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ABSTRACT

Editor: K Johannesson

Marine bacterial plankton play a key role in elemental cycling through their ability to bind, assimilate, metabolize, and modify the redox state of trace metals in seawater. Of those processes, arguably the least studied are
the mechanisms underpinning trace metal adsorption to planktonic marine bacteria, despite a plethora of literature pertaining to terrestrial species. Recently, Liu et al. (2015) demonstrated that the marine cyanobacterium Synechococcus sp. PCC 7002 has the capacity to remove appreciable amounts of Cd2+, a proxy for
other divalent cations, from seawater by adsorption. In this study, we build on that work and employ a surface
complexation modelling (SCM) approach using titration and pH adsorption edge experiments to calculate the
thermodynamic binding constants of four bioessential transition metals (Co, Ni, Cu, Zn) to Synechococcus in
simulated seawater. Based on the titration results, the major functional groups involved in metal binding were
carboxyl groups with a pKa of 5.59 and phosphoryl groups with a pKa of 7.61. Metal adsorption experiments
indicate that Synechococcus can bind considerable concentrations of Zn, Cu, Ni, and Co at pH 8. When all four
metals are simultaneously added to solution, the same adsorption pattern of Zn > Cu > Ni > Co is maintained, and accurately predicted by the SCM. Based on average marine cell densities and turnover rates of
Synechococcus cells in the photic zone, we calculate that Synechococcus, in the absence of competing ligands such
as dissolved organic matter (DOM), has the theoretical capacity to remove nearly all of the free metal cations
from seawater. These observations highlight the surface reactivity of marine cyanobacteria as a potentially
important vector for the transfer of dissolved metals from the photic zone to deeper waters or the seafloor in
modernoceans, but they also have implications for the Precambrian oceans as sinking cyanobacteria could have
acted as an exit channel for trace elements into ancient sediments including banded iron formations (BIF).
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1. Introduction
It has been demonstrated that planktonic cyanobacteria play an
important role in primary production in the oceans, in particular, the
genera Synechococcus, which has been estimated to contribute 17% of
net marine primary productivity (Flombaum et al., 2013), with populations in the marine photic zone varying from 104 to 105 cells mL−1
(Waterbury et al., 1979; Worden et al., 2004; Huisman et al. 2018).
Similar to other phytoplankton, these cyanobacteria play an important

role in the cycling of trace metals (e.g., Mn, Fe, Co, Ni, Cu, Zn, and Cd)
through: (1) the generation of reactive organic ligands on their cell
walls which adsorb ions from seawater (Dittrich and Sibler, 2005), (2)
assimilation for enzymatic use (Bruland et al., 1991; Morel and Price,
2003), (3) the production of extracellular ligands that complex trace
metals and alter their bioavailability (Moffett and Brand, 1996; Worms
et al., 2006; Fein, 2017), and (4) their production of dissolved organic
matter upon cell lysis (Anderson and Tang, 2010; Carlson and Hansell,
2014). The net effect of these cellularly controlled processes is the
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development of “nutrient-like profiles” where uptake by cyanobacteria
depletes nutrients in the photic zone, with the nutrients returning to
solution in deeper waters due to the degradation of bacterial biomass,
and the eventual replenishing of the photic zone via upwelling currents
(Morel, 2008; Sunda, 2012).
Twining and Baines (2013) proposed that the assimilation of trace
metals reflect both their environmental availability as well as the biochemical demands of phytoplankton. The cellular assimilation of metals
occurs by a two-step process in which metals first bind to surface ligands through adsorption, followed by their active transfer across the
cell membrane (Morel et al., 1991; Fein, 2017). The assimilation of
trace metals from seawater is critical for the cell as it requires metals for
various metalloenzymes which are utilized in processes such as photosynthesis, nitrogen fixation, respiration, the uptake of other trace
metals, and for accessing organic macronutrients (Morel et al., 1991;
Twining and Baines, 2013). In some cases, metals can substitute for one
another depending on their environmental availability; for example,
Thalassiosira weissflogii, a marine diatom, can substitute Co and Cd for
Zn (Price and Morel, 1990). In other cases entirely different proteins
can be utilized if a required metal is falls below a biolimiting concentration (Twining and Baines, 2013).
Sañudo-Wilhelmy et al. (2004) found that phytoplankton are capable of adsorbing anionic trace nutrients such as phosphate, as well as
cationic nutrients (e.g., Fe, Mn, and Mo) in laboratory settings using
both simulated seawater and natural waters collected from the western
Atlantic Ocean. The authors proposed that adsorption of cations to
phytoplankton could be equally as important as uptake and assimilation
by biological processes in controlling marine nutrient profiles. The
ability of bacterial cell wall functional groups to react with protons and
metal cations is well-established in the literature (e.g. Fein et al., 1997;
Cox et al., 1999; Lalonde et al., 2008a; Alessi et al., 2010; Flynn et al.,
2014). Although much of the current research has been directed at
terrestrial microbes in order to better understand their potential for
bioremediation, few studies have focused on planktonic marine cyanobacteria to determine their interactions with ions in seawater. In this
regard, Dittrich and Sibler (2005) and Hadjoudja et al. (2010) demonstrated that marine cyanobacterial cell walls have low isoelectric
points, as reflected by highly negative surface charges and low hydrophobicity, and therefore, are capable of efficiently adsorbing trace
metals. Cyanobacteria, specifically those of the Synechococcus genera,
have also been found to be capable of adsorbing trace metals due to
their high surface area to volume ratio and highly reactive cell walls
(Azam et al., 1983; Fisher, 1985).
More recently, Liu et al. (2015), Martinez et al. (2016), and Gélabert
et al. (2018) investigated the surface reactivity of a marine cyanobacterium, an anoxygenic photosynthetic bacteria that oxidizes dissolved iron (a photoferrotroph), and marine and freshwater diatoms,
respectively, and demonstrated that they are each capable of removing
metal cations from seawater. The Liu et al. (2015) study aimed to
provide a proof-of-principle, and therefore, only focused on a single
metal cation and did not consider the competition among charged
species for adsorption that would be expected in more complex environmental systems. Consequently, consideration of the effects of
competitive adsorption is still needed to accurately represent the adsorption behaviour of trace metals in seawater. Accordingly, in this
study, we extended the earlier work of Liu et al. (2015) by exploring the
adsorption of a set of biologically important trace metals (e.g., Co, Ni,
Cu, and Zn) onto Synechococcus sp. PCC 7002 using pH adsorption edge
experiments. The resulting data were then used to develop surface
complexation models (SCM) of single and multi-element adsorption
systems. Metal binding constants derived from the SCM approach
provide considerable advantages over more commonly employed empirical models of adsorption, as they can account for changing pH, ionic
strength, and the presence of other sorbents and competing sorbates
(Bethke and Brady, 2000; Koretsky, 2000). Developing such a modelling approach is critical in assessing the role of microbes as an exit

