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ABSTRACT

Iron is an essential micronutrient for phytoplankton metabolism that limits growth in
many regions of the surface ocean. More than 99.9% of oceanic dissolved iron is organically
complexed to an iron-binding ligand, many of which have yet to be characterized. This thesis
puts forth the Ferrojan Horse Hypothesis, which predicts a role for marine phages in oceanic iron
cycling. Based on evidence from non-marine model systems, the Ferrojan Horse Hypothesis
suggests that some marine phages (short for bacteriophages, or viruses that infect bacteria) can
use iron as a “Trojan Horse” to gain access to host siderophore-bound iron receptors for
infection. After taking over the host bacterial cell, new phages are produced which potentially
contain iron from host storages, thus decreasing the amount of dissolved iron available for
remineralization upon lysis. Escherichia coli and its associated phages were used as a model
system for method development to facilitate testing of aspects of the Ferrojan Horse Hypothesis.
The stable isotope °’Fe was used as a tracer to determine the quantity and source of iron to
progeny phages. E. coli cells were grown in minimal media with °’Fe as the sole iron source,
infected with phage T4 or T5, and progeny phages were purified. After lysis, the >’Fe content
was quantified by inductively coupled plasma mass spectrometry (ICP-MS), and phage
concentrations were quantified by nucleic acid staining and epifluorescence microscopy. The
5"Fe was significantly higher in purified T4 and T5 phage samples than in bacterial lysis controls,

and samples contained 166-2,269 °>’Fe atoms per phage. Greater than 90% of the total °'Fe in

Vi



each experiment pre-lysis was located within bacterial cells, as opposed to the external media,
indicating the source of °’Fe to progeny phages was likely from host storages. The methods
developed in this study lay the groundwork for testing facets of the Ferrojan Horse Hypothesis in
a marine phage-host system. If the principles demonstrated in this model phage-host system
apply to marine phages as well, this research indicates a potentially significant role for viruses in

oceanic iron cycling.
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CHAPTER ONE:
INTRODUCTION
Iron in the Oceans

Iron is essential for all oceanic life forms. Iron readily changes oxidation state and
mediates reactions with oxygen, making it an excellent redox mediator (Andrews, 1998).
Multiple cellular functions involve iron, including nitrogen assimilation, photosynthesis, DNA
synthesis, mitochondrial respiration, and reactive oxygen species scavenging (Hansch and
Mendel, 2009). Iron-sulfur proteins serve as regulator proteins, enzymes, and are essential for

electron transfer (Lill, 2009).

Although a vital micronutrient for photosynthesis, iron limits phytoplankton growth in
nearly 40% of open ocean surface waters (Martin et al., 1991; Liu and Millero, 2002; Morel and
Price, 2003; Boyd et al., 2007). Nitrogen is commonly a limiting nutrient for oceanic primary
productivity, but residual nitrate remains in large regions of the surface ocean where iron is the
limiting nutrient. These areas are referred to as HNLC, or high nutrient, lower than expected
chlorophyll regions due to the low bioavailability of iron for phytoplankton growth (Franck et
al., 2003; Boyd et al., 2007). Iron bioavailability serves as a bottom-up control on primary
productivity in the surface ocean, so a better understanding of iron chemistry is needed for
improving understanding of the carbon cycle and ultimately global climate (Moore et al., 2001,

Tagliabue et al., 2017).



Iron bioavailability for phytoplankton growth can be described by the ability to take up
and metabolize different forms of iron from the environment (Morel et al., 2008; Shaked and Lis,
2012). Two of the main iron uptake mechanisms utilized by phytoplankton include the
siderophore-bound iron pathway and the reductive pathway (Soria-Dengg et al., 2001; Shaked et
al., 2005). Siderophores are small (<10 kD) iron-binding ligands secreted by autotrophic and
heterotrophic bacteria to chelate Fe(l11) from outside of the cell and bring it to the cell surface for
uptake (Barbeau et al., 2003). The reductive pathway is also widely used, and it reduces the iron
from an inorganic iron complex to transport the free iron into the cell (Atkinson and Guerinot,
2011; Shaked and Lis, 2012). Some aquatic cyanobacteria have also been shown to utilize the

reductive pathway (Lis and Shaked, 2009; Kranzler et al., 2011).

The physicochemical properties of iron influence its accessibility to phytoplankton
(Kuma et al., 1996). Inorganic iron (Fe”) can be complexed to an iron-binding ligand or
scavenged by bacteria, where it becomes part of the organic particulate (> 0.2 um) iron pool
(Jiang et al., 2013; Lin et al., 2018). The iron that passes through a 0.2 um filter is considered
dissolved and includes bioavailable forms of Fe(Il) and Fe(l11) (Lin et al., 2018). The dissolved
fraction is separated further into a colloidal (0.02 um-0.2 um) and a soluble (<0.02 um) fraction
(Wu et al., 2001; Cullen et al., 2006; Bergquist et al., 2007; Fitzsimmons et al., 2015). Colloidal
iron is not typically directly measured, but is calculated by taking the difference between the
dissolved and the soluble fractions (Schlosser and Croot, 2008). In a recent study of surface
waters in the Northern Atlantic Ocean, approximately 80% of the dissolved iron measured was

colloidal in size (Fitzsimmons and Boyle, 2014).

More than 99.9% of dissolved iron is organically complexed (Gledhill and Van Den

Berg, 1994; Rue and Bruland, 1995). Characterization of these organic iron-binding ligands aids



in forming a more complete picture of iron biogeochemical cycling (Hunter and Boyd, 2007;
Gledhill and Buck, 2012). To date, siderophores are the most well characterized strong iron-
binding ligands within the soluble fraction (Barbeau et al., 2003; Mawji et al., 2008; Bundy et
al., 2014; Boiteau et al., 2016). Weaker iron-binding ligands within the colloidal fraction include
humic substances, exopolysaccharides (EPS), and transparent exopolymers (TEP) (Mancuso
Nichols et al., 2004; Laglera and van den Berg, 2009; Stolpe et al., 2010; Stolpe and Hassellov,
2010). However, the identities of most dissolved iron-binding ligands remain unknown. To date
viruses, one of the most abundant biological entities collected in the colloidal size fraction, have

yet to be considered for their potential contribution to dissolved organic iron pools.
Marine Viruses

Viruses are microscopic parasites that rely on a host to replicate. Nearly all living
organisms from prokaryotes to plants, to insects and animals can be infected by one or more
viruses. Viruses are the most abundant biological entities in the world, with an estimated 10°°
viruses in the ocean alone (Suttle, 2005; Breitbart, 2012; Breitbart et al., 2018). A single
milliliter of surface seawater contains ten million viruses on average (Bergh et al., 1989). A
commonly used virus-to-bacteria ratio is 10, although measurements can vary over space and
time (Wommack and Colwell, 2000; Parikka et al., 2017; Breitbart et al., 2018). A large
proportion of these viruses are phages (short for bacteriophages), as their bacterial hosts
comprise the second most abundant biological entities in the oceans (Wommack and Colwell,

2000).

Viruses have various morphologies, but commonly include a genome of nucleic acid
(DNA or RNA) surrounded by a protein capsid structure (Luria and Anderson, 1942; Hershey

and Chase, 1952). The vast majority of characterized phages have double-stranded (ds)DNA
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genomes within an icosahedral capsid (Hendrix, 2002; Ackermann, 2007). Although recent
studies have described abundant non-tailed viruses in the oceans (Brum et al., 2013; Kauffman et
al., 2018b), most characterized dsDNA phages have tail proteins that are responsible for
attachment and delivery of the phage genome into the host cell (Lindberg, 1973). Tailed phages
within the family Myoviridae possess contractile tails, while phages within the family
Siphoviridae have non-contractile tails, and members of the Podoviridae have short, stubby tails
(Ackermann, 2009). In addition to a central tail tube, these phages have a varying number of
thinner tail fibers that aid in attachment to the host cell. Once a phage adsorbs to a specific
receptor on the bacterial host cell surface or punctures through the outer membrane, the release
of the genome is initiated and the viral nucleic acid exits the capsid, travels through the central
tail tube, and into the host bacterial cell cytoplasm (Rakhuba et al., 2010). In a lytic infection, the
phage genome takes over host cellular mechanisms to produce new phage proteins and nucleic
acid. The phage particles are assembled to produce the new phage progeny, and the host cell is

lysed open to release the phage progeny into the environment to infect a new host.

Techniques used to enumerate viruses from the environment or in culture include
transmission electron microscopy and nucleic acid staining (SYBR Gold or SYBR Green |)
followed by epifluorescence microscopy or flow cytometry (Noble and Fuhrman, 1998; Wen et
al., 2004; Brussaard, 2009; Breitbart et al., 2018). Transmission electron microscopy (TEM) was
used to visualize the first phage structure, and many early counts of marine viruses were
performed using TEM (Bgrsheim et al., 1990; Ackermann, 2012). Nucleic acid staining followed
by epifluorescence microscopy or flow cytometry enables more efficient quantification of virus-
like particles (VLPs); however, it can be difficult to detect small viruses above the background

fluorescence and to differentiate small bacteria from large viruses (Noble and Fuhrman, 1998;



Dlusskaya et al., 2019). Double agar overlay plaque assay can also be used to quantify infectious
phage by counting plaque-forming units (PFUs), but the method requires a phage to be in culture
with a known host (Kropinski et al., 2009). This can be problematic for quantifying viruses from
the marine environment, as many marine hosts are difficult to grow in culture (Staley and

Konopka, 1985).

Influence of Marine Viruses on Iron Biogeochemistry

Various groups of marine bacteria perform roles essential for nutrient cycling and carbon
export throughout the ocean. Autotrophic bacteria are primary producers that convert inorganic
carbon (CO3) into organic carbon via photosynthesis, in turn this organic carbon feeds into the
marine food web and supports higher trophic levels. As particulate organic matter (POM, >0.2
pm size) is produced in the upper water column and sinks, some of it is broken down into
dissolved organic matter (DOM, <0.2 pm size) which can be remineralized by heterotrophic
bacteria, fueling the microbial loop (Azam et al., 1983). In iron-limited regions such as the
subarctic Pacific, heterotrophic bacteria have been shown to account for half of the biogenic iron

pool and are responsible for 20-45% of biological iron uptake (Tortell et al., 1996).

Grazing by protists and lysis by phages are the two main causes of bacterial mortality
(Fuhrman, 1999). Grazing on bacteria and the subsequent packaging of organic matter into fecal
pellets enhances the efficiency of carbon export via the biological pump by sinking POM out of
the surface and into the deep ocean (Ducklow et al., 2001). Bacterial lysis by phage infection
results in the release of dissolved organic matter (DOM, <0.2 um in size) and nutrients for
remineralization by heterotrophic bacteria (Wommack and Colwell, 2000). This process of
recycling DOM from viral lysis of microbes within the microbial loop is referred to as the viral

shunt (Wilhelm and Suttle, 1999; Wommack and Colwell, 2000; Brussaard, 2004). Conversely,
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the viral shuttle has been suggested as a concept to describe the export of organic carbon into the
deep ocean when viral lysis at the surface creates sticky lysates that aggregate and sink as POM

(Weinbauer, 2004; Sullivan et al., 2017; Laber et al., 2018).

While many studies have examined the impact of viral lysis on nutrient cycling, few
studies have examined the elemental contribution of viral particles to DOM. Although not truly
dissolved, viruses are collected within the colloidal size fraction (0.02 pm — 0.2 pm). A
theoretical analysis estimated that viral particles could account for 5% of the dissolved organic
phosphorous pool and 7% of the dissolved organic nitrogen pool, depending on the system
(Jover et al., 2014). To date however, no studies have investigated the influence of trace metal
complexation to viral particles on marine metal cycles or the contribution of viral particles to
dissolved trace metal pools. If viral particles contribute to nitrogen and phosphorus pools with
concentrations measured in the micromolar range, then any viral contribution to trace element

pools such as iron in the nanomolar range could be significant.
Thesis Overview

Given the abundance of marine viruses (10’ VLP/mL), and the low concentrations of
bioavailable iron in the oceans, this thesis aims to explore the potential roles of viruses in
oceanic iron cycling. The Ferrojan Horse Hypothesis incorporates evidence from non-marine
phage-host model systems to predict several ways in which viruses can affect oceanic iron
cycling. Based on previous work showing that some phages contain iron in their structural
proteins, we propose that if marine phages also contain iron, they would contribute substantially
to the dissolved iron pool in the oceans (Appendix A). Prior research has also demonstrated that
some Escherichia coli (E. coli) phages compete with siderophore-bound iron for cell surface

receptors; we hypothesize that marine phages may use iron as a “Trojan Horse” mechanism to
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gain access to host cell receptors that function for iron uptake. Finally, we propose that the iron
present in phage structural proteins originates from host bacterial cell storages during phage
replication, which reduces the amount of iron from cellular lysis products that is available for

remineralization, with implications for models of global iron cycling.

Directly testing aspects of the Ferrojan Horse Hypothesis using a marine phage-host
system presents several challenges. The presence of iron within the tail protein structures of
phage has been shown for E. coli phage T4 using x-ray crystallography (Bartual et al., 2010), but
the same structural evidence for protein structures of marine phages is not yet available.
Additionally, E. coli phages were demonstrated to compete with siderophores for the bacterial
host cell iron-siderophore receptor (Luckey et al., 1975), but the receptors remain unknown for
most marine phage-host pairs (Silva et al., 2016; Breitbart et al., 2018). While some marine
phages and their hosts have been cultured, the Great Plate Count Anomaly (Staley and Konopka,
1985) describes the difficulty in culturing many marine bacteria from the environment.
Additionally, marine bacteria isolated from oligotrophic environments would be more sensitive

to low concentrations of iron, making any iron contamination an added challenge.

Thus, prior to testing the Ferrojan Horse Hypothesis within a marine system, E. coli and
two of its associated phages (T4 and T5) were used as a model system for the development of
experimental methods. The goals of this study were to determine: 1.) How much iron is
incorporated into progeny phages and 2.) Whether the iron in progeny phages originates from
within the bacterial host cell. E. coli is a fast-growing, well-studied bacterial model system, and
its associated phages are extremely well-characterized (Jessup et al., 2004; Calendar, 2012). E.
coli cells were grown in a defined media with >’FeSO; as the sole iron source, then rinsed of

excess °’Fe. The cells were infected with one of the phages or lysed with chloroform, then the



phage fraction was purified using centrifugation, sucrose density-dependent ultracentrifugation,
and dialysis. The purified phage fractions were analyzed for °’Fe content using a mass
spectrometer and the viral-like particles were quantified under epifluorescence microscopy to
enable calculation of the number of iron atoms per phage. The methods established in this thesis

can be applied to a marine phage-host system to test the Ferrojan Horse Hypothesis in the future.



