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Abstract

The distribution and chemical form of iron in marine environments is of particular interest to oceanographers because of its

effect on primary productivity. The high abundance of viruses in the ocean and their small size suggest that they might serve as

nucleation centers for iron adsorption and precipitation in the ocean. Hence, we performed laboratory experiments to quantify

the adsorption and precipitation of iron by a marine bacteriophage (PWH3a-P1). Acid–base titrations and zeta potential

measurements were performed to determine if the virus interacted with protons, and if so, to determine the type, concentration,

and reactivity of functional groups present on the viruses. Iron precipitation experiments were conducted to investigate

interactions between iron and the viruses. The titrations and zeta potential measurements were well described by a model

considering two types of reactive sites on the viruses, with log K values of �4.44 and �8.18, and a total site concentration of

3.64�10�18 mol per virus. High-magnification observations of the viruses in the presence of iron by whole-mount transmission

electron microscopy showed evidence of both adsorption and mineral nucleation. The experimental results clearly demonstrate

the potential of marine bacteriophage to serve as nuclei for iron adsorption and precipitation, and the models developed from the

data suggest that viruses might represent a significant reservoir of iron in seawater. However, these experiments utilized greatly

simplified chemistry and a limited range of iron-to-virus concentration ratios relative to natural seawater, and so the results of

this study do not prove that viruses affect the marine iron cycle, but rather serve to justify continued research into iron–virus

interactions, in the laboratory and in the field.
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1. Introduction

The geochemical cycling of iron controls rates of

primary productivity in vast areas of the ocean.

Fertilization experiments have demonstrated that

iron addition stimulates primary productivity in the

surface waters of the Equatorial Pacific (Coale et

al., 1996), the Southern Ocean (Boyd et al., 2000),

and even in coastal areas subject to upwelling

(Hutchins et al., 1998, 2002). Indeed, it is generally

accepted that primary productivity in large areas of

the world’s oceans is iron limited (Behrenfeld and

Kolber, 1999). Through its link to primary produc-

tivity, iron plays an important role in the cycling of

carbon, nitrogen, and phosphorus in marine environ-

ments (Wu et al., 2000). Paleorecords from Antarc-

tic ice show a correlation between iron supply to

the oceans and atmospheric CO2 concentration,

suggesting that the link between iron availability

and primary productivity has been important for

much of the earth’s recent history (Martin, 1990;

Petit et al., 1999).

Due in part to its relationship to primary produc-

tivity, the distribution and chemical form of iron in

seawater has been intensely investigated (see review

by de Baar and de Jong, 2001 and references therein).

Most research on iron cycling in seawater considers

the traditional categories of particulate iron and

dissolved iron. These categories are typically opera-

tionally defined with a 0.2- or 0.45-Am filter

membrane. Iron in the particulate phase typically

accounts for 50–80% of the total iron, and ranges in

concentration from less than 1 nmol l�1 in the open

ocean to several hundred nmol l�1 in coastal waters

and near hydrothermal vents. Between 50% and 90%

of the particulate iron is in refractory mineral form.

The remaining particulate iron is easily solubilized by

dilute acid, and is associated with organic and mineral

sorbents. In the dissolved phase, concentrations of

iron in seawater range from less than 1 nmol l�1 in

surface waters of the open ocean to as much as 3

mmol l�1 in the proximity of seafloor hydrothermal

vents and in sediment pore waters of anoxic basins or

fjords. Up to 50% of bdissolved ironQ (i.e., that which
passes a 0.2-Am filter membrane) is actually in the

form of colloids between 0.03 and 0.1 Am in diameter

(Wells and Goldberg, 1992, 1993, 1994; Wu and

Luther, 1994, 1996; Nishioka et al., 2001; Wu et al.,
2001). The speciation of this colloidal iron has not

been systematically investigated, but it has been

suggested that it is largely organically bound (de

Baar and de Jong, 2001). The iron that passes a 0.03-

Am filter is described as truly dissolved. Between 90%

and 99% of truly dissolved iron is believed to be

strongly chelated by organic ligands (Rue and Bru-

land, 1995; Wu and Luther, 1995).

In this investigation, we hypothesize that a

fraction of the colloidal iron (i.e., 0.03–0.2-Am
diameter) iron might be associated with viruses in

the marine environment. Several lines of evidence

support this hypothesis. First, viruses are in the right

size range, with capsid diameters typically between

50 and 100 nm (by comparison, marine bacterial

cell dimensions are usually ca. 0.3–1.5 Am). Second,

viruses are abundant in ocean waters. There are

typically 109–1010 virus-like particles per liter, and

viral abundances in ocean waters generally exceed

those of bacteria by about an order of magnitude

(Bergh et al., 1989; Boehme et al., 1993; Maranger

and Bird, 1995; Weinbauer and Suttle, 1997; Marie

et al., 1999; Culley and Welschmeyer, 2002).

Considering both size and abundance, viruses likely

represent a small but significant fraction of the

microbial surface area in the ocean. Third, previous

research indicates that iron is strongly associated

with organic and biological materials in seawater.