channel for metals from seawater to marine sediments (Konhauser
et al., 2018), and promises to yield more accurate and predictive
models of metal speciation and modes of sequestration and cycling in
modern and paleomarine settings.
2. Methods
2.1. Bacterial growth
The cyanobacterial strain Synechococcus sp. PCC 7002 (referred to
hereafter as Synechococcus) was aerobically cultured on A+ medium
(Stevens and Van Baalen, 1973; Stevens and Porter, 1980) (SI Table 1)
agar plates with a light intensity of 50 mmol photons m−2 s−1 at 30 °C
for 14 days. Once a suitable colony developed on the plate, cells were
harvested using an inoculation loop and inoculated in 50 mL of A+
media at 30 °C for 3 days. Cells were then transferred to a 1 L borosilicate Erlenmeyer flask with an additional 350 mL of A+ media and
rotated at 100 rpm for 10 days until the stationary growth phase was
reached. The stationary phase was selected for the experiments as the
cells would be in equilibrium with the media, and the proton state
surrounding the cell wall would be near equilibrium. Aeration was
provided throughout by bubbling with filtered, humidified air. The cells
were harvested by centrifugation at 10,000g for 8 min and washed with
0.56 M NaCl (a representative seawater concentration) five times to
remove any residual growth media and competing metals from cell wall
surface sites. Following each wash, the bacteria were resuspended in a
fresh electrolyte solution and a new pellet of bacteria was formed by
centrifugation and the supernatant was decanted. After the final wash,
the bacteria were centrifuged twice for 30 min to remove as much water
from the biomass as possible. The wet mass of bacteria was then determined gravimetrically, and the pelleted cells were suspended in
0.56 M NaCl.
2.2. Potentiometric titrations
Potentiometric titrations were conducted for comparison with the
Liu et al. (2015) study in accordance with previously established protocols in our laboratory (e.g., Petrash et al., 2011; Warchola et al.,
2017; Alam et al., 2018; Konhauser et al., 2019), in which the addition
of aliquots of base induce the progressive deprotonation of organic
functional groups at the bacterial surface. All plastic and glassware used
for the titrations were soaked in 10% HCl for a minimum of 24 h, rinsed
three times in 18.2 MΩ·cm water, and allowed to air-dry while inverted.
Before each titration, 0.05 g (wet mass) of washed Synechococcus cells
were suspended in 50 mL of 0.56 M NaCl, to achieve a final concentration of 2.5 g L−1. Based on cell counts on a haemocytometer,
2.5 g L−1 is equivalent to 6 × 109 cells mL−1. The titrations were conducted under a N2 atmosphere and titration solutions were purged with
N2 gas for 30 min prior to commencement of the titration to establish
and maintain a CO2 free environment in the titration vessel.
Throughout the titration, the pH was continuously measured using a
glass electrode (Metrohm), calibrated in advance using commercially
available buffers (Thermo Fisher Scientific). Titrations were performed
alkalimetrically from pH 3 to 10 by initially acidifying the solution to
pH 3 with 0.1 M HCl, followed by incremental additions of 0.1 M NaOH
until pH 10 was reached. Previous studies have demonstrated that cell
damage or lysis only becomes a factor at pH < 2 or pH > 10 (Borrok
et al. 2005; Fein 2006), and therefore, is unlikely to affect the proton
reactivity of Synechococcus cell surface functional groups. The volume
of base added, and the corresponding pH change, were recorded for
each titration step. A “down-titration” was then performed with the
addition of 0.1 M HCl to pH 3 to determine the reversibility of proton
binding and if hysteresis between the “up” and “down” titrations had
occurred, which would be an indicator for titration-induced cell damage (SI Fig. 1). All titrations were performed in dynamic addition
mode whereby the titrator adds a variable amount of either HCl or
29
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NaOH depending on the instantaneous buffering capacity, as per Alam
et al. (2018). Subsequent additions of acid or base were only made once
the pH electrode achieved a stability of 0.2 mV s−1. Blank titrations of
the 0.56 M NaCl background solution were conducted to quantify the
background proton buffering capacity, which was then subtracted from
the Synechococcus titration data before modelling to determine cell wall
functional group concentrations and proton binding constants (pKa
values).
The titration data was evaluated in terms of excess charge, where
the reactivity of the background electrolyte was subtracted from the
total reactivity of the solution so only the reactivity of the
Synechococcus was modelled (Lalonde et al., 2008b; Lalonde et al.,
2010). A least-squares optimization method was then applied using
FITEQL v. 4.0 (Herbelin and Westall, 1999) to determine surface site
acidity constants and ligand site concentrations based on the titration
data.