CHAPTER TWO:

DETERMINING THE AMOUNT AND SOURCE OF IRON BOUND TO E. COLI

PHAGES T4 & T5

Background

The Ferrojan Horse Hypothesis proposes marine viruses could contribute to the colloidal
fraction of dissolved organic iron binding ligands. Additionally, the iron bound to phage tail
fibers could outcompete siderophores for access to siderophore-bound iron receptors on the host
cell. If iron is recycled from host storages into progeny phage, the amount of dissolved iron
released following host lysis could be less than previously thought (Appendix A). In order to
provide a proof-of-concept for aspects of the Ferrojan Horse Hypothesis, methods were

developed using a well-studied phage-host laboratory model system.

This thesis used E. coli phages T4 and T5 for method development (Figure 1). Phage T4
is a member of the family Myoviridae and is a lytic double-stranded DNA (Group 1) phage with
a 169 kilobase (kb) genome (Baltimore, 1971). T4 has a 90 nm wide capsid and a 200 nm long
central, contractile tail attached to a baseplate protein with six slender tail fibers (Leiman et al.,
2003). Structural evidence exists for iron incorporation into phage T4 (Bartual et al., 2010) and it
is one of the most well-studied phage in history (Kutter and Sulakvelidze, 2004). T4 adsorbs to
the host OmpC receptor, which is a major outer membrane protein of E. coli used to transport a

variety of small molecules into the cell (Osborn and Wu, 1980). Notably, in mammalian cells,



OmpC is able to transport lactoferrin, which is a bactericidal iron-binding glycoprotein found in

secretory fluids as part of the innate immune system (Sallmann et al., 1999).

Figure 1: Transmission electron microscopy images of E. coli phages T4 and T5.
Images by Anthony Greco.

E. coli phage T5 is a member of the family Siphoviridae and is a lytic double-stranded
DNA (Group I) phage with a 122 kb genome (Baltimore, 1971). Phage T5 has a 90 nm capsid
and a 250 nm long flexible, non-contractile tail and three L-shaped fibers surrounding a receptor
binding tip (McCorquodale and Warner, 1988). T5 was shown to compete with the siderophore
ferrichrome for access to a siderophore-bound iron uptake receptor FhuA in E. coli mutants

(Hantke and Braun, 1978) but has not been shown to contain any structural iron.
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Despite the lack of x-ray crystallography structural data of phage T5 tail fibers, protein
sequences suggest this phage could also complex iron within its tail fiber proteins. In a study of
the gpL tail tip protein of E. coli phage A (also a member of the Siphoviridae), iron sulfur clusters
were discovered to be bound by four highly conserved cysteine residues (Tam et al., 2013). The
T5 pba3 tail protein (NCBI reference: YP_006966.1) was listed in Tam et al. (2013) as a gpL
homologue and similarly contains four cysteines, however the study did not state the presence of

iron in the pba3 tail protein.

Based on the direct structural evidence that the T4 tail fiber proteins contain iron and the
detection of conserved iron-binding cysteine residues in T5, stable isotope tracing was used to
determine the amount of iron incorporated into each of these phages and trace its origin back to
cellular iron stocks. To accomplish this goal, E. coli cells were grown in minimal media with
>"FeS04 as the predominant iron source, then rinsed in iron-free media to remove excess °’Fe,
before infection with either phage T4 or T5. A bacterial lysis control was included where
bacterial cells were lysed using chloroform in place of phage infection. This control was
necessary to account for any bacterial colloids that bound °’Fe and co-purified with the phage

fractions.

After multiple purification steps aimed to separate phage particles from cellular debris
and other colloids, the purified phages were analyzed by mass spectrometry to quantify the >’Fe
in the purified phage particles. These results were then compared with epifluorescence
microscopy counts to determine the number of phage particles in each sample, enabling
calculation of the amount of >’Fe bound to each phage. While the amount of iron incorporated
into phage T4 can be extrapolated based on the iron binding proteins known in its tail fibers,

there could be additional phage proteins that bind iron but are not yet known (Bartual et al.,
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2010). We hypothesize that both phages T4 and T5 will have associated iron, but at potentially

different abundances.

In addition, this experiment was designed to determine if the iron in phages originates
from within its host, in this case the ®'Fe enriched E. coli cells. While it is known that phage T4
tail fiber proteins contain iron, the source of the iron (from within the host cell or from the
outside environment) has not yet been determined. The process of phage replication inside of the
host cytoplasm involves the production and assembly of phage proteins prior to lysis of the host.
We thus hypothesize that the iron originates from within host storages and is incorporated into
phage proteins during assembly and prior to lysis. Since the bacterial cells are highly enriched in
%"Fe compared to the unamended media, the presence of °'Fe in the purified phage progeny
would support the hypothesis that phage-bound iron originates from within the host’s cellular

reserves.
Methods

Media Development

Media Development Experiment |

The efficacy of using the stable isotope *'Fe as a tracer of iron in these experiments is
dependent on growing bacteria in media containing exclusively °’Fe. Naturally occurring iron
consists of 5.85% >*Fe, 91.75% *°Fe, 2.12% of ’Fe and 0.29% **Fe (Dauphas and Rouxel, 2006).
Excess iron contamination would make it difficult to reliably trace °>'Fe through a phage
infection, as the E. coli cells may preferentially uptake other iron isotopes. Every effort was
made to reduce iron contamination, including eliminating the use of materials that might

introduce excess *°Fe, such as glass flasks or metal scoopulas and sterilization methods such as
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autoclaving. Instead, polycarbonate flasks were used for the experiments. All materials were
cleaned by rinsing in reverse osmosis (RO) water, soaked in a soap bath for one week (1.5%
Citrad in RO water, Decon Labs), rinsed in RO water, and soaked for 30 days in 10% trace metal
grade (TMG) HCI (Fisher) in ultrapure water (Milli-Q, >18.2 MQ cm). Materials were then
rinsed with Milli-Q water, dried in an AirClean 400 laminar flow work station overnight, and
double bagged in polyethylene bags until use to prevent contamination (Worsfold et al., 2014).

Several iterations of bacterial growth media were tested for both bacterial contaminant
growth and iron contamination before the media for culturing was finalized. M9 minimal media
for bacterial cultures was made according to Kutter and Sulakvelidze (2004). To prevent iron
contamination, stock solutions of each component were made by pouring dry reagents directly
into acid-cleaned Nalgene fluorinated high-density polyethylene (HDPE) bottles on a balance to
weigh and Milli-Q water (18.2 MQ c¢cm) was added to desired concentration (Table 1). A1 L
volume of the media was then prepared by pouring stock solutions into an acid-cleaned HDPE
bottle on a balance. The media contained final concentrations of 33.7 mM Na;HPO4-2H20
(Sigma-Aldrich >99.0% Titration), 22 mM KH2PO4 (ACS Reagent >99% purity), 8.56 mM NaCl
(Certified ACS >99.0% purity), 18.7 mM NH4Cl (Fisher Scientific >99.0% purity FCC), 0.1 M
MgSOs (Sigma-Aldrich >99.99% trace metal purity), 0.1 M CaCl, (Alfa Aesar from Fisher
Scientific 99.99% metals basis purity), 1 pg/mL Thiamine HCI (Fisher Scientific 99% purity),
and 0.5% Glucose (Fisher Scientific 99% purity) in a final volume of 1 L (Kutter and

Sulakvelidze 2004, Table 1).
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Table 1: M9 minimal media composition from Kutter and Sulakvelidze (2004). A 1 L stock of
20X M9 Salts and 0.5 L of all stock solutions were weighed separately in acid-cleaned Nalgene
fluorinated HDPE bottles and brought to desired concentrations using Milli-Q water (18.2 MQ
cm). A 1 L volume of liquid culture was prepared by adding all sterile stock solution components

to 912.5 mL of Milli-Q water in an acid-cleaned HDPE bottle on a balance. *FeSO4 added as
5"FeSO4 spike separately after all other components combined. Completed M9 minimal media
was 0.02 um filtered prior to use.

Component 20X M9 Salts (1 Stock Amount of Final
L) Concentration | Stock Added to | Concentration
1L Liquid
20X M9 Salts:
Na2HPO4:2H,0 1209 0.67M 33.7mM
KH2PO4 60 g 0.34 M 22 mM
NaCl 10 ¢ 0.17M 8.56 mM
NH4CI 20 g 0.37 M 18.7 mM
20X M9 Salts 20X 50 mL 1X

MgSO4 0.1M 10 mL 0.1M

CaCl» 0.1M 1 mL 0.1M

FeSO4* 0.01 M 1mL 10 uM
Thiamine HCI 2 mg/mL in 500 pL 1 pg/mL

70% EtOH
Glucose 20% 25 mL 0.5%

Differences in the starting concentrations of °'Fe between replicates were observed for
the first attempts at making and sterilizing the M9 minimal media. It was hypothesized that this
was due to the low solubility of iron forming precipitates at the neutral pH of the culture media.
To optimize the media and gain consistency between the starting concentrations of the >’Fe
spike, an experiment was designed to monitor fluctuations in >’Fe concentration pre- and post-

incubation in the conditions used for E. coli growth.

M9 minimal media was amended with 10 pM *’FeSO4 (95.06% enrichment, Isoflex) and
triplicate samples of 100 mL volume were placed into acid-cleaned 250 mL polycarbonate
Erlenmeyer flasks. Another triplicate set of 100 mL samples were 0.02 um filtered using a
Whatman Anotop syringe filter (GE Healthcare), after a pre-rinse with Milli-Q water (18.2 MQ

cm) and the first few drops of media discarded. To avoid metal contamination, the flasks were
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individually placed upright into clean polyethylene bags left slightly open to vent, secured into

flask clamps in an incubator, and left shaking (150 rpm) at 37 °C for 7 days.
Metal Analysis

Samples of 100 pL (by pipette with the first aspiration discarded to rinse the tip) were
collected in acid-cleaned HDPE 7 mL scintillation vials (Fisher Scientific) pre-incubation (t=0)
and at days 1, 3, and 7, placed in a rack, sealed within a clean polyethylene bag, and frozen at -

20 °C until analysis.

To analyze the >’Fe content of the samples, the 100 pL samples taken for metal analysis
were thawed. A volume of 4.6 mL of Milli-Q (18.2 MQ c¢m), water was added to each sample
and the diluted sample was acidified with 250 pL HNOs (Fisher Scientific, Optima) for a final
concentration of 5% nitric acid. A volume of 50 uL of rhodium (10 ppb final) was added as an
internal standard. Six analysis blanks (4.7 mL Milli-Q water, no sample) were included, three for
each of the calibration curves. External calibration curves of *®Fe and °’Fe contained the
concentrations: 1.79 nM, 8.95 nM, 17.91 nM, 89.53 nM, 179.07 nM, and 358.13 nM. Samples
were analyzed for #°Sc, 5°Fe, 5Fe, and ®Zn on an Agilent 7500cx inductively coupled plasma

mass spectrometer (ICP-MS).

The mass spectrometer data were corrected for the rhodium internal standard by dividing
the metal counts per second of the sample by the rhodium counts per second. For *6Fe and >"Fe,
the y-intercept of the °°Fe or °>’Fe calibration curve was subtracted from the counts per second,
divided by the slope of the calibration curve, and multiplied by the dilution factor (50). All

results were reported in nanomolar (nM).
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Media Development Experiment 11

The second media experiment utilized chelexing in addition to 0.02 um or 0.22 pm
filtration to test the removal of *Fe contaminants from the media (Pai et al., 1988). The M9
minimal media was prepared (Table 1) in Milli-Q water (18.2 MQ cm), and half was passed
through a column of Chelex-100 (BioRad) resin (C; Figure 2), while the other half remained
unchelexed (B; Figure 2). Half of each treatment was amended with 10 uM labeled 'FeSOs (2;
Figure 2) while the other half remained un-amended (1; Figure 2). A volume of 25 mL of each
sample was filtered through either a 0.22 pm Sterivex PVDF syringe filter (EMD Millipore) for
the dissolved fraction (D; Figure 2), or a 0.02 um Whatman Anotop syringe filter (GE
Healthcare) for the soluble fraction (S; Figure 2). The filters were first rinsed with ~2 mL of
Milli-Q water and the first few drops of sample were discarded. Samples were directly filtered
into trace metal-clean polycarbonate Erlenmeyer flasks, placed in a clean polyethylene bag with

a small opening to vent, and left shaking (150 rpm) in an incubator at 37 °C for one week.

Samples for analysis of °’Fe content were taken and prepared as in Media Development
Experiment | (see Metal Analysis). The samples were analyzed for *°Fe, >Fe, ®Ni, 53Cu, %Zzn,
and 2°®Pb on an ELEMENT XR HR-ICP-MS (Thermo Fisher Scientific). All data were corrected
for the rhodium internal standard and the analytical blank value for °’Fe was subtracted (see

Metal Analysis).
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M9 Minimal
Media
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% Chelex % NO Chelex

[ 1 [ 1
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with Fe57 no spike with Fe57 no spike
c2D c2s CiD C1S B2D B2S B1D B1S
0.2 um 0.02 um 0.2um 0.02 um 0.2um 0.02 um 0.2um 0.02 um

Figure 2: Treatments of M9 minimal media for the Media Development Experiment Il. Half of
the media was chelexed to remove metals (C), half was not chelexed (B). Half of each treatment
was spiked with >’FeSO4 (B2 & C2), while half remained un-spiked (B1 & C1). Lastly, half of
each treatment was 0.2 um filtered (B1D, B2D, C1D, C2D) and half was 0.02 um filtered (B1S,
B2S, C1S, C2S).

Tracing *’Fe from E. coli to Phages T4 and T5

The methods developed for the tracing of °’Fe from E. coli to phages T4 and T5 included
the growth of E. coli cell cultures in M9 minimal media that contained °’Fe as the sole iron
source, then the rinsing of the cells to remove excess °'Fe (see Bacteria Preparation), followed
by infection with either phage T4 or T5 (see Phage Infection). Bacterial lysis control samples
remained uninfected by phage and were instead lysed by treatment with chloroform, then
subsequently taken through the same phage purification steps to account for any colloids that
contained °’Fe and co-purified with the phages (see Chloroform Treatment). A blank media
control was not inoculated with bacteria or infected with either phage and was included to
identify any sources of ®Fe contamination through the phage purification steps. The phage
lysates and controls were then purified through centrifugation to pellet bacterial debris, filtration

of the supernatant through a 0.22 pum filter to collect the dissolved fraction, and subsequent
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filtration of a subsample through a 0.02 um filter to collect the soluble fraction. The difference in
iron content between the dissolved and soluble fractions is the colloidal fraction (0.02 um — 0.22
pum; see Size Fractionation). The dissolved fraction of each sample was then ultracentrifuged
through a sucrose cushion, in which phages pellet but cellular debris does not (see Sucrose
Ultracentrifugation). The pellets were then re-suspended and dialyzed over six buffer changes
(see Dialysis). The starting cell culture samples and final purified phage samples were analyzed
for bacterial cell or phage particle concentrations by SYBR Gold nucleic acid staining and
epifluorescence microscopy (see Bacterial and Phage Quantification). For each experimental
step, 100 pL samples were taken (by pipette with the first aspiration discarded to rinse the tip) to
track the °’Fe content pre-lysis and post-lysis during the subsequent phage purification steps.

