forms ligand complexes in seawater make the
nature of the Fe(lll) substrate (free or bound) unclear. In marine bacteria it is likely that
both free and complexed ferric Fe are imported to the cytoplasm by ABCT systems.

Fe(I1) is diffusible through the outer membrane of gram negative bacteria but
requires energy dependent transport across the inner membrane. Three major systems that
transport Fe(l1) into the cytoplasm have been discovered in model bacteria, which include
ABCT-like permeases, natural resistance-associated macrophage proteins (NRAMP), and
FeoABC. It appears that the FeoABC system is the dominant pathway for Fe(ll)
assimilation in most studied pathogens but very little is known of its mechanism of action
(34). In the context of the marine environment, Fe(ll) is thermodynamically unstable in
oxygenated seawater and quickly oxidizes to the ferric oxidation state. However, the
assimilation of Fe(ll) is likely critical in two step reductive uptake pathways of Fe(lll)
species such as those employed by many marine phytoplankton (35).

Prior studies have highlighted the importance of meso- and microzooplankton
grazers and heterotrophic bacteria in recycling particulate Fe in surface waters (15, 36—
38). This pool consists of particulates and colloids in both mineral and organic/detrital
forms, and upon remineralization could represent a significant source of Fe to

phytoplankton in chronically Fe depleted regions. Very little is known of the molecular



mechanisms through which this recycling occurs. Bacterial enzymatic attack on sinking
biogenic particles in the mixed layer could liberate smaller and less complex Fe units
such as heme prosthetic groups or Fe-sulfur clusters (39, 40). As heme is a fundamental
building block in diverse enzymes across all domains of live, it could be energetically
advantageous for microbes to have dedicated systems for assimilating heme directly
instead of dismantling it and resynthesizing the porphyrin ring. From this perspective,
intact heme molecules could potentially be a component of the bioavailable Fe pool in
seawater.

Heme has been detected at picomolar concentrations in particulate organic matter
from the subtropical Atlantic Ocean and nanomolar levels in estuarine waters (41-43). It
has also been estimated to account for anywhere from 6 - 26% of the total cellular Fe
concentration in coccolithophores, diatoms, green algae, and cyanobacteria (41). Heme is
a photoreactive compound, and its hydrophobicity suggests it would mostly be surface or
particle associated. Thus, it would presumably be most concentrated in low-light and high
particulate environments, such as a sinking phytoplankton bloom in the lower part of the
mixed layer. It is conceivable that after cell rupture intracellular heme-like complexes are
released into the water column and remain structurally intact long enough for the entire
molecule to be considered a potential and relevant Fe source to bacterioplankton.
Therefore, large cell death events like decaying phytoplankton blooms may potentially
provide pulses of heme-type molecules to the water column.

Living and detrital particles are an important habitat in the marine environment,
since their high organic content supports abundant microbial populations and may relieve

bacteria of macronutrient stress (44-46). This may select for bacteria capable of



producing Fe scavenging (47) molecules and allow for activation of multiple Fe uptake
mechanisms targeting any source of bioavailable Fe, including heme. The bioavailability
of heme as an Fe source has been well studied in pathogens (48, 49), has received some
attention in specific rhizobial bacterial species (50-52), but has only received minor
attention with respect to marine organisms (53, 54). The transport mechanism for heme
uptake in pathogenic bacteria involves an ATP-dependent TonB complex (ExbB, ExbD,
and TonB), an ATP-dependent ABC transport system (HmuV, HmuU, HmuT) and an
outer membrane receptor (HmuR). This system closely resembles classical siderophore
uptake systems, except that a heme oxygenase and/or chaperone protein (HmusS) located
in the cytoplasm appears to be required to successfully utilize the Fe from heme
complexes. Identifiable heme outer membrane receptors have been located in genomes
from diverse taxonomic groups of nonpathogenic marine bacteria, including
Alphaproteobacteria, Gammaproteobacteria, and Bacteroidetes among others (27, 28,
53, 55). The bioavailability of heme to marine bacteria has thus far been shown
experimentally for three marine bacterial isolates (27, 53, 56) and heme uptake has been
reported in natural microbial assemblages (57).

Some current challenges in the field of marine trace metal chemistry include the
structural elucidation of natural marine Fe species, understanding how Fe speciation
changes over time and space, and determining how marine microorganisms interact with
different Fe species. The goal of my dissertation is to use biological sequence data from
marine microbes in order to help reverse engineer some of the chemistry of Fe in
seawater and address these existing challenges in a new light. The research presented

here examines some of the specific molecular mechanisms and underlying genetics that



marine heterotrophic bacteria use to acquire Fe from the unique chemical conditions of
the marine environment, with a particular emphasis on the Fe-containing molecule heme.
Ultimately, our ‘biologically-informed’ perspective may provide a new and useful
context for interpreting large-scale geochemical measurement programs like that of the
Geotraces.

Chapter two of my dissertation is a literature review where | discuss what is
known of the sources, transformations, and ultimate fate of heme and hemoproteins in
seawater. The scope of the review spans the cellular physiology of marine organisms to
the biogeochemical distributions of heme in ocean basins. Early on it was proposed that
Fe porphyrin complexes, such as heme and hemoproteins, could be important weak Fe
binding ligands in seawater. Heme-like molecules are probably released into the ocean
water column upon the death and rupture of planktonic cells and the degradation of
cellular proteins, however the fate of these molecules after cellular release has remained
largely unknown. The review covers what is known about heme in the marine
environment from the perspectives of how marine microbes acquire, transform, manage,
and employ heme-based molecules. It also summarizes recent biogeochemical studies
regarding the analysis and distributions of heme in the ocean with an eye as to how these
and future studies may inform our current knowledge of the marine biogeochemical Fe
cycle.

Chapter three is a comparative genomics study of the trace metal acquisition
strategies in the Roseobacter and SAR11 lineages, two abundant and cosmopolitan
marine heterotrophic bacterial groups. In it we evaluated gradations of uptake capabilities

amongst Roseobacter and SAR11 genomes and examine these patterns in light of marine



trace metal chemistry, microbial ecology, and lineage evolutionary history. Our results
suggest that many marine Roseobacter strains are tuned for extracting Fe ligand
complexes from their environment while SAR11 strains are not. The patterns of metal
uptake genes in these genomes is not predictable from lineage evolutionary history or
other major lifestyle factors suggesting that trace metal uptake specialization happened
relatively recently in these groups.

Chapter four presents work developing a genetic system for targeted mutagenesis
in a model marine bacterial strain, Ruegeria sp. TM1040, and the insertional inactivation
of a predicted TonB dependent outer membrane receptor in a putative heme uptake gene
cluster. After identifying a putative heme uptake locus in the TM1040 genome, we have
shown that genes in this locus are co-transcribed as an operon and are upregulated under
Fe stress. We have further shown that the insertional inactivation of a predicted TonB
dependent outer membrane receptor in the heme uptake operon results in the inability of
TM1040 mutant strains to grow on heme as an Fe source. Using these strains, we have
demonstrated that TM1040 can utilize Fe from soluble and insoluble diatom lysate while
the mutant strain cannot which indicates that heme is an Fe form that TM1040 can
acquire from structurally complex particulate organic matter. We have also shown in a
closely related bacterial strain that its heme uptake genes are differentially regulated in
response to a diatom symbiont. These results provide insights to the role of heme as a
nutritional Fe source for marine heterotrophic bacteria, and suggest that heme may be an
important molecular currency in the global marine Fe cycle.

In chapter five, we examined the production of different classes of Fe-binding

ligands, Fe concentrations, and macronutrient concentrations in Fe amended microcosm
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incubations conducted using oligotrophic water collected from the southern California
Bight. We examined the phytoplankton and bacterioplankton assemblage composition at
the termination of the incubation while monitoring chlorophyll and macronutrients over a
period of six days. The phytoplankton assemblage composition was assessed using
microscopy while the bacterial/archaeal assemblage structure was assessed using large
scale marker gene surveys. These data allowed us to explore relationships between
chemical parameters and the abundances of individual microbial taxa and highlighted a
potential role for typically rare but transiently abundant microbial taxa in broadly
influencing the type and strength of Fe-binding ligands in Fe-amended versus control
incubations.

Finally, in chapter six, we identified putative Fe uptake and stress response
systems from metatranscriptomes collected from surface waters and waters from the deep
chlorophyll maximum in the eastern subtropical Pacific Ocean. The taxonomically
annotated metatranscriptomic data suggests that phytoplankton genes related to Fe stress
were highly expressed in a handful of eukaryotic groups in the deep chlorophyll
maximum. Further, the ratio of dissolved silica to nitrogen provided an independent
geochemical indicator of Fe limitation of the overall biological community. Taken
together these results suggest that the ecosystem of the California current can be highly
dynamic with regards to nutrient limitation and that molecular biomarkers of Fe stress are

useful for pinpointing this limitation in situ.
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Chapter 2

Heme in the marine environment: From cells to the iron cycle

2.1  Abstract

Hemes are iron containing heterocyclic molecules important in many cellular
processes. In the marine environment, hemes participate as enzymatic cofactors in
biogeochemically significant processes like photosynthesis, respiration, and nitrate
assimilation. Further, hemoproteins, hemes, and their analogs appear to be iron sources
for some marine bacterioplankton under certain conditions. Current oceanographic
analytical methodologies allow for the extraction and measurement of heme b from
marine material, and a handful of studies have begun to examine the distribution of heme
b in ocean basins. The study of heme in the marine environment is still in its infancy, but
some trends can be gleaned from the work that has been published so far. Here we review
what is known about heme in the marine environment from the perspectives of how
marine microbes acquire, transform, manage, and employ heme-based molecules. We
also summarize recent biogeochemical studies regarding the sources and fates of heme in
the ocean with an eye as to how these and future studies may inform our current
knowledge of the marine biogeochemical iron cycle. We conclude by presenting some

future questions and challenges for the field.

2.2 Intracellular roles for heme in marine microbes
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Hemes, iron-porphyrin complexes, function as prosthetic groups in numerous
proteins that perform diverse biological functions across all domains of life. The ubiquity
of the heme group in enzymes is due to its abilities to readily function as an electron
source/sink and small molecule binding site. Some of the roles for hemoproteins include
facilitating mitochondrial and chloroplast electron transfer reactions, divalent gas
transport and storage, organic substrate oxygenation, peroxide reduction, cellular signal
transduction, and regulation of gene expression (1). The heme molecule is a critical
component in essential cellular processes that respond both directly and indirectly to the
chemical and physical environments of marine phytoplankton and bacterioplankton.
From this perspective, heme is a functional molecular link between the cellular level
biology of phytoplankton and bacterioplankton and their resulting ecology. Here we
summarize some of the major intracellular roles for heme and hemoproteins in the

context of marine phytoplankton and bacterioplankton (Figure 2.1).

2.2.1 Electron transfer: Respiration and Photosynthesis

Heme is a central component of electron transport complexes including those
participating in the processes of aerobic and anaerobic respiration, some forms of
extended anaerobic respiration, and photosynthesis. The terminal portion of the electron
transport chain in aerobic and anaerobic respiration utilizes a number of cytochromes,
membrane-associated hemoproteins, for the generation of ATP (2, 3). Many of these
processes occur at the inner membrane of the mitochondria in eukaryotes and the
cytoplasmic membrane of prokaryotes (3, 4). However, extended respiratory electron

transport systems have recently been discovered to transport electrons all the way to the
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outer membrane of gram negative bacteria thus utilizing extracellular oxidants in
respiration (5). These systems are often characterized by an abundance of c-type
cytochromes (6, 7). Hemoproteins are also involved in the process of oxygenic
photosynthesis with many functional similarities to those in the electron transport chain
from respiration (8). Photosystem Il contains a heme complex in the D1 reaction center
called cytochrome bsse, a heterodimer composed of one alpha subunit (PsbE) and one
beta (PsbF) subunit (9). Cytochrome bef, which participates in the shuttling of electrons
from photosystem Il to photosystem I, contains a Rieske [2Fe-2S] protein and four heme
groups (10). In copper deficient conditions, cyanobacteria and many algae utilize a heme-
containing cytochrome cs complex instead of plastocyanin to transport electrons between

the cytochrome bsf complex and photosystem I (11).

2.2.2 Electron transfer: Management of Reactive oxygen species

In the marine environment, reactive oxygen species (ROS) are produced from the
photochemical oxidation of DOM in waters penetrable by solar radiation, particularly that
in the ultraviolet wavelengths (12). However, recent field and laboratory studies have
shown that extracellular superoxide is produced directly and light-independently by
marine bacteria and algae and may be the dominant source of ROS in some marine
waters (13-16). In marine algae it has been inferred that extracellular superoxide is
produced by nicotinamide adenine dinucleotide phosphate (NADPH) oxidases (17),
which are membrane bound enzyme complexes that produce superoxide through a
reactive heme prosthetic group (18). In particular, the genomes of the marine diatoms

Phaeodactylum tricornutum and Thalassiosira pseudonana contain putative homologs to
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human, plant, and fungal NADPH oxidases, which suggests algal extracellular
superoxide production may be due to these hemoproteins (17). A recent study has
indicated that marine heterotrophic bacteria may produce extracellular superoxide by way
of NADPH oxidases homologous to those in eukaryotes (15). This evidence suggests that
both marine heterotrophic bacteria and phytoplankton may produce extracellular
superoxide through a heme-dependent reaction.

ROS have negative effects on marine microbes by inhibiting critical metabolic
processes such as photosynthesis or by interfering with biological membranes. Hydrogen
peroxide is one of the most abundant intracellular and extracellular ROS produced
typically through a superoxide intermediate. Excessive intracellular hydrogen peroxide
and other ROS are harmful for almost all cell types and thus must be managed rapidly
and efficiently. Heme is the prosthetic group in catalases, peroxidases, and catalase-
peroxidases that are antioxidant enzymes involved in the degradation of hydrogen
peroxide and other organic hydroperoxides (19-21). Catalases and peroxidases both
break oxygen—oxygen single bonds, but the nature of the electron donor in the two
reaction mechanisms differs between the two enzyme families. Catalases utilize hydrogen
peroxide as an electron donor in the final step of the catalytic cycle, while peroxidases
can utilize a great variability of organic and inorganic reducing agents including some
proteins (22). Catalase-peroxidases show peroxidase activity towards specific organic
peroxides while simultaneously retaining activity towards hydrogen peroxides like that
seen in monofunctional catalases (23). In higher plants, catalase activity is concentrated
in the peroxisome, a single membrane bound organelle that mediates a wide array of

biochemical processes including fatty acid -oxidation, photorespiration, metabolism of
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hydrogen peroxide, and synthesis of plant hormones (24). Very little is known of
peroxisomes in unicellular marine algae, although some work has been done with the
model freshwater alga Chlamydomonas reinhardtii (25). Peroxisomes are predicted to
exist in T. pseudonana from analyses of its genome (26), but their general distribution in
marine algae is largely unknown. Peroxidases in higher plant models are concentrated in
the apoplast and vacuole, but little work has been done with model algae. Plant vacuolar
peroxidases catalyze the oxidation and polymerization of a variety of phenolic
compounds and other secondary metabolites while reducing hydrogen peroxide (27).
Extrapolating from these plant models, it is likely that peroxidase activity is also present

in algal vacuoles.

2.2.3 Electron transfer: Other redox reactions

Heme-containing proteins in marine bacteria and phytoplankton are also involved
in the reduction and oxidation of various endogenous and exogenous compounds. For
example, cytochrome P450 monooxygenase and cytochrome bs function (often in
conjunction) in oxidizing a wide variety of substrates. Cytochrome bs functions in the
anabolic metabolism of fats and steroids as well as in the catabolism of xenobiotics and
compounds of endogenous metabolism (28). Heme-proteins are also involved in
processes of inorganic nutrient uptake that often requires reduction of the substrate to a
usable form. In marine algae, reduction of nitrate to nitrite is accomplished by a NADPH
nitrate reductase. This enzyme contains a molybdenum core as well as heme cofactors
that facilitate electron transport between NADPH and nitrate (29). In marine diatoms, the

NADPH nitrate reductase enzyme is localized to the cytoplasm (30, 31). Diatom genomes
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also encode ferredoxin nitrite reductases that appear to be targeted to the chloroplast (32).
Ferredoxin nitrite reductases utilize a siroheme, a heme analog, and a [4Fe—4S] cluster as
catalytic cofactors (33). A recent study has convincingly argued that when rapidly
relieved of iron stress diatoms appear to partition iron to nitrate and nitrite reductases and
other nitrate assimilation proteins while continuing to utilize iron-free photosynthetic
proteins (34). In the same study, iron addition also induced a significant upregulation of
the porphyrin biosynthesis pathway, further suggesting that diatoms rapidly partition iron
into hemoproteins when relieved of iron stress. Sulfite reductases, which conduct the six
electron reduction from sulfite to sulfide, also contain heme-like cofactors important in
inorganic sulfur assimilation. Much like nitrite reductases, sulfite reductases utilize
siroheme and iron-sulfur clusters as cofactors and are targeted to the plastid (35). Finally,
heme-containing ferric reductases are employed in the solubilization of extracellular
complexed iron. Three types of heme-containing ferric reductases are employed in algae,
NADPH oxidases (cytochrome bssg containing), cytochrome bs reductases, and
cytochrome bse1, and all appear to be involved in iron mobilization in organelles and at
the plasma membrane (36). Heme-based ferric reductase genes have been identified in
genomes of P. tricornutum (PtFRE1 — PtFRE4)48 and T. pseudonana (TpFREL and
TpFREZ2) (26, 37). It is likely some of these putative diatom ferric reductases localize to
the outer membrane and are involved in extracellular iron assimilation, although they

may be involved in intracellular iron trafficking or other unrelated roles (36).

2.2.4 Signaling and sensing: Oz and NO
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In bacteria another major role for heme-containing proteins is in sensing. At the
molecular level, heme sensor proteins act as bistable switches by binding to molecular
oxygen (Oz), nitric oxide (NO), or carbon monoxide (CO) and inducing a conformational
change in the sensor. The activated sensor protein domain then interacts with a protein
domain capable of a response, which leads to modulation of expression levels of specific
proteins (38). No biochemical studies have been performed on signaling pathways in
planktonic marine bacteria, but the findings uncovered in model terrestrial strains are
likely applicable to these organisms. Recently, it has been shown that a globin-coupled
diguanylate cyclase induces the synthesis of the second messenger bis-(3'-5")-cyclic
diguanosine monophosphate (cyclic-di-GMP) upon Oz binding at the heme prosthetic
group of the globin. It is still unclear as to the systematic effect of the messenger, but it
has been shown to influence biofilm formation in Bordatella pertussis (39). In certain
rhizobial bacteria a heme-based sensor, FixL, regulates metabolic processes under
aerobic and microaerobic conditions (40). The ultimate downstream effect of the protein
is to prevent the expression of nitrogen fixation and denitrification systems when O>
concentrations are high enough to become deleterious. The FixL protein contains an N-
terminal heme binding domain as well as C-terminal histadine kinase domain, which is
inhibited under the presence of O». Kinase activity is restored when O concentrations
decrease, which catalyzes the phosphorylation of a transcription factor that interacts with
denitrification and nitrogen fixation genes (41).

NO signaling has been extensively studied in vertebrate systems, but has only
recently been acknowledged as an important signaling system in bacteria and plants (42,

43). Both NO binding proteins as well as NO synthases utilize heme cofactors. Recently,
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a functional heme-nitric oxide/oxygen binding domain was identified in Shewanella
oneidensis and was shown to influence biofilm formation by modulating cyclic-di-GMP
metabolism (44). Many of these systems have been shown to exclusively bind NO, but in
some bacterial strains they have equal affinity for both O, and NO (42). Regardless, they
appear to be important in regulating communal bacterial behavior such as in biofilm
formation, dispersal, motility and symbiosis. A charismatic example in the marine
environment is the symbiotic colonization of the light organs of the Hawaiian bobtail
squid by Vibrio fischeri, a bioluminescent marine bacterium. NO production in the light
organs of the squid allows for the selective recruitment of planktonic V. fischeri to these
organs and the subsequent bacterial biofilm formation necessary for bioluminescence
(45). NO signaling has also been implicated in regulatory mechanisms in plants, although
numerous details as to the production of NO in vivo have yet to be elucidated (46). NO
production seems to be localized to the cytoplasm in higher plant cells, but cellular
localization in algae remains unknown. Further, it appears that there are numerous NO
enzymatic sources other than NO synthase in plants (43). Recently, a NO synthase with
significant homology to those in vertebrates has been identified in the marine green alga,
Ostreococcus tauri (47). The NO synthase identified in O. tauri was shown to be
functional when heterologously expressed in E. coli, and its expression in vivo was
dependent upon light irradiance and growth phase on the alga. This suggests a link
between NO production and algal physiology and points to a potential role for NO in
regulating cellular processes in O. tauri. NO synthases may facilitate the development
and demise of algal blooms in the marine environment as NO has been linked to reduced

growth and photosynthesis and increased cell death in marine diatoms (48).
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2.3 Methods for heme acquisition in marine microbes
As outlined above, heme is required for the functioning of many essential
enzymes. To fulfill their needs, marine organisms may synthesize their own heme from

starting materials as well as utilize exogenous heme as an iron/heme source.

2.3.1 Heme biosynthesis

The biosynthesis of heme is a fundamental metabolic capability common to both
prokaryotes and eukaryotes. Not only is the heme biosynthetic pathway necessary for the
function of essential enzymes and proteins, but it is also involved in synthesizing other
porphyrin-based molecules such as chlorophylls, bacteriochlorophylls, phycobillins, and
the corrin center of vitamin B12. The essential roles of porphyrins in photosynthesis
ensures that the pathway is conserved in marine phytoplankton although in eukaryotic
algae the different enzymes in the pathway appear to have multiple evolutionary origins
including from cyanobacteria, alphaproteobacteria, and heterotrophic eukaryotes (49).
The majority of all sequenced bacterial genomes also contain the necessary components
for heme biosynthesis (50), but some notable exceptions lack genes necessary in the
canonical heme biosynthetic pathway suggesting that they do not use heme, produce it
through an unknown pathway, or rely strictly on heme from the external environment
(51, 52). Of the genomes of marine organisms surveyed in this review (see methods), all
contained the majority of components required for a full heme biosynthetic pathway.

Although, the heme biosynthesis pathway is generally well conserved in
prokaryotes and eukaryotes (Figure 2.2) the initial part of the pathway differs between

taxonomic groups (50, 53). In the first step the first universal heme precursor synthesized
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is 6-aminolevulinic acid (ALA). In marine photosynthetic eukaryotes as well as all
prokaryotes excluding the Alphaproteobacteria, ALA is synthesized by glutamyl-tRNA
synthase through the C5 pathway using glutamate as the starting material. Marine
Alphaproteobacteria synthesize ALA by condensation of succinyl-CoA with glycine by
means of aminolevulinate synthase. After the synthesis of ALA, the remainder of the
heme biosynthesis pathway is generally the same in all organisms (Figure 2.2). However,
there are two different forms of the enzymes converting coproporphyrinogen Il to
protoporphyrinogen 1X (HemF or HemN) and protoporphyrinogen IX into
protoporphyrin IX (HemY or HemG). The difference between the two is that of oxygen-
dependence, and the oxygen-independent versions of the enzymes (HemN and HemG)
appear to be restricted to prokaryotes. Ultimately, eight molecules of ALA are converted
to protoporphyrin IX in a series of six enzymatic steps. In the final enzymatic reaction, a
ferrochelatase (HemH) inserts iron into the porphyrin ring generating the final heme
molecule which can be used directly or modified further before insertion into
hemoproteins (50, 53, 54).

In marine photoautotrophs, the terminus of heme biosynthesis pathway merges
with the chlorophyll biosynthesis pathway where magnesium is inserted into the
porphyrin ring instead of iron. In marine phototrophic eukaryotes heme biosynthesis and
catabolism are compartmentalized to the mitochondria and chloroplasts, while in marine
prokaryotes these processes take place in the cytoplasm and/or periplasm. In the
chloroplasts heme is utilized in the assembly of the cytochrome bef complex of the
photosynthetic electron transport chain, while heme catabolic products are utilized as

precursors in phycobilin pigments in phytoplankton with phycobilisomes and in the
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synthesis of the photoregulatory phytochromobilin apoprotein (55). It appears now that in
model phototrophic eukaryotes all of the genes coding for enzymes common to both
heme and chlorophyll biosynthesis are expressed exclusively in the chloroplast (Figure
2.1) (54, 56). However, isoforms of protoporphyrinogen oxidase (HemY) and
ferrochelatase (HemH) have been shown to be dually targeted to the plastidal inner
membrane and the mitochondrial inner membrane and may be involved in heme

biosynthesis (57, 58).

2.3.2 Exogenous heme uptake

Marine phytoplankton and bacterioplankton must extract iron from seawater to
satisfy their metabolic requirements. The chemical speciation of iron in seawater is
complex, and effectively all iron in the ocean is complexed to organic ligands of some
kind. Marine microbes must be able to acquire this iron by either utilizing the iron-ligand
complexes directly or modifying them at the cell surface to a new chemical form that can
be more easily assimilated. Marine photoautotrophic microbes generally have less-well
characterized systems for iron uptake, and it has generally been assumed their strategy for
iron acquisition involves modification of external compounds to more bioavailable forms,
typically ferrous iron (59). An early study reported that heme was more bioavailable than
siderophore iron-ligand complexes for two species of marine diatoms as well as for
natural algal assemblages. In contrast, the study also reported that heme bioavailability
was drastically lower than that of siderophore complexed iron for two marine
Synechococcus species, suggesting that different groups of phytoplankton specialize in

utilizing different classes of ligand-bound iron (60). This work, as well as subsequent
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similar studies which employed radiolabelled iron porphyrin complexes presumed to be
formed via seawater equilibration (61-65), is difficult to interpret mechanistically due to
uncertainty regarding the chemical speciation of iron radiotracers added in association
with porphyrins, which do not appear to effectively form complexes with iron under
seawater conditions (66).

While results of radiotracer uptake studies can be ambiguous, the existence of
iron uptake pathways and homeostasis mechanisms in marine microbial genomes and
metagenomes can also be bioinformatically inferred from functional information derived
from well-studied model organisms. Relatively little is known about iron transport in
marine bacteria compared to terrestrial and pathogenic microbes, yet the generalized
models established in well-characterized pathogens are important guides for unveiling the
phenomenon in marine microbes. Recent evidence indicates that a number of marine
heterotrophic bacteria can directly uptake intact heme from seawater and many have
putative systems for heme uptake encoded in their genomes (67, 68). Although the
ecological and biogeochemical impacts of this capability have yet to be explored, it does
suggest that in certain marine microenvironments heme may be a relatively abundant
form of iron. Heme acquisition systems that directly acquire heme or extract it from
hemoproteins have been identified in both terrestrial pathogenic Gram-negative and
Gram-positive bacteria. In Gram-negative bacteria, heme transport systems are classified
as either direct uptake, bipartite uptake, or hemophore-mediated uptake. Less is known
about heme uptake in Gram-positive bacteria but both direct uptake and hemophore-
mediated uptake systems have been identified (52). As of this date, the direct heme

uptake system (67-69) and hemophore-mediated uptake systems are the only forms that
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have been identified in the genomes of sequenced marine bacteria. Further, no genomes
of Gram-positive bacteria isolated from the marine environment contained homologs to
any heme uptake system, although they are generally less-well represented in sequence
databases. Here we will review the mechanisms of uptake for the two heme uptake
systems identified in Gram-negative marine bacterial genomes.

Direct heme uptake systems bind heme or hemoproteins to a TonB dependent
transporter (TBDT) at the outer membrane (OM) and transport heme to the periplasm
(Figure 2.3). Once a heme substrate is recognized at the extracellular surface of the
TBDT, conformational changes in the protein transmit a signal to a complex consisting of
TonB, ExbB, and ExbD proteins located in the periplasmic space (51, 52). The TonB
complex energizes the TBDT to unidirectionally shuttle heme through the outer
membrane. Once in the periplasm, heme is intercepted by a periplasmic binding protein
and shuttled to an ATP binding cassette (ABC) transporter at the inner membrane (IM)
after which it is moved to the cytoplasm. Heme ABC transporters consist of IM-spanning
permease domains that are energized by ATP binding domains which catalyze ATP
hydrolysis on the cytoplasmic side of the IM. Once in the cytoplasm free heme must be
dismantled or sequestered due to its reactivity. In many gram negative bacteria,
cytoplasmic heme is degraded by heme oxygenases (HO, PFAMO01126) with structural
similarities to mammalian HOs (70, 71). However, some bacterial genomes lack any
homologs to mammalian HOs, and in a pathogenic Escherichia coli strain, heme
degrading activity is accomplished by a protein, ChuS, lacking structural similarity to any
known HOs (72). However, another study has shown that a ChuS homolog in

Pseudomonas aeruginosa does not have HO activity and is instead responsible for
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delivering heme to an already identified heme oxygenase (73). Further, the ChuS family
(PFAMO05171) contains sequence similarity to a different protein family implicated in
heme utilization, HutX (PFAMO06228). Even though the exact function of ChuS
(PFAMO05171) and HutX (PFAMO06228) remains unclear, most putative direct heme
uptake operons contain a gene encoding one of the two protein families.

Direct heme uptake systems have been identified by homology and conservation
of gene order in a number of sequenced marine bacteria. Hopkinson and colleagues (67)
showed that Microscilla marina, a member of the marine Cytophagia group known to be
associated with particulate organic matter, can sustain growth on heme as the sole iron
source. They also demonstrated that heme uptake genes identified by homology to those
in human pathogens were upregulated under iron stress and during growth on heme. A
subsequent study (68) demonstrated that Ruegeria sp. TrichCH4B, a member of the
Roseobacter clade isolated from the marine nitrogen fixing cyanobacterium
Trichodesmium erythraeum, could sustain growth on heme and had a putative heme
uptake genomic locus similar to that found in M. marina. Further, R. sp. TrichCH4B
could utilize a variety of other iron-porphyrin complexes in addition to heme, and its
putative heme uptake locus was upregulated under iron stress. The authors of this study
also demonstrated the presence of putative heme uptake loci in roughly half of all
Roseobacter genomes sequenced to date, suggesting that this capability might be
generally common in the clade. They were also able to amplify genes homologous to the
putative cytoplasmic heme utilization gene (ChuS, PFAMO05171) of R. sp. TrichCH4B
from a variety of coastal and open ocean waters demonstrating its presence in diverse

marine environments. Of all the marine bacterial genomes in the Integrated Microbial
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Genomes (IMG) database (74), nearly 24% have at least one type of complete putative
heme uptake system with the vast majority being direct uptake systems. This abundance
of putative uptake systems may be indicative of the significance of heme as an iron
source for marine bacteria. The marine direct uptake systems appear to utilize heme
cytoplasmic proteins of both ChuS and HutX families and in roughly equal proportion
(Figure 2.4). Interestingly, the HutX protein family is exclusive to marine
Gammaproteobacteria, mostly of the family Vibrionaceae, while ChuS has a broader
taxonomic spread including Alphaproteobacteria, Gammaproteobacteria,
Deltaproteobacteria, Flavobacteriia, Cytophagia, and Sphingobacteriia. The most recent
published study (69) examining general iron uptake systems in marine bacterial genomes
found heme uptake systems to be common in isolate marine bacterial genomes but
uncommon in the Global Ocean Sampling (75) (GOS) marine metagenomes. Two
additional studies examining GOS reported a similar lack of heme uptake systems (76,
77). However, the lack of heme uptake genes in the GOS dataset is likely due to the
dominance in the dataset of picocyanobacteria and Pelagibacter species (75) whose
genomes almost entirely lack heme uptake systems (69). Targeted metagenomics of
marine microzones, such as particles, where heme is more likely to be a component of the
bioavailable iron pool may yield a greater diversity and abundance of heme uptake genes.
Hemophore-mediated heme uptake systems utilize a protein secreted outside the
cell to bind and mobilize heme to a TBDT at the OM. Generally, the hemophore-
mediated heme uptake operon encodes a heme-binding hemophore (HasA), an inner
membrane complex for exporting apo-hemophores outside the cell (HasDEF), a TBDT

hemophore receptor (HasR), two regulatory proteins (Hasl and HasS), a TonB-like
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protein, but no IM heme ABC transporter (Figure 2.3) (51). In addition to binding HasA,
HasR has affinity for heme and hemoglobin but is most efficient when a hemophore is
used. The HasA hemophore-mediated heme uptake system has been identified in Serratia
marcescens, P. aeruginosa, Pseudomonas fluorescens, and Yersinia pestis (52). In this
study we have identified previously unreported putative HasA-like hemophore-mediated
heme uptake systems in the genomes of the Gram-negative marine bacteria
Pseudoalteromonas luteoviolacea 2tal6 (isolated from a tropical coral), Thalassospira
profundimaris WP0211 (from deep sea sediment), Thalassospira xiamenensis M-5 (from
oil-contaminated surface seawater), Alcanivorax dieselolei B5 (oil-contaminated
seawater), and Pseudovibrio sp. JE062 (from a Caribbean marine sponge) (Fig 2.3B).
Although, direct heme uptake systems appear to be the most common in the marine
environment, it appears that hemophore-mediated uptake may be useful under certain
conditions. Further sequenced marine bacterial genomes will aid in assessing the
prevalence of HasA-like heme uptake in the marine environment.

Even though little is known of heme uptake in marine heterotrophic bacteria, even
less is known in marine phytoplankton. The genomes of Synechococcus sp. PCC 7002, a
strain from brackish water, and Prochlorococcus marinus str. MIT9202, isolated from the
tropical south Pacific Ocean, are the only marine cyanobacterial genomes that have
TBDT with significant homology to those in well-characterized heme uptake operons
(69). However, the genomic regions around the TBDT in each strain have little synteny to
classical heme uptake operons and lack the presence of genes coding HOs or the
ChuS/HutX protein. To our knowledge heme uptake experiments have not been

performed with either strain. Recently, a transcriptomic study of the marine diatom P.