Synechococcus Titraon
excess charge/gram

0.0E+00
-2.0E-03
-4.0E-03
-6.0E-03
-8.0E-03
-1.0E-02
-1.2E-02
-1.4E-02
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6
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8

9

10

pH
Synechococcus Titraon

Titraon Model

Fig. 1. Titration data in terms of excess charge per gram of Synechococcus cells,
along with the FITEQL model best fit.

2.3. Adsorption experiments

titration curve with the greatest slope represent regions in which the
buffering capacity of the cells is greatest, and therefore, correlate with
the functional group pKa values. Minimal hysteresis was observed between the up and down titrations, indicating there was negligible cell
damage and that the protonation and deprotonation of cell wall functional groups was highly reversible.
Protonation models with 1–4 sites were tested, and a model employing three proton active sites provided the best fit to the titration
data. This result, combined with previous Fourier transform infrared
(FTIR) spectroscopy performed on bacteria (Jiang et al., 2004; Yee
et al., 2004; Liu et al., 2015), suggests that the bacterial cell surfaces
have four primary types of proton-active functional groups, carboxyl
groups which deprotonate at acidic pH values, phosphoryl groups
which deprotonate at circumneutral pH, and amino and hydroxyl
groups, both of which deprotonate at alkaline pH values.
The mass action equations for the deprotonation of each type of
surface ligand can be described by the following balanced chemical
reactions:

Adsorption experiments were conducted by measuring the change
in the aqueous trace metal concentrations before, and after, exposure to
pre-washed Synechococcus cells. The metal stock solutions were prepared by diluting a 1000 ppm standard solution of either Co, Ni, Cu, or
Zn in 0.56 M NaCl to achieve a concentration of 10 ppm. A known mass
of Synechococcus cells were suspended in the metal solution to achieve a
wet mass concentration of 5 g L−1. Aliquots of 10 mL of the bacteriametal solution were then partitioned into 50 mL acid washed polypropylene test tubes and the pH of each was adjusted twice using aliquots of 0.01 M HCl or NaOH to bring the samples within the desired
pH range of 3 to 9, at approximately 0.5 pH unit intervals. Each sample
was mixed via end-over-end rotation at 40 rpm for 6 h to allow for
equilibration between the metal-containing solution and the cellular
surfaces.
Following equilibration, the final pH of each experiment was measured, and the solutions were centrifuged at 10,000g for 5 min to remove the cells. The supernatant was filtered through 0.2 μm nylon
membranes and diluted 1:10 in 2% nitric acid before trace metal analysis by Inductively Coupled Plasma Mass Spectrometry (ICP-MS/MS)
using an Agilent 8800. Before each analysis, a series of external standards prepared from commercially available ICP-MS standards were
run. Controls containing the metal and 0.56 M NaCl background solutions were also analyzed to determine whether metal was lost by adsorption to the experimental apparatus.
Multi-element pH edges were performed using the same protocol as
described above. However, to maintain a similar total metal concentration, 2.5 ppm of each of the four tested metals (Co, Cu, Ni, and
Zn) were added, for a combined trace metal concentration of 10 ppm.

R

COOH + OH– = R

COO– + H2 O

(1)

R

PO4 H2 + OH– = R

PO4 H– + H2 O

(2)