Metal content of the samples were quantified by XR ICP-MS (see Trace Metal Quantification).

These methods were repeated five times. The first iteration used only E. coli phage T4
(Experiment 1). The second (Experiment 2), third (Experiment 3), fourth (Experiment 4), and
fifth (Experiment 5) iterations used both E. coli phages T4 and T5. In the fifth iteration
(Experiment 5), all samples (including bacteria infected with both phages T4 and T5, the
bacterial lysis control, and the media blank) were treated with chloroform, instead of only

treating the bacterial lysis control with chloroform as in the previous four experiments).
Bacteria Preparation

In an acid-cleaned 2 L polycarbonate flask, 1 L of M9 minimal media was prepared
(Table 1) without addition of >'Fe and a 100 pL sample (see Trace Metal Quantification) was
frozen at -20 °C for metal analysis by XR ICP-MS. A volume of 750 mL of the un-amended
media (no added °’Fe) was filtered through a 0.02 um Whatman Anotop syringe filter (after a

Milli-Q water (18.2 MQ cm) pre-rinse and the first few drops of media discarded) and reserved
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for bacteria pellet rinses. The remaining 250 mL of media was amended with >’FeSO4 (final
concentration: 10 uM, Kutter and Sulakvelidze, 2004) and filtered through a 0.02 um Whatman

Anotop syringe filter into a 250 mL polycarbonate flask.

For the bacterial stocks, E. coli strain ZK126 (provided by Betty Kutter, Evergreen State
College) was grown over multiple generations exclusively on the media amended with >’FeSOa.
To do this, 50 mL of M9 minimal media (Table 1) amended with 10 pM >’FeSQO; in an acid-
cleaned polycarbonate flask was inoculated with 1% of ZK126 stock (stored in 50% glycerol at -
80 °C) and incubated while shaking (150 rpm) at 37 °C. This first generation grew to mid-
logarithmic phase measured by an optical density (ODsoo) 0f 0.200 — 0.500 on a GENESY'S 20
Thermo Spectronic spectrophotometer (Figure 3), and 1% was inoculated into a second 50 mL
of media amended with 10 uM *’FeSOs in an acid-cleaned polycarbonate flask. The second
generation was incubated while shaking (150 rpm) at 37 °C overnight (12-15 hours) and 1% of
the culture was used to inoculate the third generation. This was repeated for a total of eight

generations, and stored in 50% glycerol at -80 °C.

For the experiments, an initial culture was started by inoculating 20 mL of media
(amended with 10 uM °’FeSO.) with 1 mL of a thawed ZK126 E. coli °’Fe glycerol stock aliquot
in an acid-cleaned 125 mL polycarbonate flask. The culture flask was placed upright in a clean
polyethylene bag left slightly open to vent, secured in a flask clamp within an incubator, and
grown overnight at 37 °C while shaking (150 rpm) so that the culture could reach a high cell

density.
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ZK126 Growth Curve
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Figure 3: Growth curve for E. coli ZK126 measured on a spectrophotometer. Mid-logarithmic
growth (indicated by shaded area) was an ODgsgo= 0.200-0.500.

After incubating for 12-15 hours, turbidity of the bacterial culture was observed visually,
indicating late-logarithmic growth. Four 58.5 mL aliquots of media (amended with 10 uM
5"FeS04) were measured by pouring into acid-cleaned 250 mL polycarbonate flasks on a balance
(based on an approximate density of 1 g/mL) to prevent potential contamination using transfer
pipettes (Figure 4). Each of the three media aliquots were inoculated with 10% (6.5 mL) of the
overnight bacterial culture by pouring into acid-cleaned polycarbonate flasks on a balance, while
the fourth served as the blank control and remained uninoculated with bacteria. The four flasks
were placed upright into clean polyethylene bags that were left slightly open to vent, secured in
flask clamps within an incubator, and grown at 37 °C while shaking (150 rpm). Once the cultures
reached an ODego of 0.200-0.500 (indicative of mid-logarithmic growth; Figure 3), the bacteria

were poured into 20 mL aliquots in acid-cleaned 50 mL Falcon tubes (Figure 4).
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of un-amended 0.02 pm filtered media (no >'FeSO4 added) was added to each of the bacterial
pellets, and the pellets were re-suspended by vortexing for 1 minute. The rinsed bacterial cells

were centrifuged again for 5 minutes at 6,500 x g, and the cell rinsing procedure was repeated

Figure 4: Flowchart of cell culture preparation. A culture of E. coli is grown overnight to start
three 10% cultures which are grown to mid-logarithmic phase, or an ODggo= 0.200-0.500. The
cultures are then divided across triplicate samples and centrifuged to pellet the bacterial cells.
The supernatant containing excess °'Fe in media is discarded, and the cells are re-suspended in
un-amended media (no °’Fe added). This is repeated three times and the final rinsed cell culture
pellet is re-suspended in 20 mL of un-amended media.

Excess °'Fe was rinsed from the surface of the bacterial cells by centrifuging the Falcon
tubes containing the samples at a speed of 6,500 x g for 5 minutes (Figure 4). The bacterial cells

pelleted to the bottom of the Falcon tube, and the supernatant was discarded. A volume of 10 mL



three times. The final bacterial pellet was re-suspended in 20 mL of 0.02 um filtered media that

had no added °"FeSOa.
Phage Infection

Figure 5 shows the experimental design for the phage infection experiments. Samples
infected with E. coli phage T4 were designated A, B, and C. Samples infected with E. coli phage
T5 were designated M, N, and O. The 20 mL of rinsed bacterial cells for each of the samples A,
B, C, M, N, and O were poured from Falcon tubes into new acid-cleaned polycarbonate 125 mL
flasks, and were infected with 5 pl of their respective phage from a stock (T4: provided by Betty
Kutter, Evergreen State College, grown to a titer of 1.3 x 10! phage/mL; T5: ATCC ® 11303-
B5™, grown to a concentration of 8.2 x 10! phage/mL). The flasks were placed upright into
clean polyethylene bags left slightly open to vent, secured into flask clamps within an incubator,
and left shaking (150 rpm) overnight (12-15 hours) at 37 °C. The bacterial lysis control samples
(designated D, E, and F) and the blank control samples (designated G, H, and I) were not

infected with phage and instead remained in Falcon tubes for storage overnight at 4 °C.
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Figure 5: Flowchart of the Tracing *'Fe to E. coli phages T4 & T5 Experimental method. First,
cell cultures were grown and aliquoted into triplicate samples of each treatment: T4 infected (A,
B, C), T5 infected (M, N, O), Bacterial Control (D, E, F), and Blank Control (G, H, 1). Cell
cultures were rinsed to remove excess °’Fe, then lysed by phage T4 infection, phage T5 infection,
or chloroform for the bacterial lysis control. The lysates are then purified for the phage by
centrifugation, filtration, sucrose ultracentrifugation, and dialysis.
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Chloroform Treatment

After storage overnight at 4 °C, all five experiments (Experiment 1-5) of the bacterial
lysis control samples (D, E, and F) were treated with 20% chloroform (Fisher Scientific, for
Molecular Biology applications >99% purity, 0.75% Ethanol as preservative) and vortexed for
one minute to simulate the effect of viral lysis and burst open the bacterial cells (Figure 5). Due
to concerns arising that chloroform would break down bacterial colloids differently in the
bacterial lysis control sample than in the phage samples, chloroform treatment was performed on
all samples in the fifth experiment (Experiment 5). In experiment 5, all samples (including T4
and T5 phage lysates (A, B, C, M, N, O), the blank control samples (G, H, 1), and the bacterial

lysis controls (D, E, F) were also treated with chloroform.
Size Fractionation

Phage T4 and T5 lysates (A, B, C, M, N, O), bacterial lysis controls (D, E, F) and blank
control samples (G, H, I), were transferred to acid-cleaned 50 mL Falcon tubes by pouring and
centrifuged at a speed of 9,500 x g for 5 minutes to pellet any remaining cellular debris (Figure
5). For chloroform-treated samples, centrifugation separates the chloroform organic phase
(bottom layer) from the aqueous sample phase (top layer) so that the chloroform-treated sample
could be removed by an acid-cleaned 10 mL polystyrene serological pipette (cotton plug
removed prior to soap bath). The supernatant, which contained the T4 phage progeny for samples
A, B, C and the T5 phage progeny for samples M, N, O, was then passed through a 0.22 pum
Sterivex PVDF syringe filter (EMD Millipore) after the filter was pre-rinsed with Milli-Q water
(18.2 MQ cm) and the first few drops of sample were discarded. The filtrate was collected in an
acid-cleaned 15 mL Falcon tube, and contained phage (for samples A, B, C, M, N, O) and any

other soluble or colloidal-sized cellular debris bound to %'Fe within the dissolved fraction (<0.22
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pm). A 2 mL subsample from the dissolved fraction was subsequently filtered through a 0.02 um
Whatman Anotop syringe filter (with an Milli-Q water pre-rinse and the first few drops of
sample discarded). The filtrate was collected in an acid-cleaned 1 mL microcentrifuge tube for
measurement of °>’Fe in the soluble fraction (<0.02 um). The >’Fe content in the colloidal fraction
(0.2 um - 0.02 um) was then calculated as the difference between °’Fe content in the dissolved

and the soluble fractions.
Sucrose Ultracentrifugation

Phage particles were concentrated and purified from the dissolved fraction of each
sample by ultracentrifugation through a dense layer of sucrose (Hurwitz et al., 2013). A 2.5 mL
layer of 38% D(+)-Sucrose (ACROS Organics™, 99.7% for biochemistry) in 0.02 pm filtered
SM Buffer [100 mM NaCl (Fisher Chemical, >99.0% purity), 8 mM MgSO4 (Sigma-Aldrich
Reagent Plus®, >99.5% purity), 50 mM Tris-Cl (Fisher Bioreagents, >99% purity) in Milli-Q
water (18.2 MQ cm) pH of 7.5] was added to the bottom of an acid-cleaned ultracentrifuge tube
(Beckman Coulter, ultra-clear 14 x 95 mm) after a pre-rinse with 1 mL of 0.02 um filtered SM
Buffer. The ultracentrifuge tube was tilted side-ways and 4 mL of each dissolved fraction sample
were carefully dispensed above the sucrose cushion using an acid-cleaned 10 mL polystyrene
serological pipette (cotton plug removed). Ultracentrifuge tubes were then gently filled to the top
with 7.5 mL of 0.02 um filtered SM Buffer to prevent collapse during high-speed centrifugation.
Tubes were then carefully balanced in pairs and the samples were centrifuged in a swinging
bucket rotor (Beckman Coulter, SW40Ti) for 3 hours and 15 minutes at a speed of 175,000 x g
(37,200 rpm) and 18 °C. The supernatant was poured out, and any remaining liquid was removed

using a 1 mL pipette kept along the side of the tube so as not to disturb the phage pellet. The
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tubes were dried in an AirClean laminar flow clean hood for 20 minutes, then phage pellets were

re-suspended in 1.2 mL of 0.02 um filtered SM Buffer (Figure 5).
Dialysis

The dialysis devices (Spectrum™ Spectra/Por™ Float-A-Lyzer™ G2) consisted of a
cellulose ester membrane tubing with 100 kD pore sizes and a 1 mL capacity. To prepare for
dialysis, 10% ethanol (Fisher Bioreagents, Molecular Biology grade) was added to the dialysis
tubing, which was submerged in 10% ethanol for 10 minutes. The ethanol was poured out, and
the dialysis tubing was rinsed with Milli-Q water (18.2 MQ cm). The tubing was then filled with
Milli-Q water and submerged in Milli-Q water for 20 minutes. The water was then poured out,
and 1 mL of re-suspended pellet samples were added to individual dialysis tubing and placed
into a 1 L tank of dialysis buffer (10 mM NaCl, 50 mM Tris-Cl pH 8.0, 10 mM MgCl;
(Spectrum Spectra/Por™ Float-A-Lyzer™ G2 manual). The dialysis buffer was replaced every
8-15 hours over 4 days for a total of 6 buffer changes (Figure 5). This timeline was determined
from the first iteration of the experiment, which showed diminishing amounts of *>'Fe per buffer
change until the 6™ which contained less than 1 nmol 5’Fe for a 1 L reservoir, as determined by

XR ICP-MS.
Trace Metal Quantification

Samples for trace metal quantification were taken during each experimental step,
preserved (-20 °C), and prepared for analysis on the ELEMENT XR ICP-MS as per the methods
outlined in the Media Development Experiment | (Metal Analysis). The natural abundances of
each iron isotope had to be accounted for as well, because any iron contamination would be

91.7% 5®Fe and 2.119% %'Fe (Dauphas and Rouxel, 2006). Additionally, the >’FeSO, stock from
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the manufacturer (Isoflex) contains 95.06% °Fe and 3.04% °°Fe. The measured values of *°Fe
concentration were therefore adjusted using a correction ratio, which was calculated using the
iron isotope concentrations of the un-amended 0.02 pm filtered M9 minimal media (pre-spike
with 10 uM °’FeS0Oa) and the amended 0.02 um filtered media for each experimental round. The
SFe background concentration of the media prior to any addition of >’Fe (Media) was subtracted
from the concentration of °Fe added to the media through the 10 uM °’FeSOQ4 spike (Media +
SFe), then divided by the concentration of >’Fe added to the media after the >’FeSO4 spike (°'Fe
Measured).

(Media + >’Fe) — Media
57Fe Measured

Correctionratio =

For each sample, the correction ratio was then multiplied by the °’Fe concentration
measured (>’Fe Measured) for that sample and subtracted from the measured >¢Fe (*®Fe

Measured) concentration in that sample, resulting in the fully corrected *Fe concentration.

Corrected *°Fe = °°Fe Measured — (Correctionratio - "Fe Measured)

To correct for >’Fe for that could have been added to a sample through *°Fe
contamination, the corrected value for *°Fe (Corrected [*°Fe]) was multiplied by the naturally
occurring isotopic ratio of 'Fe: >°Fe (2.119%) and subtracted from the >’Fe measured (Measured

[*"Fe]) for that sample.

Corrected >’ Fe = Corrected *°Fe - 0.02119
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Lastly, all values were converted from nanomolar to nanomoles by multiplying by the

volume (in liters) that the sample was taken from.