The association of iron with biological particles is

supported by several laboratory studies showing that

algae and bacteria act as sites for the adsorption and

precipitation of dissolved metals, including iron

(Warren and Ferris, 1998; Châtellier et al., 2001;

Daughney et al., 2001; Fein et al., 2002), and by

the direct observation of iron-coated bacteria in

seawater (Cowen and Silver, 1984; Tazaki, 1994;

Heldal et al., 1996; Fortin et al., 1998). Although

iron–virus interactions have not yet been systemati-

cally investigated, virus capsids, being composed of

protein (Ackerman and DuBow, 1987), potentially

display the same types of carboxyl and amino

groups that have been implicated in metal binding

by bacteria and algae (Shumate and Strandberg,

1985; Plette et al., 1995; Fein et al., 1997;

Daughney et al., 1998). Overall, the ubiquity,

abundance, and reactivity of viruses suggest that

they could serve as nuclei for the adsorption and

precipitation of iron in seawater.
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Scientific testing of the above hypothesis would

ideally involve careful laboratory studies of iron–

virus interactions in systems closely resembling

natural seawater, coupled with field observations of

iron association with marine viruses. For cost

efficiency and for comparison to other research

projects currently underway in our laboratories, we

began by focusing on the laboratory experiments. We

performed acid–base titrations and zeta potential

measurements with the marine bacteriophage

PWH3a-P1 to determine if this virus interacts with

protons, and if so, to determine the type, concen-

tration, and reactivity of functional groups involved

in these proton–virus interactions. These methods

have been applied to bacterial (e.g., Fein et al., 1997;

Cox et al., 1999), algal (Xue et al., 1988), and

mineral (e.g., Stumm and Morgan, 1981) surfaces,

and several studies have shown that the tendency of

a surface to interact with protons is correlated to its

tendency to interact with dissolved metal ions

(Stumm and Morgan, 1981; Langmuir, 1997; Daugh-

ney et al., 1998). Iron precipitation experiments were

used to investigate interactions between iron and the

viruses. In these experiments, iron was precipitated

in the presence of the viruses at two different ratios

of iron concentration to virus abundance, and whole-

mount transmission electron microscopy (TEM) was

used to examine the viruses before and after

exposure to iron. The overall aim of this inves-

tigation was to conduct preliminary laboratory

experiments to determine if and to what degree

viruses could retain iron in a laboratory setting, to

provide justification for future laboratory and field

research.
2. Materials and methods

2.1. Preparation of virus suspensions

Bacteriophage PWH3a-P1 and its host Vibrio sp.

strain PWH3a, an uncharacterized bacterium closely

related to Vibrio natriegens, were isolated from the

coastal waters of the Gulf of Mexico. PWH3a-P1

belongs to the Myoviridae and possesses an icosahe-

dral head with a diameter of ca. 83 nm and a

contractile tail ca. 100-nm long (Suttle and Chen,

1992). PWH3a-P1 was selected as a representative
marine virus, although we point out that it is not

ubiquitous in marine environments.

For these experiments, PWH3a-P1 was amplified

on its host using a plate-lysate method (Suttle and

Chen, 1992). Briefly, a bacterial colony from a

freshly streaked plate was added to liquid broth

(peptone, Casamino acids, yeast extract; 0.05% w/v

each) and 0.3% v/v glycerol, and cultured overnight

at 27 8C. Exponentially growing host cells were

combined with infectious viruses and allowed to

adsorb for 15 min. Subsamples (0.5 ml) of this

mixture were combined with 2.5-ml volumes of

nutrient-enriched 0.6% molten agar and poured over

1% agar underlays on 33 separate Petri plates. Upon

lysis of the bacterial lawns, the top agar was scraped

off the plates and the viruses were eluted in artificial

seawater (ESAW) (Harrison et al., 1980) modified

by the addition of Selenium (SESAW) or Selenium

and TRIS buffer (SESAWT) (Cottrell and Suttle,

1991). Agar particles were removed by slow-speed

centrifugation and filtration through a GFF glass-

fiber filter (Whatman). The viruses in the filtered

lysates were concentrated by ultracentrifugation at

ca. 180,000�g for 3 h, and subsequently washed

five times by ultracentrifugation and resuspension of

the pellets in SESAWT, yielding ca. 1014 total viral

particles per liter. The washing procedure was

intended to remove organic substances and metal

ions from the virus capsids. Although we cannot

confirm the effectiveness of the washing procedure,

similar protocols have been employed to prepare

bacterial suspensions for titration and metal-interac-

tion experiments (Fein et al., 1997; Cox et al.,

1999).

The amplified stock of PWH3a-P1 in SESAWT

was used to create several suspensions (C1–C4), to

test the effect of various post-treatments. No preser-

vatives or posttreatments were employed with C1. For

C2, the viruses were resuspended in SESAW; no

preservatives or postgrowth treatments were used. C3

was unpreserved, and the viral capsids disrupted to

release the nucleic acids by freezing at �20 8C for 45

min followed by heating at 75 8C for 5 min. C4 was

unpreserved but treated with 5–10 U of RNase-free

DNase (Amersham) for 60 min to destroy free DNA.

Overall, this produced four virus suspensions, each

with a different virus concentration due to the addition

of various reagents.
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2.2. Zeta potential measurements

Zeta potential measurements were conducted at the

Great Lakes Institute for Environmental Research,

University of Windsor (Canada). The measurements

were used to determine the isoelectric point of

PWH3a-P1, and to evaluate the relationship between

solution pH and the electric potential of the virus

surfaces. Aliquots of the stock solution C2 (see above)

were divided into 10 identical polypropylene contain-

ers, diluted with 0.5 mol l�1 NaNO3 to yield ca. 109

viruses l�1, and the pH of each solution was adjusted to

a different value using NaOH and/or HNO3. Following

equilibration for 30 min, the pH was measured using a

VWR Symphony SR301 meter (Edmonton, Canada),

and zeta potential measurements were made using a

Malvern Zetasizer 3000 (Malvern, UK).

