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ARTICLE INFO ABSTRACT

Editor: Michael E. Boettcher Cyanobacteria are abundant in nearly every surface environment on Earth. Understanding their chemical

reactivity and metal binding capacity with varying ionic strength (IS) is paramount to understanding trace metal

Keywords: cycling in natural environments. We conducted an investigation on the cell surface reactivity of the freshwater
s%’”“""'f”‘“ cyanobacterium Synechocystis sp. PCC 6803 at freshwater (0.01 M NaCl) and marine (0.56 M NaCl) IS. Poten-
2::;?;:’2(1501_ tion tiometric titration data were used to develop a multiple discrete site, non-electrostatic surface complexation
Cyanobacteria P model (SCM), and corresponding cell surface functional group identities were verified using attenuated total

reflectance Fourier transform infrared (ATR-FTIR) spectroscopy. Synechocystis cells were best modeled in FITEQL
4.0 using a non-electrostatic 2-site protonation model. Cadmium (Cd) adsorption experiments paired with SCM
was utilized to calculate the binding constants of Cd. Synechocystis surface functional groups demonstrated a
stronger affinity for Cd across the entire pH range studied (3-9) at freshwater IS, with the greatest difference at
circumneutral pH (6-8) where Cd adsorption in freshwater IS was 60% greater than at marine IS. These data
combined with the ubiquitous distribution of Synechocystis in freshwater and brackish environments suggest that
these organisms could play an important role in trace metal cycling in environments with large salinity gradients,
such as estuaries and deltas, and could act as a transport mechanism for trace metals from terrestrial to marine
settings.

Metal cycling

1. Introduction

Cyanobacteria are amongst the most abundant primary producers on
Earth, and as such, their surface reactivity may significantly contribute
to metal cycling in soils, sediment and aqueous environments. Pop-
ulations of cyanobacteria are highly variable across different species and
typically range from 10 to 10° cells per mL in the marine photic zone
(Flombaum et al., 2013). Their general ability to bind metal cations
stems from the presence of proton-active surface carboxyl, phosphoryl,
sulfhydryl, amine and hydroxyl functional groups located on the cell
walls, exopolysaccharides (EPS), and extracellular sheaths (Phoenix
et al., 2002; Benning et al., 2004; Yee et al., 2004; Lalonde et al., 2005;
Baker et al., 2010; Yu et al., 2014; Liu et al., 2015; Bishop et al., 2019).
The cell surface can behave either hydrophobically or hydrophilically
depending on the surface functional groups expressed under different
aqueous conditions (Liu et al., 2015; Liu et al., 2016). Hydrophobic cell

surfaces are often composed of a neutral sheath which lowers the cya-
nobacterial surface charge to increase the adherence of benthic species
to a submerged solid substrate (Phoenix et al., 2002), whereas plank-
tonic species in the marine water column lack these neutral sheaths,
creating a hydrophilic surface that makes them efficient at adsorbing
metal cations from solution (Liu et al., 2015; Bishop et al., 2019).
Synechocystis is a genus of unicellular, planktonic cyanobacteria that
performs oxygenic photosynthesis primarily in freshwater but has also
been identified and isolated in various hydrothermal, brackish, and
marine systems (Table S1) (Stanier et al., 1971; Rippka et al., 1979;
Zhang et al., 1999; Abed et al., 2002; Ozturk et al., 2009). Amongst
these, Synechocystis sp. PCC 6803 (from here on Synechocystis), origi-
nally isolated from freshwater in California (Stanier et al., 1971; Rippka
et al., 1979), has been extensively studied because it contains the
required traits of model organisms; it reaches exponential growth rela-
tively rapidly, and it is easy to manipulate for the purpose of genomic
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studies (Ikeuchi and Tabata, 2001). Synechocystis was the first photo-
synthetic cyanobacterium to have its genome sequenced because of its
common use in laboratories (Kaneko et al., 1996; Ikeuchi and Tabata,
2001). Because of its ubiquity, it has been the subject of various met-
allomic studies for the purpose of understanding its adaptability to
environmental changes and how it modifies the performance of photo-
systems and electron transport activity (e.g., Tiwari and Mohanty, 1996;
Badarau and Dennison, 2011; Du et al., 2019). Additionally, Synecho-
cystis has been demonstrated to possess euryhaline capabilities, meaning
it can thrive in freshwater, brackish and saline conditions, such as
coastal environments (Reed et al., 1985; Iljima et al., 2015).