Bacterial and Phage Quantification

For microscopy, 99 uL of bacterial and viral samples were fixed with 1% formalin for
storage at 4 °C in sterile microcentrifuge tubes (Chen et al., 2001). Slides of bacterial cells were
prepared by adding 10 pL of fixed bacteria to 990 pL of 0.22 um filtered SM Buffer for a ratio
of 1:100. Phage samples need a higher dilution, so 5 pL of fixed phage were pipetted into 5 mL
of 0.22 um filtered SM Buffer for a ratio of 1:1000. A Millipore Mixed-ester membrane filter
(EMD Millipore, 25 mm, 0.8 pm pore size) was placed on the filter platform, followed by a 0.02
pm Whatman Anodisc filter (25 mm). The bacterial and phage sample dilutions were vortexed,
and 1 mL of sample was pipetted directly onto the filter, with one sample per filter (Noble and
Fuhrman, 1998). Once all the sample passed through, the filter was placed onto a 100 pL drop of
20X SYBR™ Gold Nucleic Acid Stain (Life Technologies) in deionized (DI) water in a petri
dish in the dark. After eight minutes, the filter was then placed on a 98 pL drop of DI water to
rinse excess stain. The stained filter was then placed onto a glass slide, and 28 pL of antifade
mounting solution (antifade solution was prepared fresh each time: 990 pL 50:50 PBS/ Glycerin
with 10 pl 10% w/v p-phenylenediamine hydrochloride) was pipetted onto it. A cover slip was
placed over the filter and the slides were imaged under a Zeiss Axio Scope.Al epifluorescence
microscope. For each slide, ten frames were counted and averaged using Media Cybernetics
Image-Pro software. The average counts were multiplied by the dilution factor (100, 1,000, or
10,000), and then multiplied by the conversion factor (31,915), which accounts for the area of

the counting frame relative to the surface area the sample was filtered onto.
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Results & Discussion

Media Development

For the Media Development | Experiment, triplicate samples of unfiltered and 0.02 pm
filtered M9 minimal media amended with 10 uM %"FeSO4 were monitored over seven days in a
shaking (150 rpm) incubator at 37 °C. Metal analysis by inductively coupled mass spectrometry
(ICP-MS) revealed a starting °'Fe concentration of 11.18 + 0.15 uM for unfiltered samples. After
incubating for 24 hours, the ®’Fe concentration for the unfiltered media decreased to 8.59 + 1.10
MM, and 6.22 + 1.40 uM after seven days (Figure 6). The 0.02 um filtered media had a starting
concentration of 5.57 £ 0.12 uM, which was relatively stable at 5.52 + 0.12 uM after incubating
for 24 hours and decreased slightly to 4.94 £+ 0.24 uM after incubating for seven days. Thus,
filtration through a 0.02 pm filter reduced the initial concentration of the >’Fe spike by roughly
half (from 11.18 £ 0.15 pM in unfiltered media to 5.57 + 0.12 uM in 0.02 um filtered media),
while the 0.02 um filtered media maintained a more constant *'Fe concentration than unfiltered

media over the seven days of the experiment (Figure 6).
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Figure 6: Media Development Experiment |. °’Fe concentrations of unfiltered (yellow) and 0.02
um filtered (blue) M9 minimal media after 10 uM spike with >’FeSO incubated while shaking
(150 rpm) at 37 °C for seven days. Metals were quantified by ICP-MS. Error bars represent
standard deviation between triplicate samples.

The decrease in °>’Fe concentrations for unfiltered M9 minimal media was predicted to be
the result of precipitation of iron and loss to the walls of the polycarbonate flask (Fischer et al.,
2007). The Media Development Experiment | demonstrated this apparent loss in iron at variable
magnitudes across triplicate samples after incubating at 37 °C while shaking (150 rpm) for 24
hours (conditions used for overnight E. coli culture growth). Samples that were 0.02 um filtered
maintained a more constant concentration of >’Fe over 24 hours and throughout the seven-day
incubation with less variability between triplicate samples, making filtration a more consistent

media preparation for culture growth (Figure 6).

Concentrations of *®Fe were also measured by ICP-MS for all samples to monitor metal
contamination. Starting concentrations of *®Fe for unfiltered samples were 0.8 + 0.01 uM with a
final concentration of 0.5 + 0.09 uM. Samples that were 0.02 um filtered had a starting *°Fe

concentration of 0.4 + 0.03 uM and a final concentration of 0.4 + 0.01 uM. While the *’Fe
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concentrations are in excess of *Fe, any preferential uptake of the lighter >®Fe isotope by
bacteria could affect the 5'Fe-labeling of phages. To further remove excess metals, the Media

Development Experiment 11 used Chelex-100 resin and filtration of the M9 minimal media.

For the Media Development Experiment |1, the unfiltered chelexed (C2) and unchelexed
(B2) samples spiked with 10 uM >’FeSO4 had starting concentrations of 10.6 uM and 8.8 uM,
respectively (Figure 7). Over a seven-day incubation at 37 °C while shaking (150 rpm) the >’Fe
concentrations varied, decreasing to 8.5 uM for the unfiltered chelexed sample (C2) and
increasing to 10.6 uM for the unfiltered unchelexed sample (B2), likely due to contamination.
Filtered samples had less variable starting concentrations, with 7.5 uM for the unchelexed
dissolved sample (0.2 um filtered; B2D), 7.1 uM for the unchelexed soluble sample (0.02 pm
filtered; B2S), 7.3 uM for the chelexed dissolved sample (C2D), and 7.0 uM for the chelexed
soluble sample (C2S). Over the seven-day incubation the filtered samples remained more
constant than the unfiltered samples, with a final average °’Fe concentration of 7.1 + 3.6 M

across all four treatments (Figure 7).
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Figure 7: Media Development Experiment 1. All M9 minimal media samples were spiked with
10 uM >’FeSQOa, chelexed or filtered, and left incubating while shaking (150 rpm) for seven days.
Samples were either chelexed unfiltered (C2), chelexed and 0.2 um filtered (C2D), or chelexed
and 0.02 um filtered (C2S). Unchelexed samples were either unfiltered (B2), unchelexed and 0.2
um filtered (B2D), or unchelexed and 0.02 um filtered (B2S).

As in the Media Development Experiment I, unfiltered M9 minimal media samples had
variable concentrations of °’Fe over the seven-day incubation. While the unfiltered chelexed
(C2) sample had a similar starting concentration (10.6 uM) and decreased over the seven-day
incubation, the unfiltered unchelexed sample (B2) had a lower starting concentration (8.8 uM)
but increased over the incubation. Filtered samples were comparatively stable and had less
variability in ®'Fe concentration, demonstrating that filtration is a necessary step to produce

media that is less variable in starting °’Fe concentration.

The purpose of using Chelex-100 resin was to remove any excess *Fe contamination
from the media in the event the bacteria cultures had preferential uptake of the lighter °Fe
isotope over the 5"Fe tracer. Starting concentrations of *Fe were not much lower for the filtered

chelexed media, with 0.3 = 0.04 uM, comparable to 0.4 £ 0.02 uM in the filtered unchelexed
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media. Furthermore, when inoculated with an E. coli culture, the filtered chelexed media did not
support bacterial growth. This may be due to the removal of other metals essential for bacterial
growth such as magnesium and calcium by the Chelex-100 resin. Due to similar starting
concentrations of both the 5"Fe and background *Fe in filtered media regardless of whether it

was chelexed, the filtered not chelexed media was decidedly the best choice.

When comparing filtered medias, the concentrations of >’Fe and *®Fe in the 0.2 um
filtered “dissolved” media and in the 0.02 pm filtered “soluble” media were not significantly
different (Figure 7). After incubating 24 hours, the °’Fe concentration in the 0.2 um filtered
media was 7.4 uM while the 0.02 um filtered media contained 7.1 uM. Due to the potential for
iron contamination through autoclaving, polycarbonate flasks were instead acid-cleaned, dried,
and double-bagged. Media sterilization was maintained by ultrafiltration (0.02 um) to prevent

contamination by small bacteria or any viruses in the absence of autoclaving.

Tracing >’Fe from E. coli to Phages T4 and T5

The Tracing °’Fe from E. coli to Phages T4 and T5 experiment was repeated for a total of
five iterations, with Experiment 1 utilizing only phage T4 and Experiments 2, 3, 4, and 5 using
both phages T4 and T5. Experiment 5 was the only iteration to treat phage samples as well as the
bacterial control samples with chloroform. Experiments 2, 3, and 4 have two analytical datasets
from analyzing the experimental samples twice on the XR-ICP-MS; these results are designated
2.1, 3.1, and 4.1 for the first mass spectrometry analysis, and 2.2, 3.2, and 4.2 for the second
analysis. During the first analytical run for Experiment 2, the calibration curve had to be re-made
due to contaminated HCI. During Experiments 3 and 4, it is hypothesized that a sample with a
different density clogged the nebulizer introduction system. The data from the second analysis

would have replaced the first, however the higher blank values for %6Fe from contaminating
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samples on the second ICP-MS run meant a higher blank value had to be subtracted for those
samples. Instead, the values for samples from Experiments 2, 3, and 4 were calculated from the

average of the six measurements made (two analyses of the triplicate samples).
Metal Analysis

Samples were analyzed for trace metals *°Fe, >’Fe, ®Ni, %Cu, %zn, and 2°®Pb on an
ELEMENT XR HR-ICP-MS (Appendix B). Analytical blanks for each mass spectrometry run
consisted of Milli-Q water (18.2 MQ cm) acidified in 5% nitric acid with rhodium internal
standard (10 ppb) and were analyzed throughout the run (Table 2). Blank samples were analyzed
throughout the mass spectrometer run to monitor for drift, and blank measurements were spaced
between every ten samples. The number of blank values used to calculate the average and
standard deviation are provided as “n” (Table 2). Due to re-running the samples from
Experiments 2, 3, and 4 on the XR-ICP-MS, the blank values were higher for the second analysis

due to contamination but could be corrected for in the datasets.

Table 2: Analytical blank values for *®Fe and *'Fe after rhodium correction as measured on
ELEMENT XR ICP-MS. “Expt” refers to experimental and analytical dataset; e.g. Expt 2.1 is
experiment 2, first analytical dataset, while Expt 2.2 is experiment 2, second analytical dataset.
The number of blank measurements used to calculate the average and standard deviation for

“_ 9

each round is ‘“n”.

Expt 1 2.1 2.2 3.1 3.2 4.1 4.2 5
6Fe 0.545 + 0.82 + 5.85 + 0.73 % 5.30 + 1.02 + 461 + 0.38 +
(nM) 0.074 0.32 0.26 0.2 0.53 0.18 0.51 0.099
n=>5 n=>5 n==6 n=>5 n==6 n=4 n==6 n=>5
5Fe 0.014 + 0.03 + 0.13 £ 0.02 £ 0.12 £ 0.03 £ 0.09 + 0.018 +
(nM) 0.002 0.01 0.01 0.006 0.02 0.004 0.01 0.006
n=>5 n=4 n==6 n=>5 n==6 n=>5 n==6 n=>5

The starting °'Fe content measured for the M9 minimal media (amended with 10 uM

"FeS04 and 0.02 pm filtered) ranged from 1.9 + 0.05 puM to 6.0 + 0.3 uM for all iterations of the

experiment (Table 3).
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Table 3: Starting %'Fe content in M9 minimal media after amendment with 10 uM >’FeSO4 and
0.02 um filtration for each iteration of the experiment. Experiments 2, 3, and 4 are provided as
the average of the two analytical values measured by XR ICP-MS.

Expt 1 2 3 4 5
%Fe (LM) 0.05 03+0.2 0.3+0.09 | 0.050.007 0.1
%Fe (nmol) 7.0 51.4+286 | 443128 | 75+10 19.4
5TFe (LM) 4.9 1.9+0.05 6003 | 4.7+04 5.7
57Fe (nmol) 736.1 2785+7.6 | 894.4+462 | 698.0+62.4 | 856.7

5'Fe in Experimental Samples

The values for °’Fe measured for Rounds 1 and 5 are the average of triplicate
experimental samples. Samples from Rounds 2, 3, and 4 were analyzed twice; both sets of *>'Fe
measurements for the triplicate experimental samples were averaged (six values total) and the
standard deviations provided (Table 4). To allow for the direct comparison of °>’Fe content in
samples with different volumes along the culturing and purification process, all >’Fe data were
provided in nanomoles (nmol) instead of nanomolar (nM). The percentage of °Fe retained
through each of the phage purification steps is included between each sample step. There is a
higher percentage of °’Fe retained for phage T4 and T5 samples across most purification steps

than for the bacterial control samples (Table 4).

35



Table 4: Amount of °’Fe (nmol) measured in nanomoles (nmol) by XR ICP-MS for cell culture
(pre-lysis) and subsequent phage purification steps (post-lysis) in each experiment (Expt). T4
and T5 refer to phage-infected samples, the bacterial lysis control (Bact Control) was lysed by
chloroform treatment, and the Blank refers to the media blank. Values for °’Fe are the average
of triplicate samples with standard deviation. >’Fe content for experiments 2, 3, and 4 are the
average of the six analytical values measured between the two XR ICP-MS runs. Percent of *'Fe
retained between each purification step is included. Missing values are where the percentage of
°’Fe retained between purification steps was greater than 100%.