32

tricornutum grown under iron limitation reported an increase in the number of transcripts
coding for a putative HO (PFAMO01126) (78). Although the cellular location of this HO
was not determined, the authors postulated that if localized to the outer membrane it
could be responsible for the apparent diatom heme utilization reported in by Hutchins et
al. (60). However, the genomes of many marine cyanobacteria also contain HOs of the
same family as in P. tricornutum. Thus, if the observed disparity of heme uptake between
diatoms and cyanobacteria observed by Hutchins et al. is due to known HOs, it must be
due to differential regulation and/or cellular localization of a similar gene product in the
two phytoplankton classes. Greater insight into heme utilization by marine phytoplankton
will likely be gained from further genome sequencing and the genetic manipulation of

model strains (79).

24 Heme in the marine environment

Undoubtedly, heme-like molecules and hemoproteins are abundant in marine
organisms and play important roles in their cellular biology. However, marine scientists
are only just beginning to apply what is known of heme at the cellular/molecular level to
the scales of ecology and biogeochemistry. Converging evidence is beginning to suggest
that heme and hemoproteins persist long enough in seawater and on marine particulates
to be considered relevant players in iron biogeochemical cycling. Further, field
measurements of intracellular heme and hemoprotein content in marine phytoplankton
may be indicative of nutritional status as well as community function. The paucity of

measurements in these areas leaves much to be explored in heme biogeochemistry. Here
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we review what is currently known about the aqueous chemistry and distributions of
extracellular heme and hemoproteins in the ocean and in marine phytoplankton.
2.4.1 Aqueous chemistry of heme and hemoproteins

The aqueous chemistries of hemes are strongly influenced by their tetrapyrroles
structure (Figure 2.5). The porphyrin ring makes the complexes inherently insoluble in
water (80), however this insolubility is tempered by the presence of different substituted
side chains. Consequently, the long hydrophobic side chain of heme a decreases this
compound's solubility in water at neutral pH, while the presence of the multiple
carboxylic acid side chains increases the solubility of siroheme. However, when bound to
a protein, the solubility of hemes is controlled by the protein structure, so that heme b
proteins such as peroxidases, catalases and cytochrome bs are readily dissolved in water,
while cytochromes such as bs and bsse, which are membrane associated, are much less
soluble. Unmetallated porphyrins are unlikely to form complexes with iron(l1l) in
seawater because incorporation of iron(l11) into porphyrin rings is generally not favored
as a result of steric hindrance (80). The most likely mechanism for early reports of
iron(111) complexation by porphyrins in seawater (81, 82) is perhaps via prior reduction
of iron(l11) to iron(ll) (66). However even incorporation of iron(ll) is kinetically slow,
with reported yield of only 10% heme after one hour in ideal (reducing) conditions (83),
and added porphyrins have been found to have little effect on the solubility of Fe(l1) in
seawater (84). Once formed, iron porphyrins are relatively stable complexes, and the
most common processes for removing iron require the breakdown of the porphyrin ring
via oxidation (85). Consequently, an equilibrium stability constant determined under

classical conditions has yet to be reported for heme or any other iron porphyrin (to the
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best of our knowledge). Hemes are rapidly oxidized in aqueous solution at pH 8, and the
coupled oxidation of hemes results in breakdown of the methene bridges between the
porphyrin rings producing biliverdins (86). The process appears to involve coordination
between oxygen and the unoccupied iron ligand sites, so that oxidation is slowed by the
presence of ions that can compete with or shield iron from oxygen (86, 87). In contrast,
iron(111) porphyrins are chemically less reactive, although they form insoluble p-oxo
bridged dimers (80, 88). Iron porphyrins are known to have a rich photochemistry due to
their characteristic ring structure of conjugated double bonds (89), and have been
commonly employed in chemical studies as photosensitizers for their ability to absorb
light and transfer energy to desired reactants (90). In seawater, ferrous complexes of
protoporphyrin 1X have been hypothesized to act as photosensitizing producers of
superoxide, increasing the dark production of iron(Il) from iron(l11) following irradiation
(66).

To date, only one study has reported concentrations of iron porphyrins in natural
waters (91). Nanomolar equivalents of iron(111) protophorphyrin IX like compounds,
which could include hemes and hemoproteins, were detected in estuarine waters. The
aqueous chemistry of hemes outlined above suggests that, if released intact from cells in
the reduced form into oxygenated seawater at a pH of around 8, oxidation and
dimerization processes will dominate the marine chemistry of heme and concentrations of
heme in solution would be negligible. However, it is possible that more heavily
substituted hemes such as siroheme and soluble heme proteins like peroxidase, catalase
and soluble cytochrome ¢ may survive cell lysis and remain in solution, potentially

contributing to the dissolved iron pool. The limited investigations into hemes in natural
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waters coupled with the lack of knowledge of the intracellular abundance of siroheme
and the soluble hemoproteins in marine microbes means that the significance of a

dissolved iron porphyrin pool in seawater is still largely unknown.

2.4.2 Methods for the chemical analysis of heme in particulate marine samples

The most common and efficient method for extracting heme from plants and other
biological materials is via acidified acetone (92). Heme has traditionally been quantified
using the pyridine hemochrome method using the strong secondary adsorption bands
resulting from coordination of pyridine to the fifth and sixth ligand binding sites of the
reduced iron porphyrin (93). However, this method requires dilution or manipulation of
samples to bring them into aqueous solution (92), which increases both the risks of
sample degradation and the quantity of starting material required for analysis.
Furthermore, direct spectrophotometric determination of heme in marine samples is
likely to be problematic as result of the presence of many potential interfering algal
pigments. Gledhill (2007) reported an extraction technique for marine samples that
utilizes detergents and ammonia rather than acidified acetone (94). Gledhill (2007) was
also able to successfully separate extracts by high performance chromatography and then
detect heme b spectrophotometrically. Ammoniacal detergent standards of iron(111)
protoporphyrin 1X are stable for at least six months if kept in the dark at 4°C, but heme in
extracted samples is not so stable and should be kept at 4°C and analyzed within 24 hours
(94). The loss of heme from extracts on prolonged storage possibly results from
degradation via oxidation. To date losses of heme in samples have been successfully

minimized by reducing the time and temperature between extraction and analysis (95,
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96). Analysis of phytoplankton cultures indicates that the relative standard deviation in
heme concentrations between experimental triplicates is typically of the order of 25 + 20
% (n =21) (95). The detergent extraction technique does not completely liberate heme
from all proteins (95, 96). Therefore, the extraction technique is operational rather than
fully quantitative, and expressed concentrations of heme b are thus underestimates of
total cellular heme b content. Comparison of acid acetone extraction with ammoniacal
detergent extraction suggests that approximately 80 % of heme b is extracted using the
latter method from two species of marine phytoplankton (95) and recovery of a major
part of the heme b fraction present in phytoplankton appears to be consistent with
comparisons with the cellular iron concentrations.

The determination of heme b is not contamination prone as is the determination of
particulate iron and sampling is carried out using the same filtration equipment as for
chlorophyll a with no specialist trace metal free sampling equipment required. Samples
can therefore be obtained on cruises where such facilities are unavailable (95), potentially
shedding light on an important fraction of the iron pool over a broader temporal and
spatial scale than is currently possible. Sensitive chemiluminescence and fluorescence
techniques for the detection of heme b in plants and algae have also been described (91,
97, 98) and these offer the potential for ship-board analysis or even sensor development,
although, as with spectrophotometry, there may be issues relating to the specificity of the
analysis (91). Recent work in Gledhill’s laboratory has applied electrospray ionization-
mass spectrometry (ESI-MS) to the detection of heme b after separation by HPLC (99).
The use of characteristic collision induced fragmentation patterns resulted in a highly

specific detection method that confirmed the identity of heme b in marine particulate
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samples, supporting the previously published data. Detection by mass spectrometry was
found to be more sensitive and overcame the potential for interferences that can be an
issue in the spectrophotometric determination of heme b (94). Furthermore, comparison
of heme b concentrations determined by the two methods indicated good agreement
between spectrophotometric results and those obtained by ESI-MS, in the absence of
interferences (99). A selective mass spectrometric detection technique will clearly be
useful for comparison with any future developments of ship-board techniques. However
further analytical work is clearly required on optimizing suitable extraction protocols and
the determination of hemes other than heme b. The tendency for heme in extracts to
degrade has so far frustrated the development of such a protocol as many rigorous
extraction and digestion techniques require incubation at temperatures higher than 4°C,
Further efforts in this regard are still ongoing, in particular with respect to understanding
the exact mechanism of heme degradation. A robust total extraction method would
enhance our understanding of the overall significance of this iron pool, and possibly lead,
amongst other things, to a useful biogenic iron proxy. A further strategy for investigation
of hemes in marine organisms is through determination of individual proteins via
proteomics (100). Such approaches have been used to gain detailed insight into the
metabolic responses of marine organisms to particular environmental stresses (101, 102).
However, analysis of proteomes is not trivial (103) and such approaches have yet to be

applied to the open ocean environment.

2.4.3 Distributions of particulate heme in the marine environment
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The usefulness of heme as a prosthetic group in proteins has made it an abundant
component of the biogenic iron pool and in theory, the total heme pool in phytoplankton
could be of the order of 40 % of the total “active” iron pool (94). Picomolar
concentrations of heme b in particulate material have been reported for several regions in
the Atlantic Ocean, and the distributions of heme b were found to be oceanographically
consistent (95, 96). Reported concentrations are considerably lower than particulate iron
concentrations reported for the same regions (Table 1.1). However, this likely results
from the non-biogenic origin of much of the particulate iron observed in the ocean (104—
106). Biogenic iron concentrations in the ocean are difficult to estimate, although
progress has been made with the introduction of washing techniques designed to
eliminate non-biogenic particulate iron (107-110), and in the determination of the
abundance of iron in individual cells (111-114). Heme b has been found to make up
between 6 and 26 % of the total cell associated iron for phytoplankton in nutrient and
light replete laboratory conditions. Further, extrapolating from dissolved iron content and
heme b concentrations at stationary phase for iron limited cultures (0.5 nmol L - similar
to oceanic dissolved iron concentrations) resulted in 14 — 26% of the total iron inventory
being incorporated as heme b (95). This suggests that concentrations of heme b
determined using ammoniacal detergent extraction represent a significant component of
the biogenic iron pool in the marine environment, although the use of heme b as a proxy
for biogenic iron is limited by the wide range of heme b: particulate iron values. The
range of heme b: particulate iron values observed between species and growth conditions
could arise from variability in the proportion of iron allocated to hemoproteins between

individual species. For example, theoretical calculations indicate that the heme b content
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of the electron transport chain can vary between 14 and 23 % of the total iron content
(94). However, further uncertainty is introduced as a result of the operational nature of
the extraction protocol, as interspecies variability in extraction efficiencies has received
only limited attention to date (95). Nevertheless, the consistent oceanographic trends
observed for heme b concentrations coupled with the broad compatibility observed with
biogenic iron concentrations in the Southern Ocean (Table 1) suggest that any errors are
likely to be systematic rather than random, increasing the potential interpretative power
of the analysis. Thus, while caution should be exercised when interpreting heme b
distributions due to uncertainties discussed above and the operational nature of the
analysis, determination of heme b has the potential to provide valuable information on
iron biogeochemistry and its impacts on microbes in the ocean.

The primary control on heme b distributions in the ocean appears to be biomass
(95, 96). Heme b to particulate organic carbon (POC) ratios in particulate material
reported to date vary by an order of magnitude 0.06 - 1.0 umol mol, with the lowest
values observed in the iron limited regions of the high latitude North Atlantic (HLNA).
However, this variability is not due solely to the intracellular heme b contents of marine
phytoplankton because bulk POC contains carbon from heterotrophs as well as detritus.
Indeed, comparison of carbon content from POC and that estimated from phytoplankton
cell counts indicates that heterotrophic and detrital carbon contribute more to total POC
in the HLNA (115) than in other lower latitude areas (116). This disparity in POC source
composition may partially explain low heme b:POC ratios in the HLNA, although low
heme b:POC ratios obtained exclusively from phytoplankton biomass in the HLNA

suggest that POC source composition cannot account for all of the variability in heme
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b:POC ratios (96). Thus, variability in heme b:POC observed within biogeographically
similar regions may reflect variability in overall nutrient concentrations, as seen in
phytoplankton laboratory cultures (95, 96). Still, further data points that also account for
phytoplankton community composition are needed to support such a conclusion. Ratios
of heme b to phytoplankton carbon were reported to vary between 0.07 and 0.78 pmol
molin the Celtic Sea and the high latitude North Atlantic (95, 96). Interestingly, the
range of these ratios appears to be consistent with the lower end of total Fe:C quotas
reported for some field data (114, 117, 118).

Although heme b distributions are primarily controlled by biomass, overall
correlations with chlorophyll are quite poor, especially considering that the two
compounds are both strongly associated with photosynthesis. Thus, heme b
concentrations do not appear to increase with depth to the same extent as chlorophyll a
concentrations (95, 96). The differences in the abundance of heme b and chlorophyll a
may relate to the way in which the tetrapyrrole biosynthetic pathway is regulated (53, 56,
119, 120). Low heme content has been shown to increase the production of tetrapyrroles
(121) while magnesium chelatase has a higher affinity for protoporphyrin IX than
ferrochelatase (122). Consequently, low heme content could potentially increase
protoporphyrin 1X production, while lack of iron would inhibit ferrochelatase activity,
leading to a higher production of chlorophyll relative to heme. Unfortunately, published
studies have not been able to differentiate between intracellular heme pools. Different
hemoproteins have different lability towards the extraction method (96), and thus,
particularly labile intracellular heme pools may be preferentially extracted over others.

Decreases in the total cellular abundance of heme b and chlorophyll a would, therefore,
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disproportionately be influenced by reductions in abundance of specific hemoproteins
with particularly labile heme b prosthetic groups. Further research and optimization in
this area have the potential to improve our knowledge of intracellular heme b resource

allocation under various nutrient limiting conditions.

2.5  Conclusions and future directions

Currently, one of the grand challenges in chemical oceanography is integrating
and reconciling measurements at the molecular/mechanistic level with large scale bulk
chemical measurements taken in the field. A comprehensive perspective of the marine
iron biogeochemical cycle should ideally integrate geochemical, biochemical,
physiological, and genomic/transcriptomic/proteomic information. In this review we have
presented the current state of heme biogeochemistry science and what is known or can be
inferred about the physiological functions of heme in marine phytoplankton and
bacterioplankton. Numerous challenges still remain in the field.

At the cellular scale, we need a better understanding of the allocation of hemes
between intracellular pools related to photosynthesis, respiration, nutrient acquisition,
ROS management, and cellular signaling and how those allocations may or may not vary
with respect to ecological conditions. Proteomics approaches are likely the most
promising techniques in this area (100). Although some progress has been made in
marine heterotrophic bacteria, we need a better understanding of direct heme uptake
including the genes involved, their regulation, and mechanisms. The same inroads need
to be made looking at heme bioavailability in marine phytoplankton. In the analytical

realm, improved extraction techniques for heme (ideally a universal extraction) are
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required from marine material as well as advances in separation and detection
methodologies. Chemiluminescence and fluorescence techniques are promising
technologies in this area as well as the potential for utilizing genetically modified marine
organisms as bioreporters (123). In the field, more data is needed to tease out trends in
heme b concentrations with respect to biogenic iron and other bulk biogenic properties.
The chemical research into heme abundance in marine phytoplankton currently suggests
that heme b makes up a significant component of the particulate biogenic iron pool, and
that heme b is depleted relative to chlorophyll a and POC in nutrient, particularly iron,
limited regions of the ocean. However, further ocean basin-scale measurements will
provide new insights into heme biogeochemistry, and the development of simple, field-

ready measurement techniques will expedite this process.

2.6 Methods

Marine microbial genomes with the habitat metadata tag “Marine” were searched
using the Joint Genome Institute Integrated Microbial Genomes (IMG) database (74).
Heme biosynthesis pathways were considered present if genomes contained the
components specific to heme biosynthesis in the KEGG metabolic pathway “Porphyrin
and chlorophyll metabolism” map00860 (124). PFAM (125) protein families mentioned
in the text were searched using the IMG function search. Marine bacterial genomes were
considered to have a full heme uptake operon based on the co-localization (within a 10
gene neighborhood) of genes coding for a ChuS or HutX protein, a heme outer membrane
TBDT, and the three heme ABC IM transporter components (periplasmic binding

protein, permease, ATPase). See Figure 2.3D for an example. The marine bacterial 16S
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rRNA phylogeny was constructed from IMG marine genomes that had a corresponding
16S rRNA sequence available in the Greengenes database (126). These 16S rRNA genes
were extracted from the total Greengenes alignment and used with RAXML (127) v8.0.0
to generate a maximum likelihood tree under the gamma distribution, using the general

time-reversible model for DNA evolution and utilizing 500 random sampling bootstraps.
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Table 2.1 Biogenic iron and heme b in the Southern Ocean. Range of values reported for
biogenic iron and heme b in the Southern Ocean

Region Biogenic iron Heme b (pM)  Size Method/reference
(pM) fraction

SE New Zealand 40 - 310 >0.2 um Oxalate wash* (104)

(46.24 S, 178.72 E)

S Australia 100 - 380 >0.2 um Oxalate wash* (108)

(46-60 S, 139-140 E)

Scotia Sea 06-21 > 0.7 um Heme b direct

(52-60 S, 38-45 E) determination (96)

*only samples where unwashed and washed fractions were obtained are used
# estimated from Figure 4 of reference 108
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Figure 2.1 Schematic showing the distribution of the major proteins containing heme-like
cofactors in a hypothetical diatom. Question marks indicate hypothetical/unconfirmed
presence in the cell. The major cellular organelles are listed in boldface and the proteins
with heme or siroheme cofactors (and the heme biosynthesis pathway) are listed beneath
them. In bacteria these proteins may be either in the cytosol, periplasm, or inner and outer
membranes. In cyanobacteria, photosynthetic and respiratory cytochromes reside in the
thylakoid membrane.
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Figure 2.2 Biosynthetic pathway for heme and other tetrapyrroles in marine eukaryotic
algae and bacteria. 5-aminolevulinic acid (ALA) is the universal precursor in all
organisms. Marine Alphaproteobacteria use Glycine as a starting product while all other
marine bacteria and eukaryotic algae use L-glutamate. Protoporphyrin 1X is synthesized
from ALA and then can be further modified into heme, phytochromobilin, phycobilins or
Chlorophyll a. Siroheme, a heme-like cofactor, and Vitamin B12 are synthesized from
Uroporphyrinogen 111. Dashed lines indicate multiple enzymatic steps. ALAD, ALA
dehydratase: ALAS, ALA synthase, CoprOX, coproporphyrinogen oxidase; FeChe,
ferrochelatase; GIURS, glutamyl-tRNA synthetase; GIUTR, glutamyl-tRNA reductase;
GSAT, glutamate-1-semialdehyde aminotransferase; HBS, hydroxymethylbilane
synthase; PPOX, protoporphyrinogen 1X oxidase; UroDeC, uroporphyrinogen
decarboxylase; UroSyn, uroporphyrinogen Il synthase.
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Figure 2.3 Representative schematic of encoding genes and protein machinery utilized in
hemophore mediated heme uptake and direct heme uptake. Organization of putative
hemophore uptake operon B) in Pseudovibrio sp. JE062 and direct heme uptake operon
in Ruegeria sp. TM1040. Gene symbols are colored as the corresponding proteins in A)
and C). ExbB, TBDT energy transduction component; ExbD, TBDT energy transduction
component; fecR, Iron senstive regulatory element; HasA, Hemophore; HasR, TBDT -
heme/hemophore; HlyD, HasA secretion protein; HmuR, TBDT - heme; HmuS, Heme
utilization protein — ChuS family; HmuT, Periplasmic heme binding protein; HmuU, IM-
spanning ABC permease; HmuV, ABC ATPase; hyp, Hypothetical; HrtD, HasA
secretion protein — ATPase; rpoE, Iron senstive regulatory element; TonB, TBDT energy
transduction component. Question marks indicate hypothetical/unconfirmed pathways for
export/import.



48

5
o\
L
f N V = ‘
S A | ‘
|
1 |
0.1 " l
.
-
\g Y4
Quter Ring .
Firmicutes ‘.
Actinobacteria o
Cyanobacteria » - .
Bacteroidetes/Chloribi group L -
Planctomycetaceae — - -

Verrumicrobia
Delta/Epsilon subdivision
Alphaproteobacteria

Gammaproteobacteria Inner Ring
Betaproteobacteria ChuS - PFAMO5171
Deltaproteobacteria HutX - PFAM06228
Deferribacteres

Figure 2.4 Marine bacterial genomes containing heme uptake genes. An unrooted 16S
rRNA maximum likelihood phylogeny of marine bacterial genomes indexed in the
Integrated Microbial Genomes (IMG) database. Bootstrap values of >80% are shown as
red symbols for 500 resamplings. Scale bar equals 0.1 substitution per site. The outer ring
is colored by bacterial taxonomic grouping (Phylum or lower). The inner ring represents
genomes that contain a full direct heme uptake locus and is colored by the family of the
heme utilization protein present in each locus. See methods for further description.
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Chapter 3
Trace metal acquisition by marine heterotrophic bacterioplankton with contrasting

trophic strategies

3.1  Abstract

Heterotrophic bacteria in the SAR11 and Roseobacter lineages shape the marine
carbon, nitrogen, phosphorous, and sulfur cycles, yet do so having adopted divergent
ecological strategies. Currently, it is unknown whether these globally significant groups
partition into specific niches with respect to micronutrients (e.g. trace metals), and how
that may affect marine trace metal cycling. Here we use comparative genomics to identify
diverse iron, cobalt, nickel, copper, and zinc uptake capabilities in SAR11 and
Roseobacter genomes and uncover surprising unevenness within and between lineages.
The strongest predictors for the extent of the metal uptake gene content are the total
number of transporters per genome, genome size, total metal transporters, and GC
content, but numerous exceptions exist in both groups. Taken together our results suggest
that SAR11 have strongly minimized their trace metal uptake versatility, with high
affinity zinc uptake being a unique exception. The larger Roseobacter genomes have
greater trace metal uptake versatility on average, but also appear to have a greater
plasticity resulting in phylogenetically similar genomes having largely different
capabilities. Ultimately, phylogeny is predictive of the diversity and extent of 20 to 33%
of all metal uptake systems, suggesting that specialization in metal utilization mostly
occurred independently from overall lineage diversification in both SAR11 and

Roseobacter. We interpret these results as reflecting relatively recent trace metal niche
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partitioning in both lineages, suggesting that concentrations and chemical forms of metals
in the marine environment are important factors shaping the gene content of marine

heterotrophic Alphaproteobacteria from the SAR11 and Roseobacter lineages.

3.2 Introduction

The bioactive trace metals manganese, iron, cobalt, nickel, copper, and zinc are
important enzyme cofactors for microbially mediated processes that drive nutrient
cycling in the ocean. Marine phytoplankton and heterotrophic bacterioplankton require
these metals for important cellular metabolisms (1) with some closely related species
having variable cellular metal requirements and metal-induced physiological responses
(2). At larger scales the spatial and temporal distributions of certain trace metals can have
profound ecosystem-wide consequences (3). The concentrations of the bioactive trace
elements are generally very low in the open ocean due to the isolation of the pelagic
ocean from terrestrial inputs, and in some cases limited solubility (e.g. Fe). The chemical
speciation of Fe, Cu, and potentially Co in seawater is highly dependent upon each
metal’s propensity to interact with heterogeneous organic ligands (4-6). Ni and Zn also
interact with ligands in seawater (7, 8), but estimates of the percentage complexed are
variable. Natural organic ligands in seawater appear to minimally interact with Mn (1).
The dilute concentrations of marine trace metal species, their variable redox states, and
vast structural diversity likely provide a spectrum of trace metal niches for marine
heterotrophic bacteria and phytoplankton.

There is a large variety of currently identified trace metal uptake pathways (9,

10), and here we briefly introduce the major known pathways for metal uptake in gram
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negative bacteria (Table 2.1). It should be noted that these pathways have primarily been
characterized in copiotrophic, non-marine organisms, many of which are host pathogens.
In the context of the marine environment it is probable that transport systems with little to
no functional precedent are employed by certain marine bacteria, especially those from
unique, taxonomically underrepresented, and unculturable lineages.

Inorganic Fe®* is transported through the bacterial inner membrane by ATP
binding cassette transporters (ABCT). ABCTs are transmembrane, ATP dependent
transport proteins comprised of a periplasmic substrate-binding protein, a permease, and
an ATP binding component. Inorganic Fe?* is transported by four inner membrane
transporter families. NRAMP-like proteins facilitate Fe?* and Mn?* transport in some
bacteria (11), while the ZIP family can import Fe?*, Mn?*, Zn?*, and Co?* (12). FTR1-like
proteins can function as Fe?* transporters (13), while the feoAB system is an Fe-specific
bacterial permease (14). Many Fe transporters are regulated by the ferric uptake repressor
protein (Fur) (15), a transcription factor that utilizes Fe?* as a corepressor. The Fur
protein represses transcription by first binding Fe?* and then binding to a conserved 19
base pair inverted repeat called a Fur-box. Iron regulatory motifs, called the Iron-Rhodo-
Box, with a different but related palindromic repeat to the Fur box have previously been
predicted to be upstream of most iron transporters in 12 different Roseobacter genomes
(16).

Siderophores and heme/hemoproteins are two major organic Fe forms utilized by
bacteria. Hydroxamate and catecholate functional groups are two structural motifs found
in siderophores and both chemical classes are biosynthesized in non-ribosomal peptide

synthetase (17) (NRPS) or NRPS-independent pathways (18). TonB dependent
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transporters (TBDTSs) import Fe-bound siderophores across the bacterial outer membrane,
while ABCTs move siderophores through the inner membrane. Periplasmic substrate
binding proteins of the fatB family transport catecholate siderophores such as
enterobactin and anguibactin (19), while fhuD substrate binding proteins are specific for
hydroxamate siderophores (20). In the cytoplasm, siderophore-bound Fe is reduced by
siderophore interacting proteins (SIPs) which release Fe?* to be utilized in downstream
cellular processes (21). In gram-negative bacteria, heme is imported by heme-specific
TBDTs coupled with heme-specific ABCT systems in a manner analogous to
siderophores. Heme uptake ABCTs utilize a characteristic substrate binding protein,
hutB. A cytoplasmic binding protein, hmus, is also typically encoded within
characterized heme uptake operons, although its exact function is unresolved (22).

In model organisms Cu, Zn, Co, and Ni move through porins and TBDTSs at the
outer membrane and through ABCTs and other transmembrane proteins at the inner
membrane. TroA family ABCT substrate binding proteins (23) participate in the uptake
of Mn?* (24), Zn?* (25), and vitamin B12 (26). Ni complex uptake has been demonstrated
to occur through a non-TroA ABCT system, nikA (27). Other Ni and Co permeases
include the secondary transporter family NiCoT (Ni and Co) (28), the related hupE/ureJ
(29) family (Ni), and the cbiMNQO/nikMNQO systems, which are hypothesized to
transport Co and Ni, respectively (30). CbtA is predicted to be an inner membrane ion
channel specific for Co (31), although this is yet to be experimentally confirmed. CorA
inner membrane ion channels were initially characterized as Mg?* transporters, but recent
work demonstrates the family can be highly selective for Co?* (32). As mentioned before,

NRAMP and ZIP transporters can operate as generalized divalent metal transporters. Cu
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tolerance in certain bacteria is known to be facilitated by P1g-type ATPases, which
include both efflux and import transporters. The Cu P1g-type ATPase system copA (33)
has been identified as a Cu efflux transporter essential for Cu resistance. The same
protein family is also required for the biosynthesis of multiple Cu-containing enzymes in
Rubrivivax gelatinosus, implicating it in Cu import (34). Some bacteria potentially use
metallochaperones of the copZ family (35) to manage intracellular Cu levels (36).
Heterotrophic marine bacteria are commonly divided into two ecological
categories: those that are streamlined oligotrophs (37), and those that are copiotrophs (38,
39), although a continuum certainly exists between these two extremes. Genome-
streamlined bacteria appear to be “background-adapted” and succeed by utilizing the
persistent but extremely low background concentrations of nutrients under relatively
static conditions, whereas metabolically variable copiotrophs are “patch-adapted” and
exploit transient nutrient hotspots and variable microscale habitats. Although these coarse
divisions do not capture the full complexity of microbial niche space and evolution, they
have been shown to be useful in conceptualizing marine microbial ecosystems (39, 40).
Patch-adapted marine bacteria rapidly colonize particles and other surfaces and are
thought to be primarily responsible for hydrolyzing and degrading structurally complex
organic matter while liberating smaller and more labile molecules (41, 42). In contrast,
background-adapted organisms are primarily free-living, do not readily associate with
surfaces, and have generally low extracellular enzymatic activity. Both patch and
background-adapted organisms use membrane-bound transporters to extract specific
molecules from their immediate environment in order to acquire nutrients. These

bacterial uptake and degradation processes may alter the microscale trace metal reactivity
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landscape by liberating metals from sinking particles, modifying metal speciation in the
dissolved phase, or by selectively removing certain metal complexes.

The Roseobacter and SAR11 lineages are two diverse and highly abundant groups
of marine Alphaproteobacteria that generally represent patch-adapted and background-
adapted ecological strategies, respectively (43). Although roseobacters do not neatly
cluster into ecotypes, many cultured representatives have extensive and diverse gene
inventories for carbon and energy acquisition consistent with a patch-adapted lifestyle.
Recent evidence suggests that some uncultivated roseobacters have lifestyles more
consistent with background-adapted organisms (44, 45). Other roseobacters frequently
dominate the bacterial community on particles (46) and have been shown to be highly
enzymatically active (47). In contrast, the SAR11 lineage is comprised of different
ecotypes (48), its members have small streamlined genomes with low GC content and
comparatively limited metabolic capability (49), and they do not associate with particles
or surfaces. Combined, SAR11 and Roseobacter can comprise up to 40% of total bacteria
in marine surface waters (50).

Gene content and diversity has been shown to reflect microbial adaptation at
ocean basin scales (51-53) as well as at microscales (54, 55), but these adaptations have
largely only been explored for nutrients like nitrogen and phosphorous. Here we analyze
genomes from two extremes of the patch-adapted to background-adapted continuum
(exemplified by the Roseobacter and SAR11 genomes, respectively) in order to explore
how generalized ecological strategy shapes the specific genomic capabilities for trace
metal uptake. First, we survey the extent and diversity of known Mn, Fe, Co, Ni, Cu, and

Zn uptake systems in 42 Roseobacter genomes and 22 SAR11 genomes. Second, we
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evaluate gradations of uptake capabilities amongst genomes and examine lineage
evolutionary history as a structuring factor. Finally, we explore relationships between the
genetic potential for trace metal uptake, environmental factors, and genomic features and
how these relationships are organized in a patch-adapted versus background-adapted
framework. Roseobacter and SAR11 are not the only bacterial lineages representing this
ecological paradigm (e.g. the background-adapted SAR86 lineage (56) and patch-adapted
Alteromonadales (57)), and caution should be taken when extrapolating the trends from
this work to other marine bacterial groups. However, this is the first study, to our
knowledge, to contextualize marine bacterial trace metal transporters within evolutionary
and ecological frameworks. Although the phylogenetic representation here is limited to
two dominant marine groups from the Alphaproteobacteria, we expect our conclusions

may have broader implications for other marine heterotrophic bacterial groups.

3.3  Results

Genome features: The strains in this study were isolated from a variety of ocean
basins, both coastal and pelagic waters, and from particles or surfaces and bulk seawater.
56 of the genomes are either closed or in permanent draft status with the remaining 8 in
draft status. The genomes range from 1 to 339 scaffolds and are estimated to be between
93.8% to 100% complete. The genome sizes range from 1.11 Mbp (Candidatus
Pelagibacter ubique HIMBO05) to 5.52 Mbp (Citreicella sp. SE45) and code for between
1269 (Candidatus Pelagibacter ubique HIMBO058) to 5519 (Pelagibaca bermudensis
HTCC2601) genes. GC content ranges from 29% (Candidatus Pelagibacter sp.

HTCC7211) to 70% (Oceanicola granulosus HTCC2516). The single cell SAR11
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AAA240-E13 genome is least complete (93.8%) but is included here to increase the

phylogenetic diversity of SAR11 genomes in our analyses.

3.3.1 Uptake systems for inorganic Fe

We used the solute-binding protein, the most divergent and informative
component of the system (58), to discriminate the particular metal substrate of ABCTs. In
the case of Fe3*, there are five different families of ferric solute binding proteins across
the genomes (Figure 3.1, Table 3.1). All Roseobacter genomes contain Fe** ABCTs and
70% of the genomes have at least two different solute binding families. All SAR11
genomes contain Fe** ABCTs with the exception of AAA240-E13 (clade Ic, isolated
from 770 m at Station ALOHA) and HIMBO058 (clade I, isolated from Kane‘ohe Bay,
HI) (Figure 3.1). Approximately 80% of SAR11 genomes contain single copies of ferric
solute binding protein families, with three genomes in clade la and one in Illa having two
copies. The most common type of ABCT solute binding protein in all genomes is the
FutAl-like protein. Dedicated systems for Fe?* transport are rare in the Roseobacter
clade. 37% of the genomes surveyed contain proteins in the ZIP family, but ZIP proteins
transport metals other than Fe. The Fe-specific feoAB system is only found in the genome
of Roseobacter sp. R2ZA57, NRAMP homologs are present in the genomes of Citreicella
sp. 357 and Ruegeria sp. TrichCH4B, and no Roseobacter genome contains orthologs to
FTR1 (Figure 3.1). Fe?* uptake systems are also rare in SAR11 genomes. No SAR11
genome contains ZIP, feoAB, or NRAMP uptake systems, but the deeply branching

genomes of HIMBO058 and HIMB114 both have FTR1 permeases (Figure 3.1).
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3.3.2 Fur proteins and binding sites

We predict approximately 90 new Iron-Rhodo-Box transcription binding sites in
Roseobacter genomes using the previously identified Iron-Rhodo-Box palindromic motif
(16). In this expanded work, many but not all Roseobacter iron uptake genes are preceded
by the Iron-Rhodo-Box motif. 70% of Roseobacter genomes appear to have at least one
Fe3* ABCT under Fur regulation and many Roseobacter TBDTSs are preceded by Iron-
Rhodo-Boxes (Table 2.2). In the case of SAR11, Fur-box motifs generally match a 15
base pair (7-1-7) Fur-box inverted repeat (59). Only the HTCC7217, HTCC7211,
HIMB59, and AA240-E13 genomes are missing apparent Fur-boxes, and Fur-boxes in
the remaining genomes always precede components of the Fe®* ABCT uptake system as
well as FTR1 permeases. Regardless, it appears that all Roseobacter and SAR11 genomes
have at least one Fur-like protein, with most Roseobacter genomes containing multiple

copies.