Metallomic studies have revealed the ability of Synechocystis to
sequester environmental pollutants. For instance, Khattar (2009)
showed that a strain of Synechocystis pevalekii isolated from the indus-
trially polluted Satluj River in India removed millimolar concentrations
of Cd(II) from water above pH 6 but below the point of metal precipi-
tation. Similarly, Ozturk et al. (2010) isolated two strains of Synecho-
cystis from several lakes and a stream in Turkey and found that the
majority (89% to 94%) of a 10 ppm Cd(II) solution was adsorbed within
a few minutes of exposure to the cell walls, while intracellular accu-
mulation only occurred after 7 days. Most of the recent literature on the
adsorption of metals to Synechocystis uses empirical approaches such as
isotherms (e.g., Langmuir and Freundlich) as well as linear distribution
coefficients (Table S2) to model metal adsorption data (e.g., Demirel
et al.,, 2009; Ozturk et al., 2009; Zhang et al., 2011). Although these
methods make suitable predictions within the range of the experimental
conditions employed, they often cannot be applied to systems having
different pH, ionic strength (IS), competing ions, sorbate-to-sorbent ra-
tios, and/or temperature (Koretsky, 2000; Alam et al., 2018). By
contrast, the surface complexation model (SCM) approach, which is
based on balanced reactions and equilibrium thermodynamics, can ac-
count for such fluctuations (Flynn et al., 2014; Fein, 2017; Alessi et al.,
2019).

In this study, we analyzed the composition of the cell wall of Syn-
echocystis and assessed its ability to adsorb dissolved Cd(II) over a range
of pH. We chose Cd as our metal of interest because it has been used
extensively in metal adsorption studies to microbial surfaces (e.g., Yee
and Fein, 2001; Petrash et al., 2011; Liu et al., 2015; Konhauser et al.,
2018; Bishop et al., 2019) making it ideal for comparison, and it is a
common environmental pollutant released through various
manufacturing processes (Ozturk et al., 2010). Most recently, Hao et al.
(2019, 2020) investigated the effects of IS on the ability of clay minerals
to adsorb Cd. In doing so, they found that Cd adsorption was greatest
under freshwater conditions but upon exposure to marine conditions, Cd
was desorbed. Given the ability of Synechocystis to tolerate salinity
fluctuations and its widespread occurrence, it is an ideal microbial
candidate to study if changes in aqueous chemistry impact cellular
surface chemistry, and ultimately, the ability of microbial biomass to
bind metals such as Cd. This determination is important since planktonic
cells have been shown to be abundant and diverse in river systems —
implying they could act as metal transport vectors to the oceans (Bol-
govics et al., 2017; Descy et al., 2017) much like clay minerals (Hao
et al., 2019, 2020). Understanding the fate of metals bound to river-
transported microorganisms is a key missing parameter in understand-
ing trace metal supply to the estuarine and coastal biosphere, and ulti-
mately the trace metal concentrations and distributions found in the
organic-rich shale record.