Expt Sample Cell Culture Post- lysis Dissolved Colloidal Sucrose Pellet Post-dialysis
Pre-lysis Unfiltered (<0.2pm) | (0.02- 0.2 pm) (nmol) (nmol)
(nmol) (nmol) (nmol) (nmol)

1 T4 22.25+0.63 | 10.85+0.93 | 9.87+1.23 | 9.56+1.23 0.34+0.11 0.16 .04
% °’Fe Retained 48.8% | 90.9% | 96.9% | 3.6% | 46.2%
1 | BactControl | 22.31+ 379 | 3.80+0.17 | 340+0.09 | 3.20+0.10 | 0.008+.0007 | 0.002 +0.0005
% 5"Fe Retained 17.0% | 89.6% |  94.0% | 0.22% | 26.4%
1 Blank 0.031+0.003 | 0.031+0.02 | 0.40+0.40 | 0.40+0.40 | 0.001+0.0005 | 0.001 + 0.001
2 T4 1448 + 236 | 7.79 + 092 | 6.63+0.92 | 6.58+0.90 0.28 +£0.10 0.16 +0.01
% °’Fe Retained 53.8% | 851% | 993% | 4.2% | 56.6%
2 | T5 1488+0.79 | 874+050 | 7.86+053 | 7.84+053 | 0.18+0.06 | 0.10+0.009
% 5"Fe Retained 58.7% | 89.9% | 998% | 2.3% | 52.0%
2 | BactControl | 1437+0.74 | 436+131 | 2.87+012 | 2.66+011 | 0.10+0.01 | 0.006+0.003
% °’Fe Retained 30.4% | 657% | 927% | 3.6% | 6.2%
2 Blank 0.17+0.05 | 0.13+0.02 | 015+0.02 | 015+0.02 | 0.008+0.002 | 0.007 +0.002
3 T4 12.95+1.04 | 7.24+040 | 536+0.56 | 5.34+0.56 0.71+0.11 0.37 +.0.53
% "Fe Retained 55.9% | 741% | 997% | 13.3% | 52.2%
3 | T5 1294+125 | 7.34+082 | 653+074 | 652+074 | 085+0.06 | 0.45+0.03
% 5"Fe Retained 56.7% | 89.03% |  99.9% | 13.0% | 53.5%
3 | BactControl | 12.88+1.85 | 286+0.22 | 269+0.30 | 254+028 | 0.03+0.002 | 0.008 +0.005
% °’Fe Retained 22.2% | 938% | 944% | 1.1% | 26.8%
3 Blank 0.11+0.03 | 0.08+0.03 | 011+0.11 | 0.11+0.11 | 0.002+0.0006 | 0.003+0.003
4 T4 18.36+2.03 | 10.67+1.95 | 9.16+1.01 | 8.75+1.04 0.24 +0.04 0.05 + 0.006.
% 5"Fe Retained 58.1% | 859% | 955% | 2.7% | 19.6%
4 | T5 17.10+2.13 | 12.00+2.04 | 11.33+1.67 | 11.31+166 | 0.19+0.02 | 0.09 +0.025
% °'Fe Retained 70.2% | 944% | 998% | 1.7% | 44.9%
4 | BactControl [ 17.60+1.81 | 3.09+0.47 | 3.29+0.27 | 3.07+0.29 | 0.18+0.03 [ 0.005.+0.0005
% 5"Fe Retained 17.5% | - | 932% | 5.5% | 2.6%
4 Blank 0.03+0.02 | 0.02+0.01 | 0.02+0.02 | 0.02+0.01 | 0.001+0.0006 | 0.0005 + 0.0003
5 T4 12.98+0.72 | 2924013 | 3.02+£0.12 | 292+0.11 0.01+0.008 | 0.0050.003
% 5"Fe Retained 22.5% | - | 96.7% | 0.4% | 39.0%
5 | T5 12.25+1.04 | 430+1.09 | 470+042 | 459+0.41 | 0.02+£0.005 | 0.01+0.001
% 5'Fe Retained 35.1% | - | 978% | 0.5% | 44.2%
5 | BactControl | 13.04+0.68 | 504+052 | 2.06+027 | 1.89+0.29 | 0.02+0.003 | 0.003+0.0001
% 5"Fe Retained 38.6% | 409% |  918% | 0.8% | 16.9%

5 | Blank

0.06+0.01 | 0.04+0.007 | 0.05+0.003 | 0.05+0.002 | 0.004+0.0003 | 0.002 +0.0001
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Statistical Analyses

The significance of differences between °’Fe content measured in samples for the starting
cell culture samples and phage T4 or T5 for each successive purification step were determined
by t-test using RStudio (Table 5). Individual t-tests were conducted to compare phage T4 vs. the
bacterial lysis control (Bact), phage T5 vs. the bacterial lysis control (Bact), and T4 vs. T5. The
normality of the data were tested to ensure the assumptions were met. The Shapiro-Wilk test was
used to determine whether the data were normally distributed, and an F-test of equality of
variances was employed to determine whether or not the variances were equal and to adjust the t-

test accordingly (Shapiro and Wilk, 1965; Brown and Forsythe, 1974).

When compared by t-test with a significance cut-off set to 0.01, the 'Fe content in all the
cell culture samples pre-lysis were not significantly different from each other (p >0.01; Table 5).
This is as expected, because prior to lysis all bacterial cell cultures should have been
homogenous. Post-lysis and over the subsequent purification steps the °'Fe content measured in
the bacterial lysis control samples, when compared to either phage T4 or T5 samples, became
significantly different (p <0.01) for most experiments (Table 5). This is consistent with the
hypothesis that >’Fe from the bacterial cells is incorporated into phage. As excess *>'Fe is
removed from the samples with each purification step, the phage T4 or T5 samples stay enriched
in °’Fe while the bacterial lysis control samples continuously lose the signal. For the T4 vs. T5 t-
tests, °’Fe values were not significantly different from each other, indicating the association of

iron to phage T5 at an abundance comparable to the iron associated with phage T4 (Table 5).
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Table 5: T-tests of >'Fe (nmol) content measured by XR-ICP-MS for samples or phage T4 or T5
compared to the bacterial lysis control (Bact) as well as samples of phage T4 and T5 compared
to each other. A significance cut-off was set to 0.01. Values in black are not significantly
different (p > 0.01), values in blue are significantly different (p <0.01). T-tests performed using

RStudio.

T4 vs. TS5 vs. T4 vs.
Expt | Experiment Step Bact Bact T5
. Cell Cult'ure 0.985268
(pre-lysis) - -
Unfiltered Lysate | 0.000467 - -
Dissolved 0.017133 - -
Colloidal 0.055564 - -
Sucrose Pellet 0.051696 - -
Dialyzed 0.024704 - -
Cell Culture
2 (pre-lysis) 0.922281 | 0.313037 | 0.731375
Unfiltered Lysate 0.000738 | 0.000038 | 0.068772
Dissolved 0.000224 | 0.000002 | 0.026514
Colloidal 0.000170 | 0.000002 | 0.021602
Sucrose Pellet 0.010353 | 0.020993 | 0.091361
Dialyzed 0.000486 | 0.000927 | 0.018726
Cell Culture
3 (pre-lysis) 0.941454 | 0.955251 | 0.984998
Unfiltered Lysate 0.000269 | 0.000031 | 0.289884
Dissolved 0.000003 | 0.000001 | 0.017828
Colloidal 0.000002 | 0.000001 | 0.017400
Sucrose Pellet 0.000016 | 0.000199 | 0.028944
Dialyzed 0.000019 | 0.000199 | 0.647380
Cell Culture
4 (pre-lysis) 0.278726 | 0.693535 | 0.203055
Unfiltered Lysate 0.000220 | 0.000125 | 0.313596
Dissolved 0.000022 | 0.000093 | 0.032335
Colloidal 0.493097 | 0.000076 | 0.139446
Sucrose Pellet 0.017522 | 0.537462 | 0.028186
Dialyzed 0.004906 | 0.000329 | 0.203075
Cell Culture
5 (pre-lysis) 0.929046 | 0.414670 | 0.458230
Unfiltered Lysate 0.005046 | 0.433805 | 0.213752
Dissolved 0.010181 | 0.001716 | 0.005679
Colloidal 0.009321 | 0.001622 | 0.005297
Sucrose Pellet 0.574282 | 0.117514 | 0.131213
Dialyzed 0.401970 | 0.008179 | 0.042204
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Phage T4 & T5 Samples Enriched in %'Fe

The 5’Fe content of the bacterial cells pre-lysis ranged from 12.9 + 1.3 nmol *>'Fe to 22.3
+ 3.8 nmol, with consistent amounts of °'Fe across cell culture samples within each experiment
(Figure 8A). For each purification step post-lysis, the >'Fe content diminished across all samples
but was retained at higher quantities for phage T4 and T5 samples than for the bacterial lysis
control samples or the blank samples. By the final dialysis purification step, the >’Fe content in
the T4 and T5 samples exceeded that of the bacterial lysis control samples for most experiments

(Figure 8B).

The pre-lysis cell culture samples did not contain significantly different amounts of >'Fe
for samples to be lysed with phage T4, T5, or the bacterial lysis control. However, post-lysis the
>"Fe content declined by a greater magnitude for the bacterial lysis control samples (Bact) than
for the phage T4 or T5 samples (Figure 9A, C, E, G, | & Table 4). Experimental media blank
samples remained relatively low in °’Fe throughout each experiment. For the final purification
steps (sucrose and dialysis purified), phages T4 and T5 maintained an excess of °’Fe (> 0.01
nmol) compared to that of the bacterial lysis control samples (*’Fe content < 0.0076 nmol;
Figure 9B, D, F, H, J & Table 4). This indicates that phages T4 and T5 have iron associated

with their virion that is maintained following the removal of bacterial colloids.
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Figure 8: °>’Fe (nmol) content pre-lysis and post-lysis through each phage purification step of all
experimental iterations (Part A). Green represents the average of triplicate samples infected
with phage T4, blue is the average of triplicate T5 samples, red is the average of triplicate
bacterial lysis control samples (Bact Control), and yellow is the average of triplicate media
blank samples. Part B: Enlarged view of the last two phage purification steps (red box in Part
A): the re-suspended sucrose ultracentrifugation pellet and post-dialysis fractions. Error bars
represent standard deviation between triplicate samples. Values for rounds 2, 3, and 4 are the
average of six samples (two analytical datasets of triplicate samples).
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Figure 9: °Fe (nmol) content pre-lysis (prior to phage infection or chloroform treatment) and
post-lysis through each phage purification step separated by experimental round. Green
represents the average of triplicate samples infected with phage T4, blue is the average of
triplicate T5 samples, red is the average of triplicate bacterial lysis control samples, and yellow
is the average of triplicate experimental blank samples for Experiments 1 & 5. Experiments 2, 3,
and 4 are the average of triplicate samples from both analytical datasets (6 values total). Parts
A, C, E, G, I: °Fe content of each purification step for experiments 1-5; Parts B, D, F, H, J:
Enlarged view of the last two phage purification steps (red box in Part A, C, E, G, 1), the re-
suspended sucrose ultracentrifugation pellet and post-dialysis fractions. Error bars represent
standard deviation between triplicate samples.

Bacterial and Phage Quantification

SYBR Gold counts of bacterial cell density pre-lysis ranged from 1.7 x 107 bacteria/mL
to 3.5 x 108 bacteria/mL for all five rounds of the experiment (Figure 10). SYBR Gold counts of
fully purified phage samples post-dialysis ranged in abundance from 1.72 x 10*° to 3.2 x 10!

viral-like particles (VLPs) per sample for all five rounds of the experiment (Figure 11). While
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viral lysis releases multiple progeny phage per infected host cell, sucrose ultracentrifugation both
purifies and concentrates the progeny phage. Both processes increase the number of phage per
bacterial cell, resulting in VLP counts greater than one order of magnitude higher than the

number of bacterial cells that were infected.

Bacterial Counts
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Figure 10: Bacterial concentrations for all iterations of the experiment pre-lysis (prior to phage
infection or chloroform treatment). Bacterial cells were quantified after being stained by SYBR
Gold nucleic acid stain and counted using an epifluorescence microscope. Bacterial
concentrations were calculated in bacterial cells per milliliter of sample. Error bars represent
standard deviation between triplicate samples.
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Figure 11: Phage counts for all iterations of the experiment after final dialysis purification step.
Phages T4 and T5 were quantified as viral-like particles (VLPs) after being stained with SYBR
Gold nucleic acid stain and counted using an epifluorescence microscope. Error bars represent
standard deviation between triplicate samples.

Fluctuations in bacterial and phage concentrations calculated for samples within the same
experiment could be due to the SYBR Gold method for quantification. A sample is diluted 1:100
times for bacterial cells or 1:1000 (even 1:10,000 for highly concentrated samples) for phage
samples, and filtered onto a 0.02 pm filter then stained with SYBR Gold (see Bacterial and
Phage Quantification). Under an epifluorescence microscope, ten frames are taken and counted
for bacterial cells or VLPs. The average of the counts is then multiplied by a conversion factor
(31,915), which accounts for the area of the counting frame relative to the surface area the
sample was filtered onto, and then multiplied by the dilution factor (100 for bacteria, and 1,000
or 10,000 for phage). Therefore, small differences in the number of cells or VLPs counted per

frame between triplicate samples can result in a relatively large range in concentrations.

Phages preserved in 1% formalin for longer than one week before quantification were

tested for degradation (Parvathi et al., 2011). Samples of phage T4 from Experiment 1 and 2 that
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were stored in 4 °C for one and three months, respectively, were then diluted, filtered, and
stained with SYBR Gold for epifluorescence microcopy. The number of VLPs quantified for
phage T4 samples from Experiment 1 and 2 were slightly lower after storage for 1-3 months but
were within the same order of magnitude as freshly quantified samples (Figure 12). Following
concentration by sucrose ultracentrifugation, the phage samples contained high concentrations of
VLPs, perhaps contributing to the stability of the phage particles over long-term storage in 4 °C

(Bonilla et al., 2016).
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Figure 12: Phage counts before and after long-term storage in 1% formalin at 4 °C. Phage T4
from Experiment 1 was quantified by SYBR gold nucleic acid stain and counted using an
epifluorescence microscope less than one week after purification (fresh) and 1-3 months after
storage.

5"Fe per Bacterial Cell or Phage

The number of 'Fe atoms per E. coli cell was calculated by multiplying the amount of >’Fe (nmol)
measured in the pre-lysis bacterial samples using the XR-ICP-MS by Avogadro’s constant (6.022 x 102

atoms/mol, and dividing by the number of bacteria counted using SYBR Gold nucleic acid stain and
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epifluorescence microscopy (Figure 13). The number of 'Fe atoms per E. coli cell ranged from 2.65 x 10’

+ 4,96 x 10° to 4.83 x 108 + 4.05 x 107 °Fe atoms/ cell for all rounds of the experiment (Table 6).

The number of °'Fe atoms per phage was calculated by multiplying the amount of °’Fe measured in
the final dialyzed phage T4 or T5 fractions by Avogadro’s constant, and dividing by the number of viral-like

particles counted in that sample (Figure 14). The resulting number >’Fe atoms per phage ranged from 166 to

2,269 °’Fe atoms per phage (Table 6).

STFe Bacterial Cell Content

109_
El T4

S - 75
= 103
S @ Bact Control
<]
5 1074
S 10
g
i
q"‘; 106
=

105-

1 2 3 4 5
Experiment

Figure 13: °'Fe atom content per E. coli cell (pre-lysis) for each of the rounds of
experimentation. Bacterial counts determined by SYBR Gold nucleic acid stain and

epifluorescence microscopy. °’Fe values determined by ICP-MS. Error bars represent standard
deviation between triplicate samples.
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Figure 14: >'Fe atom content per phage (final dialyzed) for each of the rounds of
experimentation. Viral-like particles were quantified by SYBR Gold nucleic acid stain and
epifluorescence microscopy. °’Fe values determined by ICP-MS. Error bars represent standard
deviation between triplicate samples.

Table 6: °Fe atom content per E. coli cell (pre-lysis) or phage (final dialyzed) for each of the
rounds of experimentation. Bacterial cells and viral-like particles were quantified by SYBR Gold
nucleic acid stain and epifluorescence microscopy. °’Fe values determined by XR ICP-MS.