3.3.3 Siderophore and heme uptake

We used gene neighborhood analysis for the presence of fatB, fhuD, siderophore
interacting proteins, or putative siderophore biosynthesis genes to predict a role in
siderophore-like molecule uptake for 34 TBDTs identified in Roseobacter genomes
(Table S2, Dataset 5). We also used genome neighborhood analysis to identify 18 genetic
loci involved in heme uptake based on the co-localization of hmuS, hutB, and TBDTS.
Many Roseobacter genomes contain multiple different siderophore uptake genetic loci,
whereas none contain multiple copies of heme uptake systems. No SAR11 genomes

surveyed here contain systems for siderophore or heme uptake. In total it appears that
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45% of Roseobacter genomes contain the potential for exogenous heme utilization, while
40% contain the potential for siderophore uptake.

The 34 putative siderophore TBDTSs cluster by sequence similarity into three
different groupings (MCL2, 3, 4) largely consistent with the family of substrate binding
protein present nearby. Significant enrichment of fatB within £10 genes of MCL2 suggest
MCL2 is involved in the uptake of catecholate-like siderophores, while enrichment of
fhuD and siderophore interacting proteins within £10 genes of MCL3 suggest this cluster
participates in hydroxamate-like siderophore uptake (Table 2.2). MCL4 gene
neighborhoods are enriched in siderophore interacting proteins, substrate binding proteins
only assignable at the superfamily level, and occasionally with either fatB or fhuD
suggesting it is involved with the uptake of siderophores of an unclear structural class.
Iron-Rhodo-Box transcription binding sites are upstream of many but not all of these
siderophore TBDTSs, and the catecholate and mixed siderophore clusters (MCL4 and
MCLnull) have the lowest percentage of TBDTs with these sites (Table 2.2). In addition
to the 34 siderophore TBDTs identified by gene neighborhood alone, eight other TBDTs
in ambiguous neighborhoods also cluster with MCL2, MCL3, and MCL4. These eight
TBDTs all have upstream Iron-Rhodo-Boxes suggesting they may have a role in

siderophore transport or the transport of unknown Fe complexes.

3.3.4 Siderophore biosynthesis
Putative siderophore biosynthesis clusters are present in four Roseobacter
genomes and no SAR11 genomes (Figure 3.1, Table 3.1 “Sidero. biosyn. + proc.”

category). Both the P. gallaeciensis 2.10 and P. gallaeciensis 17395 genomes contain
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clusters with NRPS-independent type siderophore biosynthesis genes, which are
exclusive to the biosynthesis of siderophore secondary metabolites (18). In addition, the
genomes of Citreicella sp. SE45 and Oceanicola sp. S124 have TBDTs co-localized with
genes containing domain-specific hits to enterobactin synthase subunits E and F (NRPS)
and other genes involved in siderophore uptake, biosynthesis, and regulation.
Interestingly, TRipartite ATP-independent Periplasmic (TRAP) transporters are present
within two putative siderophore uptake clusters (Figure 3.2). TRAP transporters utilize a
substrate binding protein to shuttle substrates in the periplasm, but the substrate is moved
through the inner membrane by the cotransport of a counter ion (usually Na* or H") in the
opposite direction (60), rather than the hydrolysis of ATP. The use of TRAP transporters
in conjunction with TBDTs (particularly siderophore transporters) has thus far been
unexplored (61). The co-localization of TRAP transporters with seven different putative
Fe TBDTs and siderophore biosynthesis genes (Figure 3.2) is unique, and to our
knowledge has not been reported before. It has been postulated that using two counter
Na* ions would impart a significant energy savings compared to the use of an ATP
binding cassette transporter (ABCT) system (62). In the marine environment where
substrates are highly dilute, the energy savings of utilizing TRAP transporters over
ABCTs may be significant, especially when used in concert with ion gradients generated
by proteorhodopsins (63). Every Roseobacter genome contained at least eight different
substrate binding protein components of TRAP transporters with Citreicella sp. SE45
containing over 40 different homologs. TRAP uptake is constrained by the presence of at
least one carboxylic acid group in the substrate (60). Carboxylic acid groups are

frequently involved in the chelation of metal species (64) making metal-ligand complexes
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a potential substrate for TRAP transporters. The identification of TRAP transporters next
to siderophore biosynthesis genes and siderophore TBDTs implies a previously

unrecognized role in Fe chelate transport for the TRAP family.

3.3.5 Uptake systems for Mn, Zn, Co, Cu, Ni

The number of experimentally characterized TBDT systems for trace metals other
than Fe is small, and we observe no TBDTs unambiguously related to Ni, Co, or Cu
transport in Roseobacter and SAR11 genomes. We therefore focus our searches on
relatively better known inner membrane Ni, Co, Cu, Mn, and Zn transporters (Figure 3.1,
Table 2.1). No SAR11 genomes but all 42 Roseobacter genomes contain at least one
helical backbone solute binding protein assignable only at the troA superfamily level. The
troA subfamilies present in Roseobacter genomes are psaA (38%), troA-a (38%), hemV2
(10%), troA-f (2%), and znuA (2%). 83% of Roseobacter genomes have at least one of
the troA subfamilies, NRAMP proteins, or ZIP family proteins (Figure 3.1), and roughly
half have copies of multiple families. In contrast, SAR11 genomes have reduced diversity
of Mn and Zn transport systems compared to Roseobacter genomes. The only troA
subfamily present in SAR11 appears to be the high affinity Zn transporter znuA, present
in 50% of the genomes (Figure 3.1). In these genomes the synteny of the znuA uptake
system is highly conserved, with all regions containing a Fur-family protein as well as the
additional ABCT components. These putative znuA amino acid sequences have
approximately 43% sequence identity to curated znuA sequences in UniProt, supporting

their assignment as Zn transporters.



73

Nickel and cobalt transporters vary between Roseobacter and SAR11 genomes
(Figure 3.1). 90% of Roseobacter genomes contain homologous proteins to hupE/ureJ
nickel transporters, while only Citreicella sp. SE45 has the well-characterized nickel
transporter nikA. 45% of SAR11 genomes contain putative hupE/ureJ systems. In both
SAR11 and Roseobacter hupE/ureJ gene neighborhoods are highly variable, although in
both groups many hupE/ureJ genes are co-localized with ABCTSs suggesting a role in
transport. 76% of Roseobacter genomes have at least one of the chiMQ, cbtAB, or corA
cobalt uptake systems, and half have more than one kind of cobalt transporter. The most
common Roseobacter cobalt transporter is corA found in half of the genomes. In contrast,
corA is the only potential cobalt ion transporter in SAR11 and is only present in the
earliest diverging genome, HIMB59. 98% of Roseobacter genomes contain copA
systems, while 50% contain copZ (Figure 3.1). In contrast, SAR11 appears to have
completely eschewed the use of copA, but 54% of genomes contain copZ

metallochaperones.

3.3.6 Unknown tonB dependent transporters and other secondary transporters
TonB dependent transporters (TBDTS) have a broad range of substrates, but
interestingly, 77% of Roseobacter TBDTSs appear to be involved in the uptake of small Fe
complexes based on gene neighborhood, sequence similarity, and predicted FUR
regulation. This is in contrast to TBDTs in other marine groups such as SAR86 (56) and
the phylum Bacteroidetes (65), which appear to be mostly dedicated to the uptake of high
molecular weight carbon compounds. TBDTs in clusters MCL6 and MCLnull were the

most difficult to assign substrates from gene context and sequence similarity, but were
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located next to substrate binding proteins for peptide and sugar transport as well as non-

specific metal transport.

3.3.7 Phylogenetic conservation of metal uptake genes

Genes coding for microbial cellular functions can be differentially conserved with
respect to a phylogeny derived from a universal and conserved reference gene such as the
16S rRNA gene. The degree of correspondence of a particular trait with an organism's
phylogeny can be thought of in terms of phylogenetic trait depth. We used the tp statistic
(trait depth) from the consenTRAIT algorithm (66) and Fritz and Purvis' D for
phylogenetic dispersion (67) to predict the extent to which Roseobacter and SAR11
phylogeny (Figure 3.1) explains the distribution of metal uptake categories in each
genome. The use of two independent approaches also allowed us to qualitatively assess
the degree of uncertainty for our phylogenetic conclusions. The 1p statistic is a
continuous metric that corresponds to the mean branch length between root nodes and
leaves in a phylogenetic tree where 90% of the leaves have a particular trait. When trait
depth (tp) is large, a metal uptake trait will be shared among members of deeply
branching clades, suggesting that these traits are consistently passed on to daughter
lineages. When trait depth (tp) is small, the trait will more likely be found in small,
dispersed clades in a phylogeny. Such dispersion could suggest the trait is evolutionarily
labile, having been lost and gained multiple times during the evolutionary trajectory of a
microbial lineage. Unlike D, trait depth is not normalized to phylogeny size and
represents direct phylogenetic distances with larger values indicating deeper clades. Fritz

and Purvis' D is calculated by the sum of changes in nodal values of a binary trait along
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edges in a phylogeny. The metric is robust for phylogeny sizes down to approximately 25
leaves and where trait prevalence is greater than 0.2 (see methods for details).

We hypothesized that patch-adapted and background-adapted genomes would
have differing signatures of heritability for trace metal uptake due to the constraints of
genome size. Whereas larger genomes contain more genetic material upon which
processes of recombination and lateral transfer can operate, background-adapted genomes
would have streamlined to such an extent that essential trace metal uptake pathways
would have been largely phylogenetically fixed across a lineage. 57% of the estimates of
phylogenetic dispersion in Roseobacter are less than 0.5, but only 35% of traits have
probabilities of matching a stochastic distribution of less than 5% (P(D)random < 0.05) and
have prevalence values greater than 0.2 (Prevalence > 0.2). In SAR11, 55% of D values
are less than 0.5, but only 33% of traits have Prevalence > 0.2 and P(D)random < 0.05.
This indicates that the remaining metal uptake traits are indistinguishable from patterns of
random or convergent evolution based on the current number of genomes surveyed in
each group. Generally, there is poor agreement between tp and the independent Fritz and
Purvis’ D metric as to which traits are non-randomly distributed. However, both metrics
estimate that a similar proportion (20% to 35%) of traits are non-randomly distributed.
Trait depth values for trace metal transport categories shared between Roseobacter and
SAR11 are directly comparable because their phylogenies are based on the same protein
families (Table 3.3, Figure 3.3). Four of the six shared categories have significantly

greater trait depths in SAR11 than Roseobacter.
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3.3.8 Relationships between patterns of metal uptake genes, habitat, and genome
features

As metals are essential cofactors in a variety of ecologically relevant metabolic
processes, we tested for associations between the abundance of metal transport systems,
microbial habitat, and genome features. A principle components analysis (PCA) based on
diversity and abundance of trace metal transporters indicates that SAR11 genomes cluster
tightly in ordination space while Roseobacter genomes are highly dispersed (Figure 3.4).
The multivariate homogeneity of group dispersions for Roseobacter has a greater average
distance to the median (4.227) compared to SAR11 (1.087) and this difference is
significant (P < 0.001). The larger dispersion value indicates that Roseobacter genomes
have greater within-group variability in uptake capabilities than SAR11. For example, the
Roseobacter HTCC2255 genome is more similar to a SAR11 genome (distance to SAR11
mean centroid of 1.16) than it is to the average Roseobacter genome (distance to
Roseobacter mean centroid of 3.39). Multivariate homogeneity determined using Bray-
Curtis dissimilarity (with non-metric multidimensional scaling) also indicates that the
Roseobacter dispersion is significantly larger than SAR11 demonstrating the robustness
of the trend.

Factors corresponding to ocean basin of isolation and coastal versus pelagic
isolation are not significantly associated with the PCA ordination. We classified genomes
as having a “planktonic” or “surface associated” lifestyle based on whether a strain was
described to associate with particles experimentally (68) or was isolated from some kind
of biotic or abiotic surface. Strains where lifestyle data could not be clearly determined

were omitted from statistical analyses. As a result, surface associated and planktonic
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factors are significantly associated (R? = 0.33, P < 0.001) with the reduced PCA
ordination (Figure 3.4). The total number of metal transporters, the total number of
transporters in each genome mapping to the Transporter Classification Database (TCDB)
(69), the predicted number of biosynthetic gene clusters per genome, GC content, and
number of genes per genome are all strongly correlated with the ordination. The number
of predicted laterally transferred genes is not significantly correlated.

In the combined dataset, many of the correlations between genome features and
metal transport categories are driven by the inclusion of SAR11. For example, the strong
negative correlation between znuA and many genome features is a result of its prevalence
in SAR11 genomes. In Roseobacter (Figure 3.5B), the number of metal transporters per
genome, the total transporters per genome, and GC content are strongly positively
correlated with TBDT categories. The strongest correlations when considering both
SAR11 and Roseobacter genomes (Figure 3.5A) are between genome features (grey
diamonds) and nonspecific metals (blue) as well as between transporters predicted to be
in the same uptake pathway (e.g. TBDT MCL1, hemS, and hutB). The large number of
troA superfamily proteins, siderophore transporters, and heme transporters in
Roseobacter are positively correlated with genome features such as increasing genome
size and increasing number of total transporters. Ultimately, metal pathways related to
uptake of small defined iron complexes (siderophores and heme) are best correlated with
genome features such as increasing genome size, increasing number of total transporters
per genome. A previous study reported a statistically significant negative correlation
between high-affinity Fe?* transporters and Fe** transporters suggesting that marine

bacteria tend to rely on either feoB or Fe** ABCTSs but not both (70). We do not see this
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negative correlation in our results, neither do we observe a positive correlation between
ZIP divalent metal transporters and Fe** ABCTs as was also reported earlier (70).
However, the previous study included genomes from many different taxonomic groups,
and those trends may have been driven mostly by specific bacterial taxa not included in
our study. In the case of the Alphaproteobacteria genomes examined here it appears that
neither Fe3* or Fe?* uptake capabilities are exclusive of one another and indeed many
strains have the capabilities for both reduced and oxidized Fe uptake. Interestingly, the
number of genes per genome predicted to be laterally transferred was positively
correlated with genes related to siderophore biosynthesis and processing, suggesting a
potential linkage between lateral gene transfer and the ability to synthesize siderophores.
The stark difference between the trace metal uptake inventory in SAR11 and
Roseobacter generates a number of correlations that are not observed when examining
either group individually. Effectively no significant correlations exist between genome
features and metal uptake pathways in SAR11 genomes because they are lacking most
transporters observed in this study. When considering only Roseobacter genomes (Figure
3.5B), the total number of metal transporters per genome are correlated with 14 metal
transport categories, most having to do with siderophore and heme uptake. The total
number of Transporter Classification Database (TCDB) (69) transporters per genome is
correlated with four metal transport categories (MCL6, MCLnull, ZIP, and P1g ATPases)
as well as the total number of metal transporters. GC content is also correlated with the
total number of transport genes per genome, ZIP transporters, and P1g ATPases. Genome

size, the number of predicted biosynthetic clusters, and the total number of genes with a
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functional prediction only correlated with the TCDB count and no specific metal uptake
pathway.

In the combined Roseobacter/SAR11 dataset (Figure 3.5A) and Roseobacter
alone (Figure 3.5B) dataset there is significant positive correlation between metal
transporter abundance and transporters predicted to be in the same pathway based on
synteny and sequence homology. Ultimately, metal uptake pathways for small, defined
iron complexes (siderophores and heme) are best correlated with genome features such as
increasing genome size, increasing number of total transporters per genome, and
increasing metal transporters per genome. Indeed, it does generally appear that
siderophore and heme uptake are largely biased towards the largest genomes with the
most transporters, but they are also unevenly distributed in Roseobacter (Figure 3.6). The
strongest positive correlations for the combined and individual lineages are between the
total number of transporters per genome and the genome size (Figure 3.7A). However,
the number of metal transporters per genome has the poorest correlation with genome
size (Figure 3.7C) and marginally better correlation with the total number of transporters

(Figure 3.7D).

3.4  Discussion

Consistent with streamlining theory (37), the background-adapted SAR11 lineage
has relatively few trace metal transporters and an apparently limited regulatory capacity
for Fe uptake. In contrast, the mostly patch-adapted Roseobacter genomes investigated
here have multiple diverse pathways for the acquisition of both organically complexed

and inorganic metals. This suggests that roseobacters are able to adapt to and occupy a
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range of trace metal niches in the marine environment and that the availability of trace
metal resources may influence Roseobacter genome diversification. The variable
inventories of trace metal transporters in Roseobacter and SAR11 may ultimately reflect
variable metabolic demands for metals as enzymatic cofactors. However, no studies, to
our knowledge, have specifically examined metal quotas for SAR11 and Roseobacter
strains. A handful of Roseobacter genomes, for example HTCC2255, appear closer in
gene content to background-adapted SAR11 genomes (44, 50), suggesting that trace
metal streamlining is also a valuable ecological strategy for some roseobacters. Indeed,
background-adaptation is probably a more prominent strategy in the Roseobacter lineage
than currently available isolates would suggest (44). Thus the results presented here for

Roseobacter are likely biased towards the portions of the lineage that are patch-adapted.

3.4.1 Similarities between SAR11 and Roseobacter genomes

Fe3* ABCTs are the most abundant Fe transporter identified in this study,
suggesting that free Fe3* is the most common form of Fe in the periplasm in both
Roseobacter and SAR11. All investigated genomes on either end of the background-
adapted to patch-adapted spectrum contain ABCT transporters for Fe®* uptake, with the
exception of the SAR11 genomes AAA240-E13 and HIMBO058, although both these
genomes may be missing these transporters due to genome incompleteness. Nevertheless,
it appears that ABCT uptake is likely the default mechanism for Fe* uptake across the
bacterial inner membrane for both the SAR11 and Roseobacter lineages and may be an

essential system. Fe?* is often at very low concentrations in the marine environment,
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although at times it can accumulate to significant proportions of the total Fe pool (71).

However, Fe?* transporters are rare in both SAR11 and Roseobacter.

3.4.2 Differences between SAR11 and Roseobacter genomes

Roseobacter and SAR11 genomes are mostly different with respect to trace metal
transporter inventory. Even though Fe®* ABCTs are basically present in all genomes, 30
out of 42 Roseobacter genomes have multiple copies of Fe3* ABCTSs from at least two
different domain families (TrichCH4B has five), while only four of the 22 SAR11
genomes have multiple copies. This suggests a nuanced distinction between patch-
adapted Roseobacter and background-adapted SAR11 that may be reflective of Fe niches.
For example, multiple versions of substrate transporters have been invoked to explain
multiphasic kinetics for glucose uptake in bacterial isolates and natural assemblages (72,
73).

The Fur protein family has a large diversity of metal selectivity, making it
challenging to assign specific metal cofactors using sequence homology alone (74).
Regardless, Roseobacter genomes generally have multiple copies of Fur-like regulatory
proteins and many of their iron uptake genes are downstream of Fur-box regulatory
motifs. Past work suggests that Fur proteins are present only in the genomes of SAR11
clade la members (49), but our results indicate that all SAR11 genomes have some form
of a metal-dependent transcription factor. It appears that SAR11 has greatly downsized
its metal-dependent regulatory networks compared with patch-adapted roseobacters,
which is consistent with prior observations of its overall regulatory complexity (37). This

suggests that patch-adapted roseobacters have the capability to sense and react to a wide
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variety of trace metal forms, while the background-adapted SAR11 may respond to only
a limited portion of the overall trace metal chemical diversity in seawater.

Many of the Fe-binding ligands identified from cultured marine bacteria (75) have
been siderophores, low molecular weight and high-affinity Fe** chelating agents secreted
by some bacteria explicitly for the purpose of chelating Fe. Siderophores have also been
detected in bulk seawater, are predicted to shape bacterial social interactions (76), may
reflect degrees of habitat structure (77), and are hypothesized to comprise a significant
component of the marine strong iron-binding ligand pool (78). Therefore, it is plausible
that siderophore and perhaps other undiscovered strongly-bound iron complexes are
important iron sources for some marine bacteria. 40% of roseobacters can probably
acquire at least one type of siderophore or other small molecule Fe chelator, and ~10%
have the potential of producing siderophores. Indeed, both Phaeobacter strains included
in this study have been shown to produce siderophores in culture (79).

Even though ~40% of Roseobacter genomes appear to have siderophore uptake
systems, very few strains appear able to biosynthesize siderophores. This suggests that
most Roseobacters with putative organic iron-complex TBDTSs rely on siderophores or
small Fe chelating ligands of similar structure that are not endogenously produced as
secondary metabolites. This observation is consistent with a “public goods” dynamic that
has been demonstrated for a large and deeply sampled grouping of particle associated
Vibrio strains (76). In this case, siderophore “cheaters” found on large particles do not
contribute to the community pool of siderophores and are able to access the public goods
generated by siderophore producers (76). Marine particles are often rich in Roseobacters

(80, 81), and these same public goods dynamics apparent in Vibrio communities may
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have driven the evolution of siderophore biosynthesis and uptake capabilities in
Roseobacter communities. The apparent lack of siderophore biosynthesis in the
Roseobacter clade may be due to an oversampling of siderophore cheater genomes. An
alternative explanation is that putative siderophore uptake genes may in fact be targeted
to unknown strong marine ligands with similar chemical moieties to siderophores.

In contrast, no SAR11 genomes have either capability, and siderophores have
been used to experimentally Fe-limit P. ubique HTCC1062 in culture (82). Here our
focus is on direct transport of siderophore complexes and is not meant to address the
possibility of extracellular processing of organically bound Fe into bioavailable forms,
although this is certainly an important, yet understudied possibility. Our results suggest
that direct uptake of small intact organic-Fe complexes via TBDTSs is an important uptake
strategy for some, but not all, roseobacters, while it appears to be an expendable strategy
for the background-adapted SAR11.

Heme b, another form of organic Fe, is a dynamic and significant component of
the marine Fe cycle (22). Like siderophores, no heme uptake systems were detected in
SAR11 genomes. Interestingly, about equal proportions of Roseobacter genomes from
this study have heme and siderophore uptake systems (45% and 40% respectively) and
nine strains have only a single TBDT, which is specific for heme. The Roseobacter heme
uptake gene locus is also highly conserved with respect to synteny and TBDT sequence
similarity suggesting a tightly controlled evolution of this gene cluster. The proportion of
heme uptake systems in Roseobacter identified here is consistent with what has been
described earlier (83), but it is interesting that the prevalence of heme uptake is roughly

equivalent to that of siderophore uptake. This is significant in that siderophores are the
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dominantly researched Fe-ligand complex in marine systems. In the case of the
Roseobacter clade, it appears that heme may be equally important as siderophores, which
may be due to the frequent association of Roseobacter with hemoprotein-rich
phytoplankton (22, 46). Supporting this hypothesis, many roseobacters with heme uptake
systems were isolated from phytoplankton or are known to associate with other
organisms (38).

How do background-adapted SAR11, one of the most abundant organisms on
earth, manage to satisfy their iron requirements by apparently only utilizing inorganic
Fe®*, the scarcest form of oxidized iron in the oceans (4)? One hypothesis is that SAR11
cells directly modify refractory extracellular dissolved organic, colloidal, or particulate
Fe species into usable forms. Another hypothesis is that SAR11 relies on the activity of
external agents in microbial ecosystems to produce enough labile Fe for its survival,
analogous to how Prochlorococcus cells appear to rely on the activity of microbial
community members for hydrogen peroxide oxidation (84). Background-adapted
organisms like SAR11 often co-exist in food webs strongly controlled by micro-grazers
and viruses whereby regular biomass turnover may produce significant and regularly
occurring labile Fe sources. For example, if there is a strong diel structuring of
Prochlorococcus mortality as has been observed previously (85), co-occurring
heterotrophic bacteria may in turn synchronize the expression of trace metal transporters
to daily periods of increased Prochlorococcus lysis. In support of this idea, many
Roseobacter, SAR11, and SAR116 transporter transcripts displayed strong diel
periodicity in a recent field study (86). Ultimately, our results indicate that SAR11 cells

do not have the ability to directly transport intact organic iron complexes suggesting they
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utilize Fe ions or very small charged complexes moved through the outer membrane
probably by passive transport. SAR11 appears to produce large amounts of ABCT solute
binding proteins under Fe stress (82) and solute binding proteins are highly abundant in
natural populations (87). It may be that highly expressed solute binding proteins
efficiently intercept all periplasmic Fe®* and drive a gradient inward toward the
cytoplasm and/or that unknown cell surface binding proteins operate to locally
concentrate Fe at the outer membrane.

Mn, Zn, Ni, Co, and Cu are cofactors in many biogeochemically significant
metabolic pathways and are important micronutrients for marine heterotrophic bacteria.
Most Roseobacter genomes contain dedicated inner membrane transporters for transition
metals other than Fe and many have apparently redundant systems for some metals. For
example, two troA superfamily substrate binding proteins identified in this analysis from
R. sp. TM1040 and R. sp. AzwK-3b have been shown to be highly expressed under Mn
limiting conditions (88). As with organic Fe transporters, Mn, Zn, Ni, Co, and Cu
transporters were largely absent in background-adapted SAR11 genomes. However, an
intriguing exception suggest that some metal uptake traits have escaped the purging effect
of genome streamlining in SAR11. Early diverging SAR11 lineages and some SAR11
group la members appear to occupy niches where high-affinity zinc uptake (znuA) is
useful, while roseobacters appear to have mostly rejected this trait. Although the SAR11
znuA sequences are quite similar to characterized znuA proteins from model bacteria,
there is a possibility that they are involved in the uptake of other metals. Physiological
experiments are needed to confirm substrate specificity, but based on the level of

sequence similarity we anticipate our bioinformatic predictions here are robust.
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Currently, it is unknown as to whether the presence of znuA in these SAR11 strains
represents greater absolute Zn requirements relative to other trace metals, reduced Zn
concentrations in specific niches, or some other factor. Genomes with znuA do not
contain more annotated Zn-binding domains than other SAR11 genomes, nor are they
significantly connected by isolation source as it is defined in this study. However, it is
intriguing that most SAR11 strains isolated from pelagic surface waters have znuA, which
may be related to the extremely low concentrations of Zn and other metals in the pelagic

surface ocean.

3.4.3 Phylogenetic signal in metal uptake traits

To our knowledge, this is the first study to contextualize trace metal transporters
within a phylogenetic framework in marine microbes in order to explore combined
patterns of heritability, gene loss, and lateral transfer. Our results indicate that the
majority of metal uptake traits are not significantly associated with phylogeny in either
SAR11 or Roseobacter, and it appears that in both groups trace metal niche adaptation
has occurred through evolutionary mechanisms indistinguishable from stochastic
processes. A higher percentage of metal transporters do appear to be nonrandomly
distributed in SAR11 than Roseobacter potentially suggesting an overall greater role for
vertical heritability in SAR11. Furthermore, certain metal uptake traits shared between
groups cluster at significantly different clade depths, which implies that distributions of
these families across the SAR11 lineage are more likely to be fixed across fine scale

phylogenetic diversity than they are in the Roseobacter lineage.
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Recent surveys of carbon utilization traits (66) and extracellular enzymes (89)
using the consenTRAIT metric suggest that these traits mostly exhibit non-random
phylogenetic distribution despite their generally shallow clade depth. We show here that
most metal uptake traits in both Roseobacter and SAR11 also have shallow clade depths
(small tp), but appear to be randomly associated with their reference phylogenies. We
interpret these results as potentially reflecting differing degrees of selective pressure with
respect to specific metals in the Roseobacter and SAR11 lineages. Microbial niche
exploration, changing trace metal availability in existing niches, or altered absolute metal
requirements may have resulted in gene-specific selective sweeps in both patch-adapted
and background-adapted Roseobacter and SAR11 lineages. These processes may also
have resulted in selective loss of capabilities as well. Although the tp and D metrics
cannot distinguish between lateral gene transfer or selective gene loss events, the end
result is that phylogenetically similar strains within each lineage have strongly
ecologically differentiated with respect to trace metal uptake genes. We do not explore
mechanisms of selective gene gain versus loss in Roseobacter and SAR11 here, but our
results are consistent with the hypothesis that marine trace metal resources influence
genome content in both patch-adapted and background-adapted genomes from the

Roseobacter and SAR11 lineages.

3.4.4 Metal transporters, habitat, and genome features
The four factors most strongly correlating with the metal uptake ordination are
metal transporters per genome, the GC content of each genome, the total transporters per

genome, and genome size. An inspection of individual pairwise correlations shows that
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genome size is strongly positively correlated with many specific uptake pathways, but
many of these specific correlations are lost when only Roseobacter genomes are
included. In general, it appears that smaller Roseobacter genomes have fewer total metal
transporters, but metal transporters do not neatly scale with genome size in many other
cases. Octadecabacter articus 238 has the third largest genome size of all roseobacters,
but it has no TBDTs and appears to only have systems for Fe** and Mn2* uptake. On the
contrary, half of the ten smallest Roseobacter genomes have transporters for heme and
siderophore-like complexes.

Habitat categories (eg. coastal, pelagic, ocean basin isolation) as defined in this
study are not correlated with the trace metal uptake inventory in either Roseobacter or
SAR11. However, significant correlation exists when considering only strains with
confirmed particle attachment lifestyles. Supporting these results, recent meta-omic
studies (90-92) have demonstrated that prefilter size (particle fractions) is a better
predictor of differences in community structure, metabolic capability, and transcriptional
activity than both depth and geographical variability. However, many uncultured
roseobacters are predicted to be background-adapted and may not associate with particles
at all (44, 45), and it is unknown whether uncultured Roseobacter genomes contain
organic Fe uptake systems. Therefore, it is possible that trace metal uptake inventory may
not overlap neatly with a particle-adapted lifestyle in the Roseobacter lineage due to a
culturing bias and/or incomplete lifestyle assignments. HTCC2255, the only background-
adapted Roseobacter genome included here, is thought to be only free-living (50) and is

similar in trace metal transporter inventory to SAR11. More work is needed to obtain full
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genome sequences of background-adapted roseobacters, and to understand the potential

for particle attachment in both background and patch-adapted strains.

3.5  Conclusions

Our results indicate that both the patch-adapted and background-adapted genomes
included in this study exist along spectrums of trace metal acquisition capability. At one
extreme, genomes contain multiple and apparently redundant pathways for the uptake of
most metals, while at the other end they lack many transport families. In patch-adapted
roseobacters the presence/absence of any particular metal uptake pathway is not
predictable from genome size alone, and only a small subset of all metal uptake pathways
are present in all genomes. This also indicates that the presence of any one metal
acquisition pathway, such as siderophore or heme uptake, is not representative of the
capabilities of the Roseobacter lineage as a whole. Even though the background-adapted
genomes included in this work have reduced metal uptake capabilities when compared
with patch-adapted genomes, they also appear to have a surprising degree of variability,
for example the hupE/ureJ family and the patchy distribution of znuA. We interpret this
as reflecting degrees of trace metal niche differentiation, whereby marine trace metal
concentrations and chemical speciation influence genomic content at fine levels of
phylogenetic differentiation in both background-strategists and patch-strategists. Thus,
trace metal niches should be considered an important factor in shaping the genomic
content of marine heterotrophic bacteria and should be considered when examining

microbial roles in broader marine ecosystems and biogeochemical cycles.
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3.6 Materials and Methods
3.6.1 Genomic sequence data and genome classification schemes

All microbial genomes and associated metadata were obtained from the IMG
database (93) (April 2015). Roseobacter genomes were selected from IMG to reflect the
content of Roseobase, which is a comprehensive genomic resource for marine
Roseobacter strains. All publically available SAR11 genomes available in IMG with a
genome completeness greater than 90% were included in this study. Genome
completeness and integrity of all isolates were assessed using the CheckM pipeline (94).
Lifestyle (surface associated, free-living), isolation location (Atlantic, Pacific, Indian,
Polar), and isolation land proximity (coastal, pelagic) were assigned when the data were
available in IMG or the primary literature. Genome size, total gene counts, GC content,
the number of genes with a functional prediction, the number of genes assignable to the
Transporter Classification Database, the estimated number of genes predicted to be
horizontally transferred, and the estimated number of biosynthetic clusters per genome
were obtained from IMG database annotations. Isolation data (geographical and lifestyle)
for bacterial strains used in this study are compiled from the primary literature. If
isolation data could not be reliably determined from the literature, then these data were

omitted from subsequent statistical analyses.

3.6.2 Functional prediction and annotation
The metal transport systems used for searches in Roseobacter and SAR11
genomes (Table 2.1) include the majority of currently characterized/predicted metal

transport systems (9, 10). Metal transporters were identified using the NCBI conserved
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domain database (95). Orthologs were identified by rpsblast hits (evalue < 107°) to
conserved domain database models and only bidirectional reciprocal “specific hits” to
domain models (those above significance threshold values) were retained. In the case of
the troA superfamily, sequences matching the “TroA helical backbone superfamily
domain” (c100262) but not matching other specific subfamilies above a bitscore threshold
were identified as hits to “troA-superfam” which we use to represent generic metal-
interacting solute binding proteins. Nonribosomal peptide synthetase independent
siderophore (NIS) biosynthesis capabilities were assigned if genomes contained NIS
synthetases and NIS acetyl transferases. Nonribosomal peptide synthetase (NRPS)
pathways synthesize many secondary metabolites including siderophores (17), so the
presence of NRPS pathways cannot be simply attributed to siderophore production. To
identify NRPS siderophore biosynthesis, all NRPS-like domains were identified then
manually annotated using ferrichrome synthetase (96), enterbactin synthetase subunits E
and F, the phosphopantetheinyl transferase component of enterobactin synthetase, and
enterochelin esterase (17). Abundances of multi-gene pathways or enzymes known to
utilize a particular metal, for example [NiFe] hydrogenases or Vitamin B12 biosynthesis,

were identified by orthology to KEGG through the IMG web service.