2. Methods
2.1. Cyanobacterial growth & harvesting

The axenic, glucose tolerant strain of Synechocystis sp. PCC 6803 was
cultured aerobically on BG-11 mineral media (Allen, 1968; Rippka et al.,

1979). During growth, cells were maintained at a light intensity of 50
pmol photons m~2 s™! and 30 °C. When a visible colony developed, the
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cells were transferred via a sterile inoculation loop to a 150 mL Erlen-
meyer flask containing 50 mL of BG-11. The 50 mL culture was aerated
by shaking at 60 rpm at 30 °C. After 3-5 days, the culture was trans-
ferred to a 1 L Erlenmeyer flask containing an additional 350 mL of BG-
11. The 400 mL culture was aerated by shaking at 100 rpm at 30 °C
combined with continuous bubbling with filtered (Millipore, 0.20 pm),
humidified air for a minimum of 5 days.

To harvest Synechocystis cells for re-suspension in 0.01 NaCl (low
ionic strength), or 0.56 M NaCl (high ionic strength) solutions, the 400
mL culture was divided into 50 mL polypropylene tubes and centrifuged
at 10,000 g for 5 min. The resulting supernatants were discarded, and
the bacterial pellets re-suspended using a vortex in the appropriate
electrolyte solution (0.01 M or 0.56 M NaCl). The cells were washed and
re-suspended using the above procedure 4 additional times to ensure
removal of growth media. Following the final wash cycle, the Synecho-
cystis wet mass was weighed and the pellet re-suspended to 10 g L™! in
the appropriate electrolyte solution. Following cell washing, the cells
did not display the yellow-green coloration indicative of cell stress
(Arunakumara and Xuecheng, 2009). Additionally, cell lysis has not
been reported for cyanobacterial cell washing via centrifugation in
electrolyte solutions similar or identical to the procedure outlined above
(Liu et al., 2015; Bishop et al., 2019).

2.2. Potentiometric titrations

Suspensions of Synechocystis cells were prepared for potentiometric
acid-base titrations (Metrohm Titrando 905) by diluting 5 mL of the 10 g
L~! Synechocystis stock suspension in 45 mL 0.01 M or 0.56 M NaCl to
yield a 1 g L™ final solution: 1 g L™! is equivalent to 1.0-1.2x10° cells
based on flow cytometry data (Fig. S1). The Synechocystis solution was
sealed from the atmosphere and purged for 30 min prior to, and during,
the titration with Ny gas. Following the 30-min Ny purge, the titration
was initiated by adding small aliquots of 0.1 M HNOg (diluted Fisher
Scientific 70% solution weighed gravimetrically) to decrease the pH to 3
(referred to as the “down” titration). Once the cyanobacterial solution
was acidified to pH 3, the titration continued with the addition of small
volumes of 0.1 M NaOH (prepared gravimetrically from NaOH pellets in
ultrapure water, Fisher Scientific) (referred to as the “up” titration). The
“up” titration stopped at pH 10, and the second “down” titration began
through the addition of 0.1 M HNO3 until a pH of 3 was again achieved.
The “down” titration was conducted in twice to confirm there was no
hysteresis, and to test the reversibility of the titration (Hao et al., 2018)
(Fig. S2). To ensure chemical equilibrium throughout the titration, an
electrode stability of 0.1 mV s~ was required before the further addition
of acid or base in both the up and down titrations. After completion, the
Synechocystis solution was filtered onto pre-weighed 0.20 pm filters
(Millipore Isopore Membrane Filters), rinsed 3x with ultrapure water,
and air-dried for 48 h to determine the dry weight.

The pH and corresponding acid and base volumes added during the
titrations were recorded automatically by the titration software (Tiamo
2.5 — Metrohm) and processed to determine the proton budget. Syn-
echocystis cells were titrated in each electrolyte in triplicate. Blank ti-
trations were, for comparison, conducted on 0.01 M NaCl solution
without the addition of Synechocystis to ensure that the proton reactivity
was a property of the Synechocystis cells rather than a property of the
electrolyte. The buffering capacity of the blank electrolyte solution was
trivial in comparison to the cyanobacterial cell suspension. The pro-
tonation model was designed according to Reaction 1:

)R — OH]

>R—O’+H+<——>>R—OHKI:W
—_ L ] H+

€y

where >R-O" is the deprotonated surface functional group and >R-
OH is the corresponding protonated state; square brackets represent
concentrations of surface sites, and ay is the proton activity. The pro-
cessed data were used to solve for the pK, values and corresponding site
concentrations of surface ligands, using the software FITEQL 4.0
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(Herbelin and Westall, 1999). The resulting protonation model was
subsequently used to develop a non-electrostatic surface complexation
model (SCM) of Cd adsorption.