Round Bacterial >Fe atoms/ Phage SFe
Sample bacterial cell atoms/phage
1 T4 4.68 x 10"+ 9.29 x 10° T4 270+ 34
Bact. Control | 3.68 x 10"+ 1.32 x 10° - -
2 T4 4.38 x 10® + 4.05 x 107 T4 1195+ 135
T5 3.47 x10"+7.92 x 10° T5 278 +34
Bact. Control | 2.44 x 10%+1.25 x 10’ - -
3 T4 573 x 10"+ 2.23x 10’ T4 1320+ 114
T5 5.21 x 107 + 8.65 x 10° T5 2269 £ 177
Bact. Control | 6.98 x 10"+ 6.99 x 10° - -
4 T4 3.76 x 108+ 1.83 x 108 T4 166 + 90
T5 8.08 x 107 + 3.64 x 10’ T5 234 71
Bact. Control | 1.90 x 10®+1.47 x 108 - -
5 T4 2.65 x 10"+ 4.96 x 10° T4 279+ 112
T5 3.46 x 10"+ 1.64 x 10’ T5 214 +54
Bact. Control | 3.65 x 10’ +1.09 x 10’ - -
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Expected quantities of iron atoms found within an E. coli cell are 10°-10° iron atoms per
cell, depending on growth conditions (Andrews et al., 2003; Semsey et al., 2006). The E. coli
cell cultures were not iron-limited for these experiments. Iron limitation for E. coli is below sub-
micromolar concentrations, while the M9 minimal media used contained between 1.9 + 0.05 uM
t0 6.0 + 0.3 uM °"Fe for all iterations (Hartmann and Braun, 1981). The higher number of iron
atoms measured in these experiments (107~ 108 >’Fe atoms per cell) could be due to the iron

replete media conditions.

The first goal of this study was to quantify the amount of iron incorporated into progeny
phages. Forty-two iron atoms are expected in each T4 virion based on the seven paired histidine
iron-binding motifs found in each of the six phage tail fibers (Bartual et al. 2010). This total
presumes that there are no other iron-binding motifs in the various proteins that make up the rest
of the phage tail or capsid, and that there is not any iron sticking to the outside of the phage
particle. Phage T4 samples had a range of 166 + 90 to 1320 + 114 °'Fe atoms per phage, and T5
had an average of 214 + 54 to 2269 + 177 >’Fe atoms per phage for all samples (Figure 13,
Table 5). Across all iterations of the experiment there was not a consistent difference in the

number of °’Fe atoms between phages T4 and T5 (Table 5).
Individual Samples from Round 5

An equipment malfunction during Experiment 5 of the experiment provided interesting
results. During the sucrose purification step, the ultracentrifuge rose in temperature causing some
of the ultracentrifuge tubes containing phage T4 or T5 to partially collapse. The pelleted phage
T4 particles for samples A, B, and C were still able to be re-suspended and dialyzed, however
samples A and B resulted in an order of magnitude lower phage abundance (4.49 x 10° & 4.76 x

10° VLPs, respectively) than sample C (4.24 x 10'° VLPs; Table 7). Samples of phage T5 (M, N,
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and O) had better recovery with an average of 3.16 x 10%° + 4.78 x 10° VLPs. Higher standard
deviations for phage T4 samples (Figure 9J & Table 7) warranted a closer look at those

individual samples.

When comparing the Experiment 5 final dialyzed samples of phage T4 individually
(Figure 15), the °’Fe content of the samples with the lower recovered phage abundance (A and
B) have less °'Fe measured than the sample from which more phage was recovered (C).
Although this was an error, it is notable that the lower phage titers of samples A & B had
correspondingly low amounts of °>'Fe when compared to sample C. The number of °’Fe atoms
per phage for sample C is about half that of sample A or B, but that is likely due to the order of
magnitude higher number of phage quantified by SYBR Gold staining and epifluorescence.
Being a much less precise method for quantification, it is difficult to directly compare SYBR

Gold counts for phages to that of the XR ICP-MS analyses for trace metal concentrations.

Table 7: Phage counts for individual final dialyzed samples from Round 5. Phages T4 and T5
were quantified as viral-like particles (VLPs) after being stained by SYBR Gold nucleic acid
stain and counted using an epifluorescence microscope.

Phage Sample Phage Titer (VLPs) 5Fe atoms per phage
T4 A 4.49 x 10° 376
B 4.76 x 10° 340
C 4.24 x 10'° 122
T5 M 2.54 x 10'° 290
N 3.25 x 10% 177
0 3.70 x 10'° 174
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Figure 15: The %Fe content in Experiment 5 phage T4 and T5 individual samples after the
sucrose and dialysis purification steps. Samples A & B with lower phage recovery from sucrose
ultracentrifugation are indicated by (*).

Source of >'Fe to Progeny Phage

After growing to mid-logarithmic phase and before lysing by phage infection or chloroform
treatment, the repeatedly rinsed bacterial cells were centrifuged a final time to pellet. The *’Fe
content re-suspended bacterial cell pellet constitutes the °’Fetorac, while the supernatant refers to
the excess media above the cell culture pellet after centrifugation. The cell culture pellet is
calculated by taking the difference between the re-suspended pellet and the supernatant. The *'Fe
content within the cell culture pellet comprised approximately >93% of the *’FeroraL across all
experimental rounds while the supernatant comprised 7% or less of the >’FeroraL for all samples

(Figure 16).
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Figure 16: The percentage of °’Fe within the bacterial pellet or supernatant compared to the
"FeroraL (°"Fe measured in re-suspended cell culture pellet) for rinsed bacterial cells in all
experiments. Supernatant refers to any excess °’Fe remaining in the media after centrifugation
and pelleting of bacterial cells. Cell culture pellet refers to the °’Fe content of the re-suspended

cell culture pellet minus that of the supernatant.

The second goal of this study was to determine whether the iron in progeny phages
originates from within the bacterial host cell. The proportion of >’Fe in the bacterial pellet or in
the media supernatant following centrifugation was compared to the total amount of >’Fe
(*'FetotaL) in the bacterial pellet re-suspended in the media (Figure 16). For all rounds of the
experiment, greater than 93% of the >’FeroraL Was accounted for by the bacterial cells, indicating
the source of the 5’Fe to the progeny phage was likely from inside of the bacterial cell and not
from the surrounding media, which accounted for less than 7% of the >’FetoraL. Phage assembly
takes place within the cytoplasm of the host bacterial cell (Aksyuk and Rossmann, 2011) and the
folding of proteins would likely incorporate iron from host storages into tail fiber proteins at this

time, as the surrounding environment could contain much lower concentrations of bioavailable

iron.
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Table 8: Proportion of >'Fe from cell culture to each of the size fractions and final dialyzed
phage samples. Average and standard deviations calculated across all experimental iterations,
with the exclusion of Experiment 5 values for the T4 and T5 samples.

Sample Dissolved Colloidal Soluble Dialyzed
T4 455+ 2.37% 45.7 + 2.35% 0.85+ 0.62% 1.26 £ 1.01%
T5 59.6 + 6.33% 59.5 + 6.30% 0.57 £ 0.68% 1.43 + 1.25%
Bact Control | 19.8+2.17% 18.5 + 2.03% 1.27 + 0.20% 0.04 £ 0.03%

The proportion of °’Fe from the host cells that remained in each size fraction was
calculated by dividing the starting cell culture °’Fe content by the °’Fe content measured in the
dissolved, colloidal, and soluble fractions (Table 8). For phages T4 and T5, ~45% of the >’Fe in
the original cell culture was retained in the dissolved fraction and the majority is colloidal in
size, while <1% was retained in the soluble fraction. For the bacterial control, ~20% of the
original cell culture was retained in in the dissolved fraction, while ~19% was colloidal and

~1.5% was soluble (Table 8).

The proportion of °’Fe from the original cell culture samples that was associated with
purified progeny phages was calculated by dividing the °’Fe content measured in final dialyzed
phage T4 or T5 samples by the °'Fe measured in their respective bacterial cell culture samples
pre-lysis. For all phage T4 infections (except for Experiment 5), the amount of °’Fe incorporated
into progeny phage was 1.26 + 1.01% of the iron released from host cell lysis and 1.43 + 1.25%
for phage T5. Experiment 5 values were excluded from these averages due to inconsistencies in

the amount of phage recovered (Table 7).

In the Ferrojan Horse Hypothesis, calculations based on average marine phage
abundances with 42 iron atoms per phage and average iron quotas for marine heterotrophic
bacterial cells, it was estimated that marine progeny phages could account for up to 14% of iron
released from the bacterial host after lysis (Appendix A). However, these estimates were based

on the iron quota of 7,518 iron atoms per marine heterotrophic bacterial cell, which grows in an
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iron-limited environment (Ducklow, 2000). E. coli cells grown in iron-replete media are not
limited by iron, and can accumulate orders of magnitude more iron atoms than a marine
bacterium (Andrews et al., 2003). Therefore, if marine viral lysis releases new progeny phage
with hundreds to thousands of iron atoms associated with each virion, then phages could have a

significant impact on the amount of dissolved iron released for remineralization.
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CHAPTER THREE:
CONCLUSIONS AND FUTURE DIRECTIONS
Conclusions

The Ferrojan Horse Hypothesis proposes that viruses comprise a proportion of the
organic iron-binding ligands within the dissolved fraction of seawater. Additionally, iron in
phages could be used to gain access to siderophore-bound iron uptake receptors on the cell
surface of bacterial hosts, serving as a “Trojan horse” for infection. Once infected, the host cell
replicates new progeny phage within the cytoplasm. If iron from host storages is packaged into
progeny phage tail fibers, then lysis would release less bioavailable iron than previously thought.
Since viruses are the most abundant biological entities in the ocean, such interactions with iron

could have a significant impact on oceanic iron-cycling.

The evidence for iron associated with phages came from studies of non-marine model
systems, which made E. coli and its associated phages the ideal system to develop methods to
test aspects of the Ferrojan Horse Hypothesis. Cultures of E. coli grown in media with °’Fe were
infected with phage T4 or T5 and the phages were purified by centrifugation, filtration, sucrose
ultracentrifugation, and dialysis. Controls of bacteria lysed by chloroform treatment instead of
phage infection were included to account for other colloidal °’Fe from the bacterial cells that
could co-purify with phage particles. Bacteria pre-lysis and phages post-purification were
quantified by nucleic acid staining and microscopy, while trace metals were quantified by

ICP-MS.
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The methods developed in this thesis revealed the incorporation of °’Fe into both T4 and
T5 progeny phages. Following each purification step post-lysis, T4 and T5 samples contained
significantly more °>'Fe (as determined by t-test) than the bacterial controls. This demonstrates
the association of °’Fe atoms with progeny phage. Between phages T4 and T5, the >’Fe content
in final dialyzed samples was not significantly different for all rounds of the experiment.
Although phage T5 does not contain the paired histidine iron-binding motifs known to bind iron
in phage T4 tail fibers, these results suggest that similar quantities of iron are associated with

phage T5 despite the lack of analogous structural evidence.

The number of 'Fe atoms per progeny phage was calculated to be between 100-300 iron
atoms per phage in 6 out of 9 of the T4 and T5 purified phage samples for all iterations of the
experiment. In the other 3 experiments the T4 and T5 samples contained between 1,000-3,000
>"Fe atoms per phage. While higher than the 42 iron atoms predicted per phage based on the
paired histidine iron-binding motifs in T4 tail fibers, there could be additional iron-binding
motifs that have yet to be characterized or iron that is associated with various phage surfaces.
The iron associated with progeny phages was likely to have originated from within the bacterial
host cell, as bacterial cells comprised greater than 91% of the total °’Fe in pre-lysis bacterial
suspensions. These tracing of >’Fe from the bacterial host to phage experiments require further

repetitions to generate more robust results.
Future Directions

This thesis lays the foundation towards future testing of the Ferrojan Horse Hypothesis in
a marine phage-host system. Culturable marine bacteria are generally more slow-growing than
enteric bacteria and marine phage-host systems that have been cultured comprise only a small

portion of the overall bacterial and viral diversity in the oceans. Applying the °’Fe tracing to
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progeny phage experimental methods developed here for E. coli to a marine bacterial system
would require a defined seawater minimal media prepared with 3'Fe as the sole iron source.
Bacterial growth and infection times could vary, but the rinsing of bacterial cells and subsequent

post-lysis purification steps could likely remain the same.

Vibrio are a genus of fast-growing, well-characterized, ubiquitous, marine bacterial
pathogens and are ideal for a host model system from the ocean. Recently, 251 Vibrio phage
genome annotations were published (Kauffman et al., 2018a). Selecting a few phages and a
sensitive Vibrio strain would be the logical next step in applying the methods put forth in this
thesis to test the Ferrojan Horse Hypothesis. The Vibrio phage collection could even be screened
for both phages that contain and do not contain paired histidine or cysteine iron-binding motifs
for comparison. Additionally, the use of a non-tailed phage would provide insight into whether
the 'Fe measured in phage fractions is due solely to tail proteins or if there are other >’Fe-

associated phage proteins contributing to the >’Fe enrichment.

If marine Vibrio phages provide similar results to that of the Tracing of °’Fe from E. coli
to Phages T4 and T5 experiments, then perhaps other marine phages complex iron as well. As
suggested in the Ferrojan Horse Hypothesis, phage-bound iron falls within the colloidal size
fraction (0.02-0.2 um) of dissolved iron and organic iron-binding ligands, most of which remain
largely uncharacterized (Appendix A). It is unknown whether the iron bound to phages could be
exchanged with well-characterized iron-binding ligands like siderophores, but this could be
tested experimentally. In a recent study by Caputi et al. (2018), metagenomes from Tara Oceans
were mined for tail proteins and baseplate assembly proteins containing HxH motifs, as well as
tail tip proteins containing iron-sulfur cluster proteins. The paired histidine motifs were found in

87% of marine viral tail proteins, 47% of baseplate assembly proteins, and 12% of tail tip
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proteins (Caputi et al., 2018). It is promising that phage iron-binding proteins are widely
conserved across the oceans and suggests that viruses may significantly contribute to colloidal

iron pools.