3.6.3 Identification of Fur box DNA regulatory elements

The Rhodobacterales have previously been described to employ DNA regulatory
motifs divergent from that of the canonical Fur box (16). As such, searches for the 19
DNA base pair inverted repeat consensus fur box (59) generally yielded poor matches in

the Roseobacter genomes. To address this, a collection of 99 inverted repeat sections of
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the binding sequence for Fur proteins (Fur box) was obtained from published sequences
from a previous study utilizing ten different Roseobacter genomes (16). These sequences
were used in a standard blastn search against the genomes of all 42 Roseobacter used in
this study. This resulted in approximately 170 potential Roseobacter Fur boxes. These
170 sequences were collected and used in another blastn search against Roseobacter
genomes using lenient search parameters including a match reward = +1, match penalty =
-3, gapopen = +5, gapextend = +2, word size = 7, and no masking or filtering for low
complexity. Regions were discarded if they contained less than 15 base pairs of exact
similarity to an existing sequence or if they were not within an intergenic region. The
regions of all new hits were manually searched for candidate Fur-regulated genes based
upon whether the gene's predicted function was related to iron uptake or homeostasis. If
the newly identified Fur box was near a TBDT this information was used to update the
potential substrate if necessary. In contrast, SAR11 genomes had readily identifiable Fur-
box sequences based on a blastn search using the 15 basepair (7-1-7) inverted repeat
identified in prior work (59). SAR11 genomes were searched with the 15 base pair motif
using the same blastn parameters as described for the Roseobacters and candidate iron-

regulated genes were identified. The identified.

3.6.4 Markov Clustering of TonB Dependent Transporters (TBDT) and protein
family enrichment

To classify TBDTs by sequence similarity, all TBDTSs identified by rpsblast were
bi-directionally evaluated using BLASTp using an Evalue cutoff of 1.00E-15. TBDTs

were clustered using the MCL algorithm (97) of the clusterMaker (98) plugin in
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Cytoscape. An edge weight conversion of -Log(Evalue), edge weight cutoff of 1, a
pruning threshold of 1.00E-015, 16 iterations, and a maximum residual value of 0.001
were used in the Markov Clustering of an ‘all vs. all' blastp analysis of identified TBDTS.
The number of clusters was explored using granularity parameters of 1.4, 2.0, 2.2, 2.5.
Ultimately, a granularity parameter of 2.0 was chosen as it best partitioned TBDTSs into
clusters with neighboring genes of coherent function. Substrate specificity for TonB
Dependent Transporters (TBDT) was assigned by manually examining the genome
neighborhood (10 genes upstream and downstream) for the presence siderophore SBPs,
SIPs, siderophore biosynthesis genes, heme uptake genes, other metal uptake systems,
and the Fur box DNA regulatory motif. Fisher's exact test was then used to test if protein
families were enriched in TBDT gene neighborhoods (10 genes upstream and
downstream of TBDT). Briefly, protein neighborhoods were collected from the UniProt
database and COG/Pfam/CDD/TIGRFam domains existing in more than 20% of TBDT
neighborhoods of a particular MCL cluster were enumerated inside and outside of the
TBDT neighborhood and used in Fisher's exact test. P values from the Fisher's exact test
were corrected using the Benjamini Hochberg method for controling the false discovery

rate. Protein families were considered enriched if P < 10 and the Odds Ratio was > 1.

3.6.5 Phylogenetic tree inference and phylogenetic conservation of functional traits
26 of 28 composition-homogenous orthologous protein families (99) (excluding

C0OG0238 and COG0522) were identified in the 64 genomes. Amino acid sequences in

each orthologous set were aligned using MUSCLE (100), culled using Gblocks (101)

with the following settings: -b1=(n/2)+1 -b2= (n/2)+1 -b3= (n/2) -b4=2 -b5=h, where
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n=number of sequences in the alignment (42 for Roseobacter and 22 for SAR11), and
concatenated. Phylogenetic inference was performed with RAXML HPC v7.7.6 using the
gamma model for rate heterogeneity with optimized substitution rates, the LG amino acid
substitution matrix (102), and 1000 bootstrap resamplings. Phylogenetic trees were

rooted at HTCC2255 for Roseobacter and HIMB59 for SAR11.

3.6.6 Phylogenomic structures of biological traits

Phylogenetic signal’ or 'phylogenetic structuring' are used in this study to refer to
traits (in this case the ability to acquire various metals) whose presence among taxa in a
phylogeny are autocorrelated with the structure of the phylogeny. We used the tp statistic
(trait depth) from the consenTRAIT algorithm and Fritz and Purvis' D for phylogenetic
dispersion to predict the extent with which Roseobacter and SAR11 phylogeny explains
the distribution of metal uptake categories in each genome. D was calculated using the
CAPER package in R with 1000 random permutations under a model of Brownian
motion for discrete trait evolution, where D < 0 indicates strong trait clustering, D =0
indicates Brownian evolution, D = 1 indicates random evolution, and D > 1 indicates
over-dispersion. D was calculated in the R package 'caper’ using the highest scoring
maximum likelihood tree from Roseobacter and SAR11. R Command:
phylo.d(caper_object, binvar=TRACEMETAL_TRAIT). D values were considered
significant if the probability of matching a random distribution (P(D)random) Was smaller
than 5% (P(D)random < 0.05).

The tp statistic was estimated as the average amino acid distance in substitutions

between leaves and root node of a clade carrying a particular trait, whereas clades are
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defined by 90% of leaves possessing a metal uptake trait. Traits without any neighbors
were scored using half the distance to the nearest internal node. We considered a
particular tp value as significant (a = 0.05) when fewer than 5% of zp values resulting
from 1000 random permutation of taxa across the tree (10 permutations per bootstrap)
were greater than or equal to the true o value. We did not calculate D and tp for metal
uptake traits present in all genomes because they are completely phylogenetically
conserved. Trait depth (tp) was calculated using a custom R script provided with the
original description of the consenTRAIT algorithm (66). The script was modified to
include a random permutation procedure for significance testing. Briefly, for each
phylogenetic tree in the multi-tree bootstrap file the distributions of binary traits were
randomly shuffled ten times for each tree resulting in 10X the individual trait depth
calculation performed in the original script. The proportion of those calculations greater
than the value calculated for the best maximum likelihood tree is then equal to the P

value (proportion of values greater than that observed by chance alone).

3.6.7 Multivariate statistics and correlation analysis

Multivariate statistics were performed using the VEGAN (103) package in R.
Patterns of metal uptake genes among genomes were explored using both Principal
Coordinates Analysis (PCA) and nonmetric multidimensional scaling (NMDS) using the
Bray-Curtis dissimilarity index. To quantify the spread of SAR11 and Roseobacter
genomes in the ordination, the permdisp2 procedure from VEGAN was used to look at
multivariate homogeneity of group dispersions for each taxonomic class. Significance of

group dispersion magnitude was assessed using permutation analysis, and the test was
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performed to account for unequal sample size. Effect sizes of differences in dispersion
between Roseobacter and SAR11 were assessed using Cohen's D, while significance was
assessed using a Mann-Whitney U test. Classification schemes and genome features were
fit as vectors to the ordination using the envit VEGAN function using 999 permutations
to assess significance. Spearman's rank correlation coefficient was used to test for
correlations between transporter abundances and Pearson's chi-squared test was used for
categorical data. All multiple testings were corrected using the Benjamini Hochberg

method for controlling the false discovery rate.

3.7  Acknowledgements

Chapter 3 is a reprint of the material as it appears in Hogle SL, Thrash JC, Dupont
CL, Barbeau KA. (2016). Trace metal acquisition by heterotrophic bacterioplankton with
contrasting trophic strategies. Appl. Environ. Microbiol. 82(5): 1613-1624. The
dissertation author was the primary investigator and first author of this paper. This work
was funded by NSF GRFP grant DGE-144086 to S.L.H., NSF grant OCE-1061068 to
K.A.B and S.L.H. and the National Aeronautics and Space Administration through the
NASA Astrobiology Institute under Cooperative Agreement No. NNA15BB03A to

C.L.D.



Table 3.1 Metal transport components in Roseobacter and SAR11 genomes

Name Function Metal(s)
hupE/ureJ Predicted secondary inner membrane Ni NiZ*
transporter, associated with
hydrogenase/urease
nikA Type Il solute binding protein NiZ*
CorA Inner membrane ion channel Co?*, Ni*, Mg
chiM Inner membrane permease Co?*
chiQ Inner membrane permease Co?
cbtA Predicted inner membrane channel Co*
chtB Predicted inner membrane channel Co?
btuF TroA family solute binding protein Co? as Vitamin By,
copZ Heavy metal binding domain with N-terminal ~ Cu*/?* and other heavy
Cu-interacting ATPase metals
COpA P-type IB ATPase - Cu import and efflux Cu*?* and other heavy
metals
NRAMP Inner membrane permease Fe?*, Mn?
ZIP Inner membrane permease Fe?* Zn*
psaA troA family solute binding protein Mn?#*
hemV2 troA family solute binding protein Mn?#, Zn2*
troA-a troA family solute binding protein Mn2*, Zn?*
troA-f troA family solute binding protein Mn?#, Zn2*
ZnuA troA family solute binding protein Zn?
afuA Type Il periplasmic binding family Fe3*
PBP2 Fbp-like 1  Type Il periplasmic binding family Fe3*
PBP2 Fbp-like 2 Type Il periplasmic binding family Fe3*
PBP2 Fbp-like 3 Type Il periplasmic binding family Fe3*
PBP2 futA-like  Type Il periplasmic binding family Fe3*
feoB Inner membrane permease Fe?*
FTR1 Inner membrane permease Fe?*
hemS Cytoplasmic Oxygenase/Chaperone Heme/Hemoglobin
hutB troA family solute binding protein Heme/Hemoglobin
TBDT MCL1 TonB-dependent transporter Heme/Hemoglobin
fatB troA family solute binding protein Catecholate Siderophores
TBDT MCL2 TonB-dependent transporter Catecholate Siderophores
fhuD troA family solute binding protein Hydroxamate
Siderophores
TBDT MCL3 TonB-dependent transporter Hydroxamate
Siderophores
fepB troA family solute binding protein Mixed / multiple
siderophores
TBDT MCL4 TonB-dependent transporter Mixed / multiple
siderophores
entE Siderophore biosynthesis Siderophore biosynthesis
(NIS or NRPS)
entF Siderophore biosynthesis Siderophore biosynthesis
(NIS or NRPS)
rbhC Siderophore biosynthesis Siderophore biosynthesis

(NIS or NRPS)
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Table 3.1 Metal transport components in Roseobacter and SAR11 genomes, continued

Name Function Metal(s)

SIP Cytoplasmic ferric reductase Siderophore processing

TBDT MCL5 TonB-dependent transporter Unknown

TBDT MCL6 TonB-dependent transporter Unknown

TBDT MCLnull ~ TonB-dependent transporter Unknown / siderophores

troA superfamily  Solute binding protein assignable only to troA  Unknown / Multiple
superfamily

“Function” designates the molecular role of each gene/family, while “Metal(s)” indicates
the metal or metal complex with which each family is known or predicted to interact.



Table 3.2 TBDT Markov Clusters and their occurrence in Roseobacter genomes

Gene enrichment

Fur- Avg
Substrate Cluster box  Gene/ Odds  Cluster  Gene
_Cluster  Transported ~ Abun  Freq Freq PFAM P value Ratio  Frac Dist
MCL1 Heme 19 45% 85% hmuS 40x10% 4225 0.95 1.29
hutB 1.3x10% 5973 0.95 2.14
FecCD 7.6x10% 94 1.1 4
ExbD 1.8x102? 68 0.84 4.2
TonB_2 3.9x10%° 240 0.53 4.7
MotA E 25x10Y 54 0.67 3.2
xbB
DUF417 5.3x10% 189 0.21 8.5
8
MCL2  Catecholate 18 26% 33% fatB 3.6x10%° 1332 0.56 2.25
Siderophores
FecCD 29x10% 105 1.2 3.77
DUF221 2.7x10%® 511 0.39 3.57
8
MarR_2 4.8x 10" 58 0.61 2
MCL3  Hydroxamate 18 24% 55% fhuD 1.5x10% 287 0.44 1
Siderophores
FecCD 7.1x10% 51 0.67 2.3
SIP 1.3x 107 148 0.33 3
FAD _bin 1.8x10% 116 0.33 3
ding_9
HTH 18 15x10% 10 0.67 1
ABC me 27x10% 11 0.44 3.83
mbrane
MCL4  Mixed 6 14% 33% FecCD 55x10% 199 2.33 6.36
Siderophores
ExbD 1.5x 102 165 2 35
SIP 29x10% 376 1 5
FAD_bin 3.4x10% 364 1 5
ding_9
Peripla_ 55x10% 110 1.16 7.42
BP_2
TonB_ 2 5.8x10" 313 0.83 1
MotA E  14x10° 75 1 4.5
xbB
MCL5  Unknown — 5 12% 60% TonB_C 25x10% 1784 0.8 4
Iron?
20G- 23x10®% 206 0.8 1
Fell_Ox
y 3
FMN_dh 19x10% 63 0.8 5
hemP 46x10° 138 0.6 3.3
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Table 3.2 TBDT Markov Clusters and their occurrence in Roseobacter genomes,
continued

Gene enrichment

Fur- Avg
Substrate Cluster box  Gene/ Odds  Cluster  Gene
Cluster  Transported Abun Freq Freq PFAM P value Ratio  Frac Dist
MCL6  Unknown 4 10% 0% Peripla_ 5.0x107 90 1 1
BP_2
TatD D 2.6x10% 170 0.75 4.7
Nase
MCL Mostly 11 14% 27% NA NA NA NA NA

null unknown,
siderophore?

TBDT sequence similarity clusters, their putatively ascribed function, and gene/PFAM
enrichment for each cluster. “Cluster Abun.” is the total number of TBDTs in each
cluster. “Freq.” indicates the percentage of Roseobacter genomes that contain at least one
of the TBDTs from a given cluster. “Fur-box Freq.” denotes the percentage of TBDT in
the cluster with a detectable upstream Fur-box binding motif. “Gene/PFAM” are genes
from Table 1 and/or additional PFAMSs that are enriched in the neighborhood of each
TBDT cluster. Specific gene groups from Table 1 are listed preferentially over their
parent PFAM superfamilies when both are significantly enriched (e.g., hutB is listed for
MCLI instead of its parent protein family Peripla BP 2). For enriched genes/PFAMs, “p
value” indicates the significance of enrichment (see Materials and Methods), “Odds
Ratio” is the frequency of the gene/PFAM in the TBDT neighborhood divided by the
frequency outside the neighborhood, “Cluster Frac.” is the total abundance of a
gene/PFAM inside all neighborhoods of a particular cluster divided by the total number
of TBDTs in that cluster, and “Avg. Gene Dist.” is the average number of genes
separating a TBDT of the given cluster and the respective gene/PFAM.



Table 3.3 Trait depth of metal uptake genes with significant phylogenetic signal
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1o Roseobacter > SAR11

Name Metal(s) Mean Std dev Mean Std dev

afuA Fes* 0.0638 0.0040

PBP2 Fbp-like 1 * Fe3* 0.0414 0.0020 0.0407 0.0017

PBP2 FutAl-like

faleie Fe3* 0.0565 0.0068 0.1781 0.0091

hutB Heme 0.0274 0.0015

TBDT MCL2 Catecholate 0.0331 0.0015

fatB Catecholate 0.0363 0.0016

TBDT MCL3 Hydroxamate 0.0355 0.0015

fhuD Hydroxamate 0.0462 0.0021
Sidero. Biosyn. +

SIP proc. 0.0476 0.0021

ZIP Fe?*, Zn? 0.0386 0.0028

ZNUA *** Zn** 0.0271 0.0024 0.0562 0.0021

psaA Mn?* 0.0423 0.0056

troA-a Mn?*, Zn?* 0.0263 0.0014

chtA Co? 0.0307 0.0018

chtB Co? 0.0346 0.0024

COrA *** Co?*, Ni*, Mg  0.0400 0.0025 0.2785 0.0127
Co?* as Vitamin

btuF B12 0.0809 0.0046
Cu*?*, other heavy

copZ *** metals 0.0268 0.0013 0.0070 0.0010
Unknown /

TBDT MCL5 Multiple 0.0441 0.0025

Total TBDT ***  Multiple 0.0493 0.0039 0.0652 0.0032

Values in bold denote non-random phylogenetic distribution as assessed by the
consenTRAIT algorithm (P < 0.1) and those in italics denote non-random phylogenetic

distribution from independent D metric for phylogenetic dispersion of Fritz and Purvis

(P(D)random < 0.05). For all transporters shared between Roseobacter and SAR11
differences in trait depth for metal uptake traits are significant (Student's t-test, P < 0.05).
Asterisks after transporter labels indicate effect size calculated using Cohen's D. A single

asterisk represents a small effect size (D < 0.5), while three asterisks represent a large

effect size (D > 1).



102

01] afua A Y CEEEE B RN I e E2RRNANERRRARSHAENRERASTY
02| PBP2 Fbp-like 1 P. gallaeciensis DSM17395 [ i

03| PBP2 Fbp-like 2 P. gallaeciensis 2.10 0
04| PBP2 Fbp-like 3 R sp. R11
05 | PBP2 FutA1-like )
06| hutB R. sp. SK209-2-6
07| TBOT MCL1 R MED193 il
08 | hemS R. sp. Y4l | |
09| TBOT MCL2 R. sp. TrichCH4B | ’
10| fatB R. sp. TM1040 ||
18] Te0T ML R. sp. TW15 [
TBDT MCL4 RepaCHI
fopB R. lacuscaerulensis ITI-1157 [ || || 1
sip R. pomeroyi DSS-3 I [ |
entE -36 } L L =
entF 14.1
rhbC Counts 101 M
;gﬁ 1 xHEL45 I 1 [
NRAMP Bch 140 il
Frrt nsOCh 114 ||
znuA P bermudensis HTCC2601 | | l
psad C. sp. SE45 [
troA-a C. sp. 357 B
troA-f S. stellata E-37 I [ ||
hemv2 M. alkaliphilus HTCC2654 [
obiQ O. batsensis HTCC2597 [l |
chtA 9 0.sp. 5124 mo b N
cbtB R. sp. TM1035
corA —_— R. sp. 217 Ll
hupElured 0.001 R. sp. AzwK-3b i
kABC R. nubinhibens 1SM I ]
w‘;A R. sp. R2A57
copZ R. sp. HTCC2083
troA superfam |
TBOT MCL5 sis SKA53
TBOT MCLnull 2
TBDT MCLE o I
Total TBDT us 307 v jE H
238
S1 i f
sus HTCC2516 [
D. shibae DFL-12 i
R. sp. HTCC2150 |
I R. sp. HTCC2255
w HIMB122 [
B w HIMB140
Fe3+ HIMB083
Heme ", HIMB1321 H
Catecholate = HIMB4
Hydroxamate HIMBS
Mlxed Sld_ero. %  HTCC7217 L
Sidero. biosyn. + proc. o IRETR1 la H
Fe2* HTCC7214 L L
=, HTCCB8051 L
ﬁ’i},"cr\gn HTCCo022 [l
Cu @ HTCC1040 H
. 4 HTCC1002
Nonspcific metals " w0 HTCC1062 [l
« HTCC1013 L
. HTCC1016
HTCC9565 [
0 ————— mmAz0En3 ¢ \
- HIMB058 Il
—= ma |- :
HIMB59 Va :‘
SHBESEE83 R NI ERERZRNNNASRREARSHAIRRERARTY

Figure 3.1 Maximum likelihood phylogenies of 42 Roseobacter genomes and 22 SAR11
genomes. Node values indicate bootstrap values from 1000 resamplings. Scale bar
represents 0.001 substitutions per sequence position in both trees. Shaded boxes beneath
Roseobacter names in (A) indicate the four major clades as presented in (Luo & Moran
2014), while those in (B) denote five major clades in the SAR11 group. The central grid
represents the absolute abundance of each respective metal uptake system per genome,
the values of which are represented by color in the scale labeled “Counts.” Classes of
metal uptake systems are partitioned by color as seen in the lower left corner. Specific
metal uptake genes are referenced by number and color on the upper left side of the
figure, where numbers correspond to rows in the central grid. NRAMP , FTR1, and ZIP
transporters interact with Fe, Zn, and Mn and are indicated with dashed lines.
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Citreicella sp. SE45 Oceanibulbus. indolifex HEL-45
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Figure 3.2 Examples of TRAP transporters in genome neighborhoods containing
siderophore biosynthesis or siderophore-like uptake genes. Purple arrows are TRAP
genes, green arrows represent genes likely involved in siderophore biosynthesis, light
blue arrows represent TBDTs and associated energy transduction components, and
orange arrows represent other genes related to Fe uptake and metabolism. Genes labeled
with an asterisk have an upstream Fur box motif. The locus IDs of four TBDT are
provided for reference. Scale bars in the upper left corner of each gene group represent
1000 base pairs. PP-binding, phosphopantetheine attachment site; entE, enterobactin
synthase subunit E; entF, enterobactin synthase subunit F; iroE, putative enterobactin
esterase; Phosphonate-bd, ABCT phosphonate SBP; dctQ, TRAP large permease
component; dctM, TRAP small permease component; dctP, TRAP periplasmic
component; marR, transcriptional regulator; pir, pirin-like Fe2+ containing protein; nat,
GCNb5-related N-acetyl-transferase; est, predicted esterase; tonB, periplasmic protein
TonB; exbB, biopolymer transport protein exbD/tolR; exbD, motA/tolQ/exbB proton
channel family; Fell-oxy, Fe2+ dependent oxygenase; gtp, putative GTPases (G3E
family); d-ace, D-aminoacylases (N-acyl-D-Amino acid amidohydrolases); duf, protein
of unknown function (DUF1485); ABCT, ATP Binding Cassette Transporter; perm, IM
permease; SBP, inner membrane solute binding protein.
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Figure 3.3 Boxplot showing trait depth (tp) of metal uptake genes with respect to
Roseobacter and SAR11 phylogenies. Black circles above plots in (A) and (B) denote
non-random phylogenetic distribution as assessed by the consenTRAIT algorithm (P <
0.1) and the independent D metric for phylogenetic dispersion of Fritz and Purvis
(P(D)random < 0.05). (C) displays differences in trait depth for metal uptake traits shared
between the SAR11 and roseobacter groups. Differences in mean are significant for all
comparisons (Student's t-test, P < 0.05). Dots above transporter labels indicate effect size
calculated using Cohen's D. Single dot represents a small effect size (D < 0.5), while
three dots represent a large effect size (D > 1). Transporters are colored as in Figure 3.1.
For visual reference, a teal line is marked at tp of 0.05 in each panel that corresponds to
the maximum value for subtrees marked in Figure 3.1.
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Figure 3.4 Principal Component Analysis (PCA) based on the diversity and abundance of
transporters in Roseobacter and SAR11 genomes. The 42 Roseobacter genomes (circles)
and 22 SAR11 genomes (triangles) are plotted with respect to whether the organism has
been observed to be surface-associated (blue), planktonic (red), or with insufficient data
to assign a lifestyle (white). Arrows represent fitted vectors of continuous associated
variables (genome features) and show the direction of the increasing gradient. Arrow
length is proportional to the correlation between the variable and ordination. TMT = total
number of metal transporters per genome, R? = 0.96, P = 0.001; TT = total number of
transporters per genome, R? = 0.71, P < 0.001; BSC = total number of predicted
biosynthetic gene clusters per genome, R? = 0.63, P < 0.001; GC = GC content per
genome, R? = 0.67, P < 0.001; GS = total number of predicted genes per genome, R? =
0.63, P <0.001.
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Figure 3.5 Network visualization of pairwise Spearman's rank correlation coefficients
between metal uptake genes and genome features. (A) represents p values calculated
from a combined SAR11 and Roseobacter dataset (N = 64), while (B) is calculated from
Roseobacter only (N=42). Nodes are colored based on the category of metal uptake, and
their size is proportional to the number of linked edges. Edges represent correlation
coefficients between variables with P < 0.05. Solid edges represent positive correlations
while dashed edges represent negative correlation. Edges are colored corresponding to
nodes. Edge thickness and opacity is proportional to the magnitude of the correlation
coefficient. Network layout was calculated using the attribute layout in Cytoscape and
edges are bundled for clarity. In (B) singleton nodes and labels for some nodes are
omitted for clarity.
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Figure 3.6 Scatterplot of metal transporters per genome versus total genes per genome for
both Roseobacter and SAR11 groups. Each point represents one genome and is colored
according to the genomic potential for heme uptake and shaped according to the genomic
potential for siderophore uptake. Points with a black outline have been experimentally
confirmed to be particle associated or were isolated from an abiotic or biotic surface. The
SAR11 genomes and the HTCC225 genome are the only genomes with confirmed
planktonic lifestyles. Spearman's rank correlation coefficient (p) for SAR11 genomes (N=
22), psar11 = 0.37, P > 0.05; for Roseobacter genomes (N = 42), proseobacter = 0.31, P <
0.05; for combined genomes (N = 64), pcombined = 0.78, P < 10719,
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Figure 3.7 Matrix scatterplot of pairwise comparisons between three different genome
features in SAR11 and Roseobacter. Scatterplots display pairwise comparisons of three
different genome features (genes per genome, transporters per genome, and metal
transporters per genome) determined from the 62 SAR11 and Roseobacter genomes. In
(A), (C), and (D) each point represents one genome and is colored according to the
genomic potential for heme uptake, shaped according to the genomic potential for
siderophore uptake, and sized based on the genome feature omitted from the bivariate
comparison. Points with a black outline have been experimentally confirmed to be
particle associated or were isolated from an abiotic or biotic surface. The SAR11
genomes circled in black and the HTCC225 genome are the only genomes with
confirmed planktonic lifestyles. In each scatterplot, Spearman's rank correlation
coefficients (p) are displayed for SAR11 genomes only (N=22), Roseobacter genomes
only (N = 42), and the combined genomes from each group (N=64). Asterisks denote
statistical significance; *** P<1e?, ** P<1e=, * P<0.05. (B) displays kernel density
estimates for each of (A, C and D) and is colored by SAR11 and Roseobacter groups.
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Chapter 4
Heme as a molecular intermediate in the microbial remineralization of marine biogenic

Fe

4.1  Abstract

The degradation and remineralization of biogenic matter is a fundamental process
shaping marine biogeochemical cycles, including that of iron. Ecosystem productivity in
many regions of the surface ocean is fueled primarily by iron recycled from biomass, but
the intermediate molecular compounds involved in this process are poorly understood.
Here we characterized a heme uptake system, a microbial iron acquisition mechanism
predominantly studied in the context of human infections, in the nonpathogenic marine
Roseobacter strain Ruegeria sp.TM1040. The heme uptake system was strongly
upregulated when TM1040 was subjected to Fe stress, and TM1040 was able to fulfill its
Fe requirements in a minimal medium by solely utilizing heme or hemoglobin. A mutant
TM1040 strain in which the gene encoding the outer membrane TonB dependent
transporter hmuR was insertionally inactivated lost the ability to grow on heme sources
confirming the role of hmuR and/or its associated gene cluster in heme uptake. Wild type
TM1040 outcompeted the mutant strain when co-cultured in Fe-deficient conditions with
diatom lysate as the only provided Fe source. Roughly half of the 153 different marine
Roseobacter genomes contain heme uptake systems, and one strain significantly
downregulated its heme uptake system during symbiotic growth with a marine diatom.
We argue that many phytoplankton-associated Roseobacter strains likely employ heme

uptake systems to scavenge Fe from hemoproteins when their algal partners lyse and die
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and that these systems provide them with a competitive advantage while transitioning to a
new lifestyle. As a result, heme may be an important chemical currency during the
microbial remineralization of marine phytoplankton and may be an important chemical

intermediate connecting different biogenic Fe pools in the ocean.

4.2 Introduction

Fe is a critical micronutrient for both marine phytoplankton and heterotrophic
bacterioplankton and can limit overall ecosystem productivity in nearly 40% of the
surface ocean (1, 2). Over the last three decades much has been learned about the
biogeochemical cycle of Fe in the oceans (3), but still relatively little is known about the
specific molecules underlying global processes in the marine Fe cycle. Many of the
biogeochemical transformations of Fe are facilitated by the activities of the ocean
microbiome, which is increasingly being recognized as a microscale structured, dynamic,
and heterogeneous landscape occupied by organisms employing an enormous diversity of
ecological strategies (4). Recent work has highlighted the role of phytoplankton-bacteria
interactions (5) in modulating overall ecosystem primary productivity and has largely
focused on mutualistic interactions between heterotrophic bacteria and marine
phytoplankton (6, 7). Antagonistic phytoplankton-bacteria interactions are also important
in shaping the development of phytoplankton blooms (8, 9), and interactions between
marine bacteria and sinking particulate organic matter, much of which is living or dead
phytoplankton cells, affect the export of carbon to the deep ocean (10).

Marine phytoplankton are responsible for about half of net global primary

productivity, but nearly half of marine primary production is consumed by heterotrophic



120

marine bacteria through the microbial loop (10). Additionally, heterotrophic marine
bacteria can consume a large amount of Fe through the microbial loop, and up to 45% of
total biological Fe uptake in Fe-limited waters could be due to heterotrophic bacteria
(12). Currently, little is known about the exact molecular units exchanged between
biogeochemical Fe pools in the marine environment; for example, the Fe-containing
molecules that marine bacteria consume during the remineralization of lysed or decaying
phytoplankton. Specific Fe-containing molecules are probably uniquely bioavailable to
different fractions of the bacterial communities in seawater (12), but there is a lack of
experimental data constraining relationships between microbes and Fe-containing
molecules (13). To contribute to addressing this knowledge gap, we characterized a heme
uptake system in the marine Roseobacter strain Ruegeria sp. TM1040. Heme is a
heterocyclic enzyme cofactor containing an Fe atom as the reactive center, is biologically
ubiquitous, and is a widespread Fe-containing molecule in the marine environment (14).
We sought to explore the role of heme as an Fe source for TM1040 in order to understand
the ecological conditions under which heme uptake is an advantageous biological trait; to
examine the distribution of heme uptake in other marine bacterial genomes; and to gain

broader insight into the role of heme in the marine biogeochemical cycle of Fe.

4.3  Results
4.3.1 TM1040 genome contains a putative heme uptake genetic locus

The TM1040 genome contains ten co-localized genes (Figure 4.1) organized
similarly to heme uptake genes clusters in other marine bacteria (15). The TM1040 heme

uptake clusters have been bioinformatically predicted to be involved in heme uptake (12,
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16) but have not been functionally characterized. The ten genes are organized in two
divergently transcribed operon-like structures and include putative components of an
ATP binding cassette transporter (ABCT) system (hmuTUV), a heme oxygenase (hmus),
an outer membrane TonB dependent transporter (TBDT) (hmuR), and the energy
transduction components of the canonical TBDT system (exbB, exbD1, tonB). A
duplicate of the exbD1 gene (exbD1a) and a hypothetical protein are also included in the
putative TM1040 heme uptake operon (Figure 4.1). The top blast hit of the TM1040
hmuR gene to the curated Swiss-Prot database (17) is to Haemophilus ducreyi (23.6%
amino acid identity, UniProtKB - Q7VNU1) while the top hit of TM1040 hmus is to

Yersinia pestis (36.8% amino acid identity, UniProtKB: Q56990).

4.3.2 TM1040 heme uptake locus is upregulated under Fe stress and co-
transcribed

We examined the expression of the ten putative heme uptake genes under Fe-
limiting (no added Fe) and Fe-replete (5 uM added FeClz) conditions using two-step RT-
gPCR. All genes in the putative heme uptake operons were upregulated between
approximately 41 and 201-fold under Fe stress relative to Fe-replete conditions (Figure
4.2). The three most highly expressed genes were the putative TBDT (hmuR), the solute
binding protein of the ABCT system (hmuT), and the hypothetical protein (hyp). The
putative heme oxygenase (hmusS), which has been used as a diagnostic gene for
identifying heme uptake gene clusters, was also upregulated more than 140-fold. We also
analyzed co-transcription of consecutive genes in the putative heme uptake locus as has

been described previously (18). Although the ten components of the heme uptake locus
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were not upregulated at uniform levels under Fe stress, the genes in each divergent
cluster were co-transcribed. RT-PCR amplification products spanning genes junctions of
the six genes in the hmuR cluster and four genes in the hmus cluster were observed in all

cases (Figure 4.3), indicating co-transcription on the respective strands.

4.3.3 TM1040 can utilize heme or hemoglobin as sole Fe sources

Because the TM1040 genome contains a putative heme uptake gene cluster that
we observed to be strongly upregulated under Fe stress, we examined the growth of
TM1040 on inorganic FeCls, hemin chloride (heme), and the model hemoproteins human
hemoglobin (Hb) and cytochrome c (cyt c). The specific growth rate of TM1040 in an Fe-
depleted medium with 500 nM of added inorganic FeCls was 0.31 + 0.02 hr't while it was
significantly lower (um1040 Nore = 0.13 % 0.004 hrt) with no added Fe source. TM1040
grew comparably with FeCls conditions when we provided 500 nM heme as the sole Fe
source (1Tm1040 Heme = 0.28 + 0.01 hr't). We then supplied TM1040 with 17 pg/mL Hb
and 500 nM cyt c, in order to determine whether TM1040 could utilize more structurally
complex hemoproteins. In cyt ¢ the heme prosthetic group is covalently bound to the
parent protein while heme is noncovalently embedded in the human Hb tetramer.
TM1040 was able to grow equally well with human Hb (urmio40 vp = 0.28 £ 0.01 hrt) as
with FeCls but not cyt ¢ (utm1040 eyt = 0.14 + 0.01 hr'l), suggesting that the structural
nature of the parent protein is an important factor in determining heme bioavailability

from hemoproteins (Table 1, Figure 4.4).
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4.3.4 Partial deletion of heme outer membrane transporter eliminates TM1040
growth on heme

We selected the TM1040 hmuR gene for insertional inactivation (Figure 4.5,
Figure 4.6) in order to determine whether this particular gene cluster was responsible for
TM1040’s observed growth on heme and human Hb. We targeted the TM 1040 hmuR
gene because it was the most dramatically upregulated under Fe stress and also encodes
the putative outer membrane TBDT, which is the first step in the transfer of heme from
the extracellular environment into the bacterial cytoplasm. We deleted a 435 bp portion
of the TM1040 hmuR gene and substituted the deletion with a kanamycin resistance
cassette, generating Ruegeria sp. TM1040 strain LHO2 (Table 2, Figs. S3, S4). Wild type
TM1040 and LHO2 both grew equally well when supplied with FeCls as an Fe source, but
LHO2 growth on heme and hemoglobin was greatly reduced (Table 1, Figure 4.4)
indicating that the hmuR gene cluster is necessary for TM1040 growth on heme.
Downstream polar effects on the hypothetical protein and components of the TonB
energy transduction system from hmuR insertional inactivation may also be responsible

for the observed decrease in LHO2 growth.