2.3. Attenuated total reflectance Fourier transform infrared (ATR-FTIR)
spectroscopy

Immediately following cell washing and harvesting, the 10 g L™}
stock Synechocystis suspension was filtered through 0.20 pm nylon
membranes and rinsed with ultrapure water to minimize salt precipi-
tation. Cells were removed from the 0.20 pm nylon membrane with
ultrapure water and oven dried at 50 °C for 24 h. Dried Synechocystis
cells were then analyzed via ATR-FTIR spectroscopy (Bruker Platinum
ATR). Samples were crushed using an agate mortar and pestle to pro-
duce a powder that could be loaded in the crystal. The spectra were

recorded as 16 co-added interferograms at a resolution of 4 cm™".

2.4. Zeta potential

Washed Synechocystis stock cells were re-suspended in either 0.01 M
NaCl or 0.56 M NaCl to 10 g L™ ! in a sterile Erlenmeyer flask and diluted
to 0.2 g L™} in sterile 50 mL polypropylene tubes. The pH of each tube
was adjusted using 0.1 and 1 M HNO3 and NaOH to cover a range of 3-9.
Samples were placed on an end-over-end rotator at 25 rpm between
adjustments. Samples were rotated for a minimum of 1 h between acid/
base additions and left overnight following the final pH adjustment. Zeta
potential measurements were conducted with a Zetasizer Nano Series
instrument (Malvern Instruments, United Kingdom). Electrolyte solu-
tions (0.01 and 0.56 M NaCl) without Synechocystis were used as con-
trols. The average of 2 separate cultures are reported below, and each
sample was measured in triplicate.

2.5. Cadmium adsorption experiments

After cell washing, Synechocystis cells were re-suspended in either
0.01 NaCl or 0.56 M NaCl spiked with 1 ppm Cd (from a 1000 ppm CdCl,
stock solution) to 10 g L' in an acid-washed 150 mL glass beaker. An
identical experiment was conducted in 0.01 M NaNOs for direct com-
parison to the 0.01 M NaCl experiment to determine whether CdCl,
complexes interfered with the experimental results. The mixture was
stirred using a magnetic stir-bar for 10 min and 10 mL aliquots were
transferred from the Synechocystis slurry to a set of seven 15 mL poly-
propylene test tubes. The pH was adjusted as above within a 24-h time
frame including a 12-h equilibration time prior to measuring the final
pH. Following the final pH reading, samples were filtered through 0.20
pm nylon membranes and diluted 10x with 2% HNOs and 0.5% HCl
solution and analyzed via ICP-MS/MS (Agilent 8800 Triple Quadru-
pole). Experimental blanks were conducted at both IS without the
addition of Synechocystis to identify any Cd loss to precipitation as
CdCOg is expected to precipitate at pH >8.5 in 0.56 M NaCl and pH >7.5
in 0.01 M NaCl (Figs. S3 and S4).

3. Results
3.1. Potentiometric titrations

Protonation model results are provided in Table 1 and duplicate data
appear in Tables S3. Several models, including one-, two-, and three-site
non-electrostatic protonation models were tested while fitting the
titration data (Fig. S5). Both the two- and three-site models provide
better fits to the titration data than the one-site model (Fig. S5). At both
freshwater and marine IS, a two-site protonation models provided the
best fits, based on the variance (Vy) parameter in FITEQL being closest to
1.0 (Table S3). At freshwater IS, the best-fitting non-electrostatic pro-
tonation model had two functional groups with pK, values of 5.62
(£0.17), and 9.97 (£0.06), with corresponding site concentrations of
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Table 1

Summary of protonation and surface complexation modeling results from
duplicate titration data of Synechocystis sp. PCC 6803 in various electrolyte so-
lutions modeled using FITEQL 4.0. Site concentration is in units of mol g~ .