2.3. Acid–base titrations

Acid–base titrations were used to determine the

types, concentrations, and acidity constants for func-

tional groups involved in proton–virus interactions.

We performed titrations on PWH3a-P1 from suspen-

sions C1 to C4 diluted with 0.5 mol l�1 NaNO3; two

different dilutions ratios were performed with C1, and

duplicate titrations were performed on independently

prepared dilutions of all of the suspensions. Titrations

of 0.5 mol l�1 NaNO3, diluted SESAW, diluted

SESAWT, and diluted SESAWT with DNase were

also performed. Following selected titrations, the

viruses were removed from suspension by centrifu-

gation (180,000�g for 30 min), and titrations of the

supernatant were conducted to quantify the buffering

capacity of any dissolved organic compounds that

were present in the suspensions.

In all cases, titrations were performed as described

by Daughney et al. (2001). A weighed aliquot of the

parent suspension containing the viruses was diluted

with a known weight (10–30 g) of 0.5 mol l�1

NaNO3, resulting in between 1.5�1013 and 5.8�1013

viruses per liter. The suspension was then placed in an

air-tight polystyrene reaction vessel. The pH was

adjusted to ca. 3.5 by addition of an aliquot of

standardized HNO3, and the suspension was mixed

with a stirrer and bubbled with CO2-free N2 gas for 30

min, to purge the suspension of dissolved CO2. The

titrations were conducted in an up-pH direction using
a Radiometer TTT85/ABU80 autotitrator (Copenha-

gen, Denmark) at the Department of Earth Sciences at

the University of Ottawa (Canada) or a Metrohm

Titrino 736 autotitrator (Herisau, Switzerland) at the

Wairakei Research Centre of the Institute of Geo-

logical and Nuclear Sciences (New Zealand). Stand-

ardized CO2-free NaOH was used as the titrant, and

the suspension was bubbled with CO2-free N2 gas

over the course of the titration. Following each

addition of titrant, the pH of the suspension was

recorded when a stability of at least 0.1 mV/s was

obtained. At the completion of each titration (pH~10),

an aliquot of standardized HNO3 was added to the

titration vessel to return the pH to roughly 3.5, and a

second up-pH titration was conducted to evaluate the

reversibility of the proton–virus interaction.

2.4. Iron precipitation experiments

To investigate the ability of the viruses to adsorb

iron or to serve as nucleation sites for iron precipitation,

we oxidized Fe(II) in the presence of the viruses

according to the protocol of Châtellier et al. (2001),

which had been developed to investigate the reactivity

of bacterial surfaces with respect to iron oxidation and

precipitation. A suspension of viruses in SESAW was

diluted with 10�3 mol l�1 NaNO3 to yield approx-

imately 24.5 ml of a suspension containing ~7�1013

viruses l�1. This suspension was adjusted to pH

7.0F0.1 with standardized NaOH, then equilibrated

with the atmosphere by moderate agitation with a

magnetic stirrer for 1.5 h. Iron oxides were synthesized

by simultaneous dropwise addition of 10�2 mol l�1

FeCl2 and standardized CO2-free NaOH. This protocol

permitted the pH to be maintained at 7.0F0.1 during

the formation of the iron oxides (Châtellier et al., 2001).

Two suspensions were prepared, one with a final total

iron concentration ([Fe]T) of 2�10�4 mol l�1, the other

with [Fe]T=1�10�3 mol l�1. Control experiments were

not performed, because abiotic iron oxides formed in

sterile solutions with ([Fe]T) of 2�10�4 mol l�1 are

described by Châtellier et al. (2001).

TEM was used to examine particles that had been

rinsed with distilled water and left to dry on Formvar-

coated copper grids. The grids were first observed

with a JEOL JEM 1200EX TEMSCAN microscope

operated at 80 kV. EDS spectra were obtained with a

1XRF system and collected live for 60 s. High-
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resolution observations were performed with a JEOL

2010F field emission electron microscope. Selected

area electron diffraction (SAED) was performed at

200 kV (camera constant=50 cm).

In these iron precipitation experiments, although the

total concentrations of iron and of viruses exceeded

typical ocean concentrations by about five orders of

magnitude, the iron-to-virus ratio was comparable to

seawater. For example, the lower of the two [Fe]T
concentrations used in our experiments gave roughly

3�10�18 mol Fe per virus, very similar to the ratio

expected in natural seawater, where typical [Fe]T and

virus concentrations would be ca. 10�9 mol l�1 and 109

viruses l�1, respectively. The higher of the two [Fe]T
concentrations used in our experiments gave roughly

10�17 mol Fe per virus, which we chose in the attempt

to ensure saturation of reactive sites on the viruses (see

below). We point out, however, that the higher [Fe]T
used in our experiments still had relevance to certain

natural marine environments, such those around hydro-

thermal vents, where Fe concentrations could exceed

those of the open ocean by an order of magnitude.