+

OH–

R

NH3 +

=R

R

OH + OH– = R

NH2 + H2 O

O– + H2 O

(3)
(4)

where ^R represents the cell wall of the Synechococcus cell to which a
proton-active surface functional group is attached. Eqs. (3) and (4) both
correspond to site 3, as these two sites have been found to have similar
pKa values (Fein et al., 1997), however, it is best interpreted as an
amino site, as hydroxyl sites with pKa values ~10 generally occur only
for phenol groups (Cox et al., 1999).
Previous studies have shown that the surface charge of the cell wall
is strongly pH dependent; increasing pH drives the deprotonation of the
organic ligands on the cell wall, leaving the cell wall with a net negative
charge (e.g., Fein et al., 1997; Cox et al., 1999; Konhauser, 2007). Indeed, zeta potential measurements by Liu et al. (2015) determined that
Synechococcus has a point of zero charge (PZC) below pH 4, and hence a
net negative surface charge at marine pH. The negatively charged
surface is composed of discrete surface sites that can bind metal cations,
or act as nucleation sites for the growth of authigenic mineral phases
(e.g. Konhauser et al., 1998).
The trend towards a net negative surface charge with increasing pH
is mainly caused by the deprotonation of carboxyl and phosphoryl
surface sites (reactions 1 and 2) below circumneutral pH. The positively
charged amino groups are generally less abundant and have a smaller
impact on the overall surface charge of the cell than either carboxyl or
phosphoryl groups. This has been corroborated by titration results that
indicate higher site densities for both the carboxyl (Site 1) and

3. Results/discussion
3.1. Synechococcus surface reactivity
Fig. 1 shows the titration data for 2.5 g L−1 (wet mass) Synechococcus in 0.56 M NaCl electrolyte, plotted in terms of mmol of deprotonated sites (excess charge) per gram of bacteria. The slope at any
point of the titration curve gives the instantaneous buffering capacity of
the Synechococcus suspension at that specific pH, which corresponds to
the rate of deprotonation of the surface ligands.
The titration data indicate that Synechococcus has a high buffering
capacity over the pH range measured, with greatest changes in excess
charge occurring at low (< 4.5) and high (> 8) pH values. Bacterial
ligand concentrations and acid neutralizing capacity were determined
from titration data using a pKa spectrum approach similar to Lalonde
et al. (2008a). The number of potential pKa values is fixed in FITEQL
4.0 (Herbelin and Westall, 1999), which then optimizes for both the pKa
values and their corresponding site concentrations. The regions of the
30
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at high-temperature. Accordingly, we consider that these phases would
not precipitate at our experimental conditions due to their low kinetic
rates of formation, and therefore these phases would exert minimal
influence on the adsorption of these trace metals by Synechococcus.
Synechococcus has differing affinities for each metal cation, as indicated by their thermodynamic binding constants presented in Table 2.
Zn and Cu were most removed from the simulated seawater, followed
by Ni and Co. This is consistent with the Irving-Williams series that
describes the stability of complexes formed by divalent first-row transition metal cations, and how the stability generally increases across the
period to a maximum stability at copper: Mn(II) < Fe(II) < Co
(II) < Ni(II) < Cu(II) > Zn(II) (Irving and Williams, 1953). With regards to Synechococcus, we similarly observe that Zn and Cu form
stronger biological complexes than do Ni and Co. Interestingly, Co and
Ni form stronger bonds with the carboxyl groups than Zn and Cu,
however, Zn and Cu complexes form stronger bonds with phosphoryl
groups. Overall, the results suggest that removal of Zn and Cu would be
favoured under marine conditions, a finding corroborated by studies of
the Northeast Pacific Ocean, where over 99% of Cu and > 95% of Zn
are organically complexed (Bruland, 1980; Coale and Bruland, 1988;
Bruland et al., 2013).
Differing adsorption edge results were obtained for each individual
metal cation, indicative of the relative affinity of each cation for cell
surface functional groups. Comparing metal removal from solution at
pH 8, which is representative of marine conditions, Zn adsorption
reached nearly 100% (Fig. 2a), Cu reached approximately 75%
(Fig. 2b), Ni approximately 40% (Fig. 2c), and Co ca. 35% (Fig. 2d).
Importantly, the FITEQL models track well with the experimental data
through pH 5–8, which is the key range for metal binding as the pKa
values for the carboxyl and phosphoryl groups lie within that range.
Although these experiments were performed at a high ionic strength,
similar to that of seawater, the work by Liu et al. (2015) indicated that
ionic strength has a limited effect on Cd binding by Synechococcus.
Furthermore, previous work has demonstrated that metal adsorption
onto bacterial cell walls is a fully reversible process, and that the irreversible transport of the metals into the cell wall or cytoplasm does not
occur to a meaningful extent over the time period of the adsorption
reactions (Mullen et al., 1989; Fowle and Fein, 2000; Liu et al., 2015).
Therefore, the values determined by the SCM are indicative of only
metal adsorption to the surface, not assimilation by Synechococcus cells.

Table 1
Potentiometric titration data in terms of site pKa, site concentration (mmol/g),
and proposed functional group based on Liu et al., 2015.
Site

pKa

Site concentration (mol/g)