4.3.5 TM1040 outperforms heme uptake mutant when diatom lysate is provided as
the sole Fe source

In order to simulate natural conditions where TM1040 cells would be in contact
with heterogeneous dissolved and particulate organic matter, we tested whether the wild
type TM1040 strain was able to outperform the heme uptake mutant LHO2 when soluble

and insoluble fractions of lysed diatom cells were supplied as the sole Fe source. We
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tested whether the wild type TM1040 or LHO2 strain would numerically outcompete the
other when co-cultured with 500 nM heme, 17 pg/mL human Hb, 500 nM FeClg, or
cellular lysate obtained from the centric marine diatom Thalassiosira pseudonana.
Axenic T. pseudonana lysate was prepared by first removing extracellular Fe from
harvested algal cells in order to prevent confounding effects from extracellular inorganic
Fe species (19). Using high performance liquid chromatography (HPLC) we determined
the heme content of the original axenic T. pseudonana cultures to be approximately 0.72
+ 0.09 nmol/L with a chlorophyll a : heme b ratio of 264 + 38 which is in good
agreement with heme b measurements from other marine phytoplankton (Table S3) (20).
After determining the heme concentrations in the lysates, we added T. pseudonana lysate
to co-cultures under strictly trace metal clean conditions in order to generate a
concentration of approximately 11 nM heme equivalents. To distinguish between the two
strains in co-culture we developed a gPCR assay with primers targeting the kanamycin
resistance cassette and the 435 bp portion of the TM1040 hmuR gene that was deleted in
LHO2 to quantify strain proportions. TM1040 outcompeted LHO02 under all conditions,
except for when co-cultured with 500 nM FeCls or when given no additional Fe (Figure
4.7). FeCls supported the largest number of amplicon copies per mL while no Fe addition
supported the lowest. We observed the strongest difference in strain proportions when
TM1040 and LHO2 were co-cultured with heme and hemoglobin. When grown on T.
pseudonana lysate, the wild type strain outcompeted LHO02 in roughly similar proportions
to heme and hemoglobin but the lysate supported a lower number of amplicon copies per

mL than heme or hemoglobin.
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4.3.6 The TM1040 heme uptake outer membrane transporter is similar to those in
other Roseobacter genomes

To contextualize our previous experiments related to TM1040 physiology, we
sought to explore the distribution of potential heme uptake genes in other genomes from
the same taxonomic lineage, Roseobacter. We examined amino acid homology between
the TM1040 heme uptake TBDT (HmuR) and 436 other TBDT sequences from 153
different genomes of the Roseobacter lineage. We initially identified TBDTs by sequence
homology at the protein family level (Pfam: PF00593), but TBDT sequences are highly
divergent and it is challenging to predict substrate specificity with alignment-based
methods (21). We instead opted to construct sequence similarity networks as a method
for viewing homology between sequences. Sequence similarity networks do not rely on a
global sequence alignment, but rather visualize individual pairwise relationships between
sequences identified in a reciprocal pairwise BLAST search (22). In these network
representations (Figure 4.8) nodes represent sequences while edges represent similarity
scores between sequences. For our TBDT network, edges between nodes are drawn if the
pairwise similarity score between two sequences is greater than an e-value threshold of
10119 which corresponds to a mean sequence identity of approximately 34%. If two
sequences are not similar at this threshold no edge is drawn which in effect partitions
sequences into homology-based clusters. If a sequence does not match any other
sequence at the similarity threshold then it is represented by a single, unconnected node.

Most Roseobacter TBDTSs cluster into six groupings of at least 20 sequences each
(Figure 4.8), and the TM1040 HmuR sequence falls into a tight cluster with 44 other

sequences (group 4). The most similar TBDT to TM1040 HmuR comes from Ruegeria
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sp. CH4B, which is also its most closely related relative based on phylogeny (23), while
another highly similar sequence to TM1040 HmuR comes from the recently sequenced
genome of Sulfitobacter sp. SA11 (Figure 4.9) (6). Additionally, most of the TBDT
sequences (with the exception of six sequences) in group 5 share a similar synteny to
TM1040 hmuR even though these TBDTs fall into a different sequence cluster (Figure
4.8). Although sequence identity is useful in aiding annotation, TBDTs are most
commonly functionally assigned based on the predicted functions of neighboring genes
(12, 21). All of the TBDT sequences in group 4 (Figure 4.8) share a syntenic gene
neighborhood (10 genes upstream or downstream) that includes at minimum homologs to
hmuTUV, hmuS, exbB, exbD1, and tonB genes. Generally, the genome neighborhoods of
the other Roseobacter TBDT clusters are much less regularly ordered than group 4 and
group 5. For example, the only consistently common genes in the neighborhoods of
groups 1 and 2 encode components of ABCTSs, but often are missing genes typically
required for their functioning. It appears that 16% of all Roseobacter TBDT genes code
for heme uptake systems. As a result, 45% of the 153 Roseobacter genomes surveyed

here appear to have a complete heme uptake system.

4.3.7 Putative Sulfitobacter sp. SA11 heme uptake system is downregulated during
exponential growth with a marine diatom in co-culture

After identifying the heme uptake system in Sulfitobacter sp. SA11, we leveraged
the publically available transcriptome from a recent study (6) that identified a growth
promoting factor produced by sp. SA11 when co-cultured with the diatom Pseudo-

nitzschia multiseries PC9. In the work by Amin et al. transcriptomes were generated from



127

SA11 and P. multiseries co-cultures harvested at mid-exponential growth (96 h after
inoculation). At 96 hours in co-culture with P. multiseries SA11 strongly upregulated
pathways associated with the production of the plant hormone indole-3-acetic acid
relative to axenic controls, which stimulated the growth of P. multiseries. We examined
in this dataset the expression of 13 putative Fe uptake systems (12) encompassing 42
different genes identified in SA11 (Dataset S2). At mid-exponential growth in co-culture
there appeared to be broad shift in the expression of Fe uptake capabilities in SA11
(Figure 4.10). For example, genes encoding a putative heme uptake system, two putative
siderophore uptake systems (“Sid1” and “Sid3”), and a putative Fe uptake ABCT system
(“Fe®* SBP3”) were significantly downregulated during exponential phase co-culture. In
contrast, a different siderophore uptake system (“Sid2”’) and two other putative Fe uptake
ABCTs (“Fe®*" SBP1 and SBP2”) were significantly upregulated. Most of the genes in the
six other potential Fe uptake systems (“Other putative Fe uptake”) were either not

differentially expressed or had small Log> fold changes.

4.4  Discussion

Roseobacter is an abundant lineage within the marine Rhodobacteraceae
(Alphaproteobacteria) and members of this group play important roles in the global
biogeochemical cycles of carbon and sulfur (7, 24). The Roseobacter strain Ruegeria sp.
TM1040 was originally isolated from the bloom-forming dinoflagellate Pfiesteria
piscicida (25, 26), is motile, and degrades algal-produced dimethylsulfoniopropionate
(DMSP) (27). Sulfitobacter sp. SA11, the other Roseobacter strain highlighted in this

study, was isolated from the marine diatom Pseudo-nitzschia multiseries PC9 and has
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been shown to be important in promoting the growth of its algal partner via production of
a hormone (6). Both of these strains were isolated from the phycosphere, a carbon-
concentrated microscale layer surrounding algal cells (5, 28). Other members of the
Roseobacter clade have frequently been isolated or detected in association with
phytoplankton and other biological surfaces (29) and have been documented to increase
in abundance during algal blooms (30, 31). The metabolic diversity of the Roseobacter
clade indicates that these organisms can utilize multiple organic energy sources (23) and
are well adapted for a dynamic environment where substrates can vary, such as the rise
and demise of an algal bloom (31).

Here we have shown that the putative heme uptake system previously identified in
the TM1040 genome is indeed involved in the uptake of heme. This system is
upregulated when TM1040 is Fe limited suggesting that it is involved in heme
scavenging under Fe-depleted conditions. The elimination of TM1040 growth on heme
and hemoglobin after the insertional inactivation of hmuR demonstrates that the HmuR
gene cluster is required for heme uptake and provides strong evidence that recognition of
the heme moiety at the outer membrane TBDT is the first step in membrane
translocation. Additionally, it demonstrates that uptake is occurring directly through
HmuR rather than by extracellular degradation of the heme cofactor prior to
translocation. The ability of TM1040 to grow on hemoglobin but not cytochrome ¢
suggests that there is a bioavailability effect related to source hemoprotein structure. Our
data is consistent with the hypothesis that HmuR is targeted to the heme cofactor rather
than the parent hemoprotein. For example, the heme prosthetic group of hemoglobin is

embedded within each tetrahedral subunit of the parent protein, but it is not covalently
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bonded as it is in cytochrome c. This suggests that covalently linked hemoproteins may
require additional enzymatic processing or chemical decomposition before they are
rendered bioavailable, although it is possible that other, yet to be identified, bacterial
strains possess the enzymatic capacity to use them directly.

Previous work has hypothesized that heme uptake is a mechanism by which
heterotrophic bacteria remineralize particulate organic Fe in the marine environment (16,
32). Phytoplankton cells contain relatively high levels of hemoproteins mostly associated
with the photosynthetic apparatus (33), and lysed or decaying phytoplankton cells could
be a significant source of heme or hemoproteins to nearby bacteria. In a prior study in
terrestrial systems a heme uptake gene cluster was characterized in the
alphaproteobacterial N2-fixing plant symbiont Bradyrhizobium japonicum (34). The
authors hypothesized this system would be advantageous for B. japonicum when the plant
root nodule that harbored the bacterium lost integrity, began to decay, and the bacterium
was forced to adapt to a new free-living lifestyle where leghemoglobin, a hemoprotein
found in the nitrogen-fixing root nodules of leguminous plants, was a new and abundant
Fe source (34). It seems likely that a similar strategy would be appropriate in a marine
context, particularly that of heterotrophic bacteria interacting with sinking marine
biogenic particles. Indeed, the results from competition experiments between TM1040
and LHO2 suggest that the heme uptake system provides an advantage to TM1040 when
these strains are competing for biogenic Fe derived from algal material (Figure 4.7),
which in turn suggests that hemoproteins derived from algal material are Fe sources for

TM1040 in the wild.
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The close association of many Roseobacter strains with algal cells (29, 31) and
the abundance and conservation of synteny of putative heme uptake genes within the
clade suggest that nearly half of cultivated members likely utilize heme as an Fe source.
We found that 45% of 153 different Roseobacter genomes contain probable heme uptake
systems, which is in excellent agreement with what has been reported in earlier studies
utilizing smaller collections of Roseobacter genomes (12, 16). However, recent evidence
suggests that many uncultivated marine roseobacters have streamlined genomes and are
likely ecological k-strategists (35, 36). Most of the Roseobacter genomes surveyed here
contain extensive metabolic capability suggesting they belong to organisms that are
copiotrophs or r-strategists. Thus our estimates for the prevalence of heme uptake in the
Roseobacter clade may be biased against uncultivated k-strategists. Heme uptake systems
have also been noted as puzzlingly absent in marine metagenomic datasets (37, 38). We
revisited the questions of heme uptake gene distributions in environmental samples here,
but we were unable to find significant abundances of heme uptake genes in any of the
publically available marine meta-omic datasets in the IMG or NCBI databases. This may
reflect a genuine lack of heme uptake genes in the marine environments where these
samples were collected, or it may reflect the numerical dominance in most of these
datasets of bacterial strains like SAR11 and Prochlorococcus which lack heme uptake
genes (37). However, bacteria that are typically rare but can be transiently abundant are
increasingly being recognized as disproportionate contributors to marine carbon recycling
(39) and ecosystem global gene transcription (40). These same strains may

disproportionately affect the marine Fe cycle as well.
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Because it appears that TM1040 acquires Fe from lysed diatom cells via its heme
TBDT, we subsequently sought to investigate the role of HmuR during symbiosis with a
living phytoplankton partner. We leveraged a publicly available transcriptome derived
from the Roseobacter strain Sulfitobacter sp. SA11 grown axenically and grown in co-
culture with a marine diatom (6). The transcriptomes were collected after 96 hours of co-
culture during P. multiseries log phase growth, and at this time the putative heme uptake
system in SA11 was strongly downregulated relative to axenic culture. Because Fe
concentrations in the growth medium were nominally the same in axenic and co-culture
conditions, this would suggest that SA11 differentially regulates its heme acquisition
system in response to cues from its algal host. Generally, it appears that SA11 shifted its
Fe uptake strategy away from organic Fe resources (Heme and two potential
siderophores) towards a strategy based on small inorganic Fe** chemical species during
co-culture with exponentially growing P. multiseries PC9.

TM1040 has been observed to oscillate between mutualistic and antagonistic
lifestyles depending on local concentrations of p-coumaric acid (41), which is a
byproduct of algal lignin decomposition. In the first stages of phytoplankton-bacteria
interaction motile TM1040 colonizes the phytoplankton cell surface and enters a sessile
life phase where it utilizes phytoplankton-derived DMSP and other carbon compounds
while simultaneously producing a suite of small molecules from which the host benefits.
As the algal cell senesces it releases lignin breakdown products, which triggers the
biosynthesis in TM1040 of a small infochemical that stimulates TM1040 motility and
also causes increased algal lysis. As the host cell lyses and dies, it is plausible that algal

hemoproteins become a relatively abundant iron resource for the newly motile TM1040
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as it searches out a new algal symbiont. We propose an additional Fe component to the
“swim or stick” model (41, 42) where Roseobacter symbionts utilize different suites of
Fe compounds based on whether they are growing in association with a living algal cell
or have adapted a planktonic, motile lifestyle (Figure 4.11). In particular, heme uptake is
strongly downregulated during bacterial-algal symbiosis, presumably due to a lack of
availability of heme-containing molecules, while it is upregulated during cell
decomposition and becomes a major mode of Fe nutrition for the bacteria as they are

transitioning to a new host cell.

45  Conclusion

Recycled Fe has been estimated to make up between 50% (43) and 90% (44) of
the total Fe supply to marine planktonic ecosystems, and nearly 25% of all particulate Fe
in some ocean surface waters is estimated to be routed through heterotrophic bacteria
(45). More recently, significant concentrations of heme in particulate organic matter have
been directly measured in marine waters (46, 47) and the distribution of heme in ocean
basins is likely to be controlled by total phytoplankton biomass. Few studies have
examined turnover rates of algal Fe in the marine environment, but if we assume an
average contribution of 30 pmol L diatom-derived particulate organic Fe as has been
measured in naturally Fe fertilized regions (13, 43), a turnover rate of 5-17% algal
particulate Fe day* by particle attached bacteria with no differential rates of turnover
between intracellular Fe species (45), that 40% of algal Fe is in the form of heme (20),
that a conservative 20% of the bacterial community on marine particles is composed of

roseobacters (48, 49), and that 45% of roseobacters have the capability for heme uptake
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this would translate to a maximum rate of between 0.05 - 0.18 pmol diatom heme L™ day
! that is remineralized by particle or algal associated Roseobacter assemblages. This rate
is probably a significant underestimate of the total rate of heme remineralized by particle
or algal-associated bacteria because many additional marine bacterial lineages that have
been observed to associate with diatoms have the capability for heme uptake and diatoms
are variably abundant in marine ecosystems. However, during conditions such as diatom
blooms the fraction of total bacterial Fe recycling being mediated by Roseobacter heme
uptake could be significant.

Our findings indicate that some marine bacteria acquire heme through an outer
membrane TBDT and use this system to extract heme from particulate organic matter,
namely lysed and decomposed phytoplankton cells. The role of heme uptake in
phytoplankton-bacteria interactions is less clear, but we present evidence that induction
of this system is dependent upon phytoplankton host physiology and is most likely
advantageous during the initial stages of host decomposition rather than during
symbiosis. The potential for heme uptake appears to be widespread in the often
numerically dominant marine Roseobacter clade, particularly in the genomes of strains
known to be isolated from phytoplankton and other biological surfaces. This raises the
intriguing possibility that some marine phytoplankton cells may be “primed’ for iron
remineralization depending on the composition of their associated bacterial assemblage.
Furthermore, the proportion of total algal intracellular Fe partitioned into hemoproteins
has been shown to vary substantially depending on environmental and culture conditions
(50, 51). This may mean that fluctuating proportions of the total algal intracellular Fe

pool are susceptible to rapid remineralization via heterotrophic heme uptake depending
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on local oceanographic conditions. If these variables could be parameterized they may be
useful in defining Fe remineralization terms in global models of the marine Fe cycle.
Here our results highlight heme as a rapidly exchanged “currency” of biogenic Fe and
suggest that bacterial heme uptake is likely an important mechanism by which Fe is

recycled from biomass in the marine environment.

4.6  Materials and Methods
4.6.1 Bacterial/algal strains and growth conditions

Escherichia coli str. DH5a (New England BioLabs) grown in LB medium and
Kanamycin (50 pg/mL) and/or chloramphenicol (10 pg/mL) was used for the selection
and maintenance of plasmids. Ruegeria sp. TM1040 was grown in either 2216 Marine
broth/agar (Difco) or a Heart Infusion Seawater (HISW) based medium (25 g Heart
Infusion broth (Difco), 15 g sea salts (Sigma), 1.5% agarose) at either 22°C or 30°C.
Kanamycin (120 pg/mL) and chloramphenicol (10 pg/mL) were used for selection in
plates and liquid cultures to ensure selection of insertion mutants. Iron limited cultures
were grown in a modified PC medium termed PC+ (16). Briefly, the medium consisted of
1 liter of 0.2 pum filtered north Pacific seawater collected from the Scripps Institution of
Oceanography pier, 1 g bacteriological peptone, 1 g casein, 10 mM glucose, 4.7 mM
NH4Cl, 600 uM KH2PO4, 50 uM NaEDTA, 40 nM ZnSO4+7H20, 230 nM MnCl,+4H-0,
25 nM CoCl2+6H20, 10 nM CuSO4+5H>0, 100 nM Na2Mo0O4+2H>0, 10 nM NazSeOa. All
components except for trace metals, KH2POs, and EDTA were mixed, filtered through a
0.2 um filter, stirred approximately 24 hours with 7% w/v Chelex resin (Biorad), then

refiltered through a 0.2 pum filter to remove the chelex. Trace metal stocks were prepared
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in 0.1 M HCI, and combined in necessary proportions to generate a mastermix. KH2PO4
was prepared in MilliQ water, and EDTA was prepared in MilliQ water at pH 8. All
stocks were filter sterilized (0.2 pm) before use, and KH2PO4, EDTA, trace metal
mastermix, and FeClz*6H>O were added to PC+ aliquots immediately before inoculation
with TM1040. FeClz*6H>0 was added to generate final concentrations of 50 nM, 100
nM, 500 nM, and 5 uM. Cultures of Thalassiosira pseudonana were made axenic by
transferring three times in 1:10000 dilutions through F/2 enriched seawater medium with
100 pg/mL ampicillin, 25 pg/mL streptomycin, and 25 pg/mL neomycin. To test for
bacterial contamination, 200 pL aliquots of T pseudonana were plated on 2216 marine
agar, incubated for 48 hours at 30°C in the dark, and examined visually for bacterial

growth.

4.6.2 Culturing strains in Fe depleted conditions

Bacterial colonies were inoculated into 5 mL of 2216 MB or HISW medium and
allowed to grow at 30°C in the dark for 12 hours on a platform shaker (190 rpm). 250 puL
of this culture was then transferred into PC+ medium with 5 uM FeCls or no added iron
and grown at room temperature in the dark for 12 hours. Then, 250 pL of TM1040 in
PC+ with 5 uM FeCls was transferred to a fresh 5 mL of PC+ with 5 uM FeCls and
allowed to grow for 12 hours at room temperature. The same procedure was performed
for the culture with no added iron. Iron limitation was confirmed by spiking 5 uM of
FeCls into the iron-depleted culture and observing renewed growth. Fresh stocks of heme
were prepared as a growth substrate immediately before each experiment by dissolving

required amounts of hemin chloride (Sigma) in 0.3 M ammonium hydroxide. The pH of
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the solution was adjusted to 8.0 with concentrated HCI, then filter sterilized through a 0.2
um membrane. Dissolved heme prepared in this fashion has been determined to have an
upper limit of free iron of approximately 4 nM per 1 uM of hemin chloride (52). Stocks
of hemoproteins were prepared fresh before each experiment by dissolving the required
mass of protein in MilliQ water and filter sterilizing through a 0.22 pm membrane.
Significant contamination of free Fe in growth media was observed when using
lyophilized hemoglobin from commercial sources confounding the growth effect
differences between mutant and wild type TM1040. To circumvent this contamination,
purified human hemoglobin was prepared in the Skaar lab at VVanderbilt University by
anion exchange high-performance liquid chromatography and protein dialysis (53) and
used in all subsequent experiments. All experiments were conducted in the dark to

prevent photodegradation of heme and hemoproteins.

4.6.3 TM1040 genomic DNA extraction

1.5 mL of TM1040 culture at an ODeoo Of approximately 0.6 in 2216 MB medium
was pelleted by centrifugation. DNA was extracted from cell pellets using the DNeasy
Blood and Tissue Kit (Qiagen) following manufacturer's protocols. DNA was quantified

using a NanoDrop 1000-D Spectrophotometer (Nano-drop Technologies).

4.6.4 TM1040 RNA extraction
TM1040 cultures were grown for 12 hours in PC+ medium supplemented with 5
uM of FeCls or no added iron. Cultures were grown in triplicate. After 12 hours, iron-

depleted cultures had an average ODsoo 0f 0.045 while iron-rich cultures had an ODegoo Of
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0.22. 5 mL of triplicate iron-depleted and iron-rich culture were spun at 4000 rpm for 10
minutes at 4 °C. The resulting pellets were resuspended in 1 mL TRI-Reagent (Zymo
Research), and total RNA was extracted using a Direct-zol RNA miniprep kit (Zymo
Research) following the manufacturer's instructions. Traces of contaminating genomic
DNA were removed from total RNA using TURBO DNase (Life Technologies)
following manufacturer's instructions. Total RNA concentrations were measured using a
NanoDrop 1000-D Spectrophotometer. The absence of contaminating DNA was
confirmed by visually inspecting (1% agarose gel) PCR reactions using the primers for

rpoD (rpoD_F and rpoD_R) on the total RNA.

4.6.5 Reverse transcription of mMRNA

Between 0.3 to 1 pg of total extracted RNA was reverse-transcribed using random
hexamer primers and SuperScript I First-Strand Synthesis SuperMix (Invitrogen)
following the manufacturer protocol. Resulting cDNA concentrations were measured
using a NanoDrop 1000-D Spectrophotometer and samples were diluted to final

concentrations of 5 ng/uL for use in reverse transcription quantitative PCR (RT-qPCR).

4.6.6 Reverse Transcription Quantitative PCR (RT-qPCR)

RT-gPCR reactions were carried out on a Qiagen RotorGene-Q (Qiagen) using
Promega GoTaq gPCR Mastermix (Promega) in 25 pL total reaction volumes. The
diluted cDNA samples (three biological replicates for each of the two iron conditions)
were run in triplicate as technical replicates. Quantitative PCR reactions using total

purified RNA were run in triplicate for the biological replicates of each iron condition for
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the genes rpoD and hmuR (rpoD_F, rpoD_R and hmuR_F, hmuR_R). Results were
below detection limit and never higher than the cycle thresholds for No-Template
Controls demonstrating no genomic DNA contamination in samples. Five-point standard
curves ranging from 311268 to 31 genome copies per 25 ul reaction in 10-fold dilutions
were generated for each gene of interest using TM1040 genomic DNA with the formula
m = (n)1.096 x 102! where m is the genome mass and n is the size of the genome in base
pairs. For each individual calibration curve amplification efficiency as calculated from
the slope of the standard curves was always greater than 90% and less than 100%. Cycle
threshold values for standard curves were used with the REST 2009 software (54) to
generate expression values for each gene relative to iron depleted conditions and
normalized to the housekeeping genes rpoD, gyrA, and gmkA. Significance of expression
ratios were calculated using the native randomization and bootstrapping algorithms in the

REST 2009 software.

4.6.7 Partial deletion and insertional inactivation of hmuR in TM1040 genome

A non-replicating plasmid (pLH02) was generated through two iterations of the
Gibson assembly technique (55) using the Gibson Assembly Master Kit (New England
Biolabs). Two iterations were used in order to circumvent problems caused by high GC%
in the hmuR gene (TM1040_0347) and earlier problems with assembly possibly due to
secondary structure of 5" and 3' overhangs of assembly fragments (Figure 4.5). The first
iteration plasmid (pLHO1) was derived from pPY17a (18), a pRL271-derived suicide
vector containing sacB for selection of double recombinants, by PCR amplifying two

fragments with overlapping ends (gibfrag_01, gibfrag_02) from plasmid pPY17a using
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primers gibfrag01 fwd, gibfrag01 rev, gibfrag02_fwd, and gibfrag02_rev. These
fragments were combined with a portion of TM1040_0347 that was 645 bp long and 330
bp upstream of the 5' start site. The TM1040_0347 fragment was amplified from
TM1040 genomic DNA with primers (0347US_fwd and 0347US_rev) containing
sequence overhangs matching gibfrag_01 and gibfrag_02. The three fragments were
assembled through Gibson assembly, electroporated into E. coli DH5a, and then
recovered by selection using Kanamycin and sucrose sensitivity to isolate the correctly
assembled pLHO1. An analogous process was performed using pLHO1 as a template to
produce fragments gibfrag_03 and gibfrag_04 (primers: gibfrag03_fwd, gibfrag03_rev,
gibfrag04_fwd, and gibfrag04_rev) and TM1040 genomic DNA to produce a 517 bp
fragment 1435 bp upstream of the 5' start site of TM1040_0347 (primers: 0347DS_fwd
and 0347DS_rev). These fragments were again assembled through Gibson assembly,
electroporated into E. coli DH5a and recovered by Kanamycin selection and screening
for sucrose sensitivity. The resulting plasmid (pLHO2) contained a 1162 bp portion of
TM1040_0347 interrupted by a 460 bp deletion into which a Km resistance cassette was
inserted (Figure 4.4). All PCR reactions to produce Gibson assembly fragments were
performed using Q5 High-Fidelity Polymerase (NEB).

The plasmid pLHO02 was introduced to Ruegeria sp. TM1040 by electroporation
as has been described earlier (42). Briefly, TM1040 was grown in 50 mL HISW at 30°C
with shaking at 200 rpm to an ODgoo of approximately 0.5, chilled on ice for 15 minutes,
and centrifuged at 8000 rpm for 10 minutes at 4°C. The supernatant was removed and the
cell pellet was gently resuspended in 10 mL of 10% glycerol in MQ water. The cell

suspension was then centrifuged at 8000 rpm for 10 minutes at 4°C, and the glycerol
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washing procedure was repeated for a total of three washes. After the final wash, the cell
pellet was suspended in 0.5 mL of 10% glycerol in MQ water, a 65 pL aliquot was mixed
with 50 ng of pLHO2, and the mixture was incubated on ice for one minute. Cells were
electroporated in a 0.2 cm cuvette at 2500 V, 400 Q, and 25 pF, then immediately
suspended in 1 mL of 30°C HISW medium and incubated at 30°C with shaking (200
rpm) for 2.5 hours. Double recombinant mutants were selected on HISW plates
containing 120 pg/mL Kanamycin and 5% sucrose wt/vol, and individual colonies were
picked after approximately 14 hours. Transformants exhibiting both Kanamycin and
sucrose resistance were expected to have incorporated the mutagenic TM1040_0347
construct into the genome by double cross-over. The double cross-over event was
verified by PCR to confirm correct insertion (primers: insrt_cnfirm_fwd,
insrt_cnfirm_rev). A 2926 bp insert confirmed a 460 bp deletion in TM104_0347 and an
insertion of the 1374 bp Kanamycin resistance cassette in its place (Figure 4.6). The

expected PCR product of the wild type gene using these primers is 2013 bp in length.

4.6.8 Preparation of TM-clean algal lysate and removal of extracellular Fe
Axenic Thalassiosira pseudonana was grown in 1 L of F/2 enriched seawater
medium with 120 pM added EDTA until cells were at a density of 1-2 x 10° cells/mL. A
10 mL aliquot of the culture was filtered for chlorophyll a measurement, and the
remaining volume was gently filtered (~ 5 mmHg) through an acid soaked 3.0 um
nuclepore filter, using an acid cleaned teflon filter rig. The cells were resuspended in an

acid cleaned centrifuge bottle in 200 mL of low Fe (~ 2 nM Fe) seawater collected from
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the California Current. 20 mL of an oxalate wash (300 mM NaCl, 10 mM KCI, 100 mM
Nazoxalate, 50 mM Na;EDTA (19)) was added to the resuspended cells in low Fe
seawater. The solution was mixed gently and allowed to rest at room temperature for 20
minutes after which it was centrifuged at 6000 rpm for 10 minutes at 4°C. The resulting
cell pellet was washed again in low Fe seawater and oxalate solution for 20 minutes,
centrifuged, and finally resuspended in 1 mL of trace metal clean MilliQ water. 300 pL of
the suspension was immediately sonicated at 4°C using a Diogenode Bioruptor Standard
system on high power for 6 minutes, using a 60 second ON + 30 second OFF cycle. The
resulting soluble and insoluble lysate fractions were immediately frozen in liquid N2 until

use.

4.6.9 Analytical Measurement of heme b and chlorophyll from algal lysate

Aliquots of algal lysate were mixed with two volumes of acidified acetone (80:20
v/v acetone:1.6 M HCI), ultrasonicated in a water bath sonicator (10 minutes at 4°C), and
centrifuged at 13000 rpm (10 minutes at 4°C) to extract heme b as described before (20,
56). The supernatant was diluted by a factor of 50 in mobile phase A, and heme b was
measured spectrophotometrically by high performance liquid chromatography (HPLC)
using a polymeric reverse phase column (PRP-1, 100 x 2.1 mm, 5 um, Hamilton Inc.) as
described earlier (20, 57). HPLC was performed using binary gradient pumps (Waters
1525) with a microcell diode array spectrophotometer (Waters 2489) with a manual full
loop injection (50 puL). Heme separation was completed at 22°C using a gradient of 100%
A to 100% B over 10 mins, followed by an isocratic elution of mobile phase B for two

minutes at a flow rate of 0.5 mL/min. Mobile phases consisted of (A) 30:70:0.08 v/v
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acetonitrile:water:trifluoroacetic acid and (B) 100:0.08 v/v acetonitrile:trifluoroacetic
acid. Elution of heme b (retention time 6.8 min) was monitored at 400 nm. For
chlorophyll analysis, samples of T. pseudonana were filtered onto 0.7 um GF/F filters
(Whatman), stored in liquid N2 until use, extracted using a 90% acetone

extraction/acidification method, and measured using a Turner Designs fluorometer (58).

4.6.10 Study of competition between wild type TM1040 and the LHO02 mutant strain
Quantitative PCR (qPCR) was performed on genomic DNA extracted from co-
cultures in order to calculate the relative abundance of TM1040 and LHO2 strains.
Oligonucleotide primers (Table 4) matching the Kanamycin resistance cassette in LH02
(kmR_F_compete, kmR_R_compete) and the 435 bp deleted portion of the TM1040
hmuR gene in LHO2 (hmuR_F_compete, hmuR_R_compete) were used to distinguish
between TM1040 and LHO2. Five-point standard curves ranging from 311268 to 31
genome copies per 25 pl reaction in 10-fold dilutions were generated for each primer
pair, and reaction efficiencies were always between 95% and 100%. TM1040 and LH02
cultures were iron limited in PC+ marine medium with no added Fe for two subsequent
transfers and inoculated in duplicate into 20 mL PC+ medium at the same initial cell
density (~5 x 10° cells/mL). Co-cultures were supplied with 500 nM FeClz, 500 nM
heme, 10.6 nM heme equivalents of Thalassiosira pseudonana cellular lysate, or no
additional Fe source. Co-cultures were maintained at 22°C with shaking at 190 rpm and
were grown in the dark to prevent photodegradation of heme and hemoproteins. At each

experimental time point 2 mL of each co-culture was pelleted by centrifugation and total
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DNA was extracted from cell pellets using the DNeasy Blood and Tissue Kit (Qiagen)
following manufacturer's protocols. Total genomic DNA from each co-culture was
quantified using a NanoDrop 1000-D Spectrophotometer (Nano-drop Technologies) and

used in subsequent qPCR reactions.

4.6.11 Construction of TonB Dependent Receptor Sequence Similarity Network
The genomes of 153 different Roseobacter strains were searched for the TonB-
dependent receptor domain (Pfam00593) using the Integrated Microbial Genomes (IMG)
database (59). Peptide sequences matching Pfam00593 were downloaded resulting in 436
sequences total. These sequences were compared in an all-vs-all BLAST v2.2.30 analysis
using default parameters with blastp. The resulting blast output was visualized and edited
in Cytoscape (v3.2.0). An E-value threshold of 1011 (corresponding to a mean of 34.3%
identity) was chosen for network visualization by manually iterating through increasingly
stringent thresholds until clusters persisted through three subsequent iterations (22, 60).
In order to assist the functional annotation of TBDT SSN clusters, the resulting SSN was
submitted to the Genome Neighborhood Network tool at the Enzyme Function Initiative
(61) with a gene neighborhood size of 10 and a co-occurrence lower limit of 20%
resulting in a collection of PFAMs present in the genome neighborhood (+ 10 genes) of

at least 20% of the TBDT sequences in each sequence similarity network cluster.