2.5. Modeling

A modified version of the computer program

FITEQL 2.0 (Westall, 1982) was used to construct

geochemical models describing proton and iron

interactions with the viruses. The modified version,

denoted here as FITMOD, permitted simultaneous

modeling of systems with different solid-to-solution

ratios, and it included a double layer model in which

exchange sites were assumed to be uniformly dis-

tributed through a Donnan shell volume (Oshima and

Kondo, 1991; van der Wal et al., 1997; Wonders et al.,

1997; Wasserman and Felmy, 1998; Martinez et al.,

2002), rather than concentrated on a plane immedi-

ately at the virus–solution interface. The deprotona-

tion reactions of different types of functional groups

(L1H, L2H, . . ., LnH) within the Donnan volume were

described by the following general chemical reaction

and mass action law:

RLnH
x $ RLx�1

n þ Hþ

Kn ¼
RLx�1

n

� �
aHþ

RLnHx�½
where R represents the organic compound to which

the functional group LnH is attached, x represents the

charge of the protonated functional group, Kn

represents the stability constant describing deproto-

nation, square brackets represent the concentration of

the enclosed functional group (mol l�1 solution), and

a represents the activity of the subscripted species

(mol l�1). Interaction of a metal ion M with a virus

functional group was described by the following

chemical reaction and mass action law:

RLnH
x þMy $ RLnM

xþy�1 þ Hþ

KM
n ¼ RLnM

xþy�1½ �aHþ

RLnHx½ �aMy

where y represents the charge of the metal ion. These

formulations (or very similar ones) have been

successfully applied to describe proton and metal

interactions with bacteria (Fein et al., 1997; Daughney

et al., 1998; Cox et al., 1999; Fowle and Fein, 1999;

Martinez et al., 2002), and are analogous to formu-

lations used for mineral surfaces (Stumm and Morgan,

1981; Langmuir, 1997).

For surfaces displaying an electric charge, the

interaction between the adsorbing ion and the surface

will affect the mass action expression above. This

electrostatic interaction was accounted for with the

following relationship (Stumm and Morgan, 1981):

Kintn ¼ Knexp � zFw=RTð Þ

where Kn
int represents the (intrinsic) stability constant

referenced to the condition of zero surface charge, and

z, F, w, R, and T refer to the charge of the adsorbing

ion, Faraday’s constant, the electric potential at the

location of adsorption, the gas constant, and the

absolute temperature, respectively. The electric poten-

tial within the Donnan shell (wD) was calculated as

described by Oshima and Kondo (1991):

wD ¼ arcsinh
qD

2CF

��

where qD and C represent the charge density within

the Donnan shell (C m�3) and the ionic concentration

of the bulk electrolyte (mol m�3). The value of qD

was determined from the experimental proton adsorp-

tion data, the virus concentration, and the thickness of

the Donnan shell, and was optimized during the
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modeling. The electric potential at the virus–solution

interface (w0) and its relationship to wD were

calculated as described by Wasserman and Felmy

(1998). For the systems investigated here, at depths in

excess of 0.2 nm within the capsid, the electric

potential was equal to the Donnan potential. In the

solution phase, the decay of w0 with distance from the

surface was described using the diffuse layer model

(Stumm and Morgan, 1981). For our systems, with an

ionic strength of 0.5 mol l�1, the thickness of the

diffuse portion of the electric double layer was

roughly 0.5 nm. For all electric double-layer calcu-

lations, the viruses were assumed to have a specific

surface area of 48 m2 g�1, based on an average

diameter of 83 nm (Suttle and Chen, 1992) and a

buoyant density of 1.5 g cm�3 (Ackerman and

DuBow, 1987). As a first approximation, the virus

capsids were assumed to have a Donnan thickness of

15 nm and a dielectric constant of 60 (van der Wal et

al., 1997), although these parameters were varied over

a reasonable range during the modeling.

In addition to the formulations for proton and

metal interaction with the viruses as described above,

all models constructed in this investigation bore

certain standard features. All stability constants were

adjusted for ionic strength using the Davies equation
Fig. 1. Zeta potential of viruses (culture C2) in 0.5 mol l�1 NaNO3 as a fu

mean.
(Langmuir, 1997), and all values tabulated in this

report were referenced to zero ionic strength (as well

as zero electric potential). Equilibria describing iron

hydrolysis and the deprotonation of water, the acid,

the base, and the electrolyte were included in the

models, with stability constants taken from Smith

and Martell (1976). All stability constants were

referenced to 25 8C.
The computer program FITMOD was used to

compare the fit of each geochemical model to the

experimental data. Like FITEQL, FITMOD calculates

the error (Y) in the chemical mass balance equation,

so that the overall variance V(Y) provides a quanti-

tative measure of goodness-of-fit (Westall, 1982). For

systems containing a reactive surface, values of V(Y)

between 1 and 20 indicate an acceptable fit to the data.
3. Results and discussion

3.1. Zeta potential measurements

The relationship between the zeta potential of

PWH3a-P1 and pH (Fig. 1) was similar to the

previously reported results for viruses (Ryan et al.,

1999) and other biological surfaces (van Loosdrecht
nction of pH. Error bars represent two standard deviations from the
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et al., 1987; Collins and Stotzky, 1992; Campbell et

al., 1997). The error bars in Fig. 1 represent two

standard deviations from the mean, and pertain to

variations in zeta potential observed within a single

sample. Variability of this magnitude has been

observed for other biological colloids (Campbell et

al., 1997), and is expected for most types of colloids

due to effects such as particle heterogeneity, aggre-

gation, sedimentation, and Brownian motion (Hunter,

2002; Oshima, 2002). The isoelectric point of the

virus was found to be approximately 3.0, similar to

several other virus species, but on the lower end of

the range of results previously reported in the

literature (Gerba, 1984).