0.01 M NaCl 0.56 M NaCl
logKron 5.62 (£0.17) 5.37 (+0.00)
Site density 4.37x107° (£6.55x107%) 4.10x107° (£1.63x10°%)
logKxom 9.97 (+0.06) 9.65 (0.00)
Site density 6.95x107° (+1.29x107°) 4.49x107° (+£1.32x107°%)
logKrocd 7.3 6.2
logKxocd 10.2 10.3
V(y) 0.34 1.62

4.37%x107° (+£6.55x107%) mol g~! and 6.95x10> (+1.29x10~%) mol
g}, respectively. Additionally, at marine IS, the best-fitting non-elec-
trostatic protonation model had two functional groups with pK, values
of 5.37 (+0.00) and 9.65 (£0.00), with corresponding site concentra-
tions of 4.10x10™° (4+1.63x10°% mol g~ ! and 4.49x10°°
(£1.32x107%) mol g7}, respectively (replicate data can be found in
Table S3).

3.2. ATR-FTIR

The ATR-FTIR spectra and respective functional group assignments
for Synechocystis cells are summarized in Fig. S6 and Table S4, duplicate
analyses can be found in Fig. S7. The broad peak spanning from 3500 to
3000 cm™! can be attributed to amino groups, likely overlapping with
hydroxyl groups (Ozturk et al., 2010). The peak cluster focused around
2924 cm! is indicative of alkanes, indicating the presence of methyl
and methylene groups (Jiang et al., 2004). The distinctive peaks at 1646,
1534, and 1444 cm™! indicate the presence of primary, secondary, and
tertiary amide peaks, respectively, confirming the presence of proteins
(Jiang et al., 2004; Delille et al., 2007; Minnes et al., 2017). The smaller
peak at ~1736 cm ™, likely obscured due to the intense primary amide,
indicates the presence of ester (-C=0) in lipids (Jiang et al., 2004).
Synechocystis cells demonstrate characteristic carbohydrate spectra in
the 1200-950 cm range (Bouhedja et al., 1997). Several distinct peaks
in the carbohydrate range are likely cell wall components, such as amino
sugars derived from peptidoglycan and phospholipids (Bouhedja et al.,
1997). Interestingly, the distinct peak at 1036 cm ™! suggests: (1) the
potential presence of -PO groups likely associated with phospholipids
(Minnes et al., 2017), and/or (2) the presence of C-O-C stretching due to
carbohydrates on the cell wall after loss of EPS (Zhang et al., 2011). The
strong peaks associated with EPS (1385 and 1342 cm 1) suggest that the
1036 cm™! peak represents phosphoryl groups of phospholipids.

3.3. Zeta potential

Synechocystis cell surface charge was measured as a function of pH
(Fig. 1). The cells exhibit near neutral zeta potential from pH 3 to around
pH 5 at both freshwater and marine IS (Fig. 1). The cells remain negative
and demonstrate a slight increase in electronegativity from pH 5 to 9
under marine IS, —0.9 mV to —5.7 mV, respectively. Under freshwater
IS, Synechocystis cells demonstrate a slightly positive surface charge
below pH 4 and show a sharp decrease from pH 6 to 7, —7.5 mV to
—42.3 mV, respectively.