Functional group

1
2
3

5.59
7.61
9.24

2.389 × 10−3
1.244 × 10−3
1.860 × 10−3

Carboxyl
Phosphoryl
Amino/Hydroxyl

phosphoryl (Site 2) ligands relative to the amino/hydroxyl groups (Site
3) Table 1.
3.2. Single metal adsorption experiments
3.2.1. Surface complexation modelling
The negatively charged, deprotonated sites on the cyanobacterial
cells, resulting from an increased pH, act as loci for the binding of metal
cations. Site pKa values and ligand densities determined from the titration data were combined with pH edge metal adsorption data and
hydrolysis constants from Baes and Mesmer (1976) (SI Tables 2a,b) to
calculate the equilibrium metal binding constants using FITEQL. In this
regard, a model that invoked metal binding to the carboxyl and phosphoryl groups best explains the experimental metal adsorption edge
data. Metal binding to amino/hydroxyl groups were not important, as
the pKa value (9.24) was outside of the experimental range of the pH
edge experiments, and even at pH 9, approximately 70% of these
functional groups remain protonated. Mass action equations corresponding to each ligand can be used to predict the equilibrium state in
more complex systems, including those in which multiple metals,
compete for adsorption to bacterial surface functional groups (Fowle
and Fein, 1999). The balanced chemical reactions for divalent cation
(M2+) adsorption onto carboxyl and phosphoryl groups, respectively,
are:

R

COO– + M2 + =

R

PO4 H + M2 + =

R
R

COO
PO4 H

M+
M+

(5)
(6)

with ^R representing the cellular surface to which functional group A
is attached, and M representing the divalent metal cation. The metal
binding constants (K) can be determined for each of the 2 sites in Eqs.
(5) and (6) above as follows:

K=

[ R
[ R

[ R
K=
[ R

COO M+]
COO ] a M2 +

(7)

PO4 H M+]
PO4 H ] a M2 +

(8)

3.3. Competitive metal adsorption
The protonation constants, corresponding site concentrations, metal
binding constants determined from models of single-metal adsorption
experiments (Section 3.2), and the aqueous speciation of each metal (SI
Table 2 a&b) were combined into one SCM. It was then used to predict
the extent of adsorption in systems containing Synechococcus cells and
all of the four metals. FITEQL models, along with the binding constants
for the hydrolysis reactions, were utilized to solve for metal adsorption
as a function of pH. The SCM predictions were then compared with the
adsorption data from the experiments conducted at the same conditions
to test the predictive rigour of the SCM. The competitive, multi-metal
adsorption experiments were conducted using 2.5 ppm of each of the
four metals in order to maintain a similar overall metal concentration
(10 ppm) as the single element adsorption experiments.
The trends in cation affinity for Synechococcus observed in the
competitive metal adsorption experiments are similar to those of the
single metal experiments, with Zn showing the highest adsorption at
pH 8 followed by Cu, Co, and Ni (Fig. 3). However, Cu removal appears
to plateau at pH 7 in the single element pH edge, while in the multielement system, adsorption plateaus at approximately pH 5.5, and
subsequently drops below the Zn curve at pH 8. Based on the modelling
output from FITEQL, this pattern reflects decreased Cu adsorption on
each of the two functional sites, carboxyl and phosphoryl groups, which
could be due to competition with other cations as pH increases. The

3.2.2. Metal adsorption to Synechococcus
Adsorption edges for trace metals to Synechococcus were generated
for a pH range between 3 and 9 at an ionic strength of 0.56 M.
Fig. 2(a–d) shows the percentage of each trace metal removed from
solution by Synechococcus, plotted with the corresponding best-fit surface complexation model calculated in FITEQL. In all cases, at low pH,
the organic cell wall functional groups are nearly completely protonated, and hence minimal adsorption of metal cations occurs. However,
as pH increases, and functional groups progressively deprotonate, the
now negatively-charged sites become available for cation binding. All
metals investigated in this study reached maximum adsorption as pH
approached 8.
Geochemical modelling using the programs PHREEQC and
Geochemist's Workbench indicated that limited Cu and Co phases were
above saturation, and no Ni or Zn phases occurred above saturation
throughout the experimental conditions. These phases (malachite,
azurite, tenorite, Co3O4), however, are characteristic of phases produced during the weathering of ore deposits or synthetic phases formed
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Fig. 2. (a–d): Zn pH edge in terms of % adsorption over the pH range studied, plotted alongside the FITEQL model.

complex metal cations, keeping them in solution and thus bioavailable.
For example, extracellular, ferric iron-chelating ligands, such as siderophores, can scavenge and solubilize iron from seawater, making it
available for microbial cells (Neilands, 1995; Boiteau et al., 2016). Similar ligands also exist for metals, such as Co, Cu, Mo, and Zn (Bruland
et al., 2013). In contrast, other organic ligands are produced to reduce
trace metal concentrations to below toxic levels (Bruland et al., 1991).
For example, in the northeastern Pacific ocean, Cu binding ligands have
been found to complex up to 99.7% of free Cu, significantly reducing its
bioavailability and limiting its toxicity (Coale and Bruland, 1988).
Each of the metals chosen for this study represent important cofactors in metalloenzymes required for various important cellular processes such as photosynthesis, respiration, and DNA and RNA synthesis
(e.g. Robbins et al. 2016). Zinc is a component in an array of metallopeptides and polymerases, and many Zn metalloenzymes are involved
in DNA and RNA synthesis (Lipscomb and Sträter, 1996). Nuclear
bound Zn is also important for eukaryotes in the so-called Zn-fingers,
small protein structural motifs which act as signalling agents within the
nucleus (e.g., Dupont et al., 2006; Dupont et al., 2010). Copper is found
in more than thirty enzymes including those involved in metabolic reactions and methanogenesis (Chi Fru, 2011), as electron carriers in the
thylakoid membrane during photosynthesis in cyanobacteria (Cavet
et al., 2003), as well as in plastocyanin, ferrous oxidase, and amine
oxidase (Morel et al., 2013). Nickel is critical for most bacteria, and can
be found in hydrogenase, urease, and superoxide dismutase (Hausinger,
1987; Dupont et al., 2008). The foremost role of Co in biological utilization is as a cofactor in vitamin B12 (cobalamin), where a central