4.6.12 Transcriptome data from Sulfitobacter sp. SA11 in co-culture with Pseudo-

nitzschia multiseries PC9



144

Transcriptome data from a recent study (6) examining expression changes during
a co-culturing experiment with SA11 and P. multiseries PC9 was downloaded from the
NCBI Gene Expression Omnibus (GEO accession GSE65189) (62). To identify genes
that were differentially expressed between co-culture and axenic culture conditions,
SAL11 count data was processed using the DESeq2 (63) package in R. Desegz2 fits a
generalized linear model (GLM) to expression data by modeling read counts under a
negative binomial distribution, while shrinking count dispersion factors and fold-change
estimation using an empirical Bayesian model that assumes similar dispersion across
genes with similar mean expression. The DESeq2 procedure was performed with default
parameters, namely using the conventional null hypothesis of zero logarithmic fold
change between conditions and a False Discovery Rate (FDR) threshold of 10% (Pror
corrected < 0.1). Potential Fe uptake systems were annotated using the NCBI Conserved

Domain Database (64) using cutoffs as described earlier (12).
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Table 4.1 Growth rates of TM1040 and LHO02 on different Fe sources

Condition Strain Growth Rate (hr?) P value
0 nM FeCls; TM1040 0.13 +0.004 ns

0 nM FeCls; LHO02 0.13+£0.003 ns

500 nM FeCls TM1040 0.31+£0.02 ns

500 nM FeCls LH02 0.29 £0.02 ns

500 nM Heme TM1040 0.28 £0.01 < 0.0002
500 nM Heme LHO02 0.16 £0.01 < 0.0002
17 uM Hemoglobin TM1040 0.27 £ 0.006 < 0.0002
17 uM Hemoglobin LHO2 0.20 £ 0.007 < 0.0002
500 nM Cytochrome C TM1040 0.14+£0.01 ns

500 nM Cytochrome C LHO2 0.15 £ 0.007 ns

P value indicates the results of an independent two tailed Student’s t test between strain
growth rates at each condition. Values greater than 0.05 are omitted. There were three
replicates for each condition.
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Table 4.2 Bacterial strains and plasmids

Strain or Plasmid Description Source

E. coli str. DHSa Electrocompetent strain used as host for New England BioLabs
vector constructs. Catalog # C2989K

Ruegeria sp. hmuR+; wildtype strain 1

TM1040

Ruegeria sp. LHO2 AhmuR::Km'; TM1040 electroporated with ~ This work
pLHO2 resulting in a recombinant strain
(LHO2) with a partial deletion of hmuR and
insertion of a Kanamycin resistance cassette.

pPY17a Km", Em', Cm", Suc®; used to construct pLHO1 2

and pLH02
pHLO1 Suc®, AhmuR::Kmr; used to construct pLH02 This work
pHLO2 Suc®, AhmuR::Kmr; used for transformation ~ This work

1. Belas R, Horikawa E, Aizawa S-I, Suvanasuthi R (2009) Genetic determinants of
Silicibacter sp. TM1040 motility. J Bacteriol 191(14):4502-4512.

2. Paz-Yepes J, Brahamsha B, Palenik B (2013) Role of a microcin-C-like biosynthetic
gene cluster in allelopathic interactions in marine Synechococcus. Proc Natl Acad Sci U S
A 110(29):12030-12035.



147

Table 4.3 Heme concentrations in soluble and insoluble T. pseudonana lysate

heme b in heme b in

lysate original Chla heme b Chla Chla:

Culture (nM) culture (pM) (nM) CellsL*  (nmol) cell* (nmol) cell* heme b
a1.24 X 10°

T. pseudonana 3 761 684 340 %7.67 X 10% 9.92 X 107 2.74 X 10* 276.45
21.30 X 10°

T. pseudonana 2 831 748 342 °7.00X 10% 1.19 X 10° 2.63 X 10* 221.54
21.10 X 10°

T. pseudonana 1 624 562 335 6.05X 108 1.03 X 10° 3.05X 10* 295.03

aCell concentration before washing and concentration step. Used to calculate Chl a cell™
bCell concentration after washing and concentration step. Used to calculate heme b cell™
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Primer name

Sequence (5'to 3")

Description

gibfrag01_fwd
gibfrag01_rev
gibfrag02_fwd
gibfrag02_rev

0347US_fwd

0347US_rev

gibfrag03_fwd
gibfrag03_rev
gibfrag04_fwd
gibfrag04_rev

0347DS_fwd

0347DS_rev

insrt_cnfirm_fwd

insrt_cnfirm_rev

hmuV_F
hmuV_R
hmuU_F
hmuU_R
hmuT_F
hmuT_R

ACACAAAAGAACCCCCAGA
CAGGAAAGAACATGTGAGCAA
A

CCTTTTGCTGGCCTTTTG
GTTAAGGGATGCAGGTCG

CGACCTGCATCCCTTAACAACC
AAAAGGTCCAGATCC

Amplify fragment 01 from pPY17a for
first Gibson construction

Amplify fragment 01 from pPY17a for
first Gibson construction

Amplify fragment 02 from pPY17a for
first Gibson construction

Amplify fragment 02 from pPY17a for
first Gibson construction

Amplify upstream region of hmuR
from TM1040 genomic DNA and add
overhangs. Used in first Gibson
construction

TCTGGGGGTTCTTTTGTGTCTCG Amplify upstream region of hmuR

ATGTATTGATCCGCAT

AAATAATAGTGAACGGCAGG

AGAGCTTTGTTGTAGGTG

TACGATACACTTCCGCTC

ACCCATCACATATACCTG

CACCTACAACAAAGCTCTCCCA
GACTGAAAAAGCGG

GAGCGGAAGTGTATCGTATTGC
GTCTGATATTGCTTGT

AGAGGCCGCAAGAGTGAA

GAGGGAGGTGAGGACAGCAA

ATCAACGCCTGTCAGAGGTC
GTTTGCGGCAGAACAAAGAC
TCATCAGCCGTACCATCATC
CGTTTCAGCAAGATCCACAG
TATCCGTGAACCCAAACCTG
GTTGATCTTGTCGACGATGC

from TM1040 genomic DNA and add
overhangs. Used in first Gibson
construction

Amplify fragment 03 from pLHO1 for
second Gibson construction

Amplify fragment 03 from pLHO1 for
second Gibson construction

Amplify fragment 04 from pLHO1 for
second Gibson construction

Amplify fragment 04 from pLHO1 for
second Gibson construction

Amplify downstream region of hmuR
from TM1040 genomic DNA and add
overhangs. Used in second Gibson
construction

Amplify downstream region of hmuR
from TM1040 genomic DNA and add
overhangs. Used in second Gibson
construction

Used to confirm double cross-over
event in R. LHO02

Used to confirm double cross-over
event in R. LHO2

(B4) — used in RT-gPCR
(Al) —used in RT-gPCR
(B5) —used in RT-gPCR
(A2) —used in RT-gPCR
(B6) — used in RT-gPCR
(A3) —used in RT-qPCR
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Primer name Sequence (5'to 3') Description
hmuS_F GATTCTGCAGCCAGAAATCG (B7) —used in RT-gPCR
hmuS_R TGTCGGTGTCTTCATTCAGG (A4) —used in RT-gPCR
hmuR_F AATTGACGACCGATCCTGAG  (A5)—used in RT-gPCR
hmuR_R CGGAGCCATATTCAAACGAC  (B8)—used in RT-gPCR
hyp_F GATGCTTCTGACGCTCTTTG (A6) — used in RT-gPCR
hyp_R ACACCAGCAACATCGAACTG  (B9) —used in RT-gPCR
exbB_F GTTCTGGACGGCAATAAAGG (A7) -—used in RT-gPCR
exbB_R CGATCGACAGTCCAATAAGC  (B10) —used in RT-gPCR
exbD1_F TGCTCTCTTCGACGTTTTCG (A8) —used in RT-gPCR
exbD1 R CTTCACCATTCAGCGACATC (C1) —used in RT-gPCR
exbDla_F GATGGTAGCCTGCATTTTCG (A9) — used in RT-gPCR
exbDla_R TTCCTCTTCCCAGATGATGC (C2) —used in RT-gPCR
tonB_F AAGAGACCGCTGTGGAAATC  (A10) —used in RT-gPCR
tonB_R CTGAACAAGGTCCGCAAAAC  (C3)—used in RT-gPCR
rpoD_F CGCCAAGAAATACACCAACC  -usedin RT-gPCR
rpoD_R TTATAGCCGCGACGGTATTC - used in RT-qgPCR
gyrA_F ACGCTCTTTGTGGCGAATAC - used in RT-gPCR
gyrA_R GGGATTGGCAGAATGTTGAC  -used in RT-gPCR
gmkA_F TGCTCTTTGACATCGACTGG - used in RT-qPCR
gmkA_R AGATCGACAGCGTGTGTTTG - used in RT-qPCR

kmR_F_compete ATTCTCACCGGATTCAGTCG

kmR_R_compete ATTCCGACTCGTCCAACATC

hmuR_F_compet AAAGGAACGGTTGAATGCGG

e

hmuR_R_compet GATCTCCTGGCGTTCGTAGC

e

- used for TM1040 + LHO02
competition exp

- used for TM1040 + LHO02
competition exp
- used for TM1040 + LHO02
competition exp

- used for TM1040 + LHO02
competition exp

Letters in parentheses in the “Description” column indicate shorthand names for primers
as designated in the figures
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& exbD1exbD1a
B4» B5» B6 > B7» A5» A6 > A7» A8» A9»A10»
<A1 <A2 <A3 <«A4 «B8 <«B9«B10 <«C1 «C2+«C3
85 bp 97 bp 140 bp 80 bp 78 bp 78 bp 86 bp 132 bp 75 bp 80 bp

L e e
100 bp » ......\..-.'

B5+A2 pB7+a4 A6+B9 A8+C1

Figure 4.1 Location of gPCR primer pairs in TM1040 heme uptake locus. Primers are
identified by shorthand names (Table S2) and product lengths are labeled below. Below -
RT-PCR analysis using above primer pairs on cDNA reverse transcribed from RNA
collected from an Fe-stressed treatment. First and last lanes contain 1-kb plus ladder
(Invitrogen).
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Figure 4.2 Quantitative real-time PCR of expression changes for the TM1040 heme
uptake locus in Fe stressed compared with Fe replete culture conditions. The relative
expression distribution is displayed as an expression ratio (n = 3 biological replicates per
group) normalized against three condition-stable reference genes - rpoD, gyrA, and
gmkA. Ratios greater than 1 indicate a higher gene expression in Fe stressed cultures.
Asterisks indicate genes determined to be differentially expressed (P < 0.05).
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1 kbp
et exbD1exbD1a
B4» B5» B6» B7» A5» A6» A7» A8» A9» A10»
<A1 <A2 <«A3 <Ad «B8 «B9<«B10 «C1 «C2<«C3
1967 bp - A5+B9 .
A4+B6 304 bp -A6+B10 ———>»
FrIrT, A3+B5 1140 bp 883 bp - A7+C1 ——————»
1690 bp 575 bp - A8+C2 ———>
885 bp 362 bp - A9+C3 ——>

2000 bp < 2000 bp
1650 bp « 1650 bp
1000 bp <« 1000 bp
500 bp <« 500 bp

Ladder A3+B5 A5+B9 A9+C3 A7+C1 Ladder
Neg Ctrl A4+B6 A2+B4 A8+C2 A6+B10

Figure 4.3 Characterization of cotranscribed genes in the two diverging heme uptake
gene clusters in the TM1040 genome. The top diagram displays the TM1040 heme
uptake genomic region, arrows represent primers used in RT-PCR, and lines denote
predicted PCR products for each primer pair, their lengths, and orientation. Lower
diagram shows the results of the RT-PCR cotranscription analysis using cDNA reverse
transcribed from RNA collected from an Fe-stressed treatment. Each primer pair shown
above produced one or more bands after PCR amplification. The band consistent with the
expected product length (shown above) is highlighted with an arrowhead in the cases
where multiple bands are observed. Primers are listed by their shorthand names (see
Table S2). First and last lanes contain 1-kb plus ladder (Invitrogen). Second lane is a
negative control containing mMRNA before reverse transcription indicating no
contaminating genomic DNA.
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Figure 4.4 Growth of wild type TM1040 and mutant LHO2 strains with different added
Fe sources. Y axis (log scale) displays optical density measurements at 600 nm with
respect to time (X axis). The wild type strain is represented by triangles while the LH02
mutant strain is represented by circles. Conditions preceded with an asterisk have
statistically different growth rates between LH02 and TM1040 (independent, two-tailed
Student’s t-test, P < 0.05). All Fe sources were added at 500 nM concentrations except
for Hemoglobin, which was added at 17 pg/mL.
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Figure 4.5 pLHO2 plasmid generation from two Gibson assembly steps. The first step
(above the horizontal line) depicts production of plasmid pLHO1 using a Gibson
Assembly Kit (New England Biolabs). The second step (below the horizontal line)
depicts the final insertion of the kanamycin-resistant cassette between upstream (blue)
and downstream (pink) regions of the TM1040 hmuR gene again using a Gibson
Assembly Kit (New England Biolabs). Red arrowheads denote positions of primers
(Table 2) used to produce DNA fragments that were later assembled by Gibson reaction.
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Figure 4.6 PCR verification of kanamycin insert in TM1040 strain LHO2. Left: genomic
organization of hmuR and surrounding genes in TM1040 WT (top) and TM1040 LH02
(bottom). Red arrows denote primers insert_cnfrm_fwd and insert_cnfrm_rev (Table 2)
used to verify the double crossover event in LHO2. The predicted PCR product lengths in
each strain are listed below. In LHO2 the upstream region from original hmuR is shown in
blue while the downstream region is shown in pink. Right: gel showing PCR products
using primers insert_cnfrm_fwd and insert_cnfrm_rev on TM1040 WT (left lane) and
TM1040 LHO2 (right lane). First lane contains 1-kb plus ladder (Invitrogen).
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Figure 4.7 Competition between cocultured LHO2 and wild type strains for different Fe
sources. The TM1040 strain (Type: hmuR) is represented by circles while the LH02
mutant strain (Type: KmR) is represented by triangles. The proportion of each strain was
determined by quantitative real-time PCR using primers targeting either the Kanamycin
resistance cassette for LHO2 or the region of the hmuR gene deleted in LHO2 and retained
in TM1040. The Y axis displays the absolute concentration of transcripts per mL of
culture or the percentage of each strain with respect to time (X axis). FeCls and heme
were added at 500 nM, hemoglobin was added at ~17 pg/mL, and the algal lysate was
added at a concentration providing 10.6 nM heme equivalents.
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Figure 4.8 Sequence similarity network of TonB-dependent transporters from
Roseobacter genomes. The network is displayed with an e-value threshold of 1011
(corresponding to ~34% sequence identity). The 45 sequences in Group 4 all are located
in genome neighborhoods with shared synteny to the TM1040 heme uptake gene clusters.
23 sequences in Group 5 are syntenous to the TM1040 heme uptake clusters (dark gray
nodes indicate sequences that lack neighborhood synteny). Sulfitobacter sp. SA11,
Ruegeria sp. TrichCH4B, and Ruegeria sp. TM1040 heme TonB-dependent transporters
are highlighted for reference.
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Figure 4.9 The putative heme uptake locus in Sulfitobacter sp. SA11. Genes homologous
to the heme uptake locus in TM1040 are colored and labeled equivalently for both (see
Figs. S1, S2). Genes in white are hypothetical proteins. For reference, the locus name of
the putative heme outer membrane receptor is listed underneath hmuR, the scaffold name
is listed below the diagram, and the base pair position on the scaffold is labeled with a
dashed line at each end of the figure.
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Figure 4.10 MA plot generated from a previously published RNA-seq experiment
investigating interactions between a diatom, Pseudo-nitzschia multiseries PC9, and
Sulfitobacter sp. SA11. Each SA11 gene detected in the RNA-seq experiment is
represented as a dot. The X axis displays the variance stabilizing transformed expression
of each transcript averaged over all samples (as implemented in the DESeq?2 package).
The Y axis displays the log> fold change of SA11 transcripts. Genes with a positive Log»
fold change were more abundant when SA11 was cocultured with P. multiseries
(compared with axenic control), while those with a negative fold change were less
abundant under coculture. Genes with an FDR corrected P value > 0.05 or a Log; fold
change magnitude < 1 are shown with 50% opacity.
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Cell decomposition
and lysis

Metabolite and carbon exchange

Figure 4.11 Model of Roseobacter heme utilization and algal host growth. During
exponential growth of the host (A) attached bacteria and the algal cell exchange carbon
and metabolites in a mutualistic relationship. Bacteria shift their Fe acquisition strategy
away from heme (blue arrow, downregulation) uptake and towards other Fe’ species (red
arrow, upregulation). During algal cell decomposition (B) bacterial cells potentially
transition to a motile growth phase in order to search out a new host while simultaneously
targeting (red arrow, upregulation) newly abundant heme and hemoproteins as Fe
resources.
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Chapter 5
Linking phytoplankton and bacterioplankton assemblage dynamics to iron-binding ligand

production in a microcosm experiment

51  Abstract

Siderophore-producing marine bacteria were identified nearly two decades ago as
potential sources for strong iron-binding ligands (L1) detected in seawater, but specific
linkages between ligands detected in natural water and microbial community dynamics
remain unclear. We followed the production of different classes of Fe-binding ligands, Fe
concentrations, and macronutrient concentrations in a series of iron amended incubations
over a period of six days and examined the phytoplankton and bacterioplankton
community composition at the termination of the incubation. High iron additions
stimulated increased phytoplankton biomass relative to low iron samples, but both iron
treatments resulted in generally similar diatom-dominated communities. Strikingly, L1
ligands with iron-binding affinities akin to siderophores were only observed in high iron
treatments. The abundance of transiently dominant copiotroph bacterial strains was
correlated with the emergence of L1 ligands and high iron conditions, but we observed no
universal heterotrophic community association with increasing L1 concentrations. Rather,
incubations with similar L; concentrations and binding strengths each harbored generally
distinct bacterial communities dominated by a handful of known copiotroph strains. We
interpret these patterns as evidence for waves of heterotrophic bacterial succession during

phytoplankton bloom progression and collapse with potential functional redundancy of
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ligand production at fine scale taxonomic levels. Ultimately, the robust correlations
between multiple copiotroph bacterial taxa and strong siderophore-like ligands reported
here suggests a potential linkage between these taxa and ligand production in the marine

environment.

5.2 Introduction

The concentrations, chemical forms, and spatial/temporal distributions of oceanic
iron are important factors shaping the ecology of marine phytoplankton and the overall
productivity of marine ecosystems (1). Iron that has been regenerated from sinking
particulates - as opposed to “new” inputs from sources like atmospheric deposition is
known to be important in sustaining surface ocean productivity in iron-limited regions (2,
3). The mechanisms by which particulate iron is recycled back to primary producers or
into the wider microbial food web, a process herein referred to as iron remineralization,
are largely uncharacterized and represent major unknowns in global iron budgets (4). The
activity of microzooplankton and viruses are known to facilitate iron remineralization (5,
6), and heterotrophic bacteria also play a fundamental role as has been observed for other
nutrients (7, 8). For example, heterotrophic bacterial activity has been shown to mobilize
particulate Fe into smaller size fractions and shown to generate Fe-binding molecules
from sinking algal particles (9). Fe-binding molecules drive Fe solubility in the oceans
and are critical components of the marine Fe cycle (10).

Dissolved marine iron is predominantly bound by organic ligands of mostly
uncharacterized structure. The concentrations and conditional stability constants, a

measure of iron-binding strength, of natural marine ligands are typically measured using
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an electrochemical technique known as competitive ligand exchange - adsorptive
cathodic stripping voltammetry (CLE-ACSV). Many of the iron-binding ligands from
seawater (11) or marine cultures (12) that can be structurally characterized are
siderophores, bacterial secondary metabolites likely produced as an iron acquisition
strategy. Marine siderophores are generally characterized by their small molecular
weights, their high affinity for iron, and by some having amphiphilic side chains (13).
Intriguingly, the binding strength of natural marine ligands of binding-strength class “L1”
as measured by CLE-ACSV is often very similar to or higher than those of known
siderophores, leading to hypotheses that L ligands in seawater are biologically derived
(14) and may in fact be siderophores (15). Supporting these hypotheses, transporters for
siderophores and siderophore-like complexes have been identified in the genomes of
many marine bacterial strains (16). However, siderophore transporters and biosynthetic
pathways are conspicuously absent in genome-streamlined organisms suggesting that
siderophore production and transport is confined to specific microbial niches and is
biased towards transiently dominant but metabolically diverse and highly active bacterial
strains (40).

Siderophores are well-known examples of strong Fe-binding ligands, but other
ligands (in this study classified as L. and L3) that bind Fe comparatively weakly can also
be abundant in marine systems (17). These weak ligands are hypothesized to be derived
from a variety of sources, but it is unclear whether they are produced through defined
microbial secondary metabolisms as are siderophores. Some weak ligands have been
identified as phytoplankton-derived exopolymeric substances (18), but most are thought

to be breakdown products from organic matter degradation (15, 19). The “ligand soup”
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thought to exist throughout the water column is believed to be primarily comprised of
weak ligand classes, while strong L ligands are thought to dominate in surface waters
where they outcompete weaker undefined complexes and are thought to play an
important role in Fe bioavailability (10).

There are multiple lines of evidence in support of a biological source for strong
iron-binding L1 ligands. Numerous CLE-ACSV electrochemical studies have
demonstrated a positive correlation between L ligand concentrations and biological
activity (20), but the precise biological sources of those ligands are difficult to ascertain
through electrochemical methods alone. A recent study reported increased ligand
concentrations coupled with increased rates of bacterial siderophore uptake and
siderophore receptor expression after a mesoscale Fe fertilization experiment (21), but
did not examine bacterial community composition or multiple ligand classes. A different
study demonstrated that siderophore uptake and production strongly shape social
interactions between particle-associated marine bacteria (22), but it is unknown how
these microscale processes would relate to ligand dynamics at the spatial and temporal
scales at which they are measured by current chemical techniques. Ultimately, it is clear
that both siderophores and strong Fe-binding ligands (as determined by electrochemistry)
are present in marine systems and are probably connected to the metabolic activities of
marine bacteria and phytoplankton, but direct functional and mechanistic linkages
between L1, siderophores, and biological community structure at this point remain
elusive.

Here we couple high-throughput 16S rRNA marker gene surveys with multiple

analytical window CLE-ACSV chemical analysis in shipboard incubation experiments in
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order to explore how phytoplankton and bacterioplankton community composition is
connected to the production of different classes of iron-binding ligands. We conducted
whole seawater microcosm incubations at two distinct NO3z":dissolved Fe ratios, an
oceanographic parameter that has been demonstrated as an indicator of diatom Fe stress
(23). Within this experimental framework we sought to (1) observe planktonic responses
to differing levels of Fe stress in microcosm incubations, (2) characterize the chemical
nature of iron-binding ligands during the course of the experiment, (3) compare the
microbial community composition between high and low Fe treatments at experiment
termination, and (4) examine associations between individual chemical parameters and

microbial community composition.

53  Results
5.3.1 Nutrients

Incubation experiments were conducted using oligotrophic water collected from
the offshore southern California Bight (33.879° N, -123.306° W) with low initial nitrate
concentrations ([NOz7; nitrate+nitrite) of 0.94 pmol L™ (Table 5.1). All incubations were
initiated in water with low in situ NOs™ and dissolved Fe (dFe) concentrations (NOs™: dFe
= 3.0), suggesting that the initial phytoplankton community was likely limited by NO3z
and not dFe (23). The dFe concentration was 0.31 + 0.04 nmol L™ on day 0 in the initial
offshore water. In order to stimulate a phytoplankton bloom, incubations were spiked
with equal macronutrient concentrations as well as 1 and 5 nmol L-1 dFe for the Low Fe
and High Fe treatments, respectively. These two Fe treatments were selected to simulate

conditions approaching phytoplankton Fe-limitation (NOz™ : dFe = 11) in Low Fe
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treatments and Fe-replete conditions in High Fe treatments (NOs™ : dFe = 2) at the onset
of incubation. In the southern California Current, NOs:dFe values in excess of 5 have
been shown to limit diatom growth (24). At incubation termination on day 6, average
ratios of NO3":dFe were still elevated in the Low Fe treatment incubations (6.03)
compared with High Fe treatments (0.20) (Table 5.1). Low Fe treatments had an average
dFe concentration of 0.32 + 0.10 nmol L™ after six days, while High Fe treatments were

on average 0.61 + 0.01 nmol L after day six (Table 5.1).

5.3.2 Phytoplankton community

The chlorophyll a concentration was 0.75 g L™ on day 0, and increased to
9.91+0.18 pg L (n = 3) on average in Low Fe treatments ( +1 nmol L-1) and 12.50+3.17
ug Lt (n = 3) on average in High Fe (+5 nmol L-1) treatments (Figure 5.1). In both
treatments, most of the biomass gain was due to an increase in the abundance of diatoms
as indicated by the increase in fucoxanthin in Low Fe and High Fe incubations (Table
5.2, Figure 5.2) and direct observation in the cell counts (Table 5.3, Fig 5.3). Before Fe
addition, the phytoplankton community was composed primarily of Pseudo-nitzschia
species (67%) and other large diatoms (Table 5.3). Pseudo-nitzschia responded to Fe
addition in both treatments, increasing to 78% of the community on average in Low Fe
bottles and 82% in High Fe bottles. Chaetoceros spp. also increased in abundance in the
treatments, increasing from 2% of the initial community to 9% and 8% by day 6 in Low
Fe and High Fe treatments, respectively. Other large diatoms (> 10 um) displayed a
moderate increase in abundance by day 6. Zeaxanthin, chlorophyll b and divinyl

chlorophyll a were all slightly higher on average in High Fe bottles potentially
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representing increased abundance of Synechococcus, Chlorophyceae, and
Prochlorococcus in High Fe treatments (25). Cell counts of specific taxonomic groups
were not statistically different between High and Low Fe treatments when normalized to
total phytoplankton cell counts, indicating that phytoplankton community composition
was largely unchanged between Fe treatments even though total biomass increased in

High Fe samples.

5.3.3 Dissolved Fe-binding ligands

Several classes of dFe-binding ligands were determined in each experimental
treatment using CLE-ACSV. The dFe-binding ligand pools were drastically different in
the Low Fe and High Fe treatments by day 6. Initially, L (2.2 nmol L) and L3 (2.5 nmol
L) ligands were detected in situ in the initial water mass while the strongest L1 ligands
were conspicuously absent (Table 5.4, Figure 5.4), consistent with observations from
others in the same oceanographic region (17, 26). After six days, Low Fe treatments
displayed slightly higher L and Lz concentrations than in the initial CCE waters. L»
concentrations also changed little between initial and final sampling points in High Fe
treatments, but in contrast to Low Fe treatments, L3 concentrations markedly increased at
day six in the High Fe treatments (Student's t-test, P < 0.05) (Table 5.4, Figure 5.4). The
most striking result was the presence of siderophore-like L; ligands exclusively in High
Fe treatments at day 6, while no Fe-binding ligands of this strength were detected in Low
Fe treatments. These results suggest that L1 and Lz production were dependent on Fe

treatment and the resulting biological dynamics in these incubations.



174

5.3.4 Heterotrophic bacterial assemblage

DNA was collected at day six of the incubations in order to assess heterotrophic
microbial diversity within and between Fe treatments. Sequencing of the VV3-V4 region of
the 16S ribosomal RNA gene resulted in an average of 1.2 X 10° reads per sample (n = 6)
after post-processing (see methods, Table 5.5). Operational Taxonomic Units (OTUs)
were binned at 97% sequence identity resulting in 826 unique OTUs of which 304 were
retained for downstream analyses after filtering out eukaryotic reads, archaeal reads, and
rare taxa. A non-metric multidimensional scaling (NMDS) analysis based on diversity
and abundance of OTUs indicated that Low Fe treatments clustered, while High Fe
treatments were highly variable between replicates (Figure 5.5). However, broad patterns
in the composition of the heterotrophic microbial community appeared to align with the
High / Low Fe treatment experimental structure (Fig 5.5, Figure 5.6). Additionally, many
OTUs co-occurred almost exclusively with a single replicate from High Fe treatments.
For example, the distinct microbial community in High Fe replicate C was dominated by
a single OTU, OTU_13 which was binned to the Pseudoalteromonas genus of the order
Alteromonadales (Figure 5.7). Continuous environmental variables (dFe, NOs", PO4*,
Si(OH)4, chl a, and ligand concentrations) were fit to the NMDS ordination and were
tested for correlations at a significance level of o = 0.1. L1 and NOs™ concentrations were
significantly correlated with the ordination of bacterial OTUs with the direction of the
NOs" gradient opposite that of L1 (Figure 5.5). OTUs associated with Low Fe treatments
were positively correlated with higher NOs concentrations (R = 0.75, P < 0.06), while L;

concentrations were strongly positively correlated with OTUs more abundant in High Fe
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treatments (L1, R? = 0.77, P < 0.05). Chlorophyll a (R? = 0.64) and dFe (R? = 0.62) were
also strongly correlated with the ordination, although not significantly.

There were 13 OTUs whose mean normalized abundance across all High Fe
samples was at least 1.5 times greater than their abundance in Low Fe samples and whose
mean abundance across all samples was greater than 250 (Figure 5.7). These OTUs were
taxonomically binned at the order level to known copiotroph groups including
Altermonadales, Cytophagales, Flavobacterales, Rhodobacterales, and
Sphingobacteriales. In addition, there were ten different OTUs with a statistically
significant difference in abundance across High and Low Fe treatments (see methods),
two of which (OTU_4 and OTU_21; Figure 5.7) were in the previously mentioned 13
OTUs. Of the ten differentially abundant OTUs (Table 5.6), three were enriched in High
Fe treatments and fell into the orders Alteromonadales, Caulobacterales, and
Verrumicrobiales. Nearly 70% of the OTUs enriched in Low Fe treatments were from
SAR11 and other Alphaproteobacteria. The nature of the dispersion modeling procedure
used to test for differential abundance (27) is such that OTUs that are highly abundant in
a single sample are discarded as outliers, for example OTU 13, and it serves to highlight
OTUs that are consistently abundant or scarce between treatments. Because High Fe
samples were largely different from each other in taxonomic composition, this procedure
showed greatest sensitivity to OTUs that were consistently abundant in Low Fe
treatments rather than High Fe treatments (Table 5.6). Alpha diversity, or the total species
diversity in each incubation, was statistically lower for a number of different diversity
metrics in High Fe treatments (Table 5.7, Figure 5.8B). High Fe replicate C generally

displayed the lowest alpha diversity of all sample treatments which may reflect the
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dominance of a Pseudoalteromonas OTU in that particular sample. The proportion of
OTUs binned at class taxonomic level was largely similar between Fe conditions with
Alphaproteobacteria and Gammaproteobacteria composing the largest fractions in all

conditions (Figure 5.8A).

5.4  Discussion

Here we report the effects of differing NOs™ : dFe conditions on the development
of bacterial and phytoplankton communities and Fe-binding ligand dynamics in
microcosm incubations. After six days of grow-out, both NO3™ : dFe treatments
stimulated increases in phytoplankton biomass and produced communities dominated by
diatoms. However, we report multiple lines of evidence suggesting that the Fe-binding
ligand pool, macronutrient concentrations, and the heterotrophic microbial community
differed substantially between High and Low Fe treatments. This work suggests the
potential for unique relationships between phases of phytoplankton bloom development,
Fe-binding ligand dynamics, and heterotrophic bacterial community.

Despite the similarities between the phytoplankton communities in each
treatment, the Fe-binding ligand pool, particularly the strongest L1 ligands, was distinct
between Fe additions at day 6. The L1 ligand classification, defined in this study as
having a logK > 12, is comparable with the binding affinities of siderophores found in
cultures of marine bacteria (13). One explanation for the emergence of L1 ligands in High
Fe treatments is that they were produced actively by the phytoplankton community. It
does appear that some eukaryotic phytoplankton can utilize Fe bound to siderophores, but

genomic evidence suggests that in order to do so most eukaryotic phytoplankton rely on
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multi-step reductive pathways instead of direct siderophore-complex uptake (28).
Additionally, canonical siderophore biosynthesis pathways have not been detected in
eukaryotic phytoplankton genomes, with the exception of a putative catecholate
biosynthesis motif in the green alga Ostreococcus lucimarinus (29). Pseudo-nitzschia
spp., the dominant diatom under both Fe conditions in our experiments, is known to
produce significant amounts of domoic acid, a toxin with Fe chelating functionalities.
However, this compound has a binding affinity approximately three orders of magnitude
lower than that of the L1 ligand class reported in this study (30) making it unlikely that
domoic acid production was responsible for the increase in L1 concentrations in High Fe
conditions. Ultimately, the similarity of the phytoplankton communities between Fe
treatments and genomic and physiological evidence from model organisms does not
support the hypothesis that eukaryotic phytoplankton were producing the strong
siderophore-like complexes detected in these incubations.

The composition of the microbial community in the High Fe incubations was
broadly correlated with increasing L1 concentrations and was mostly dominated by OTUs
related to known copiotroph heterotrophic strains. These observations are consistent with
other studies reporting enrichment of copiotroph bacterial taxa after dissolved organic
matter (DOM) additions (31, 32). Although L: increases across High Fe treatments were
generally uniform, there was no universal shift in microbial community in response to
High Fe treatments. Low Fe replicate incubations harbored similar microbial
communities (Figure 5.5, Figure 5.6), with general enrichments of OTUs related to
SAR11 (Table 5.6). In contrast, the microbial community composition in High Fe

replicates were largely different from Low Fe treatments and from one another, with
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High Fe C being particularly distinct due to the apparent bloom of a unique
Pseudoalteromonas OTU. However, High Fe treatments shared similarities in that they
tended to be dominated by a small handful of unique OTUs classified as belonging to
taxonomic groups of known copiotrophic bacteria (Figure 5.7, Table 5.6), for example
Alteromonadales, Rhodobacterales, and Cytophagales. Although transiently abundant
copiotrophs are frequently dismissed as “weed” species, a number of studies have
demonstrated that the activities of these strains have disproportionately large impacts on
biogeochemical cycling. For example, a copiotroph from coastal California waters,
Alteromonas sp. ALT199, known to be abundant and transcriptionally active in particle
size fractions (33), has been shown to effectively consume as much labile marine DOM
as the rest of the microbial community combined (34). ALT199 has numerous putative
siderophore-specific TonB receptors, a putative siderophore synthetase for petrobactin,
and a putative siderophore-ferric complex reductase. Metatranscriptomic evidence
suggests that other Altermonadales species synthesize siderophores and take up
siderophore-ligand complexes in hydrothermal vent plumes (35). Another preliminary
study on Fe availability to different microbial groups found that Alteromonas consumed
disproportionately more Fe relative to its abundance in seawater incubations (36).
Additionally, a particular Verrucomicrobia OTU has been found to dominate certain
Baltic Sea microbial communities (37), and the fully assembled genome contains
numerous carbohydrate degrading enzymes as well as the functional potential for
siderophore uptake (38).