3.4. Cadmium adsorption

The results of cadmium pH adsorption edge experiments onto the
cells of Synechocystis at marine (0.56 M NaCl) and freshwater (0.01 M
NaCl) ionic strength (IS) are illustrated in Fig. 2. Adsorption data from
0.01 M NaNOg experiments are shown in Fig. S8, indicating that Cd-Cl
complexation did not influence adsorption results. At freshwater IS,
Synechocystis cells adsorb nearly ~80% of 1 ppm Cd at pH between 6 and
7.5. At marine IS and pH 7-9, Cd adsorption varies from ~20% at pH 7
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Fig. 1. Zeta potential measurements performed on 0.2 g L™! suspensions of
Synechocystis sp. PCC 6803 in 0.01 and 0.56 M NaCl as a function of pH.
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Fig. 2. Modeling (lines) and experimental (points) results of Cd adsorption
onto 10 g L™! Synechocystis sp. PCC 6803 in 0.01 and 0.56 M NaCl.

up to ~68% at pH 9. The largest contrast in Cd adsorption occurs be-
tween pH 5-7.5, where 60% more of the total Cd is adsorbed at fresh-
water IS than at marine IS (Fig. 2).

The Cd adsorption data were modeled in FITEQL using the following
reaction:

R -0 —Cd']

>R-0" +Cd2+<——> >R—O—Cd+KCd :W
- L] Cdt

(2)

Aqueous complexation constants for the hydrolysis of Cd(II) and chlo-
ride complexation with Cd(II) were taken from Baes and Mesmer (1977).
Experimental results are compared to SCM fits in Fig. 2, the modeled Cd
adsorption equilibrium constants (given as log Kcq) appear in Table 1,
while a full list of reactions used in the SCM can be found in Table S5.
Various modeling methods were attempted, and the results can be found
in Table S6. The results showed that K¢gq values under freshwater con-
ditions were in the same range for site 2 (10.2 versus 10.3, freshwater
and marine, respectively) based on variance values close to 1 as those
determined under marine conditions (Table 1), and within the range of

Chemical Geology 562 (2021) 120045

ionic strength dependent variation reported by other authors (e.g.,
Borrok and Fein, 2005). The Kgq values of site 1 had slightly more
variation, 7.3 versus 6.2, in freshwater and marine, respectively. The
distribution of Cd adsorption on each site as a function of pH can be
found in Fig. 3. At both IS site 1 has a higher affinity for Cd at more
acidic pH values, whereas site 2 becomes dominant at pH 7 and 8 in
freshwater and marine IS, respectively (Fig. 3). Overall, Synechocystis
cells have a higher concentration of both site 1 and 2 to account for the
larger concentration of Cd adsorbed (Fig. 3). In addition, our models
provide a good fit to experimental data across the tested pH range.
Taken together, our SCMs provide a flexible tool to predicting Cd
speciation with changes in ionic strength and pH typical of terrestrial-to-
marine transitions in aqueous chemistry.

4. Discussion
4.1. Surface reactivity of Synechocystis

The cyanobacterium Synechocystis sp. PCC 6803 has cell surface
properties similar to previously studied bacteria. Between pH 3 and 9, a
range encompassing most natural environments, both Gram-positive
and Gram-negative bacteria typically exhibit three surface functional
groups; carboxyl, phosphoryl, and either amine or hydroxyl (e.g., Yee
and Fein, 2001). The functional groups identified with Synechocystis sp.
likely correspond to a mixture of carboxyl, phosphoryl, hydroxyl, and
amine. Both amine and hydroxyl sites have been found to have similar
pKa values, although hydroxyl sites typically have pK, values >10
associated with phenol groups (Fein et al., 1997; Cox et al., 1999). The
second site, associated with pK, 9.65 and 9.97 in marine and freshwater,
respectively, is likely representative of combination of amine, hydroxyl
groups based on ATR-FTIR and titration data (Ngwenya et al., 2009;
Ozturk et al., 2010). Additionally, Yu et al. (2014) determined that
various bacterial species contain sulfhydryl functional groups with pK,
values ranging 9.2 to 9.4, similar to the second identified site on Syn-
echocystis. Therefore, the cell surface of the cyanobacterium Synecho-
cystis is likely composed of a combination of carboxyl, phosphoryl,
hydroxyl, amine, and sulfhydryl, which we show can be modeled
accurately using a 2-site protonation model.