Table 2
Binding constants for each metal-ligand complex determined by FITEQL modelling of titration and pH edge data.
Metal

Site 1 logK

Site 2 logK

Zn
Cu
Ni
Co

4.365
3.726
4.667
4.612

7.863
7.412
6.097
6.262

SCM accurately predicts Co, Ni, and Zn adsorption in the multi-metal
system, while for Cu it predicts slightly weaker adsorption than is observed experimentally. The competitive sorption analysis provided here
indicates that the relative sequestration of metals from the water
column by Synechococcus was not significantly influenced by the presence of other trace metal ions, and that models based on single ion
adsorption accurately predict the binding behaviour of Synechococcus.
4. Marine trace elements and their implications for the
Precambrian
4.1. The importance of marine bioessential elements
Many of the trace elements in modern seawater are affected by the
production and excretion of dissolved organic ligands, some of which
are cyanobacterial in origin (e.g., Coale and Bruland, 1988; Dupont
et al., 2004; Bruland et al., 2013). Once excreted, these ligands can
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Fig. 3. Competitive adsorption of the 4 studied metals in terms of % adsorption, plotted alongside the predicted FITEQL model from the determined K values for each
metal from the single element adsorption experiments.

1.08 × 10−14 mol of both Cu and Zn. Based on these values and multiplying them by 105 cells mL−1 to simulate a marine Synechococcus
bloom, the hypothetical amounts of the bioessential trace elements
adsorbed in the water column could be calculated, which corresponds
to removals of 4.92 × 10−8 mol of Co, 5.17 × 10−8 mol Ni, and
1.08 × 10−7 mol of Cu and Zn per L of seawater. Each of these values is
higher than the corresponding trace metal seawater concentration, indicating that a Synechoccocusbloom could theoretically adsorb the entire seawater inventory of these trace metals.
Although these results demonstrate Synechococcus has the potential
to be a significant trace metal sink, the effects of trace metal adsorption
to marine DOC cannot be ignored. The marine DOC reservoir has been
estimated to contain 200 times more carbon than oceanic biomass
(Hansell et al. 2009), with the majority of trace metals being associated
with these organic ligands. Recent research by Whitby et al. (2018)
calculated the copper-ligand logK values for two ligand classes in the
Northeast Pacific, with the value for the first ligand, L1, being
15.0–16.5, and the second, L2, measuring 11.6–13.6. These values are
significantly higher than the values calculated in this study, and in
order to illustrate how this affects trace metal adsorption, a predictive
SCM with the incorporation of DOC was developed, as described in
Section 3.2.2. In this predictive model, 5 ppm of Cu was used while an
equivalent number of sites were incorporated for both the Synechococcus and DOC. The binding constants were derived from Whitby et al.
(2018) for the DOC, and from the SCM for the Synechococcus. The input
and output data for this predictive model are presented in SI
Table 3(a–b).
Based on the predictive model, DOC adsorbs > 99.9% of the Cu
while Synechococcus adsorbs < 0.1% of the Cu2+ at pH 8. This model is
in agreement with the studies that indicate the majority of trace metals
are associated with dissolved ligands in the modern oceans (e.g.
Bruland et al. 2014). However, this study does demonstrate that bacterial surfaces have the capabilities to theoretically bind natural seawater concentrations of bioessential metals and that these sites could be
important for trace metal cycling and their surface reactivity should be
considered in future studies. Furthermore, the ability for Synechococcus
to adsorb trace metals could have a much greater effect on trace metal
cycling in ancient oceans, as discussed later in Section 4.2.
It is important to point out that the values for trace metal adsorption
by the surface ligands of Synechococcus presented here are elevated
compared to those for those recently in determined for Rhodovulum
iodosum in Konhauser et al. (2018). This discrepancy could be due to
one of several factors including; (i) the R. iodosum values modeled by
Konhauser et al. (2018) were for cellular-mineral aggregates, i.e., cell