Transiently abundant but transcriptionally active copiotrophs have been mostly

studied in the context of DOM utilization and degradation, but these strains may also
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contribute heavily to the cycling of Fe. The chemical data from this study indicates that
strong Fe-binding ligands (L1) with binding-strengths comparable to siderophores only
appeared under High Fe treatments. High Fe treatments generated increased
phytoplankton biomass and increased nutrient drawdown, but harbored relatively similar
phytoplankton community compositions. In contrast, shifts in bacterial community
composition from Low to High Fe conditions were strongly correlated with increases in
L1, Ls, and Chlorophyll a concentrations. The mostly even L distributions in High Fe
treatments relative to their individually distinctive microbial communities suggest that the
potential for siderophore uptake and biosynthesis may have been functionally redundant
across numerous copiotroph OTUs in these incubations. The increase in weaker L3
ligands in High Fe treatments relative to Low Fe treatments (Figure 5.4) is also
interesting and may be related to the release of polysaccharide-type material by either
phytoplankton or bacteria, the release of domoic acid by Pseudo-nitzschia, and/or the
release of intracellular material by lysing cells.

We suggest that the most likely scenario accounting for the emergence of L1 in
High Fe treatments is that heterotrophic bacteria were directly producing siderophores or
other strong Fe-binding ligands in order to scavenge iron from lysing algal cells. Our data
suggests that by day 6 the phytoplankton community in High Fe treatments had
consumed all the available nitrate and had either begun to enter or had fully entered
senescence, the initial phase of remineralization. The different High Fe replicates
appeared to be in largely different states of maturity with respect to bacterial taxonomic
composition (Figure 5.5). Additionally, Low Fe C appeared to be the most mature of the

Low Fe treatments, with the lowest NO3", SiO3, and dFe concentrations and the highest
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chlorophyll concentrations. Furthermore, the bacterial assemblage composition in Low
Fe C was the closest of Low Fe samples to High Fe samples. We postulate that
phytoplankton senescence was coupled with a release of phytoplankton-derived (DOM)
and resulted in a stimulation of copiotroph heterotrophic bacterial strains. The higher
chlorophyll concentrations in High Fe samples is consistent with the greater nitrate
utilization in these treatments, and it is probable that copiotroph bacterial taxa were
enriched due to the release of phytoplankton-derived dissolved organic matter (DOM)
(39) and not necessarily by a direct stimulation of iron. We suspect that the difference in
the heterotrophic community between Low and High Fe treatments was due to an initial
stimulation by DOM release, while the differences in L1 concentrations reflected
siderophore production by DOM-responding strains in High Fe samples. Copiotroph
bacterial strains tend to have large genomes with multiple Fe uptake pathways suggesting
that they can access a large diversity of Fe species in their immediate environment (40). It
may be that these organisms also have greater Fe demand or participate in “luxury
uptake” and thus siderophore production may provide a competitive advantage for
bacterial strains adapted to infrequent and ephemeral nutrient pulses.

Typically, siderophores are produced only under extreme Fe limitation so it is
somewhat paradoxical that siderophore production would greatly increase under
conditions with the greatest amount of added Fe. However, diatoms generally outcompete
bacteria and other phytoplankton after Fe fertilization, and large-scale Fe-fertilization
studies have demonstrated an increase in L1 ligands after Fe addition (14, 41), during
bloom decline (41), and heterotrophic bacteria may still retain a degree of Fe-limitation

after Fe enrichment (21). Our experiments provide further insight to the results from
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mesoscale studies and suggest that L1 production may be related to phytoplankton bloom
phase progression rather than direct stimulation by Fe itself. Thus the apparent paradox of
L1 concentration spikes post Fe fertilization may be explained by a mostly carbon-limited
heterotrophic bacterial community that subsequently shifts to Fe limitation relative to the
excess carbon derived from decaying phytoplankton. If this phenomenon is widespread it
may serve as a significant source of L1 type ligands in marine waters. Excess strong
ligand production by heterotrophic bacteria during early bloom senescence may thus be
important for overall iron recycling efficiency in microbial ecosystems and may serve to
minimize Fe loss due to particle export in the upper ocean.

Although these proposed scenarios are hypothetical, the abundance of L1 and L3
in the High Fe incubations and their clear correlation with shifts in the heterotrophic
bacterial community (Figure 5.5, Figure 5.6, Figure 5.7, Table 5.6) suggests a potential
for a link between specific microbial taxa and biological ligand production, such as
siderophores. Potentially, components of the ligand pool detected during the incubations
can be attributed directly to copiotrophic members of the microbial community. More
work is needed to clarify the nature and extent of microbial taxonomic succession after
Fe enrichments. When paired with high resolution chemical measurements of Fe-binding
ligand, surveys of microbial functional gene expression as well as the recovery of entire
bacterial genomes should offer promise for elucidating further linkages between ligand

production and specific taxonomic groups.

55 Materials and Methods

5.5.1 Oceanographic setting
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Samples for the incubation experiment were collected aboard the R/V Melville in
August 2012 in the Southern California Bight (33.879° N, -123.306° W). Water for the
incubation experiment was collected in the surface waters of a warm oligotrophic
anticyclonic eddy off Point Conception. Trace-metal clean seawater was collected from
35 meters using a rosette containing 5 L Teflon-coated external-spring Niskin bottles
(Ocean Test Equipment) deployed on non-metallic hydroline. The Niskin bottles were
immediately brought into a positive pressure clean van and the unfiltered water was
dispensed into an acid-cleaned 50 L carboy. The water was mixed and then placed in six

2.7 L polycarbonate bottles.

5.5.2 Incubation set-up

Incubation bottles were placed in an on-deck flow-through incubator screened to
30% incident light levels. The incubation experiment contained three low Fe (1 nmol L™
FeCls; Low Fe A, B and C) and three high Fe (5 nmol L FeCls; High FeA, B and C)
treatments. The two different dFe additions aimed to explore ligand production under two
different NOs™:dFe conditions, which have been shown to be a proxy for Fe-limitation in
diatoms (24). All six bottles in the experiment also had macronutrient additions of 10.0
umol L1 NO37, 1.0 pmol L2 PO4*, and 9.3 umol L Si(OH)a4. The incubation was
sampled on day 0 (initial conditions) and day 6 (final conditions) for dFe, dFe-binding
ligands, chl a, macronutrients (NO3", PO4>, and Si(OH)a4), pigment concentrations,
phytoplankton cell counts, and DNA. Nutrients and chl a were also sampled from all six
bottles on days 3, 5 and 6 in order to track phytoplankton growth and nutrient

consumption.
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5.5.3 Nutrients, pigments, and phytoplankton

Si(OH)4, POs*, and NOs (nitrate + nitrite) samples were collected in 60 ml
polypropylene centrifuge tubes and frozen at -20°C until analysis on a Lachat QuickChem
8000. Samples for chl a and phytoplankton pigments were collected in amber bottles and
filtered onto GF/F filters (Fisher Scientific). The chl a filters were extracted in acetone
for 24 hours and analyzed on-board using a Turner Designs 10-AU Fluorometer. Pigment
samples were stored in cryovials (Nalgene) in liquid nitrogen and were analyzed by high
performance liquid chromatography (HPLC) as described previously (42). Phytoplankton
cell counts were collected into 50 mL glass vials with 1% tetraborate buffered formalin.
Each cell count sample was adjusted by volume to 60 mL, settled in a 50 mL Utermohl
settling chamber, and counted with a Zeiss phase-contrast inverted light microscope at
200x magnification. The counts were classified in categories of Chaetoceros spp.,
Pseudo-nitzschia spp., other diatoms (>10 pum), dinoflagellates, flagellates (< 10 pm),
and ciliates. The sample volume enumerated was approximately 5.6 to 1.1 mL (1/9 of
slide), with detectable cell abundances between 245 and 1,227 cells L, depending on the

settling volume.

5.5.4 DFe and dFe-binding organic ligands

DFe was analyzed using flow-injection analysis (FIA) with sulfite reduction after
pre-concentration on a conditioned nitrilotriacetic acid (NTA) column (23, 24). The
concentration and conditional binding strength of organic dFe-binding ligands were
measured using established electrochemical methods which have been discussed in-depth

elsewhere (15, 17, 26, 43). In brief, competitive ligand exchange-adsorptive cathodic
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stripping voltammetry (CLE-ACSV) was employed using a hanging mercury drop
electrode (BioAnalytical Systems Inc.), with salicylaldoxime (SA) as the added ligand.
Three separate titrations were done on each sample with varying concentrations of added
SA in order to detect a range of dFe-binding ligands, termed multiple analytical window
(MAW) analyses. A lower concentration of SA has an effective competition strength that
is lower than using higher concentrations of SA; thus targeting the weaker portion of the
dFe-binding ligand pool. Titrations for each sample were done with 11 separate titration
points, ranging in added dFe concentrations from 0-25 nmol L™ depending on the [SA]
used in the titration. The added dFe and 50 pl of 1.5 mol L™ boric acid-ammonium buffer
(pH 8.2, NBS scale) was equilibrated with the natural ligands for at least 2 hours, and
then either 17.7, 25.0, or 32.3 umol L™t SA was added and equilibrated for at least 15
minutes before the first titration point was analyzed. Peak heights were analyzed using
newly available software (ECDSOFT) (44), and all three titrations were analyzed
concurrently as a unified dataset in ProMCC (44). Side-reaction coefficient parameters
for Fe(SA)xin ProMCC were updated to the latest calibration (45). Initial guesses in
ProMCC were derived by first fitting the three titrations individually using Ruzi¢/van den
Berg and Scatchard linearization (46, 47). The results from the analysis of each titration
using linear techniques were input into ProMCC and then chemical speciation fitting
mode was used in order to derive ligand concentrations and strengths at the 95%
confidence interval. If ProMCC could not converge in 500 iterations on three ligand
classes, then the ligand parameters were reduced to two and solved again in ProMCC.

Ligand classes were defined as L1 if the conditional stability constant or strength
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(l0gK £ ker) Was > 12.0, Lzwhen logK £/ s,,= 11.0-12.0, and Lz when logK£o % re,=

10.0-11.0.

5.5.5 DNA extraction

At the final time point (day 6) 100 mL of seawater was collected from the
incubation experiment by filtering onto 0.22 um Sterivex-GV filters (Millipore) using a
peristaltic pump. After collection, Sterivex filters were immersed in 500 uL of lysis
buffer (50 mmol L Tris-HCI, 40 mmol L' EDTA, 0.75 mol L sucrose, pH = 8.4) and
frozen at -80°C until analysis in the laboratory. DNA was extracted from the Sterivex
filters by adding 100 pL lysozyme (125 mg mL™?) and 1 L RNAse A (500 pg mL™) to
the filter and incubating at 37°C for one hour. Afterwards, 100 pL proteinase K and 100
pL 20% SDS were added and the cartridge was incubated at 55°C for two hours. The
resulting lysate was removed from the filter cartridge, and nucleic acids were extracted
twice with phenol:chloroform:1AA (25:24:1, Sigma) and once with chloroform:isoamyl
alcohol (24:1, Sigma). Nucleic acids were concentrated using Centricon 100 filters

(Millipore) to between 200-500 pL.

5.5.6 Sequencing

The V3-V4 region of the 16S ribosomal RNA gene was PCR amplified using an
established primer pair, S-D- Bact-0341-b-S-17/S-D-Bact-0785-a-A-21, (48) modified
with lllumina adapters (Illumina Inc., San Diego, CA, USA) and Q5 polymerase (New
England Biolabs). PCR products were purified using AMPure XP Beads (Beckman

Coulter), PCR tagged with dual-index barcodes, then purified again using the AMPure
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system. DNA concentrations were measured using a Qubit fluorometer (Life
Technologies) then samples were diluted and combined. Paired-end 300-bp sequencing
of barcoded amplicons was performed on a MiSeq machine running v3 chemistry
(Mumina Inc., San Diego, CA, USA). Runs were uploaded to Illumina BaseSpace,
automatically trimmed of primer sequences and barcodes, and downloaded as fastq

format to a local computer.

5.5.7 Bioinformatic Processing

Paired reads from each sample were merged using usearch (49), allowing for zero
base differences in the overlap region. Reads were truncated at an overlapping read
length of 250 and then discarded if they contained a base with a Q-score lower than 15.
The resulting sequences from each sample were pooled, de-replicated, and singleton
sequences were discarded. These sequences were grouped into operational taxonomic
units (OTUs) at 97% minimum sequence identity based on default parameters of the
UPARSE-OTU algorithm, and chimeric sequences were removed post-clustering by
comparison to the UCHIME gold standard reference database. Taxonomies were
assigned using the Naive Baseian Classifier of the Ribosomal Database Project (50).
Unclassifiable OTUs at the kingdom level, OTUs matching mitochondrial or plastid-like
sequences were excluded resulting in a total of 416 OTUs across all samples. Sample

processing was performed using the PhyloSeq package in R (51).

5.5.8 Statistical Processing
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Prior to ordination analysis and calculation of Simpson and Shannon indexes,
OTUs that did not appear at least three times in 15% of the samples were discarded.

Abundances of individual OTUs in each sample were standardized to the median

sequencing depth of all samples using the formula % x median , where X is the

abundance of a given OTU. The Simpson and Shannon indexes of alpha diversity were
calculated on contingency tables obtained from OTU clustering and taxonomic
classification procedures using the PhyloSeq package. The normalized OTU abundance
table was transformed to the Bray-Curtis dissimilarity index using the R package Vegan
(52) and subjected to non-metric multidimensional scaling (NMDS) analysis using the R
package MASS (isoMDS). Continuous environmental variables measured during the
incubation experiments (L1, Lo, L3, dFe, NOs", Si(OH)a, PO4%, chl a) were fitted to the
resulting NMDS ordination using the envfit function from the Vegan package. P values
for the resulting correlations were computed using 999 random permutations. To test for
differential abundance of OTUs between iron treatments we used negative binomial Wald
Tests using standard maximum likelihood estimates for generalized linear models
coefficients under a zero-mean normal prior distribution from the DESeq2 package
(method: nbinomWaldTest) in R with RLE normalization (27) as implemented in the
phyloseq package (53). All tests were corrected for multiple tests using the Benjamini-

Hochberg method for controlling the false discovery rate.
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Table 5.1 Dissolved Fe, nutrient and chlorophyll a concentrations
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Chla NOs :
Treatment Day NOs (UM) PO (UM) SiOz uM (ug/L) dFe (nM) dFe SE  dFe
Initial 0 0.94 0.17 2.48 0.75 0.312 0.038  3.03
Low Fe A 3 10.4 0.90 111 2.07 - - -
Low Fe B 3 10.3 1.06 111 2.66 - - -
Low Fe C 3 10.3 0.99 10.7 291 - - --
High Fe A 3 10.0 0.98 11.0 4.15 - - -
High Fe B 3 9.49 0.94 10.3 4.32 - - -
High Fe C 3 9.69 0.91 10.3 3.85 - - -
Low Fe A 5 7.59 0.83 8.65 4.90 - - -
Low Fe B 5 6.69 0.88 7.53 6.55 - - -
Low Fe C 5 6.70 0.87 6.59 6.24 - - -
High Fe A 5 4.29 0.79 6.05 11.98 - - -
High Fe B 5 3.99 0.76 6.07 10.56 - - -
High Fe C 5 4.31 0.70 6.32 10.49 - - -
Low Fe A 6 2.59 0.64 4.04 9.74 0.311 0.024 8.32
Low Fe B 6 1.62 0.52 3.07 9.90 0.422 0.032 3.85
Low Fe C 6 1.27 0.57 2.25 10.11 0.214 0.021 5.93
High Fe A 6 0.11 0.45 1.86 15.22 0.614 0.044 0.18
High Fe B 6 0.09 0.44 1.96 13.39 0.621 0.167 0.14
HighFe C 6 0.18 0.45 2.94 9.04 0.601 0.057 0.30

Concentrations of nutrients and Chlorophyll a in the six incubations after three, five, and
six days and at the start of the experiment (Day 0). Biological replicates are displayed for

each iron treatment.
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19'but  Fuc 19'hex Zea Chlb DV chla Chla

Treatment (Mo/L)  (po/L)  (po/L)  (ug/L)  (ug/lL)  (po/L)  (pg/L)
Initial 0 0.052 0.226 0.120 0.033 0.042 0.040 0.423
Low Fe A 6 0.101 4.263 0.240 0.019 0.148 0.023  1.757
Low Fe B 6 0.105 5.005 0.010 0.032 0.171 0.082 2.345
Low Fe C 6 0.110 5.741 0.229 0.025 0.203 0.181  3.364
High Fe A 6 0.119 5.701 0.239 0.024 0.262 0.560  5.604
High Fe B 6 0.122 6.019 0.227 0.051 0.279 0.361 6.824
High Fe C 6 0.169 4.222 0.186 0.072 0.230 0.668 5.611

Concentrations of phytoplankton pigments as measured by HPLC in the six incubations

after six days and at the start of the experiment (Day 0). Biological replicates are

displayed for each iron treatment. 19” but (19 ' -butanoyloxyfucoxanthin), Fuc
(Fucoxanthin), 19” hex (19’-hexanoyloxyfucoxanthin), Zea (Zeaxanthin), Chl b

(Chlorophyll b), DV chla (Divinyl Chlorophyll a), Chl a (Chlorophyll a)
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Table 5.3 Phytoplankton cell counts

Chaeto. Unk Dino. / Meso.
(10* P-nitzschia. Other diatoms Dino. Flag. (10* (10*
Treatment Day cells/L) (10%cells/L) (10*cells/L) (10 cells/L) cells/L) cells/L)
Initial 0 0.368 125 3.31 1.47 1.23 0
LowFe A 6 29.6 210 50.9 0.61 1.84 0
LowFeB 6 26.1 304 47.1 1.84 2.09 1227
LowFeC 6 34.7 291 29.9 1.60 1.60 1227
HighFe A 6 26.9 389 42.1 2.21 2.95 0
HighFeB 6 38.5 408 34.6 2.95 2.70 0
HighFeC 6 51.2 382 50.6 3.07 2.70 0

Concentrations of phytoplankton cells determined by microscopy in the six incubations
after six days and at the start of the experiment (Day 0). Biological replicates are
displayed for each iron treatment. Chaeto. (Chaetoceros species), P-nitzschia. (Pseudo-
nitzschia species), Other diatoms (Rare or unknown diatom species > 10 um), Dino.
(integrated Dinoflagellate species), Unk Dino / Flag. (Unknown Dinoflagellate and
Flagellate species > 10 um), Meso. (Mesodinium species).



Table 5.4 Dissolved Fe-binding ligand concentrations
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Treatment Day L:(nM) logK1 L, (nM) logK2 Ls (nM)  logK3
Initial 0 nd nd 2.19 11.81 2.51 10.76
Low Fe A 6 nd nd 2.55 11.82 3.79 10.20
Low Fe B 6 nd nd 3.67 11.20 2.58 10.10
Low Fe C 6 nd nd 4.10 11.74 3.65 10.20
High Fe A 6 4.39 12.02 2.97 11.38 6.58 10.10
High Fe B 6 3.65 12.36 3.07 11.00 7.54 9.39
High Fe C 6 2.54 12.08 3.57 11.16 4.60 10.16

Concentrations of dissolved Fe (dFe) and Fe-binding ligands (Lx) in the six incubations
after six days and at the start of the experiment (Day 0). dFe SE indicates the standard
error of dissolved Fe concentrations from technical replicates measured by FIA. LogK(x)
displays logio of the conditional stability constant measured for each ligand class. The
NOz" : dFe ratio is an indicator for Fe limitation. VValues greater than or equal to six are
potentially indicative of Fe-limitation. Biological replicates are displayed for each iron

treatment.
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Sample Raw read count Filtered read count Secondary filtered read count
High Fe A 178841 139971 139505
High Fe B 123833 98411 98293
High Fe C 137718 100105 100054
Low Fe A 147891 117249 117246
Low Fe B 149017 121659 121611
Low Fe C 157690 125740 125730

Raw read count indicates the number of reads after merging paired ends and initial read
quality control (see methods). Filtered read count indicate removal of OTUs
unclassifiable at the taxonomic domain, mitochondrial reads, archaeal reads,

plastid/cyanobacterial reads and rare OTUs. Secondary filtered read count displays the

number of reads after removing OTUs that did not appear at least three times in 20% of

samples.
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Table 5.6 Differentially abundant OTUs between Fe treatments

Log. FDR
Base Fold  adjusted P
OoTU Mean  Change value Class Family Genus

Gammaprot

Otu21 334045  -3.66 0.0006  eobacteria Alteromonadaceae Aestuariibacter
Alphaproteo

Otu78 133.98 -2.74 0.0001 bacteria  Hyphomonadaceae = Hyphomonas
Verrucomicr

Otu4 5061.43  -2.17 0.0006 obiae Rubritaleaceae Rubritalea
Alphaproteo
Otu2 7038.59 0.73 0.02 bacteria SAR11 Pelagibacter
Alphaproteo
Otu245  109.48 1.06 0.03 bacteria SAR11 Pelagibacter
Alphaproteo
Otu45 248.55 1.08 0.04 bacteria  Rhodobacteraceae Roseibacterium
Alphaproteo
Otu32  1146.14 1.18 0.01 bacteria SAR11 Pelagibacter

Alphaproteo
Otus7 119.82 1.21 0.002 bacteria  Kordiimonadaceae Kordiimonas

Gammaprot

Otu56 212.94 1.23 0.02 eobacteria Oleiphilaceae Oleiphilus
Flavobacter

Otul5 1776.33 1.52 0.01 iia Flavobacteriaceae  Corallibacter

Significant differential abundances of OTUs between high and low Fe conditions after six
days. Only OTUs with false discovery rate corrected P values less than 0.05 and with
base means greater than 100 are displayed. Base mean indicates the mean OTU
abundance across all samples. Log> Fold Change is the fold change from high Fe to low
Fe samples (i.e. a negative value indicates enrichment in high Fe samples) and OTUs are
ordered by increase fold change. P values are FDR corrected.



Table 5.7 OTU based alpha diversity metrics
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Sample *Observed *Chaol *ACE Shannon Simpson Inv Simpson *Fisher
438.67 +
HighFe A 435.00 3.15 437.81 £ 9.50 3.92 0.95 22.16 55.44
470.28 +
HighFe B 447.00 8.30 485.86 +10.90  3.66 0.94 17.83 60.40
442.49 +
HighFe C  428.00 5.80 459.46 +10.49  3.16 0.92 12.92 55.62
531.60 +
LowFe A  515.00 6.41 54477 +11.46  3.79 0.94 17.27 70.93
482.64 +
LowFeB  471.00 5.16 495.15+10.99  3.58 0.92 12.06 62.43
523.93 £
LowFeC  499.00 8.70 537.41+11.47 3.70 0.94 17.38 66.02

Common alpha diversity metrics of the heterotrophic microbial community across the six
incubations after six days. Metrics with an asterisk were significantly different between
High and Low Fe treatments (Student’s t-test P < 0.05)
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Figure 5.1 Changes in chlorophyll a and nitrate concentrations during the course of the
high Fe and low Fe treatments. Nitrate concentrations at Day 0 are after the initial
nutrient spike. High Fe incubations are in black, while Low Fe are in grey. Biological
replicates are represented by shapes. Note different scales in each subplot.
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Figure 5.2 Phytoplankton pigment concentrations at initial and final sampling times in
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sample of seawater used to start the incubations and do not include biological replicates.

Biological replicates are presented for Low Fe and High Fe conditions. Note different

scales in each subplot.
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Chapter 6
Molecular and geochemical evidence for iron limitation in subsurface chlorophyll

maxima of the eastern subtropical Pacific Ocean.

6.1  Abstract

While iron limitation is well-documented to be a significant control on
phytoplankton productivity and species composition in large areas of the surface ocean
mixed layer, much less is known about the potential for iron limitation in phytoplankton
communities at the subsurface chlorophyll maximum (SCM) observed ubiquitously in
permanently and seasonally stratified areas of the global ocean. Here we present studies
of a range of SCM communities off the southern California coast, extending from inshore
waters to the offshore oligotrophic gyre. Metatranscriptomes of in situ phytoplankton
assemblages from the SCM harbored strikingly abundant concentrations of transcripts
matching known iron stress responsive genes and these iron stress markers were enriched
in the SCM relative to surface waters. SCM stations were often characterized by strong
nitricline and ferricline decoupling, leading to elevated nitrate to dFe (N:dFe) ratios, and
indicating in situ Fe limitation. Additionally, silicic acid:nitrate ratios (Si:N) in time-
series data sets from the region indicate that the effects of iron limitation on subsurface
phytoplankton communities may be spatially widespread and temporally frequent,
particularly in areas within 450 km of the coast where SCM communities represent
maxima in both phytoplankton biomass and productivity. These results suggest that iron

limitation may be widespread in SCM layers off the California coast and have
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implications for biogeochemical processes like carbon export in this important eastern

boundary current ecosystem.

6.2 Introduction

Iron limitation is currently believed to be a controlling factor for phytoplankton
primary productivity in up to 40% of the world ocean (1). For the most part, these are
oceanic areas characterized by continuous surface accumulations of nitrate, at times in
excess of 20 uM (2), or seasonal coastal upwelling of high nitrate, low-Fe subsurface
waters. In these areas, numerous bottle-scale and mesoscale iron addition experiments
have demonstrated that large phytoplankton, like diatoms, are particularly limited by iron
supply, with associated implications for atmospheric CO» uptake and export to the ocean
interior (3). In the rest of the ocean where nitrate levels are generally undetectable at the
surface, iron supply is not believed to limit phytoplankton growth, aside from the
potential limitation of nitrogen-fixing marine cyanobacteria such as Trichodesmium (4).
In these permanently or seasonally stratified low-nutrient regions of the ocean, nitrate is
considered to be the proximate limiting nutrient in the mixed layer, which is dominated
by a community of small phytoplankton such as cyanobacteria, chlorophytes, and
haptophytes which grow quickly and can exist on recycled forms of nitrogen.

Below the surface mixed layer, at the base of the euphotic zone, stratified seas
often harbor a distinct subsurface chlorophyll maximum (SCM) (5, 6) where the
taxonomic composition of the phytoplankton assemblage can vary significantly from
surface waters (7—10). Although this chlorophyll maximum can be decoupled from the

water column biomass maximum due to cellular adaptations to low light (5), the SCM
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generally marks a depth of high primary productivity and carbon export relative to the
surface (11). The mechanisms that form and sustain SCMs are still debated to some
extent, but most studies converge towards a generally unified explanation where the SCM
results from two competing gradients of light and nutrient concentrations (6). For
example, new nutrients are injected into the ocean euphotic zone by physical processes
like diffusion or through mesoscale processes like upwelling and eddies. However, water
column stratification, particularly in oligotrophic oceans, can prevent the injection of new
nutrients from deeper water into the upper reaches of the euphotic zone where light levels
are replete (12). Furthermore, biological uptake in these highly stratified layers with
already minimal nutrient input can reduce euphotic zone nutrient concentrations to nearly
undetectable levels. During upwelling vertically transported nutrients are first utilized by
phytoplankton residing at the base of the euphotic zone, and uptake and remineralization
processes within this layer have important consequences for the subsequent
phytoplankton layers above. Cumulatively, quasi-stable upper ocean stratification
generally works to sustain two different biogeochemical strata in the vertical dimension
of the euphotic zone. In the upper layer, phytoplankton are strongly nutrient limited but
light replete while the lower layer is always light limited. Interactions between irradiance
levels and nutrients transported from below makes this lower stratum susceptible to co-
limitation of both light and nutrients, and it is within this depth range that SCMs are
situated.

SCMs can be found throughout the global ocean in both coastal and pelagic
regions, and many of the regions where SCMs are formed are typically classified as

macronutrient limited. The influences of micronutrients have received comparatively
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little attention in these regimes even though micronutrients are known to have significant
impact on phytoplankton growth (13). Although nitrate availability is certainly a limiting
factor in upper layers of SCMs, phytoplankton communities at the base of SCMs where
the nitricline begins may be predominantly limited by the availability of light and the
efficiency of the photosynthetic apparatus. Indeed, the seminal culture-studies of Sunda
and Huntsman showed a synergistic effect of iron and light co-limitation whereby light
limitation increased the amount of cellular Fe required to support growth in four marine
eukaryotic algal species (14). This work laid the theoretical foundation for a
physiological link between iron availability, light intensity, and cell size and also implied
the potential for Fe-limitation of phytoplankton communities situated in the lower
reaches of the euphotic zone where nitrogen stress is relieved but light intensity remains
low. A more recent study provided evidence for Fe-light co-limitation of phytoplankton
communities in SCMs sampled from mesotrophic and oligotrophic sites in the California
bight and the eastern tropical north Pacific (15). These coastal California regions have
been historically considered as solely nitrogen limited, but contemporary studies now
highlight an important role for Fe in structuring phytoplankton communities and in
modulating carbon export in this highly productive eastern boundary current system (16—
19).

Given that phytoplankton iron quotas can vary as a function of light intensity and
that iron is increasingly being recognized as a factor influencing ecosystem productivity
in regions previously thought to be macronutrient limited, we investigated the role of Fe
as a limiting factor in SCMs along a productivity gradient in the eastern subtropical

Pacific Ocean. Unlike in prior studies we explored the role of Fe from combined
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geochemical and “omic” perspectives that allowed us to assess the role of iron from two
independent, but complementary points of view. We collected hydrographic parameters,
macronutrient and dissolved Fe concentrations, measurements of phytoplankton
community composition, biomass, primary production rates, and nitrogen uptake rates
from SCM and surface waters along CalCOFI line 93, the southernmost line in the
CalCOFI program. Additionally, community RNA and DNA were sequenced from four
SCM and surface stations in order to compare the taxonomic composition and function of
expressed genes of phytoplankton communities at these stations as has already been
described (20). Finally, we determined silicic acid:nitrate (Si:N) ratios using publically
available data from the CalCOFI program, which provided a broader spatial and temporal
perspective on the biogeochemical status of the southern California Current System
(CalCS). The intersections of these data ultimately provided multiple independent lines of
evidence for the occurrence of Fe stress and limitation in SCMs of the eastern subtropical

Pacific Ocean.

6.3  Results and Discussion

6.3.1 Overview of nutrient and biomass distributions on CalCOFI line 93
Sampling conditions along the 700 km transect (Figure 6.1) ranged from

mesotrophic near shore conditions to oligotrophic conditions in the offshore north Pacific

oligotrophic gyre. There was a general shoaling of the nutricline (NOs, Si(OH)s) and

isopycnals closer to the coast (Figure 6.2) which co-occurred with increased chlorophyll

a (chl a) concentrations at both the SCM and surface in coastal stations (Figure 6.3A).

However, nitrate and silicic acid concentrations were always low at the surface (nitrate
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was always lower than 1 uM and silicic acid was never greater than 2 uM), and chl a
concentrations were always at maximum at subsurface depths. The SCM occurred
between depths of 5 to 30 m in the roughly first 300 km of the transect (stations 93.35 to
93.70) with the bulk of maxima residing at approximately 30 m depth. At approximately
400 km (station 93.80) the SCM began to track the nutricline to deeper waters
(approximately 60 m) and SCMs at the oligotrophic offshore stations (93.110, 93.120) in
final 200 km moved deeper in the water column to depths of approximately 110 m

(Figure 6.3A).

6.3.2 Nitrate to dissolved Fe ratios on CalCOFI line 93: indicators of Fe limitation
Previous work in the Southern CalCS has demonstrated that the ratio of nitrate to
dissolved Fe (N:dFe) is an index of overall community Fe stress (18, 19, 21).
Phytoplankton communities from source waters with N:dFe (uM NO3:nM dFe) ratios of
approximately 6 to 12 have been observed to respond to Fe additions with increased Chl
a concentrations, cell counts, and nitrate drawdown, while phytoplankton communities
from water masses with N:Fe ratios of <5 have little to no response to added Fe (18, 19,
21). The physiological origin for this phenomenon is presumably due to the obligate Fe
requirement of the nitrate reductase enzyme in diatoms (22, 23), and phytoplankton are
observed to display highest growth rates when total cell Nitrogen:Fe quotas range from
approximately 1 to 5 uM N:nM Fe (16, 24). Based on these observations, phytoplankton
communities growing in upwelled source waters with an N:dFe ratio greater than 12 (the
most conservative estimate) are likely to be primarily or co-limited by Fe. Waters at the

base of the SCM have previously been observed with N:dFe ratios within the range
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indicative of Fe-limitation and growth rates of endemic SCM phytoplankton communities
have been shown to respond to both added Fe and light (15).

Total dFe concentrations in the line 93 transect were low (average of 0.22 nM)
with a general trend towards increased concentration at depth (Figure 6.4). This trend was
more pronounced in near-shore stations where the ferricline (as defined by the presence
of ~0.2 nM dissolved iron) was shallower. Stations in the first 400 km (93.40, 93.60, and
93.80) displayed a decoupling of the nitricline (as defined by the presence of 1 uM
nitrate) and the ferricline. This decoupling resulted in elevated nitrate to dissolved Fe
(N:Fe) ratios at depths near or below the SCM (Figure 6.4). N:dFe ratios in the line 93
transect were frequently greater than or equal to 12 at the depth of the SCM thus
indicating a strong potential for Fe-limitation. Elevated N:dFe ratios were particularly
striking at station 93.40 where they approached 100 at the SCM (Figure 6.4). Station
93.40 resides in the coastal transition zone, a region 50-150 km offshore characterized by
intermediate temperature, salinity, and isopycnal shoaling due to wind stress curl and
eddy associated upwelling (25). A prior study reported elevated N:dFe ratios in the mixed
layer of the transition zone during the spring and summer months of 2003 and 2004 (26)
which is consistent with our observations of elevated N:dFe ratios at station 93.40 here.
Stations 93.60 and 93.80 located approximately 230-400 km offshore both had elevated
but smaller N:dFe ratios ranging from 6 to 12 at the depth of the SCM suggesting that Fe
limitation may have been less dramatic than at 93.40. These stations occupied the
beginning of the offshore regime characterized by low surface nitrate and dFe
concentrations. Pelagic stations 93.110 and 93.120 were located more than 600 km

offshore and were characterized by deep SCMs at around 100 meters depth and with very
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low dFe and nitrate concentrations. However, N:dFe ratios were highly elevated just
below the chl a maximum (Figure 6.4). The elevated N:dFe ratios at or near all the SCMs
sampled on line 93 strongly indicate that phytoplankton communities were potentially

experiencing Fe limitation at the time of sampling.

