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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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FIGURE 1 | Structure of a typical bacteriophage belonging to the Myoviridae family. The expanded inset shows a model of the gp37 tail fiber protein of phage
T4 (PDB ID code 2XGF), visualized in Chimera (Pettersen et al., 2004), and VMD (Humphrey et al.,
by histidine residues, forming a trimer as shown in the top image, while the bottom image shows a gp37 monomer.
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FIGURE 2 | The Ferrojan Horse Hypothesis depicts the use of iron ions (red spheres) within phage tail fibers to compete with siderophore-bound iron
for access to the same receptor on the surface of the host cell. Once a phage docks on the cell surface, it can pierce the cell membrane and inject its nucleic
acid, which takes over the host cell, instructing the cell to produce phage DNA and proteins. Cellular mechanisms are used to fold the proteins and assemble them
into progeny phages, with iron from within the cell incorporated into the tail fibers. Upon cell lysis, new phages are released to infect hosts using the iron that has been

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

Frontiers in Marine Science | www.frontiersin.org

June 2016 | Volume 3 | Article 82


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Bonnain et al.

Marine Phages as Iron-Binding Ligands

Model Systems

Fe
[
T4
Host: Escherichia coli
Protein: gp37
s S S  GenBank Accession: AJC64538.1
ss L SAS .
w=o=BBll_lxo 282 Number of HxH motifs: 7
I Marine Examples l
Fe (?
p .\( )
P-SSM2

Host: Prochlorococcus

Protein: Tail fiber-like

GenBank Accession: YP_214255.1
Number of HxH motifs : 6

[ F.e\ "
uvMED
Host: Unknown
Protein: Putative tail fiber
SN - S E | GenBank Accession: BAQ90140.1
BEEe®.  Number of HxH motifs : 7

Fe
N
Lambda (A)
Host: Escherichia coli
Protein: Tail fiber
s ) S, GenBank Accession: ALA45720.1
EaemKOll=llan - 5% Number of HxH motifs : 7
Fe (?
oy
“ Cyanophage ACG2014f_1
Host: Synechococcus
Protein: Putative short tail fiber
s NAR P s GenBank Accession: AlX41383.1
zavsal|zl|Sx Q:ﬁ Number of HxH motifs : 11
F ?
.e\ (?)

Protein: CPKG_00002
S GenBank Accession: YP_007674975.1
=  Number of HxH motifs : 4

‘ Cyanophage KBS-S-2A
Host: Synechococcus
5]
=

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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