cobalt atom is coordinated by four nitrogen ligands (Banerjee and
Ragsdale, 2003). Eukaryotes use cobalamin in methionine synthesis
(Swanner et al., 2014), while bacteria and archaea use cobalamin in
enzymes for anaerobic metabolisms such as fermentation, dehalogenation, one-carbon compound electron transfers (Banerjee and
Ragsdale, 2003), and in carbonic anhydrase (Morel et al., 2013).
In modern seawater, each of these metals show “nutrient-like”
profiles, with decreased concentrations in the photic zone due to biological uptake, and increasing concentrations with depth as the metals
are solubilized and returned to seawater as a consequence of cell biomass degradation (Bruland et al., 2013). However, Saito and Moffett
(2002) have postulated that Co can behave as nutrient-like element at
the surface due to biological uptake, however, with increasing depth,
Co behaves as a scavenged type element as it does not show deep-water
enrichment due to the oxidation of Co(II) to Co(III).
The concentrations and bioavailability of Zn, Cu, and Co in marine
surface waters are all significantly influenced by speciation and complexation with dissolved organic ligands, as over 90% of each of these
metals are organically complexed, causing the available concentrations
to be significantly lower than the true concentrations (Hunter et al.,
1997; Saito and Moffett, 2001; Ellwood and Van den Berg, 2001; Morel
and Price, 2003; Leão et al., 2007; Bruland et al., 2013). This in marked
contrast to Ni where only 10–30% of dissolved Ni is bound by organic
complexes (Van Den Berg and Nimmo, 1987; Donat et al., 1994;
Achterburg and Van Den Berg, 1997), while approximately 10% of Ni
exists as chloride complexes, and 50% exists as the inorganic Ni2+
cation (Byrne, 2002).
Using realistic marine concentrations of trace metals and cyanobacterial cell densities, the amount of each cation that was adsorbed to
Synechococcus can be estimated for the marine photic zone and compared to our experimental results to assess the effects of trace metal
adsorption to Synechococcus on marine trace metal cycling. Seawater
trace metal concentrations were acquired from Bruland et al. (2013) as
follows: 300 pmol/kg Co, 12 nmol/kg Ni, 4.5 nmol/kg Cu, and 9 nmol/
kg of Zn; while the seawater Synechococcus cell density was assumed to
be 105 cells/mL. In the experiments, it was determined that 5 g L−1 wet
mass contained approximately 1.2 × 1010 cells/mL based on cell
counting using a haemocytometer. Based on the adsorption experiments
at pH 8, a 10 mL Synechococcus culture of this density has the ability to
adsorb approximately 5.9 × 10−5 mol of Co, 6.2 × 10−5 mol of Ni,
1.3 × 10−4 mol of Cu, and 1.3 × 10−4 mol of Zn. By dividing the
amount of each metal adsorbed during the adsorption experiments by
1.2 × 1010 cells, it was determined that each Synechococcus cell had the
ability to adsorb 4.92 × 10−15 mol of Co, 5.17 × 10−15 mol Ni, and
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biomass and ferrihydrite mineral grains; (ii) binding constants in
Konhauser et al. (2018) were extrapolated using a linear free energy
approach, but for Synechococcus they were calculated from experimental metal adsorption data for use in surface complexation modelling; (iii) adsorption experiments performed here were at much higher
levels of metal loading – 10 ppm as opposed to seawater concentrations;
and (iv) Konhauser et al. (2018) assumed only carboxyl groups were
binding the transition metals under paleomarine pH conditions, while
here we also consider phosphoryl groups. When viewed in terms of
metal absorbed per unit of biomass, differences between values generated herein and Konhauser et al. (2018) are within approximately two
orders of magnitude, which may be accounted for in differences between extrapolated and modeled binding constants. Importantly, the
values calculated in this study demonstrate that Synechococcus can
adsorb significantly higher proportion of trace elements than present in
seawater. These results also show that Synechococcus absorbs slightly
higher, although similar amounts of these trace metals relative to Cd,
which may adsorb approximately 10−16 mol per cell (Liu et al., 2015).
This suggests that Synechococcus can potentially be a significant sink for
these bioessential trace metals in the photic zone.

ancient sediments, it is necessary to quantify the adsorptive capacity in
dynamic, multicomponent systems. Thus, the surface complexation
models developed here contribute to the understanding of adsorption of
Zn, Cu, Co, and Ni to Synechococcus, and because Synechococcus can act
as a sink for trace metals, trace element deposition in the BIF and shale
record.
Furthermore, despite the wealth of knowledge gleaned from these
trace metal records, the primary exit channel for trace elements to the
sediments remains a debated, and critically studied topic. One of four
possible scenarios can be envisioned for the removal of trace metals
from the water column: (1) adsorption to sinking biomass, such as
Synechococcus cells, (2) adsorption to ferric iron minerals such as ferrihydrite, Fe(OH)3, which formed the precursor phase of BIF
(Konhauser et al., 2018), (3) adsorption to clay particles which form
shales and fine grained siliciclastics in modern and ancient marine
settings (e.g.: Playter et al., 2017), or (4) complexation with dissolved
organic carbon which can either decrease trace metals' bioavailability
or form aggregates which then settle to the seafloor (Engel et al., 2004).
These four mechanisms need not be mutually exclusive, and a combination of one or more may contribute to the formation of ancient or
modern sediments. This study demonstrates that cyanobacteria can
adsorb appreciable amounts of bioessential trace metals from seawater.
It also demonstrates that surface complexation modelling can be used to
accurately predict the adsorption behaviour of cations in competitive
systems, which is important for building predictive models to study the
fluxes of cations in the marine water column. These two findings, taken
together, serve to increase our understanding of trace metal fluxes in
seawater by constraining the major trace nutrients cycling pathways.
Although this study shows that surface-bound organic ligands on
Synechococcus can adsorb trace elements from seawater, their binding
constants are lower than those of dissolved organic compounds in the
ocean (e.g. Whitby et al., 2018). Based on the predictive model illustrating the differences in the adsorption of Cu to Synechococcus and
DOC, dissolved organic ligands in the ocean do have a more significant
effect on trace metal cycling and should be considered, along with
particulates such as bacteria, clay particles, and iron oxides, as vectors
controlling trace metal bioavailability in the oceans.