6.3.3 Excess silicic acid on CalCOFI line 93 and from the CalCOFI archive:
Indicators of diatom Fe stress

In addition to the elevated N:dFe ratios at SCMs on line 93, distributions of
excess silicic acid (Siex) provide complementary evidence for Fe limitation in SCMs from
the eastern subtropical Pacific Ocean. The Siex index is sensitive to Fe dynamics and is
defined as the excess concentration of silicic acid in the water column with respect to
nitrate. Negative Siex values indicate an enrichment of nitrate relative to silicic acid in
the water column and are thought to be related to diatom nutrient demand relative to Fe
availability (27, 28). Diatoms acquire nitrate and silicic acid at a roughly equimolar ratio
(Si:N = 1) when grown in nutrient replete conditions (29), but diatoms have been
observed to utilize excess silicic acid relative to nitrate when stressed for iron (27, 28). If
upwelled waters supply silicic acid and nitrate at an equimolar ratio (26) then an observed
deviation from that ratio in the water column should reflect differences in biological
uptake. Positive Siex values would indicate preferential uptake of nitrate relative to silicic
acid which in turn would imply that non-silicifying organisms are consuming the bulk of
nitrate. Alternatively, negative Siex values would indicate a preferential utilization of
silicic acid relative to nitrate by the phytoplankton community, which in turn should

reflect the dominance of diatoms. Importantly, diatom growth under nutrient replete
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conditions or growth by non-silicifying organisms should serve to drive Siex to positive
values. Thus the large deficit of silicic acid relative to nitrate in the water column is
strongly indicative of a diatom-dominated phytoplankton community facing Fe-limiting
conditions.

On line 93 during late July 2007, Siex values were zero or positive in surface
waters of the transect with the exception of station 93.40 where there were slightly
negative Siex values in surface waters. Deeper in the water column there was a strong
silicic acid deficit roughly tracking the ot = 25.5 isopycnal (Figure 6.3B). Siex was most
negative at depths just below the SCM layer at all stations, and negative Siex mirrored
elevated N:dFe ratios at stations 93.40 and 93.60 consistent with Fe limitation at this
depth range (Figure 6.4). We also leveraged the CalCOFI data archives from the summer
of 2007 (06/28/2007 to 07/13/2007) in order examine patterns of nutrient distributions at
a broader spatial scale. The CalCOFI program does not measure dFe as a part of their
surveys due to the many analytical challenges associated with making the measurement.
However, nitrate, silicic acid, and chl a concentrations (among many other parameters)
are measured and archived in the CalCOFI surveys which allowed us here to calculate
Siex at a broader spatial scale. An archived CalCOFI cruise section at line 93 from
06/28/2007 to 07/01/2007 matches many of the same trends we observed in the late July
2007 cruise transect such as a band of negative Siex values roughly following the lower
bounds of the SCM (Figure 6.5B) and a general increase in chl a levels closer to the coast
(Fig 5.5A).

Siex values calculated from archival CalCOFI data (Summer 2007: 06/28/2007 to

07/13/2007) displayed a similar trend in the greater southern California coastal region
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(Figure 6.6, Figure 6.7). In summer of 2007, Siex values calculated at the depth of
maximum chl a concentrations from 30-35 °N and 118-124 °W were strongly negative in
a large portion of the CalCOFI sampling grid (Figure 6.6). Approximately 400 km
offshore Siex values transitioned to mostly positive values and were relatively stable
which is consistent with a more stratified and generally macronutrient limited system. chl
a concentrations were generally high near the coast and declined to values less than 1
ug/L offshore (Figure 6.7). The most negative Siex values were often superimposed with
the highest total chl a concentrations suggesting a major contribution of diatoms in a
roughly 200 km band residing nearly 100 km offshore (Figure 6.7), which is consistent

with prior surveys of the phytoplankton community in this region (30).

6.3.4 Metatranscriptomes from CalCOFI line 93:

Metatranscriptome samples were collected on the SCM cruise transect of line 93
at the surface and SCM at four stations (Figure 6.1, Figure 6.3A). Shotgun sequencing
was performed on cDNA amplified from in vivo polyadenylated mRNA (herein called
poly mRNA) and on cDNA amplified from total rRNA-depleted RNA (herein called total
mRNA) which was in vitro polyadenylated for subsequent sequencing. The total mMRNA
fraction was intended to target both eukaryotes and prokaryotes, while the polyA fraction
was presumably targeted to eukaryotes because prokaryotes polyadenylate a much
smaller and more variable proportion of their total MRNA pool compared with
eukaryotes (31). Both total mRNA and poly mRNA fractions were derived from the same
filter which captured cells between 0.1 - 20 pm. After rRNA removal, there was a total of

4.67 million reads in the polyA mRNA libraries and 1.08 million reads in the total
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MRNA library (Table 6.1). Between 22-33% and 27-36% of the polyA mRNA libraries
and 12-44% and 15-60% of the mRNA libraries could be annotated taxonomically or to a
PFAM protein domain, respectively. Both polyA and total MRNA libraries were
combined to generate a hybrid assembly and reads from both library types at each
sampling site were mapped to contigs to generate a single hybrid read count dataset. In
the hybrid dataset there were 1451 assembled contigs that were differentially abundant
between surface and SCM samples (Figure 6.8) which was approximately 2% of the total
number of contigs. Of those 1451 contigs, 665 (46%) had a functional annotation while
1133 (78%) had a taxonomic annotation (Figure 6.9). The 12 most abundant taxonomic
groups that were differentially expressing transcripts between the surface and SCM
included a variety of dinoflagellates, chlorophytes, haptophytes, pelagophytes, and a
single diatom genus (Table 6.2, Figure 6.9). An overview of the sequencing libraries is

described in full by Dupont et al. (20).

6.3.5 Molecular indicators of Fe stress: ISIPs and Flavodoxins

Compared with prokaryotes relatively few systems for iron acquisition and
homeostasis have been experimentally characterized in eukaryotic algal genomes, and the
bulk of this characterization has been done in the model freshwater chlorophyte
Chlamydomonas reinhartii (32). However, recent studies are revealing new molecular
systems related to Fe uptake in marine eukaryotic algae (33, 34). Past studies examining
the iron nutritional status of C. reinhartii identified genes (Feal and Fea2) that are
consistently upregulated under conditions of iron deficiency (35, 36). In marine plankton,

orthologs to Feal exist in pelagophytes, chlorophytes, dinoflagellates, and diatoms.
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Recently a new Fe acquisition system (ISIP2a) with little to no functional precedent in
other organisms has been identified in the diatom Phaeodactylum tricornutum (34, 37).
ISIP2a is distantly related to Feal but functions in a copper-independent and
thermodynamically controlled manner to concentrate Fe at the cell surface and mediate
uptake (34). Other iron-starvation induced proteins (ISIP1 and ISIP3) are highly
expressed under iron deficient conditions in P. tricornutum (37), but their exact functions
are currently unclear. Nonetheless, studies are increasingly showing that ISIP and Feal
proteins are robust and consistent indicators of iron stress in marine phytoplankton (38,
39).

The substitution of flavodoxin, which does not require Fe as a cofactor, for the
Fe-containing redox protein ferredoxin is an additional effect of Fe limitation in
phytoplankton (40—42). Diatoms are particularly well-known examples displaying this
substitution effect whereby the reduced redox efficiency of flavodoxin is compensated
for its reduced Fe requirement. Cultured isolates have been shown to increase flavodoxin
protein quotas by a factor of nearly 25 under Fe limitation (43) and in the field
flavodoxins have been observed to accumulate in Fe limiting conditions while being
subsequently reduced after Fe fertilization (42, 44). However, increases in flavodoxin
gene expression have also been detected after alleviation of Fe stress in natural diatom
assemblages suggesting a more complicated relationship between Fe and
flavodoxin/ferredoxin at the community level (38). A recent species specific approach
demonstrated consistent upregulation of flavodoxin in a cultured Thalassiosira oceanica
isolate as well as in T. oceanica from phytoplankton communities in the northeastern

Pacific Ocean (45). Regardless of the variability of field results it remains clear that
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flavodoxin proteins are consistently responsive and valuable tracers of phytoplankton
metabolic responses to altered Fe availability.

Because we were interested in SCMs as potential regions of Fe limitation, we
searched for known iron-responsive transcripts that were differentially abundant between
surface waters and the chlorophyll maximum at depth. We searched the combined 16
different metatranscriptomes from surface and SCM waters at each station for molecular
biomarkers of iron nutrition in phytoplankton, and focused searches on the Feal and ISIP
protein domains as well as the classical Fe-limitation induced flavodoxin protein domain.
In general, ISIP domains were one of the most abundant of all domains in the dataset
(Figure 6.8) and were mostly overrepresented in the SCM (Figure 6.10). Flavodoxin-like
domains were generally less abundant than ISIP but also skewed towards the SCM. Both
flavodoxin and ISIPs were strongly and significantly differentially expressed (in terms of
Log: fold change) between SCM and surface waters (Figure 6.8) with one ISIP3 contig
presumably belonging to the diatom genus Chaetoceros being the second most
differentially expressed contig in the SCM. Three out of the five ISIP proteins were in the
top 25 of the most abundant contigs detected as differentially abundant in both surface
and SCM waters. In the surface waters of station 93.80 an ISIP3 contig assigned to
Prasinoderma singularis RCC927 was significantly more abundant than in the SCM, but
recruited only 11% of the total reads recruited to other ISIP contigs differentially
abundant in the SCM. Because ISIP proteins were relatively recently discovered and are
structurally novel we examined sequences of putative ISIP contigs and aligned them with
trusted alignments (Jeff McQuaid, personal communication, January 2016). In four out of

the five cases, the metatranscriptome contigs could be reliably aligned to conserved
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residues in the full ISIP1, ISIP2a, or ISIP3 alignments suggesting that our annotations are
authentic (Figure 6.8, Figure 6.10).

Prior metatranscriptomic surveys have focused mainly on the expression of ISIP
transcripts in diatoms (38, 46). The elevated expression of ISIP-like genes has been
consistently found to be associated with Fe-limiting conditions, and ISIP expression in
diatoms is repressed upon relief of Fe stress in many but not all cases. However, ISIP
sequences are also common in numerous non-diatom phytoplankton strains (34), and in
one Fe amended incubation study numerous ISIP sequences were taxonomically binned
to chlorophytes (38). Here one of the most highly expressed ISIP sequences in the SCM
was taxonomically binned to Bacillariophyceae (diatoms), but the remaining
differentially expressed ISIP contigs were binned predominantly to Prasinophyceae
(chlorophytes) and one pelagophyte. Differentially expressed flavodoxins were also
mostly taxonomically binned to Prasinophyceae and one dinoflagellate (Figure 6.10).
The SCM metagenomes and metatranscriptomes from this dataset were previously
reported to be highly enriched in Ostreococcus, Micromonas, and Pelagomonas-like
sequences suggesting that they were particularly dominant players in the SCM relative to
the surface waters (20). Phytoplankton accessory pigment data from that report also
qualitatively supported an overrepresentation of Pelagophyceae in the SCM and
haptophytes in surface waters. The taxonomic assignment of differentially expressed ISIP
and flavodoxin sequences to abundant Pelagophyceae and Prasinophyceae groups
mirrors this previously reported trend and also suggests that the SCM phytoplankton

communities were relatively Fe stressed compared with surface waters.



223

6.4  Conclusions
6.4.1 Intersections between N:dFe ratios, Siex, and gene expression

Here we have presented geochemical tracer and molecular biomarker data which
provides multiple independent lines of evidence for the importance of Fe availability at
SCMs in the eastern subtropical Pacific Ocean. Elevated N:dFe ratios (> 6)
corresponding to depths at or just below the SCM are consistent with the presence of an
Fe-limited phytoplankton community unable to completely utilize available nitrate. The
presence of a persistent negative band of Siex just below the depth of the SCM during the
late July 2007 sampling transect on line 93 and in nearly half of the total CalCOFI survey
area from the month of July 2007 is strongly indicative of the metabolism of Fe-stressed
diatoms. Finally, the differential abundance of transcripts coding for known
phytoplankton Fe-stress responses in the SCM metatranscriptomes highlights the SCM as
a region with comparatively greater Fe stress than overlying surface waters.

On an initial inspection it might appear that the dominance of Pelagophyceae and
Prasinophyceae transcripts and the relative paucity of diatom transcripts in the SCM is at
odds with the negative Siex values at or near many of the coastal SCMs. Negative Siex
values should be indicative of Fe-stress-induced silicification by diatoms, and it would
follow that diatoms should be expressing the majority of transcripts assignable to Fe-
stress responsive genes. However, the negative Siex band at line 93 may have a spatio-
temporal component not captured by this study. For example, recent modeling studies
have indicated a prominent role for mesoscale physical oceanographic features in
structuring biological production in the CalCS (47), and a significant fraction of nutrients

and organic carbon in the CalCS are likely laterally advected into offshore oligotrophic
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waters by mesoscale processes like eddies and fronts (48). Nagai et al. recently
demonstrated through a coupled physical-biogeochemical model that recently upwelled
nearshore waters can be pushed offshore initially by wind-driven Ekman transport and
then subducted to depths of ~100-200 m at sharp lateral density gradients of frontal
features and filaments (48). After subduction these waters are propagated westward up to
800 km by cyclonic and anticyclonic eddies carrying with them significant nutrient and
organic carbon concentrations. One explanation for the persistently negative Siex
signature at the base of the SCMs is that some SCMs formed from water masses that
originally upwelled closer to shore producing nearshore Fe-limited diatom growth. These
waters could have subsequently been advected offshore and then subducted carrying with
them the negative Siex signature of past diatom blooms. Another explanation would
involve in situ diatom growth. If diatoms in the phytoplankton assemblage were truly
growth rate limited by Fe, ephemeral Fe pulses and internal Fe recycling may have
supported highly marginal, but persistent diatom growth that slowly stripped silicic acid
from the water column and generated a negative Siex Signature over a prolonged period of
time (19, 27). This last scenario is consistent with diatom sequences comprising a
relatively small portion of the phytoplankton community in the metatranscriptomes, but
also with the well-documented capability of diatoms to rapidly respond to and
quantitatively consume episodic Fe inputs (3, 38). It should be noted that these two
explanations are not mutually exclusive and may have operated synergistically to produce
the observed geochemical signature. Regardless of potential taxonomic inconsistencies,
the metatranscriptomic data and geochemical proxies in this study clearly point to the

SCM as a zone sensitive to the biological dynamics of Fe and indicate that Fe-limitation
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could potentially be a widespread and consistent phenomenon in SCMs of the eastern

subtropical Pacific Ocean.

6.4.2 Fe limitation in the California Current System and implications for carbon
export

Although macronutrient limitation is certainly important in the upper euphotic
zone of the eastern subtropical Pacific Ocean, we suggest that Fe-limitation at the base of
the SCM may be an important factor structuring phytoplankton community composition
and potentially overall carbon export to the deep ocean. At the base of the euphotic zone
interactions between light limitation, low Fe concentrations, and relatively high nitrate
levels may serve to generate a system ultimately limited by the efficiency of the
photosynthetic apparatus (14). Indeed, earlier incubation-based field studies have
demonstrated Fe and light co-limitation in many of the SCM layers in the CalCS (15).
Some of the better-known examples of Fe-limitation in coastal California waters have
been demonstrated in waters off the central coast (~ 36.8° N) where narrow continental
shelves do not facilitate interactions between shelf sediments and upwelled waters and
thus remain strongly depleted in Fe relative to nitrate (16, 17, 27, 49). Fewer studies have
examined Fe limitation in the southern CalCS which is characterized by a more limited
areal extent of strong coastal upwelling. Southern CalCS waters upwelled offshore due to
wind stress curl and eddy dynamics interact to a lesser extent with shelf sediments and
are depleted in Fe relative to nitrate implicating Fe limitation as a structuring force on
phytoplankton communities in the surface mixed layer (18, 26). Here we contribute to the

knowledge of Fe dynamics in the region by providing evidence for pronounced Fe
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availability effects on phytoplankton communities at SCMs extending from coastal
southern California waters to the edge of the offshore oligotrophic gyre.

Temporally dynamic sub-mesoscale to mesoscale events are increasingly being
recognized as important structuring forces in the CalCS region (48, 50, 51), and these
forces have been shown to impact Fe dynamics as well (19). By modulating
phytoplankton ecosystem dynamics, Fe availability at the SCM may be an important
component determining the forms of carbon exported to depth and the efficiency of
nutrient export relative to internal recycling. Ephemeral Fe pulses to the SCM may serve
to stimulate diatom production and in turn enhance export flux of ballasted diatom cells
(15). Alternatively, chronic Fe-light co-limitation of lower SCM phytoplankton
communities may cause enhanced silicification of endemic diatom cells relative to
light/nutrient replete cells, thus increasing cellular grazing defense and sinking rates
while sustaining relatively large export efficiencies in more marginally productive
systems (19). Ultimately, SCMs throughout the global ocean may be unexpected regions
of enhanced carbon export efficiency if Fe limitation and its downstream effects are

pervasive features in these layers.

6.5 Materials and Methods
6.5.1 Study region and Sampling

An overview of the study region and cruise transect has already been published by
Dupont et al. (20) in which the features of the metagenomes and metatranscriptomes
were highlighted. Briefly, we sampled 15 oceanographic stations on the approximately

700 km CalCOFI transect line 93 in July of 2007 (Figure 6.1). We sampled all 15 stations
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for hydrographic parameters (conductivity, temperature, pressure), oxygen
concentrations, nitrate concentrations, and chl a fluorescence with a CTD rosette. We
collected discrete water samples from each of the 15 stations in order to generate
macronutrient depth profiles (silicic acid, nitrate, phosphate, ammonium), and we
additionally sampled for total particulate carbon, particulate nitrogen, phytoplankton
pigments, primary production, and nitrogen source uptake rates at six depths from 12 of
the stations as described earlier (20). We also collected samples for total dissolved Fe
concentrations from five to seven depths at five different stations (93.40, 93.60, 93.80,
93.110, and 93.120) using trace-metal clean techniques as described by King and
Barbeau (18, 26). Metagenomic and metatranscriptomic samples were collected at four

stations (93.40, 93.80, 93.110, 93.120) at the surface (3-5 m) and at the SCM (30-110 m).

6.5.2 Measurements

Silicic acid, phosphate, nitrate + nitrite, and ammonium concentrations were
measured by autoanalyzer analysis on shore. Chl a was extracted from GF/F filters with
90% acetone at -20C for 24 hours then analyzed onboard using a Turner Designs
Fluorometer. Taxon specific phytoplankton pigments were analyzed by high performance
liquid chromatography on shore. Macronutrients, chl a, and phytoplankton pigments were
analyzed using standard protocols as recommended by the CCE LTER program
(http://cce.lternet.edu/data/methods-manual). Particulate organic carbon, particulate
organic nitrogen, primary production rates, and nitrogen uptake rates were measured as
described by Dupont et al. (20). Dissolved Fe concentrations were measured using flow-

injection analysis (FIA) with sulfite reduction (18, 26).
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The Siex value is calculated from a modified formula (26, 52) formally expressed
by the equation: Siex = [silicic acid] - ([nitrate] % Rsi:nos) (1) where Rsi:nos = ~1.0 and
brackets denote nutrient concentration. The Rsi:nos Value represents the initial ratio of
silicic acid to nitrate (Si:N) in upwelled source water prior phytoplankton utilization, and
we used an Rsi:nos value of 1.0 as it has been shown to be an appropriate estimate for the
silicic acid:nitrate ratio in upwelled waters in the CalCS (26). Although this value can
vary by £0.2 in upwelled waters from this region (26), modifying Rsi:nos resulted in no

change of the general trend displayed in Figs. 5.3, 5.5, 5.6, and 5.7.

6.5.3 Accession and processing of archival CalCOFI data

We obtained data for the CalCOFI cruise transects from the CalCOFI website and
database (http://calcofi.org/data.html). We selected cruise data for the entire CalCOFI
grid from the summer of 2007 (06/28/2007 to 07/13/2007) and used this data to generate
isosurface plots of Siex and chl a in a region of approximately 35 °N to 30 °N and 124 °W

to 118 °W. CalCOFI line 93 was sampled from 06/28/2007 to 07/01/2007.

6.5.4 Metagenomics and metatranscriptomics

The processes for collecting, storing, sequencing, quality control and annotation
of community DNA and RNA have already been described (20). Briefly, we extracted
total community RNA (0.2 - 20 um) and utilized subtractive hybridization of rRNAs (53)
to generate approximately 30 ng of rRNA-depleted total RNA from each sample. After
subtractive hybridization we polyadenylated an aliquot of the total rRNA-depleted RNA

from each sample, reverse transcribed the polyadenylated subsample using oligo(dT)
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primers and sequenced the resulting cDNA using 454 pyrosequencing (herein called total
MRNA). A separate aliquot of rRNA-depleted total RNA was reverse transcribed with
oligo(dT) primers without prior polyadenylation in order to selectively enrich the
eukaryotic component of the community. The resulting cDNA from polyA mRNA
libraries was sequenced using 454 pyrosequencing. After sequencing, each resulting
metatranscriptome or metagenome was assembled de novo using CLC Genomics
workbench and gene calls were made using FragGeneScan (54). Afterwards reads were
processed to remove artificial duplicates from 454 sequencing errors, were compared
against SILVA (55) and an inhouse rRNA database in order to filter out rRNA, and were
annotated using IMG (56), KEGG (57), Genbank (58), Ensembl (59), the PyloDB
database (https://github.com/allenlab/PhyloDB) and other inhouse assemblies of algal
transcriptomes. The processing, assembly, and annotation pipeline is described in full by

Dupont et al. (20).

6.5.5 Metatranscriptome data analysis:

We tested for differential abundance of transcripts between SCM and surface
samples using the DESeq?2 analysis procedure (60). DESeq? is a statistical framework for
the comparison of diverse forms of count data, and it particularly excels in situations with
few sample replicates and sparse count data. DESeq2 has been used to detect differential
abundances of genes across sampling conditions in datasets as diverse as human RNA-
seq data (61) and also marine 16S rRNA marker gene surveys (62). The DESeq2
framework models read counts as a negative binomial distribution in a generalized linear

model (GLM) while attempting to correct for within-group variability (i.e. between
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replicates) by controlling the dispersion parameter for different genes by estimating
dispersions using maximum likelihood (ML) and pooling dispersion estimates among
genes with similar counts. It then uses Bayesian priors for each gene to shrink ML
estimated dispersions towards the Bayesian prior mean of the model which results in a
final maximum a posteriori estimation of dispersion. Finally, estimates of log fold
change (LFC) that account for within-group dispersion between sampling groups are
calculated and corrected for dependence on the mean by shrinking LFC towards zero
more strongly for genes with low mean counts. Differences between LFCs of sampling
groups are tested for significance using a negative binomial Wald test and corrected for
multiple testing by controlling the false discovery rate. Finally, count outliers are
removed based on a Cook’s distance threshold before significance testing, thus removing
the potential for large but inconsistent counts among replicates to influence the
significance of LFC estimates.

Within the DESeq2 framework, we treated metatranscriptomes from SCM and
surface samples as condition replicates. Although within-group environmental variability
of SCM samples was significant, the GLM-based normalization procedure and Wald
significance tests are appropriate for the dataset as it is comprised of a large amount of
count data from individual assembled contigs but the count data is sparse (i.e. has many
zeros) and there is a relatively small number of samples (four) comprising each sampling
group. By filtering out genes with high intra-sample group variability, the DESeq?2
procedure should highlight transcripts that are consistently differentially abundant

between the surface and SCM and should therefore provide a conservative estimate of
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genes and their functions that are enriched or depleted in SCMs despite other co-
occurring ecological gradients.

For Wald tests we used the null hypothesis of zero LFC between genes expressed
in the SCM and surface, and selected a false discovery rate corrected P threshold of < 0.1
- i.e. we are willing to accept that 10% of the total number of genes flagged as
differentially expressed have an actual LFC of zero. To visualize differences in transcript
abundances between conditions and samples, counts were normalized by sequencing

depth with an added pseudocount of 0.5 to allow for log scale presentation.
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Table 6.1 Metatranscriptome sequencing statistics
Station Depth polyA polyA polyA  total MRNA total total

MRNA reads %PFAM Tax % reads %PFAM  %Tax
93.40 (GS272) Surface 499770 33 29 95364 12 15
93.40 (GS271) SCM 752922 27 36 163326 33 49
93.80 (GS265) Surface 412298 20 27 96293 20 25
93.80 (GS266) SCM 874427 22 29 209920 27 35
93.110 (GS267) Surface 450932 22 29 182244 18 21
93.110 (GS268) SCM 914645 24 31 128030 31 39
93.120 (GS269) Surface 206280 25 32 133069 26 32
93.120 (GS270) SCM 758859 25 35 77791 44 60

The numbers listed in the polyA mRNA reads and total mRNA reads columns are the
number of reads in each library after the rRNA removal procedure. The Station column
denotes stations by their CalCOFI designation as well as by their GOS identification.
%PFAM indicates the percentage of reads in each library that could be annotated to
PFAM family and %Tax indicates the percentage of reads that could be taxonomically
annotated.



Table 6.2 Taxonomic identity of differentially expressed transcripts
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Genus Order Class Phylum
Bathycoccus Mamiellales Prasinophyceae Chlorophyta
Ostreococcus Mamiellales Mamiellophyceae (prasinophyte) Chlorophyta
Alexandrium Gonyaulacales Dinophyceae Dinoflagellata
Oxyrrhis Oxyrrhinales Dinophyceae Dinoflagellata
Karenia Gymnodiniales Dinophyceae Dinoflagellata
Karlodinium Gymnodiniales Dinophyceae Dinoflagellata
Noctiluca Noctilucales Dinophyceae Dinoflagellata
Haptolina Prymnesiales Prymnesiophyceae Haptophyta
Chrysochromulina Prymnesiales Prymnesiophyceae Haptophyta
Phaeocystis Phaeocystales haptophyte Haptophyta
Pelagomonas Pelagomonadales  Pelagophyceae Heterokonta
Pseudo-nitzschia Bacillariales Bacillariophyceae (diatom) Heterokonta
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Figure 6.1 Map of the southern California Current System (CalCS). Sampling stations of
the CalCOFI program are represented as blue dots and station numbers on line 93 are
displayed. CalCOFI line 93 is highlighted in by an overlaid red rectangle. Stations where
dFe, hydrographic, and metatranscriptomic samples were collected during the late July
2007 cruise are highlighted in red.



235

A
93.120 93.110 93.80 93.40

(wr) foN

(Wn) "(Ho)'S

Section Distance (km)

Figure 6.2 Nitrate and silicic acid section plots on CalCOFI line 93. Sampled stations and
depths are indicated by black dots in each panel, and stations where dFe, hydrographic,
and metatranscriptomic samples were collected during the late July 2007 cruise are
labeled. (A) Nitrate concentrations (umol L) are shown by color gradients while white
isopycnals indicate potential density anomaly. (B) Same layout as in panel A, but for
silicic acid concentrations (umol L),
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Figure 6.3 Chlorophyll a and Siex section plots on CalCOFI line 93. Sampled stations and
depths are indicated by black dots in each panel, and stations where dFe, hydrographic,
and metatranscriptomic samples were collected during the late July 2007 cruise are
labeled. Layout is the same as in Figure 6.2. Chl a concentrations (ug L) are displayed
in (A) and values of the Siex tracer are displayed in (B). In panel A, diamonds indicate
depths where metatranscriptomes were collected.
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Figure 6.4 Dissolved Fe, N:dFe ratios, Siex, and chlorophyll a profiles at CalCOFI
stations 93.40, 93.80, 93.110, and 93.120. Profile plots display dissolved Fe
concentrations (red), N:Fe ratio (green), Siex (blue), and chl a concentrations (purple) at
the four CalCOFI stations 93.40, 93.80, 93.110, and 93.120 sampled in late July, 2007.
Depth is displayed on the y axis while measured values are displayed on the x axis. The
vertical red bar for N:Fe indicates the threshold value for phytoplankton Fe limitation
(i.e. > 12 indicates limitation), while the vertical red bar indicates the negative Siex
threshold (i.e. < 0 indicates silicate is depleted relative to nitrate). Horizontal dashed lines
indicate the depth of the Chlorophyll maximum.
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Figure 6.5 Chlorophyll a and Siex section plots on CalCOFI line 93 from archival
CalCOFI cruises performed from 06/28/2007 to 07/01/2007. Layout is the same as in

Figure 6.3. Chl a concentrations (ug L) are displayed in (A) and values of the Siex tracer
are displayed in (B).
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Figure 6.6 Siex calculated at the depth of the SCM for the entire CalCOFI grid from
archival CalCOFI cruises performed during the summer of 2007. Stations where dFe,
hydrographic, and metatranscriptomic samples were collected during the late July 2007
cruise are represented with enlarged circles. Negative Siex values indicate depleted water
column silicic acid relative to nitrate concentrations.



240

35°N

34° N

33°N

32° N

(,716r) e o

31°N

30°N

124° W 122° W 120° W 118° W

Figure 6.7 Chlorophyll a at the depth of the SCM for the entire CalCOFI grid from
archival CalCOFI cruises performed during the summer of 2007. Negative Siex isobaths
from Figure 6.5 are overlaid on the chl a concentrations. Stations where dFe,
hydrographic, and metatranscriptomic samples were collected during the late July 2007
cruise are represented with enlarged circles. Negative Siex values indicate depleted water
column silicic acid relative to nitrate concentrations.



241

Flavodoxin ’.
ISIP
[ ]
- ® °
5.
(0]
(o))
c ®
(V]
o
o U
g o
N
(@)) °®
b o
[ ]
-5 A Aln. verified ° -
(O Not verified .
4
[ ]
1 100

Normalized mean expression

Figure 6.8 MA plot of differentially abundant metatranscriptomic contigs between
surface and SCM metatranscriptomes at the four sampling sites. Contigs with an FDR
corrected P value > 0.05 are displayed as empty light grey circles, while the 1451 contigs
that are significantly differentially abundant are displayed as filled black circles. The X
axis displays the variance stabilizing transformed expression of each contig averaged
over all samples, and the Y axis displays the log> fold change of contigs from surface to
SCM (i.e. negative values indicate overabundance in SCM). Flavodoxin and ISIP contigs
are highlighted by color. ISIP contigs with conserved residues aligning to ISIP multiple
sequence alignments from sequenced phytoplankton genomes are denoted by triangles.
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Figure 6.9 Taxonomic composition of the 1451 differentially expressed transcripts
between surface and SCM samples. Transcripts (see Figure 6.8) are binned to the 12 most
abundant taxonomic groups (Table 6.2). Transcripts with no taxonomic annotation are in
light grey while those binned to less abundant taxonomic groups are grouped together
and are represented in dark grey.
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Figure 6.10 Heatmap of Flavodoxin and ISIP contig abundances. Transcripts are
normalized to sequencing depth with an added pseudocount of 0.5 in order to plot on a
Log scale. Also note the Log> scale for the color bar. Contigs are colored by taxonomic
Class and asterisks denote contigs matching conserved residues in an ISIP full sequence
alignment. Sampling stations and depths are respectively labeled on the top and bottom of

the heatmap.
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Chapter 7

Conclusion

The marine iron cycle is spatially and temporally dynamic and influenced by
intersecting biological, geochemical, and physical forces. However, iron has been
understudied in the marine environment when compared with macronutrients such as
carbon and nitrogen. A deficit in knowledge currently exists with regard to how
interactions between microorganisms and their environment operate to influence the
marine iron cycle. The trace metal biogeochemistry community is making rapid progress
identifying geochemical sources and sinks of Fe to the ocean (1), and biogeochemical
model inputs and outputs are becoming better constrained with field observations (2).
However, current models of the marine iron cycle still lag far behind the ability of
existing models to capture the dynamics of the marine carbon, nitrogen, and phosphorous
cycles (3). Newer sophisticated models must describe more than geochemical inputs and
outputs in order to capture the observed dynamics of the marine iron cycle (3). An
important first step in producing more representative models is the parameterization of
biological processes that determine rates of regeneration and uptake from different
marine iron pools. Ultimately, a greater understanding of the marine iron cycle and a
better ability to model it will provide better predictions of the global carbon cycle and

future global climate states in a rapidly changing world.

The impetus behind much of the research presented throughout this dissertation

was born from a desire to contribute to the understanding of how marine microorganisms
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interact with iron. Much of my dissertation research examines specifically how
heterotrophic bacteria use and acquire iron under diverse conditions. From this
perspective, my dissertation work contributes to the greater understanding of the role of
heterotrophic bacteria in remineralizing and recycling biogenic iron in the marine
environment by highlighting specific compounds that they utilize. However, the final
chapter addresses the role of iron in limiting phytoplankton growth in a geographical
region mostly thought to be limited by nitrogen. This chapter underscores the importance
of understanding how phytoplankton physiology intersects with iron, light, and
macronutrient concentrations at different strata in the water column. Ultimately, the
central theme of this chapter remains similar to that of the prior chapters; namely, that an
understanding of microbial physiologies, metabolisms, and genomics adds what | would
consider to be an essential perspective to the marine iron cycle. It is my hope that work
from this dissertation will be informative and useful for marine biogeochemists
attempting to understand and describe iron uptake and remineralization and for modelers

trying to more accurately represent the marine iron cycle.
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