The zeta potential data could be used to

conceptualize the proton–virus interactions. The data

indicated that the virus surfaces accumulated a

negative surface charge with increasing pH. This

provided evidence of the existence of anionic

functional groups, and of the deprotonation of these

groups with increasing pH. The structure of these

anionic functional groups could not be determined

from the available data, but the transition from

positive to negative zeta potential within the range

2bpHb4 suggested that carboxyl structures may

have been important. The fact that the zeta potential

was positive at the most acidic pH provided

evidence of the existence of cationic functional

groups, which could be amino groups. Carboxyl and

amino functional groups are likely to exist, given

the proteinaceous composition of viral capsids

(Gerba, 1984). Furthermore, carboxyl and amino

functional groups have been assumed responsible for

the zeta potential vs. pH relationship observed for

bacterial surfaces (Busscher et al., 2000), and these

types of sites have been implicated in proton

binding by bacteria and algae (Shumate and Strand-

berg, 1985; Plette et al., 1995; Fein et al., 1997;

Daughney et al., 1998; Cox et al., 1999; Martinez et

al., 2002). We stress that the available data do not

permit us to determine if proton-active functional

groups were components of the virus capsids, or

were related to surface-bound organic substances

that were not removed from the capsids during the

washing procedure. To quantify the concentrations

of these functional groups and their reactivity

toward protons, we performed acid–base titrations,

as discussed below.
3.2. Acid–base titrations

Titrations of 0.5 mol l�1 NaNO3 were in good

agreement with theoretical predictions, indicating that

that the experimental apparatus did not interact with

protons and that CO2 contamination was minimal.

Titrations of 1% or 2% SESAW or SESAWT in 0.5

mol l�1 NaNO3 were also in good agreement with

theoretical predictions. The results indicted that TRIS,

when present, imparted a significant buffering

capacity to the solution, but the components of

SESAW did not. To account for the effect of the

TRIS, a model was constructed using log KTRIS for

deprotonation=�8.2 (Martell and Smith, 1977), and

the accuracy of the model was assessed by comparing

observed buffering capacity in virus-free solutions to

the quantity of TRIS over a range of concentrations.

Titrations of the DNase enzyme in 0.5 mol l�1 NaNO3

were very similar to those of 0.5 mol l�1 NaNO3

alone, indicating that the enzyme did not interact with

protons or the experimental apparatus.

The titration data for the virus suspensions (Fig. 2)

showed excellent agreement between the first and

second up-pH titrations for each suspension, and

between duplicate titrations of independently prepared

dilutions of the parent stock, although for clarity only

one titration from each data set is plotted. As well, to

compare among experiments, if the suspension con-

tained TRIS, its effect has been subtracted from the

curves in Fig. 2 using the model described above.

The experimental data indicated that the viruses

imparted a measurable buffering capacity to the

suspension, relative to the background electrolyte,

and that the degree of buffering increased with virus

concentration. In all cases, titrations of solutions from

which the viruses had been removed were very similar

to titrations of the background electrolyte, suggesting

that any compounds released by the viruses were not

present in significant concentrations or did not interact

with protons. The replicate titrations indicated that the

proton–virus interactions were rapid, reversible, and

reproducible, suggesting that the observed buffering

was caused by proton adsorption–desorption reac-

tions, rather than by irreversible chemical reactions.

The reproducibility and reversibility of the titrations

also suggests that artifacts related to incomplete

removal of metal ions from the virus capsids during

rinsing were probably minimal. Further evidence for



Fig. 2. Net concentration of protons added during acid–base titration of suspensions containing viruses in 0.5 mol l�1 NaNO3 electrolyte, as a

function of solution pH. Scatter points represent experimental data for different cultures, with virus concentration given in parentheses (�1013

viruses l�1). Dotted line represents theoretical prediction for titration of the electrolyte alone. (A) Solid lines represent best-fitting models for

each individual data set, with parameters as given in Table 1. (B) Solid lines represent the fit of the single model that best describes all of the

data from each of the individual data sets (Model dAllT, Table 1).
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the latter comes from Fein et al. (1997) and Daughney

et al. (2001), who show that an acid-rinse step has

little effect on the titration data for the bacterium

Bacillus subtilis.

Slight variations in the shape of the titration curves

suggested that the various treatment methods may
have caused small changes in the buffering capacity of

the suspensions. For example, the suspension con-

taining the heat-treated viruses (C3) was unique, in

that it showed a more negative slope in buffering

capacity above pH 8 than any other suspension. This

may have been because the heat disruption exposed or
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otherwise increased the concentration of functional

groups capable of interacting with protons at pHN8.

The suspension that had been treated with DNase

(Stock C4) displayed a slightly more negative slope

than other titration curves in the range 6bpHb8. This

implied that digestion of free DNA exposed or

increased the concentration of exchange sites capable

of interacting with protons over this pH range. Despite

these slight variations, for the majority of data sets,

the titration curves were generally similar, suggesting

that the major differences in buffering were related to

the concentration of viruses present.