As opposed to the potentiometric titration data, which measures the
Synechocystis proton buffering capacity across a pH range (Alessi et al.,
2019), zeta potential measures the slipping plane surface charge.
Interestingly, both buffering capacity and zeta potential are influenced
by variations in IS. Increasing solution IS, from freshwater to marine,
caused the best-fit pK, values to decrease slightly (Table 1) and resulted
in slightly different titration curves (Fig. S2). An increase in solution IS
evidently influenced zeta potential much more than buffering capacity
as witnessed in the drastic change in surface charge at freshwater versus
marine IS (Fig. 1). The zeta potential of Synechocystis at freshwater IS is
more representative of true surface charge due to what is likely mono-
valent cation suppression of the bacterial surface charge occurring in
marine IS (Alessi et al., 2010). With an abundance of Na™ ions in solu-
tion, as in 0.56 M NaCl with respect to 0.01 M NaCl, the bulk solution is
cation saturated compared to the slipping plane across the entire pH
range, resulting in a relatively constant zeta potential measurement.

FTIR analyses indicated the presence of typical biomolecule bonding
environments associated with cyanobacterial cell components — pepti-
doglycan, proteins, nucleic acids, cell membrane fatty acids, lipids,
polysaccharides, and nucleic acid associated phospholipids (Filip and
Hermann, 2001; Delille et al., 2007). Similarly, Ozturk et al. (2010)
identified four shifts in FTIR spectra indicating four potential surface
adsorption sites for Cd in two Turkish strains of Synechocystis sp. The
identified shifts in spectra, inferred as surface adsorption sites, were
prominent on O-H stretching groups, C=0 stretching groups, as well as
C-H and C-O groups (Ozturk et al., 2010).
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Fig. 3. Synechocystis cell surface functional groups responsible for Cd adsorption as a function of varying pH.

4.2. Implications for trace metal cycling in transitional settings

There is an abundance of literature investigating the sorption of trace
metals to cyanobacterial cell surfaces (e.g. Lalonde et al., 2007; Khattar,
2009; Ozturk et al., 2010; Zhang et al., 2011; Liu et al., 2015; Flynn
et al., 2017; Konhauser et al., 2018). Here we demonstrate the influence
of ionic strength (IS) on Cd sorption to Synechocystis cell walls. Cd
sorption in the low IS solution (0.01 M NaCl), representative of fresh-
water, far exceeds that in higher IS solutions (0.56 M NacCl), represen-
tative of marine settings (Fig. 2). The area of particular interest is from
pH values 5 to 8 where the difference in Cd sorption is largest. Similarly,
1 ppm Cd adsorption by Synechocystis in 0.01 M NaNOs and 0.56 M
NaNO3z demonstrate trends where the greatest variation occurs at cir-
cumneutral pH (Liu et al., 2015). As a comparison, Synechococcus is
capable of removing nearly 80% of a 1 ppm Cd from solution in 0.56 M
NaCl at pH 8 (Liu et al., 2015), whereas Synechocystis reaches a
maximum of ~50% removal under identical conditions. Liu et al. (2015)
also determined that 1 ppm Cd adsorption onto Synechococcus was best
fit by a 3-site protonation model rather than a 2-site. The Cd-binding
surface ligands on Synechococcus had Cd-binding constants of 1.2,
1.8, and 2.7 in identical conditions, as compared to 6.2 and 10.3 for the
two sites determined for Synechocystis in this study. Interestingly, the
increase in negative surface charge exhibited between pH 5 to 6 in
freshwater IS correlates well with the 60% increase in Cd adsorption.
These results suggest that IS can be a primary control on Cd adsorption
behavior with significant differences in the extent of adsorption between
freshwater and marine/estuarine settings. These results imply that
Synechocystis could be a major transporter of Cd from freshwater to
marine environments.