4.2. Implications for trace metal cycling and ancient ocean chemistry
The ability of cyanobacteria to effectively adsorb metal cations from
seawater owes to their large surface area to volume ratio and rapid
growth rates (Fisher, 1985). Phytoplankton biomass turns over on the
order of once per week (Falkowski et al., 1998) to daily (Zhou et al.,
2015a, b); consequently, trace metal cycling in the ocean is necessarily
a rapid process in order to meet the trace metal demands of the oceanic
biosphere. Although metals bound to the cell wall may eventually return to seawater at depths in the open ocean due to the bacterial degradation of organic matter (Sunda, 2012), it is possible that a fraction
will settle to the relatively shallow continental shelves, carrying with
them the adsorbed metals. This notion was postulated by Konhauser
et al. (2002) for ancient iron rich sediments, where it was believed that
trace metals would be immobilized with dead biomass and vectored to
the accumulating sediment forming the precursor to banded iron formations (BIF). Each layer of dead biomass would be isolated by sedimenting Fe-rich particles, and therefore, trace-metal mobility would
have been limited. As time progressed, the buried biomass would be
respired, and the adsorbed metals would subsequently be released and
adsorbed onto Fe-particles and thereby become incorporated into the
rock record. Konhauser et al. (2018) subsequently suggested that most
of the trace element assemblage preserved in BIF was biologically assimilated in the water column and, hence, phytoplankton may have
controlled the trace-metal inventories of ancient seawater and sediment. However, that study did not constrain the quantitative effects
that cyanobacteria (intact cells or their DOC) exerted on trace element
cycling in the marine water column.
Understanding the possible exit fluxes for trace metals is a crucial
component for predicting how trace metals were sequestered into ancient marine settings, and how this ultimately affected their expression
in the rock record. With regards to BIF, numerous studies have utilized
those iron-rich chemical sediments as proxies for the evolution of trace
metal abundances in the ancient ocean (e.g., Bjerrum and Canfield,
2002; Chi Fru et al., 2016; Konhauser et al., 2007, 2009, 2011, 2015;
Partin et al., 2013a; Robbins et al., 2013; Swanner et al., 2014;
Warchola et al., 2018). Similarly, shales have also proven to be a useful
record for trace elements from the Archean through to the modern (e.g.,
Chi Fru et al., 2016; Scott et al., 2008; Scott et al., 2013; Partin et al.,
2013b; Playter et al., 2017). When these studies are combined with
proteomic studies (e.g Dupont et al., 2006; Dupont et al., 2010; David
and Alm, 2011) they help to determine environmental factors that may
influence the timing and emergence of organisms such as cyanobacteria. To accurately assess the potential for cyanobacterial surfaces
to act as an exit channel for trace metals in seawater to modern and

5. Conclusion
This study determined the ability of the marine cyanobacterium
Synechococcus sp. PCC 7002 to remove biologically important metal
cations (Co, Cu, Ni, Zn) from solution by adsorption using a surface
complexation modelling approach. It was demonstrated that this species of cyanobacteria can adsorb considerable quantities of bioessential
trace elements from simulated seawater, and importantly, we quantified the effects of competitive adsorption. The data shows that
Synechococcus has the highest removal capacity for Cu and Zn, followed
by Co and Ni. The ability for Synechococcus to remove trace metals were
broadly consistent with the well-known Irving-Williams stability series
for organic-metal complexes.
Our data indicate that Synechococcus has the potential to be a crucial
contributor of the cycling of trace metals in the oceans due to adsorption to the cell surface. Additional mechanisms which may contribute to
metal removal include complexation with Cl− or OH– species, precipitation as hydroxides or carbonates at high pH, or competition for
adsorption by other dissolved ligands, bacteria, or particulate matter in
the water column. Nevertheless, this study corroborates the hypothesis
that phytoplankton are ideally suited to scavenge trace metals from
seawater due to their rapid growth and correspondent cellular turnover
rates, high surface area to volume ratio, and highly reactive cell walls.
This study is one of the first to quantitatively investigate competitive adsorption of bioessential trace metals to marine biomass, and
future work should focus on assessing additional exit channels for the
incorporation of these nutrients into BIF pre-cursor phases such as
ferrihydrite and silica, dissolved organic carbon, and bacterial
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assimilation. By determining the metal binding behaviour of trace
elements to particulate matter in seawater, including multi-metal,
multi-sorbent systems, models containing multiple sorbents and metals,
which more closely represent realistic marine conditions, can be developed. By assessing a range of realistic sorbent and metal concentrations, this competitive SCM approach will allow for further refinement of the role of specific exit pathways on the cycling of trace
elements between the water column and sediments in both modern and
ancient marine systems, and ultimately for the identification of transition metal-based biosignatures within the rock record.
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