Using FITMOD, we modeled each of the titration

data sets individually. Models considering only one

type of functional group produced values of V(Y)

much greater than 20, indicating a poor fit to the

experimental data (Westall, 1982). Models consider-

ing two distinct types of reactive sites (one anionic,

one cationic) provided good fits to the experimental

data (Fig. 2A, Table 1) and produced low values of

V(Y), indicating the two-site models provided suffi-

cient complexity to describe the data.

The FITMOD models for the individual titration

data sets were used to identify the types of structures

responsible for the observed buffering. For all two-site
Table 1

Parameters for models describing proton–virus interactions

Suspa Carboxylb Aminob Variancec

log Kd Ce log K C V( Y)1 V( Y)2

C1-1 �5.82 1.34 �9.51 2.90 6.6 10.0

C1-2 �4.48 1.50 �8.03 2.07 1.3 37.8

C2 �4.55 1.25 �8.40 2.24 14.2 24.8

C3 �4.36 1.76 �7.49 1.50 3.4 74.6

C4 �4.59 1.38 �8.78 2.50 2.1 7.2

Allf �4.44 1.47 �8.18 2.17 � 9.6

a Suspension used for the titration; note that titrations at two

different dilutions were performed with suspension C1.
b All models consider carboxyl sites of the form R-COOH0 and

amino sites of the form R-NH3
+ uniformly distributed through a

Donnan volume with a thickness of 15 nm and an outer diameter of

83 nm.
c Variance calculated by FITMOD. V( Y)1 is for the best-fitting

model for the individual stock suspension (Fig. 2A), V( Y)2 is the fit

of the dAllT model to the each of the individual data sets (Fig. 2B).
d Logarithm of the stability constant describing deprotonation,

referenced to zero ionic strength and zero electric potential.
e Site concentration (�10�18 mol per virus).
f Single best-fitting model for all titration data, except for data

from C2d (heat-treated viruses).
models, the values of the deprotonation constants for

each distinct type of site were quite similar (Table 1).

Based on the magnitudes of these deprotonation

constants relative to those of short-chain organic acids

(Martell and Smith, 1977), and taking the conceptual

model developed from the zeta potential data into

account, we conclude that these sites represent

carboxyl (R-COOH0) and amino (R-NH3
+) structures.

The existence of these types of functional groups was

supported by the zeta potential data (see above), and

such functional groups have been implicated in proton

interactions with bacteria (Fein et al., 1997; Daughney

et al., 1998; Cox et al., 1999; Daughney et al., 2001;

Martinez et al., 2002).

The FITMOD models for the individual titration

data sets also revealed a relationship between the

concentration of viruses and the concentrations of

functional groups responsible for buffering (Table 1).

To illustrate this relationship, we normalized the total

concentration of functional groups in each system

(mol l�1) with respect to the number of viruses present

(viruses l�1). Normalized in this manner, the calcu-

lated total concentration of functional groups varied

over a very small range, from 3.26�10�18 to

4.24�10�18 mol of sites per virus (Table 1). As

stated above, we stress that the available data do not

permit us to determine if the proton-active functional

groups were components of the virus capsids, or were

related to surface-bound organic substances that were

not removed from the capsids during the washing

procedure, or a combination of both.

The calculated concentration of functional groups

per virus provided support for the use of the Donnan

shell electrostatic model, as opposed to models

considering all exchange sites to be situated immedi-

ately at the virus–solution interface. If each virus had

a surface area of ca. 21,600 nm2 (based on a radius of

83 nm), then the calculated average site density (ca.

100 sites nm�2) would exceed that of most other

geological and organic sorbents by one to two orders

of magnitude (Langmuir, 1997). In contrast, if the

sites were distributed over a volume ca. 15-nm thick,

the average calculated site density would be ca. 10

sites nm�3. This calculated site density would suggest

an average volume of 0.1 nm3 per site, corresponding

to a sphere with a radius of ca. 0.3 nm, on the order

expected for a binding site on an amino acid (e.g.,

oxygen, 0.14 nm; nitrogen, 0.13 nm; Faure, 1998).



Fig. 3. TEM and EDS observations of viruses in the presence of

iron. (A) TEM image of viruses in the presence of [Fe]T=2�10�4

mol l�1. (B) EDS spectrum corresponding to image A (Cu peaks are

from the grid). (C) TEM image of viruses in the presence of

[Fe]T=1�10�3 mol l�1. (D) EDS spectrum corresponding to image

C (Cu peaks are from the grid). (E) Selected area electron diffraction

pattern of an individual Fe-oxide needle shown in C. (F) TEM

image of iron oxide (identified as lepidocrocite) formed in an abiotic

system with [Fe]T=2�10�4 mol l�1 using the same experimenta

protocol (Châtellier et al., 2001).
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Furthermore, the surface electric potential (w0)

calculated from the Donnan shell model varied from

20 to �30 mV from pH 2 to 10, in reasonable

agreement with the zeta potential data. By contrast,

the electric potential at the virus–solution interface, as

calculated with a constant capacitance model (Stumm

and Morgan, 1981), produced an unrealistic result of

several volts.