Considering that Synechocystis cells have a stronger affinity for Cd at
freshwater IS compared to marine IS suggests that such planktonic
cyanobacteria could provide a means of Cd transport from rivers to
coastal settings. Ozturk et al. (2010) discovered that Cd adsorption to
Synechocystis cell walls occurred within minutes of exposure, and that
>89% was adsorbed to the cell wall and EPS where it could be desorbed
given an increase in IS. At the conditions tested in our experiments that
contain elevated Cd and Synechocystis concentrations, under freshwater
IS and a pH of 8.0, Synechocystis is capable of near complete Cd removal
of 1 ppm, whereas less removal is predicted at marine IS. This suggests

that as Synechocystis cells are transported from freshwater to coastal
systems, adsorbed Cd (and likely other divalent cations) will be released
upon transitioning to higher IS environments.

As Synechocystis cells are found in abundance in brackish and tran-
sitional settings (Table S1), they may act as a sink for trace metals prior
to moving to the continental shelf. Some of these settings, such as es-
tuaries, proffer an attenuated salinity gradient wherein Cd is desorbed
gradationally along the length of the estuary. Other settings, such as
deltas, display sharp salinity gradients and favor more rapid release of
Cd. This suggests that Cd-bearing organic sediments are limited to areas
characterized by fresh water, such as lakes, rivers and the inner parts of
estuaries and that shallow-water mudstones associated with marine
settings, such as prodelta sediments, will be measurably impoverished of
Cd. Hao et al. (2020) demonstrated that clay minerals, namely kaolinite,
illite, and montmorillonite, transport significant amounts of Cd (256.5 t
of Cd annually) from river systems to estuaries, which subsequently
desorbs from the clays at marine IS. Our results support a similar fate for
Cd bound to planktonic cyanobacterial cells. Using the results from our
thermodynamic modeling and concentrations of Synechocystis cells and
kaolinite representative of natural conditions, we ran a predictive model
to investigate the distribution of 1 ppm Cd in the presence of both 0.1 g
Lt cyanobacterial cells (Flombaum et al., 2013; Fig. S1) and kaolinite
(Hao et al., 2020). The results indicate that 77.7% of Cd is adsorbed onto
the cell surfaces as compared to 0.2% on the surface of kaolinite in
freshwater IS and pH 6. Upon entering marine IS and pH 8, the distri-
bution shifts to 34.7% and 7.4% on the cell walls and kaolinite,
respectively. Future studies will investigate the impact that the salinity
gradient within estuarine systems has on: (1) trace metal adsorption in
experimental systems containing multiple metals, (2) the impact of ag-
gregation of planktonic cells with suspended clay minerals on metal
adsorption, (3) the role of intracellular uptake on overall metal removal
by planktonic microorganisms in estuary settings, and (4) the trace
metal distribution along implied ancient salinity gradients.

5. Conclusion
We studied the surface reactivity and Cd adsorption capacity of the

model cyanobacteria, Synechocystis, at both freshwater (0.01 M NacCl)
and marine (0.56 M NaCl) IS, to provide insights into trace metal
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transport mechanisms from riverine to marginal marine settings. At
circumneutral pH (6-8), 10 g L™! Synechocystis adsorbs ~60% more Cd
from a 1 ppm solution at freshwater IS than marine IS. Additionally, at
typical riverine pH (7.5), Synechocystis is capable of nearly 100% Cd
removal at freshwater IS as opposed to ~50% in marine IS at pH 8,
typical of estuarine pH. The above results indicate that Synechocystis,
and likely other widely distributed cyanobacteria, play an important
role in trace metal cycling at the interfaces between freshwater and
marine settings. This includes the ability to transport trace metals to
coastal settings and their ultimate release to oceans. The mode of metals
transport, adsorption to cell walls, and release due to increasing IS
should be observable in sediments that are, at least partially, organic —a
premise that needs to be tested in the rock record.
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