The source of phage-associated iron has implications for oceanic iron biogeochemical
cycling as well. If Vibrio phages are shown to acquire iron from host storages as evidenced with
phages T4 and T5, then a portion of the dissolved iron released from the host after phage lysis
would be incorporated in phage particles instead of available for remineralization. Additionally,
the iron associated with phages collected in this size fraction would still contribute to the
colloidal dissolved iron pool. In this study, less than 1.5% of the iron from host storages was
recycled into new phage progeny for either phage T4 or T5. However, in these experiments the
E. coli cultures were not limited by iron as many marine bacteria can be, therefore the recycling
of iron into progeny marine phage could comprise a much larger proportion of the dissolved iron

released into the ocean through viral lysis.
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APPENDIX A:

THE FERROJAN HORSE HYPOTHESIS: IRON-VIRUS INTERACTIONS IN THE
OCEAN

This appendix was published in:

Bonnain, C., Breitbart, M., & Buck, K. N. (2016). The Ferrojan Horse Hypothesis: Iron-virus
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The Ferrojan Horse Hypothesis:
Iron-Virus Interactions in the Ocean

Chelsea Bonnain, Mya Breitbart and Kristen N. Buck *

College of Marine Science, University of South Florida, St. Petersburg, FL, USA

Iron is an essential nutrient and the sub-nanomolar concentrations of iron in open ocean
surface waters are often insufficient to support optimal biological activity. More than
99.9% of dissolved iron in these waters is bound to organic ligands, yet determining
the identity of these ligands in seawater remains a major challenge. Among the potential
dissolved organic ligands in the colloidal fraction captured between a 0.02 and a 0.2
pm filter persists an extremely abundant biological candidate: viruses, most of which
are phages (viruses that infect bacteria). Recent work in non-marine model systems has
revealed the presence of iron ions within the tails of diverse phages infecting Escherichia
coli. Based on these findings and the presence of conserved protein motifs in marine
phages, here we present several lines of evidence to support the hypothesis that phages
are organic iron-binding ligands in the oceans. With average concentrations of 107
phages per milliliter surface seawater, we predict that phages could contain up to 0.7
pM iron, a value equivalent to as much as 70% of the colloidal fraction of organically
complexed dissolved iron in the surface ocean. Additionally, the production and uptake
of siderophores, a strategy that bacteria have developed for assimilating iron, renders
cells vulnerable to phage infection due to the dual function of these cell surface receptors.
I[ron ions present in phage tails enable phages to exploit their bacterial host’s iron-uptake
mechanism via the “Ferrojan Horse Hypothesis” proposed herein, where the apparent gift
of iron leads to cell lysis. Finally, if host iron stores are recycled during the assembly of
progeny phages, as much as 14% of the cellular iron released into the water column
upon lysis would already be incorporated into new phage tails. The potential role of
phages as iron-binding ligands has significant implications for both oceanic trace metal
biogeochemistry and marine phage-host interactions.

Keywords: iron, ligand, phage, marine, virus, siderophore, infection, bacteria

THE FERROJAN HORSE HYPOTHESIS

Iron is an essential micronutrient for microbial life. To thrive in the ocean, where iron
concentrations are astonishingly low (Gordon et al., 1982), bacteria have evolved specialized iron-
acquisition strategies, such as the production of siderophores (Neilands, 1957; Sandy and Butler,
2009). Siderophores are exceedingly strong organic iron-binding ligands produced by bacteria to
outcompete other ligands for the binding and uptake of iron via a specific “trap door” receptor on
the cell surface (Pawelek et al., 2006; Sandy and Butler, 2009; Vraspir and Butler, 2009; Hider and
Kong, 2010). In non-marine systems, it has long been demonstrated that bacteriophages (phages;
viruses that infect bacteria) take advantage of their bacterial hosts’ vulnerabilities by utilizing the
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siderophore-bound iron receptors on the bacterial cell surface
membrane for infection, directly competing with siderophore-
bound iron uptake (Neilands, 1979; Braun, 2009). These
siderophore-bound iron receptors, collectively referred to as
TonB-dependent receptors, are essential for bacterial iron
acquisition (Luria and Delbruck, 1943; Braun et al., 1973; Hantke
and Braun, 1975; Luckey et al., 1975; Braun and Endriss, 2007).
Mutations in critical regions of these surface-exposed receptors
are therefore selected against, providing an advantage to phages
in the ongoing phage-host evolutionary arms race (Van Valen,
1973; Stern and Sorek, 2011; Samson et al., 2013).

A series of recent studies demonstrating the presence of iron
ions in the tail proteins of several well-studied phages that
infect enteric bacteria (Bartual et al., 2010; Figure 1) leads us
to propose the “Ferrojan Horse Hypothesis” (Ferrum = Latin
for iron; Figure2). If marine phages, which are present at
concentrations of ~10 million colloidal-sized (0.02-0.2 m)
particles per milliliter of surface seawater, contain similar
amounts of iron, then a significant amount of the dissolved
iron in the oceans could be complexed within phages. In
this model, phages use the essential micronutrient iron in the
manner of a Trojan horse: iron within the phage tail fibers
is recognized by the host siderophore-bound iron receptor,
enabling the phage to attach to the bacterial cell, puncture the
cell membrane and inject its nucleic acid into the host for
infection (Figure 2). Furthermore, we hypothesize that cellular
iron stocks are recycled for incorporation into the tail fibers
of new phage progeny during phage protein synthesis and
assembly, which occurs inside the host cell prior to lysis (King,
1968; Chuprov-Netochin et al., 2010; Rohwer et al., 2014).
Following cell lysis, host cell materials are remineralized via the
viral shunt and new phages (containing a substantial fraction
of the cellular iron) are released into the environment where
they proceed to infect new hosts. Here we present the lines
of evidence that support the plausibility for phages to act as
organically complexed dissolved iron in the oceans and discuss
the implications on oceanic biogeochemistry and phage-host
interactions.

OCEANIC IRON BIOGEOCHEMISTRY

Bioavailable iron is scarce in open ocean surface waters due
to its low solubility in oxic seawater at a pH of 8 and the
vast distance from continental iron sources (Kuma et al., 1996;
Johnson et al., 1997). This poses a challenge for marine microbes,
since iron is essential for multiple biological functions, including
the production of enzymes necessary for photosynthesis and
respiration (Raven et al., 1999). As such, the iron quotas
(Fe:C) for these cells are high relative to the requirements
for any other trace metal (Bruland et al., 1991; Tortell et al,
1999; Morel and Price, 2003; Twining and Baines, 2013). In
order to satisfy such a high iron requirement, marine bacteria
have developed specialized mechanisms for iron acquisition.
The synthesis and uptake of siderophores, which are high-
affinity iron-chelating compounds, is a common strategy that
bacteria use to secure iron from the marine environment

(Butler, 2005). The process of organic complexation protects
dissolved iron from precipitation (Kuma et al., 1996), stabilizing
the pool of bioavailable dissolved iron so that bacteria may
then take up the entire complex via a siderophore-bound
iron receptor (Sandy and Butler, 2009; Shaked and Lis,
2012). Furthermore, some bacteria have developed strategies
to acquire the iron bound to siderophores produced by
other bacteria, called “xenosiderophores” (Matzanke et al.,
1997; Sandy and Butler, 2009; Cornelis, 2010; Gauglitz et al.,
2014).

Iron bioavailability serves as a bottom-up control on primary
productivity in much of the modern surface ocean, making
characterization of iron speciation of vital importance to
understanding the carbon cycle and global climate (e.g., Martin
et al., 1989). The concentration of dissolved iron in seawater
is largely regulated by organic complexation, with >99.9% of
dissolved iron complexed by organic iron-binding ligands as
measured by competitive ligand exchange-adsorptive cathodic
stripping voltammetry (CLE-ACSV: Gledhill and van den Berg,
1994; Rue and Bruland, 1995). Most recently, applications of
CLE-ACSYV to basin-scale surveys of the Atlantic Ocean as part
of the GEOTRACES program have reported widespread organic
complexation, with iron-binding ligands present in excess of
dissolved iron concentrations through most of the Atlantic water
column (Buck et al., 2015; Gerringa et al., 2015).

Numerous studies have sought to identify the organic iron-
binding ligands measured by CLE-ACSV throughout the oceans.
The strongest known iron-binding ligands are siderophores,
which are typically small, soluble molecules (<10 kDa or
<0.02 pm), though some marine siderophores are colloidal
in size (>0.02 pm but <0.2 pm) due to long fatty acid
chains presumably used to tether the ligand to the bacterial
cell that produced it (Martinez et al, 2003). Siderophores
are the best-characterized strong iron-binding ligand class, yet
the concentration of siderophores measured in the Atlantic
Ocean is only 3-20 pM (Mawji et al, 2008)—though this
is likely an underestimate due to the challenges of isolating
siderophores from seawater (Vraspir and Butler, 2009; Gledhill
and Buck, 2012). Iron-binding humic substances have been
increasingly recognized as an important component of a weaker
iron-binding ligand pool in the oceans, particularly in the
deep sea and in coastal environments (Laglera et al, 2007,
2011; Laglera and van den Berg, 2009). Similar to humic
substances, other weaker iron-binding ligands most likely also
originate from the remineralization of organic matter in the
oceans (Hunter and Boyd, 2007; Boyd and Ellwood, 2010;
Boyd et al., 2010). These may include exopolymeric substances,
transparent exopolymers, nanofibrils, and even the biotoxin
domoic acid (Figure3; Rue and Bruland, 2001; Mancuso
Nichols et al., 2004; Stolpe and Hassellov, 2010; Hassler et al.,
2011).

To date, few studies have combined size fractionation with
iron-binding ligand measurements (Cullen et al., 2006; Thuroczy
et al., 2010; Fitzsimmons et al., 2015). These studies have
all measured the largest excess of strong iron-binding ligands
within the soluble (<0.02 pwm) size fraction, consistent with
the traditional siderophore model. However, strong iron-binding
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remineralization upon lysis (i.e., via the viral shunt). Figure is not drawn to scale.

pre-packaged within their tail fibers. This proposed recycling of cellular iron during phage production results in a depletion of the amount of iron available for

ligands were also detected within the colloidal fraction (0.02-
0.2 pm), though at concentrations closer to that of dissolved
iron with little to no excess ligands found in this size fraction
(Cullen et al., 2006; Thuroczy et al., 2010; Fitzsimmons et al.,
2015). Since measuring organic ligands that are already saturated
with iron is particularly challenging by CLE-ACSV (e.g., Gledhill

and Buck, 2012), the persistence of colloidal iron in these studies
was suggested to result from recent dust deposition of inorganic
colloidal iron or an unknown but organically-stabilized colloidal
iron complex. Size fractionation studies of dust dissolution from
aerosols in the Atlantic Ocean have shown that iron in dust
proceeds from particulate to colloidal to soluble size fractions
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in the presence of strong organic iron-binding ligands like
siderophores (Aguilar-Islas et al., 2010; Fishwick et al., 2014).
In the absence of strong ligands, on the other hand, the iron
remains in the colloidal size fraction, re-aggregates and is lost
(Aguilar-Islas et al., 2010; Fishwick et al., 2014). The same may be
expected of other particulate iron sources such as hydrothermal
vents or shelf sediments, and the inorganic colloidal iron remains
difficult to characterize. Recently, the ability of iron-oxidizing
bacteria to produce iron oxides from hydrothermal vents has
been proposed to contribute to the dissolved iron pool as a
source of inorganic iron colloids (Emerson, 2016). While these
studies highlight the complexity of iron speciation in seawater
and the likelihood that inorganic iron colloids are an important
dissolved iron species upon iron addition, the majority of the
dissolved iron pool in the oceans is still thought to be organically
complexed. Indeed, UV oxidation of seawater samples is
commonly employed to release ligand-bound iron in seawater
samples (Rue and Bruland, 1997; van den Berg, 2005; Biller
and Bruland, 2012). Intriguingly, UV oxidation also reduces the
infectivity of viruses and has been shown to destroy viral particles
(Wilhelm et al., 1998); such treatment of phages in seawater
would presumably also release any iron sequestered in phage
tails.

The contribution of biologically sequestered iron to the
organically complexed dissolved iron fraction has been largely
ignored to date. The “biogenic” iron incorporated into the cells of
phytoplankton and bacteria (typically >0.2 wm in diameter) can
be a substantial portion of total (unfiltered) iron in the oceans,
and when the fraction of dissolved iron is operationally defined as
<0.45 wm, many marine bacteria may contribute to the dissolved
iron pool (Tortell et al., 1999). However, to our knowledge, no
studies have explored the potential for viruses, the most abundant
biological entities in the ocean, to contribute to the iron-binding

ligand pool in seawater, where they may account for a significant
proportion of dissolved, and specifically colloidal (0.02-0.2 pm),
organically complexed iron.

MARINE VIRUSES

With average concentrations of 10 million particles per milliliter,
viruses (the majority of which are phages that infect bacteria) are
the most abundant biological entities in the oceans (Wommack
and Colwell, 2000; Breitbart, 2012). The impact of viruses
on ocean biogeochemistry is often evoked purely through
the act of host lysis (Fuhrman, 1999; Suttle, 2007), but very
few studies have considered the chemical contributions of
the viral particles themselves. Recent modeling work suggests
that marine virus particles contain a significant amount of
macronutrients (carbon, nitrogen, and phosphorus), and that
the stoichiometric mismatch (i.e., the relative difference in
elemental contents) between phages and their bacterial hosts
has the potential to drive the differential release of nutrients
upon cell lysis (Jover et al., 2014). However, no studies have
considered the potential impact of trace elements within the
structure of marine viral particles. If viruses contain or interact
with trace metals such as iron, their small size and sheer
abundance in the oceans would translate into a major influence
for biogeochemical cycling of this vital micronutrient. Since
phages dominate marine viral communities and the field of
marine viral ecology is relatively young compared to the
century of knowledge of phage biology (Rohwer and Segall,
2015; Salmond and Fineran, 2015), here we present the lines
of evidence from non-marine model systems that suggest
critical linkages may exist between phages and oceanic iron
cycling.
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EVIDENCE FROM NON-MARINE MODEL
SYSTEMS

Iron within Phages Contributes to Colloidal

Organically Complexed Dissolved Iron

Phage particles are composed of nucleic acids contained within
a protein shell (capsid) with or without a proteinaceous tail,
and occasionally surrounded by a lipid membrane (Figure 1;
Hershey and Chase, 1952; Rohwer et al,, 2014). A recent X-ray
crystallography study demonstrated the presence of seven iron
ions within the receptor-binding tip of each of the six long tail
fibers (gp37) of phage T4, one of the most extensively studied
Escherichia coli phages (Bartual et al., 2010). These iron ions,
assumed to be Fe?", are coordinated through paired histidine
residues (HxH domains) in the phage’s long tail fiber protein
(Figure 1; Bartual et al., 2010). The octahedral coordination
of iron ions by the paired histidine residues in phage tails
suggests that the iron ions are a stable part of the phage particle
which would contribute to the colloidal organically complexed
iron pool (i.e., FeL). This is consistent with recent evidence
that colloidal and particulate Fe(II) is more abundant in the
oceans than previously considered and that the majority of
this Fe(II) is associated with organic carbon (von der Heyden
et al., 2014). The HxH domains (PFAM 03335; Figure 4) are
present in the tail fibers of several model phages that infect
E. coli such as T4 (family Mpyoviridae) and lambda (family
Siphoviridae), where they are repeated a variable number of
times (Finn et al., 2014). From the marine environment, we used
BLAST similarity to T4 gp37 to identify HxH domains in putative
tail fibers from several cyanophages infecting Prochlorococcus
(phage P-SSM2) and Synechococcus (phages ACG2014f_1 and
KBS-2A), as well as in an uncultured phage with an unknown
host from the Mediterranean Sea (uvMED; Figure4). The
conservation of HxH motifs known to facilitate iron binding in
the putative tail fibers of several marine phages suggests that these
pathways documented in well-studied phages infecting E. coli
may also occur within diverse phages in the oceans. Although
the receptors for the vast majority of marine phages are yet
unknown (Breitbart, 2012; Silva et al., 2016), if some marine
phages also utilize siderophore-bound iron receptors for host
infection, this mechanism would have major implications for our
current understanding of marine phage-host interactions in the
iron-limited surface ocean.