Due to the observed constancy of deprotonation

constants and functional group density for the models

of the individual titration data sets, we used FITMOD

to develop a single model for all of the data (with the

exception of the data from the heat-treated virus

suspensions C3). The best-fitting two-site model had

log K values for carboxyl and amino sites of �4.44

and �8.18, respectively, and a total site concentration

of 3.64�10�18 mol per virus (9.9 sites nm�3,

assuming a 15-nm Donnan shell) (Table 1). This

model was of sufficiently low variance to suggest an

adequate fit to the data. Having identified that a single

set of log K values and site concentrations could

provide a reasonable fit to all of the experimental data,

we investigated the effect of changing the thickness of

the Donnan shell. The best-fitting model parameters

and overall V(Y) were insensitive to the Donnan

thickness in the range 10–20 nm. Values of Donnan

thickness less than 10 nm increased V(Y) and resulted

in unrealistically high values of the surface potential

w0. Values of the Donnan potential greater than 20 nm

also increased V(Y), generally due to a poorer fit to

the data in the mid-pH region. Although we did not

have a means of directly measuring the thickness of

the Donnan shell, the modeling suggested that a value

of 15 nm provided a reasonable description of the

titration data.

The prediction of the best-fitting two-site model

was then compared to each of the individual titration

data sets (Fig. 2B, Table 1). In general, the model

provided a reasonable fit to the data. This single

best-fitting model predicted an increasingly negative

surface potential with increasing pH, and in this

regard, the titration data and the zeta potential data

were not in agreement. It is possible that at the

higher pHs, the condensation of counter-ions

becomes increasingly important, thus preventing the

zeta potential from decreasing below �30 mV, but

this hypothesis could not be tested with the available

data. Because the parameters of this single best-
fitting two-site model matched most of the titration

data reasonably well, it was used to interpret the iron

precipitation experiments.

3.3. Iron precipitation experiments

In the low Fe systems ([Fe]T=2�10�4 mol l�1), the

viruses were easily identified by TEM as electron-

dense individual particles (Fig. 3A). The virus tails

were not visible (i.e., they were not electron dense),

suggesting that they did not display functional groups
l
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capable of binding iron. The average apparent

diameter of the virus capsids was close to the expected

value of 83 nm (Suttle and Chen, 1992). EDS analyses

revealed that the capsids were Fe-rich (Fig. 3B), but

Fe-oxide precipitates were not visible on their surfaces

at the scale of observation. The two peaks for iron in

Fig. 3B correspond to the K-alpha and K-beta

transitions.

The high Fe systems ([Fe]T=1�10�3 mol l�1)

contained particles of various sizes, ranging from 50

to 300 nm in diameter (Fig. 3C). High-magnification

TEM observations revealed that the larger electron-

dense particles were composed of clumps of viruses

and Fe-oxides, whereas the smaller electron-dense

particles corresponded to small aggregates of iron

oxide. Again, virus tails were not identifiable (electron

dense), implying that they did not interact with iron.

Large quantities of Fe-oxides, occurring as thin laths

(or needle-like morphology if viewed edge-on) with

an average length of 50 nm, were also present, both on

the virus surfaces and in the bulk solution (Fig. 3C).

EDS analysis of the small and large particles indicated

that they were all Fe-rich (Fig. 3D). Again, two iron

peaks are visible in the EDS spectrum (Fig. 3D),

corresponding to the K-alpha and K-beta transitions.

HR-TEM observations of the fine needles present on

the viruses first showed that they were all oriented

lengthwise on the TEM grid, making it impossible to

analyze several orientations of the crystals. The

crystals were also very sensitive to the high-intensity

electron beam and were rapidly damaged. As a result,

few SAED patterns were recorded (Fig. 3E). How-

ever, d-spacing values corresponding to 1.394, 1.475,

and 1.568 2 were measured for some individual

needles. These d-spacings are common to both

lepidocrocite and goethite. Given the limited number

of reflections (caused by the tendency of the crystals

to align on the grid), it was not possible to determine

the mineralogical composition of the Fe-oxide par-

ticles. However, Fe-oxides formed in the same way

but in the absence of microorganisms were seen to

have similar morphology, and could be identified as

lepidocrocite (Châtellier et al., 2001; Fig. 3F).

The biomineralization experiments suggested that

dissolved iron ions, like protons, were able to

penetrate the virus capsids and bind to internal sites.

To illustrate, a suspension with roughly 7�1013

viruses l�1 would have contained a total binding site
concentration of roughly 2.5�10�4 mol l�1 (assuming