In addition to the tail fibers, conserved HxH domains within
other phage structural proteins have also been shown to bind iron
ions. For example, the baseplate assembly proteins of phages P2
and ®92 (family Myoviridae), which form a membrane piercing
spike, have recently been shown to contain iron ions coordinated
octahedrally by paired histidine residues (Yamashita et al., 2011;
Browning et al., 2012). Although the P2 and ®92 proteins share
conserved HxH motifs and the same function, the proteins that
comprise the structure only share 19% amino acid identity. Since
most phages with contractile tails (Myoviridae) utilize the same
cell-puncturing mechanism (Leiman and Shneider, 2012), it is
likely that distantly related Myoviridae may also contain iron-
loaded tail spikes, even if these proteins cannot be identified

through sequence homology. In addition, the tail tip protein
(gpL) of phage N15, a member of the Siphoviridae family of
phages with non-contractile tails, binds an iron-sulfur cluster
(Tam et al., 2013). While the function of this cluster remains
unknown, it has been speculated to play a role in stabilizing the
tail tip protein or in conformational changes that this protein
undergoes during assembly or DNA injection (Tam et al., 2013),
implying that the incorporation of metals into phage tails may
broadly be utilized by diverse phages for strengthening and
stabilizing host-piercing proteins.

In order to estimate the proportion of colloidal dissolved iron
that could be bound within the tail fibers of oceanic phages, we
calculated the number of iron atoms present in phage tail fibers
based on knowledge from E. coli phage T4. According to Bartual
etal. (2010), seven iron ions are coordinated within each of the six
long tail fibers of phage T4 (Leiman et al., 2010), equaling 42 iron
ions per phage. Using the average of 107 viruses per milliliter of
seawater (Wommack and Colwell, 2000; Breitbart, 2012; Parsons
et al,, 2012; Wommack et al., 2015) and assuming all viruses are
tailed phages containing the same number of iron ions as T4,
there are potentially a total of 4.2 x 108 iron ions bound to phage
tail fibers in a milliliter of seawater, accounting for up to 0.7 pM
dissolved iron.

However, several caveats accompany these assumptions,
which may significantly affect the relative impact of phages
on dissolved iron concentrations. First, the presence of iron
has not been demonstrated in any marine phage tails to date,
so the numbers used here are based on well-studied model
systems and the detection of conserved HxH motifs in marine
phages. Since strong evolutionary relationships exist between
marine and non-marine phages, with many phage proteins
conserved across ecosystems, it is likely that successful infection
strategies documented in non-marine model systems will also
be present in the oceans (Rohwer et al., 2000; Sullivan et al.,
2005). Second, the number of iron ions per phage tail fiber
is likely to vary, as demonstrated by the variable number
of HxH motifs seen in marine phage sequences (Figure 4).
While our preliminary analyses have identified many HxH
motifs among metagenomic sequences of uncultured marine
viral communities (e.g., uvMED in Figure 4 and additional data
not shown), the limited database of marine phage genomes
and limited levels of sequence similarity between phage tail
proteins despite their conserved function makes a complete
analysis of the prevalence and abundance of conserved iron-
binding motifs in phage tail fibers challenging. Third, marine
viral communities are extremely diverse, containing viruses with
a myriad of particle sizes and morphologies that infect hosts
across all domains of life (Breitbart et al.,, 2007; Suttle, 2007;
Rohwer and Thurber, 2009; Breitbart, 2012; Wommack et al.,
2015). While tailed phages are consistently present in the oceans,
the proportion of the viral community that they comprise
can vary widely (Brum et al, 2013) and still requires further
evaluation. A quantitative transmission electron microscopy
study performed across the world’s oceans demonstrated that
tailed phages comprised between 8 and 49% of the total viral
communities sampled (Brum et al., 2013). Repeating the above
calculations using the lower bound of 8% tailed phages, phage
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FIGURE 4 | HMM logos created using Skylign (Wheeler et al., 2014) for the HxH motifs that bind iron ions in the model phages T4 and lambda, as well
as conserved HxH motifs identified here in the putative tail fiber proteins of marine phages, which we hypothesize play a role in binding iron.

tail fibers would account for 0.06 pM dissolved iron. In addition,
phage tails may not be the only structural proteins that interact
with iron. For example, Daughney et al. (2004) showed that iron
could also adsorb to phage capsids, creating the possibility that
non-tailed phages (and perhaps eukaryotic or archaeal viruses)
could also play a role in iron cycling. Since these experiments
used iron oxide concentrations far exceeding typical marine
concentrations, future work is needed to explore the relevance
of these studies to natural systems and test the ability of marine
phage capsids to bind iron.

With average dissolved iron concentrations for open ocean
surface waters of 0.01-0.2 nM (Johnson et al., 1997; Mawji et al.,
2015) and the colloidal fraction accounting for 10-25% of the
total dissolved iron at the surface (Nishioka et al., 2001; Bergquist
et al., 2007; Fitzsimmons and Boyle, 2014), the proportion of
iron bound to the tail fibers of phages in 1 ml of seawater could
thus account for ~5.6-70% of the colloidal fraction of dissolved
iron, depending on the proportion of tailed phages. When
considering that siderophore-bound iron concentrations in the
Atlantic Ocean may comprise 0.2-4.6% (likely an underestimate)
of the soluble fraction of dissolved iron (Mawji et al., 2008),
phages potentially constitute a similarly substantial proportion of
ligand-bound iron within the colloidal fraction.

Phage Utilization of Outer Membrane

Siderophore-Bound Iron Receptors

In 1943, Luria and Delbruck launched the field of bacterial
genetics with their seminal work identifying mutants of E. coli
strain B that were resistant to infection by a specific phage (Luria
and Delbruck, 1943). Although not named in the original study,
the phage used was T1 and one of the resistant mutants was
designated tonA. It wasn’t until 1973 that researchers were able
to ascribe the phage resistance to a single monomeric protein,
TonA (named for T one resistance), which was also shown to
bind phage T5 and colicin M (Braun et al., 1973). The exciting
discovery in 1975 that TonA was capable of transporting iron
bound to the siderophore ferrichrome (Hantke and Braun, 1975;
Luckey et al., 1975) later prompted a change in the protein’s
name from TonA to FhuA (named for ferric hydroxamate uptake;
Kadner et al., 1980). It is now known that the outer membrane
protein FhuA functions as a receptor for numerous phages (T1,
T5, 80, UC-1, H8; Lundrigan et al., 1983; Poon and Dhillon,
1987; Rabsch et al., 2007; Braun, 2009; Silva et al., 2016), as well
as in the transport of ferrichrome, the peptide toxins colicin
M, and microcin 25 (Braun et al., 1976), and the antibiotics
albomycin and rifamycin CGP 4832 (which contain ferrichrome
attached to an antimicrobial agent; Braun et al., 2001). Finally, the
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broad host range phage H8 achieves infection via adsorption to a
different siderophore-bound iron receptor, the outer membrane
porin protein FepA, suggesting that utilizing TonB-dependent
siderophore-bound iron receptors (including FhuA and FepA) is
a highly effective infection strategy (Rabsch et al., 2007).

Iron is so critical for growth that bacteria must rely upon
specialized systems for the uptake of siderophore-bound iron,
even though these strategies render them vulnerable to phage
infection (Neilands, 1979) This places bacterial host cells in a
precarious position because mutations in critical regions of these
surface-exposed receptors that could provide resistance against
phage infection may compromise their ability to acquire the
iron they need for growth (Rabsch et al., 2007), thus providing
an advantage to phages in the ongoing phage-host evolutionary
arms race (Van Valen, 1973; Stern and Sorek, 2011; Samson
et al,, 2013). Additionally, the dual function of these cell surface
receptors in siderophore-bound iron uptake and phage infection
creates competition for receptor binding. In early in vitro studies,
several phages (T5, T1, $80, UC-1) were shown to compete with
ferrichrome for the FhuA receptor on the outer membrane of
E. coli (Luckey et al., 1975; Wayne and Neilands, 1975; Hantke
and Braun, 1978; Lundrigan et al., 1983; Bonhivers et al., 1996).
Likewise, addition of iron bound to the siderophore enterobactin
inhibits the binding of phage H8 to its receptor FepA (Rabsch
et al., 2007).

Iron Incorporated into Phage Particles

Prior to Host Lysis

Marine heterotrophic bacteria, which are highly abundant and
contain significantly more iron per unit biomass than eukaryotic
phytoplankton, have been estimated to account for up to half of
the total iron in the marine environment (Tortell et al., 1996,
1999). While grazing of bacteria transfers cellular contents to
higher trophic levels, phage infection plays an important role in
regeneration of carbon, nutrients, and other elements through
the viral shunt (Fuhrman, 1999; Wilhelm and Suttle, 1999). A
growing body of literature has documented the critical roles of
viral activity on iron cycling and bioavailability in the surface
oceans (Gobler et al., 1997; Poorvin et al., 2004; Mioni et al.,
2005). Experimental studies have demonstrated that organic
iron-ligand complexes generated through phage lysis of infected
bacterial cells are highly bioavailable and rapidly assimilated
by heterotrophic bacteria (Poorvin et al., 2004; Mioni et al.,
2005). In high nutrient, low chlorophyll (HNLC) systems, iron
regeneration via phage lysis is critical for recycling organically
complexed iron and speculated to regenerate enough dissolved
iron to support some phytoplankton growth (Poorvin et al,
2004).

Although the source of the iron in phage tails has not yet
been experimentally determined in any system, the fact that
phage progeny fully assemble within the host cell prior to lysis,
combined with the much higher iron concentrations inside
bacterial cells compared to seawater, suggests that iron reserves in
bacterial cells are the most likely source of the iron in phage tails
(King, 1968; Tortell et al., 1999; Chuprov-Netochin et al., 2010;
Rohwer et al., 2014). The incorporation of iron into phage tails

assembled within the bacterial cell has significant implications for
understanding the biogeochemistry of dissolved organic matter
and trace metals released as a result of bacterial host cell lysis.
An average marine heterotrophic bacterial cell has an iron quota
of 7.5 wmol Fe per mol C (Tortell et al., 1996, 1999). Using an
estimate of 20 fg C per cell (Ducklow, 2000), this translates to
7518 iron ions per heterotrophic bacterial cell. If marine phages
contain similar amounts of iron in their tails as phage T4 (42
iron irons/phage; Bartual et al., 2010), and assuming an average
burst size (number of progeny phages released through a lysis
event) of 25 phages per infection (Wommack and Colwell, 2000;
Parada et al,, 2006), then ~14% of the bacterial iron previously
assumed to be released into the water column as dissolved iron
for remineralization would already be incorporated into new
phage particles. The magnitude of this impact could vary widely
as the calculations required several assumptions, including the
iron quota of marine bacterial cells, which has been reported
to range between 6.05 and 112 pmol Fe per mol C, depending
on bioavailable iron concentrations (Brand, 1991; Tortell et al.,
1996, 1999; Maldonado and Price, 1999; Boyd et al., 2010; Shire
and Kustka, 2015), and the average burst size, which ranges from
10 to 500 for marine viruses (Wommack and Colwell, 2000;
Parada et al., 2006). Nevertheless, if phage-bound iron originates
from cellular iron reserves, this form of recycling and subsequent
depletion of the iron available for remineralization upon lysis will
be important to consider in modeling ocean biogeochemistry.

IMPLICATIONS AND FUTURE WORK

Here we have detailed several lines of evidence supporting the
Ferrojan Horse Hypothesis. The three facets of this hypothesis
are: (1) Phages constitute important iron-binding ligands in the
marine environment, where they can account for a substantial
portion of the colloidal fraction of organically complexed
dissolved iron; (2) Marine phages compete with siderophore-
bound iron for uptake receptors on the bacterial cell surface,
effectively acting as a Trojan horse where the apparent gift of
iron leads to cell lysis; (3) The iron incorporated into marine
phage tails originates from bacterial cellular iron reserves, which
reduces the amount of iron available for remineralization upon
lysis. All the calculations described in this manuscript are
based on knowledge from the structure of E. coli phage T4
as a model system (Bartual et al., 2010) and combined with
average published values for viral abundance and dissolved iron
concentrations within the surface oceans; therefore, a great deal
of work still needs to be performed to validate this hypothesis
and quantify its impact on ocean biogeochemistry and phage-
host interactions. In addition, it is still unknown how strongly
phages bind iron, or how this binding strength compares to
known organic ligands such as siderophores within the marine
environment. Yet if marine phages incorporate iron into their
tail fibers as a mechanism to gain access to bacterial hosts
through receptors developed for iron acquisition and uptake,
as seen in the model system of E. coli and T4, this infection
strategy could answer fundamental questions regarding marine
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phage-host specificity and infection dynamics in the marine
environment.

Notably, the competition for iron is not unique to the
marine environment and the topics discussed here have broad
implications for many ecosystems. For example, biomedical
studies have demonstrated the importance of iron regulation
within the human blood stream, with both pathogens and
the human immune system manipulating iron as a tool for
survival (Barasch and Mori, 2004; Drakesmith and Prentice,
2012; Barber and Elde, 2014). Analogous to the manner in
which phages exploit bacterial siderophore-bound iron receptors,
several mammalian viruses also utilize the cell-surface transferrin
receptor for gaining entry to mammalian cells (Demogines
et al,, 2013). Additionally, although the mechanisms are largely
unknown, recent phage therapy studies have demonstrated that
the addition of iron-doped apatite nanoparticles to phages in
solution enhances phage infection, resulting in an increase in the
number of plaques forming on bacterial lawns by up to 128%
(Andriolo et al., 2014). Given similarities in ionic strength and
pH between seawater (Byrne and Breland, 1989) and blood (May
et al., 1977), insights gained from human systems can aid in
our understanding of the interactions between iron, bacteria, and
viruses within the marine environment and vice versa.

Finally, although the Ferrojan Horse Hypothesis focuses on
iron, the same concepts may be applicable to other essential
nutrients found within the protein structure of phages, including
metals like zinc and macronutrients like phosphorus. Zinc
was found to be bound by histidines to one of the short
tail fibers (gpl2) of E. coli phage T4 in a manner similar
to the iron jons in the T4 long tail fibers (Thomassen

et al.,, 2003; Bartual et al., 2010). In addition, recent work
by Jover et al. (2014) has estimated that viral particles can
account for 0.01-24 nM of dissolved organic phosphorus in
the oceans. Phages have a skewed C:N:P of ~20:7:1 (Jover
et al, 2014), which is highly enriched in phosphorous and
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