a binding site density of 3.6�10�18 mol per virus). If

the sites were uniformly distributed through a Donnan

shell 15-nm thick, then roughly 2.4�10�5 mol l�1

would have been within ca. 1 nm of the capsid

surface. Thus, in the biomineralization experiments

with [Fe]T=2�10�4 mol l�1, we added many more Fe

atoms than there would have been binding sites within

the first nanometer of the capsid surface. However,

Fe-oxide precipitation was not apparent. Instead, the

viruses appeared as individual electron-dense par-

ticles. This implied that the iron penetrated the virus

capsids and that a sufficient concentration of iron-

binding sites was present to prevent the precipitation

of an iron-bearing mineral. In comparison, in the

biomineralization experiments with [Fe]T=1�10�3

mol l�1, iron precipitates were visible on the virus

surfaces, suggesting that the capacity of the viruses to

adsorb iron had been exceeded, leading to surface

precipitation of the mineral and aggregation of the

viruses into larger clumps of particles.
4. Discussion and conclusions

The results of this laboratory investigation demon-

strate that viruses have capsids that are reactive

toward dissolved protons and iron, and that virus

capsids can also serve as nuclei for the growth of iron-

oxide particles. The reactive sites are likely carboxyl

and amino functional groups, with pK values of about

4.4 and 8.2, as estimated by acid–base titrations. We

have estimated that the total number of proton-

reactive sites is on the order of 3.6�10�18 mol per

virus. Some fraction of these sites may be related to

surface-bound organic substances that were not

removed from the capsids during the washing

procedure. Nonetheless, the magnitude of the calcu-

lated site concentration strongly suggests that the

proton-reactive sites are distributed throughout the

capsid, rather than just immediately at the capsid–

solution interface. Our experimental results also show

that Fe atoms can penetrate the virus capsids and bind

to reactive sites. In the iron precipitation experiment

with the low concentration of iron, 2�10�4 mol of Fe

were added, for an estimated number of 2.5�10�4

mol of proton-binding sites, and no precipitation was

observed, even though the viruses were clearly
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electron-dense. In the experiment with the higher

concentration of iron, we added four times as much

iron as there were proton-binding sites, and the

absorption capacity of the viruses was exceeded,

resulting in a heavy Fe-oxide precipitation outside of

the viruses. Hence, our study suggests that the number

of reactive sites for the Fe atoms is likely quite similar

to the number of proton-reactive sites, i.e., about

3.6�10�18 mol per virus.

We stress that our results pertain to laboratory

systems with simple chemistry and a limited range of

iron-to-virus concentration ratios, and so cannot be

quantitatively extended to predict the role of viruses

on the natural marine iron cycle. For example, it is

important to recognize that natural virus communities

will be composed of several species, each of which

might interact with iron differently. Furthermore,

organic coatings on virus capsids might also change

their affinity for iron. Other substrates such as

dissolved organic ligands might compete with the

viruses for the available iron, and other dissolved

elements might compete with iron for the binding sites

on the viruses. Although our laboratory experiments

were performed with iron-to-virus ratios that approx-

imate natural seawater, the iron concentrations were

many orders of magnitude above natural levels, and so

we cannot assume the same type of iron–virus

interactions would occur in nature.

Despite the fact that our results cannot be directly

extrapolated to natural seawater, they demonstrate the

need for further research on the potential role of

viruses in the cycling of iron in ocean waters. To

illustrate, consider that seawater typically contains 109

to 1010 viral-like particles per liter. Our investigation

suggests that each virus could absorb about 3–

4�10�18 mol of iron without loosing its morphologic

characteristics, so that about 3–40 nmol l�1 of iron

could be immobilized by such particles. This is equal

to or higher than the total concentration of iron in

many parts of the world’s oceans. This suggests that

viruses could account for a relatively large reservoir of

marine iron, and importantly, viruses could bind this

concentration of iron and remain in the colloidal size

fraction. On the other hand, if more iron accumulates

onto viruses, it is likely to exceed the binding site

capacity, precipitate as an oxide, and ultimately lead

to the formation of virus-oxide aggregates that will

fall in the particulate fraction.
The need for further research into the potential role

of viruses in the natural marine iron cycle is also

supported by other investigations. For example, in a

study of iron distribution along a northeast Pacific

transect, Nishioka et al. (2001) reported that the b200

kDa (truly dissolved) fraction typically contained 40–

65% of the total acid-labile Fe below 200-m depth,

whereas the 200 kDa–0.1 Am fraction (which would

include viruses) contained 20–30% of the total iron. If

this distribution is typical of other locations, then size

fraction containing viruses likely represents a signifi-

cant reservoir of marine iron. Rue and Bruland (1995)

reported conditional iron binding constants on the

order of 1013 for organic ligands in the b0.2-Am
fraction. Iron binding constants for bacterial func-

tional groups, expressed in the same stoichiometry,

are ca. 108–1010 (Warren and Ferris, 1998; Daughney

et al., 2001). However, a direct comparison of these

iron-binding constants is not possible, because they

were determined with different methods under differ-

ent experimental conditions. In addition, the binding

affinity of the reactive sites of the viruses could be

larger than that of the reactive sites in bacteria. In

bacteria, usually only a fraction of the proton-binding

sites are reactive toward Fe or other metallic cations

(Châtellier and Fortin, submitted for publication;

Kulczycki et al., 2002), whereas we have shown here

that all the proton-binding sites for the viruses also

seem to be iron-binding sites.

Further research may also show that the effect of

viruses on marine geochemical cycling is much more

extensive than implied above. For example, several

studies indicate that the bacterial functional groups

responsible for iron chelation can also sequester many

other dissolved metals (Fein et al., 1997; Daughney et

al., 1998; Fowle and Fein, 1999; Yee and Fein, 2001).

If the functional groups on viruses are similar, then

they might act as sites for adsorption and nucleation of

a variety of elements besides iron, and so they might

affect the cycling of metals in a general sense. Further,

the effect of viruses on the marine iron cycle may not

be limited to adsorption and precipitation. For

example, up to 25% of primary production has been

estimated to flow through a viral mediated shunt

(Wilhelm and Suttle, 1999), as a result of microbial

mortality imposed by viral lysis (reviewed in Suttle,

1994, Fuhrman, 1999; Wommack and Colwell, 2000).

These potentially important effects emphasize the
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need for further research to quantify the role of viruses

in the geochemical cycling of metals in the marine

environment.
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