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Abstract:

Low-molecular-weight weak ligands such as cysteine have been shown to enhance metal
uptake by marine phytoplankton in the presence of strong ligands, but the effect is not
observed in freshwater. We hypothesized that these contrasting results might be caused by
local cysteine degradation and a Ca effect on metal-ligand exchange kinetics in the boundary
layer surrounding the algal cells; newly liberated free metal ions cannot be immediately
complexed in seawater by Ca-bound strong ligands, but can be rapidly complexed by free
ligands at low Ca levels. The present results consistently support this hypothesis. At constant
bulk Cd** concentrations, buffered by strong ligands: 1) at 50 mM Ca, cysteine addition
significantly enhanced Cd uptake in high-Ca pre-acclimated euryhaline Chlamydomonas
reinhardtii (cultured with cysteine as a nitrogen source to enhance local Cd** liberation via
cysteine degradation); 2) at 0.07 mM Ca, this enhancement was not observed in the algae; 3)
at 50 mM Ca, the enhancement disappeared when C. reinhardtii were cultured with
ammonium (to inhibit cysteine degradation and local Cd** liberation); and 4) cysteine addition
did not enhance Cd uptake by cysteine-cultured marine Thalassiosira weissflogii when the
concentration of immediately reacting strong ligands was sufficient to complex local cd®

liberation.

Key words: trace metals, bioavailability, phytoplankton, phycosphere
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Introduction

In both marine and fresh waters, trace metals are bound more or less strongly by organic
ligands;" ? for instance, Fe is dominantly complexed by poorly defined organic ligands in
oceans® whereas a large fraction of Zn and Cd can be found as the free ions in some
freshwater bodies.* Metal complexation has long been implicated as a dominant control on
the bioavailability of trace metals to aquatic organisms, the assumption being that complexed
metals may act as a metal buffer or reservoir. Indeed, numerous laboratory studies with
synthetic strong ligands such as ethylenediaminetetraacetic acid (EDTA) and nitrilotriacetic
acid (NTA) have shown that the such hydrophilic metal-ligand complexes cannot be taken up
by phytoplankton; in the presence of such organic ligands, metal uptake is best predicted by

the free metal ion concentration in the exposure medium.®’

Interestingly, recent studies with model and indigenous marine phytoplankton have reported
that in the presence of natural low-molecular-weight (LMW) ligands such as cysteine, histidine
and glutathione, uptake of Zn, Cu and Cd in certain treatments of algae cultures was always
greater than what would have been predicted on the basis of the free metal ion

8-11

concentrations, which were well buffered by strong ligands such as EDTA or in situ ligands.

We refer to this design as a ‘two-ligand’ system.

However, for freshwater phytoplankton, we found that the uptake of Cd remained unchanged
at constant free Cd** concentrations buffered by the strong ligand NTA, even when cysteine
was added and the concentrations of the Cd-cysteine complexes were higher than those of the
free Cd** (‘two-ligand’ system).*? More interestingly, in media buffered by a single ligand
(referred to as a ‘one-ligand’ system), Cd uptake in the presence of cysteine alone can be
consistently higher, lower, or unchanged in comparison to Cd uptake in the presence of NTA
alone; the specific effect of cysteine on Cd uptake depends upon nitrogen nutrition (i.e., the

form of nitrogen used as a nutrient for algal growth).*?



75  Several hypotheses have been advanced to explain these ‘apparently contrasting’ results,

76  including: 1) that the enhanced metal uptake was due to uptake of intact metal-LMW

77  complexes via membrane transporters normally dedicated to transport of the free LMW

78  ligand, such as amino acid transporters; however, tests with unnatural D-amino acids ruled out
79  this explanation;g' 12.3nd 2) that the enhancement was due to the formation of a ternary

80 complex with metal transporters (i.e., ligand exchange between the metal-LMW complex and
81 membrane transporters for the metal), but the tests with several LMW thiols in freshwater

82  algae® did not support this hypothesis.

83

84  In our recent papers, we have proposed a third explanation, namely that the foregoing results
85  could be explained by metal speciation changes in the boundary layer surrounding the algal
86 cells (i.e., the phycosphere), such as the degradation of metal-LMW complexes induced by

. . . . 12,1
87  certain nitrogen nutrition regimes and extracellular products.* **

The newly liberated free

88  metal ions would be available for algal uptake if they were not immediately complexed by

89 ambient reactive strong ligands (Graphical abstract). In the specific case of cysteine and

90 histidine, the most-studied LMW ligands, metal-ligand complexes and amino acids in the

91  microenvironment can be degraded by reaction with extracellular reactive oxygen species (e.g.
92  H,0,) and/or by extracellular deamination. Such reactions have been reported for

14,15 and

93  phytoplankton cells cultured with organic nitrogen or nitrate as sources of nitrogen
94  they would liberate free metal ions in the phycosphere.
95
96  Specifically, in EDTA-buffered seawater any free metal ions released from metal-LMW
97 complexes in the phycosphere would not be immediately complexed by EDTA, because EDTA
98 s largely bound to Ca or Mg and metal-ligand exchange between free metal ions and Ca/Mg-
99  EDTA s slow.’® " It follows that at least some of the newly liberated free metal ions would be
100  quickly taken up by cells, leading to an overall enhancement of metal uptake (Graphical
101  abstract). In contrast, in solutions with much less Ca and Mg such as in freshwater, any newly

102  liberated free metal ions in the phycosphere would be immediately complexed by excess free

103  or protonated strong ligands (referred to henceforth as ‘immediately reacting ligands’, which



104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

130

can include Na/K-bound ligands as well), and therefore no enhancement in metal uptake
would be observed in freshwater systems (Graphical abstract). However, this hypothesis

remains untested.

In the present work, we designed a series of short-term Cd uptake experiments with a
euryhaline chlorophyte Chlamydomonas reinhardetii to verify the hypothesis that Ca-induced
differences in boundary metal-ligand exchange kinetics could explain the different effects of
cysteine on metal uptake in freshwater and marine exposures. Specifically, we invoke a
‘phycosphere effect’ and hypothesize that 1) cysteine-enhanced metal uptake would be
observable in the presence of few ‘immediately reacting strong ligands’, achieved by adding
high amounts of Ca or removing strong ligands; and 2) this enhancement would disappear
when cysteine degradation in the phycosphere is inhibited or when ‘immediately reacting
strong ligands’ are sufficiently available to complex newly liberated free metal ions, a situation
achieved by reducing Ca levels. Also, a marine diatom Thalassiosira weissflogii was used to
test the hypothesis but with fewer experimental designs, since the cysteine effect on metal

uptake had previously been investigated in this species.g‘10

Synthetic exposure solutions with different levels of Ca were prepared to control the
speciation of both metals and ligands. The euryhaline alga C. reinhardtii was pre-acclimated to
low or high levels of Ca over months before carrying out Cd uptake tests at the corresponding
Ca levels. The marine diatom T. weissflogii was studied at a known Ca concentration in the
present study, which allowed us to calculate speciation of EDTA and Ca and test the influence
of ‘slow exchange kinetics between Ca-EDTA and free metal ions’ on metal uptake. The alga
and the diatom were pre-acclimated to cysteine or ammonium as nutrient sources, because
local degradation of amino acids can be stimulated by supplying organic nitrogen as the

nitrogen nutrient source or be inhibited by supplying ammonium as the nutrient source.*> ' 1?
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Materials and Methods

Model organisms

The model freshwater alga C. reinhardtii (strain CPCC11) and the marine diatom T. weissflogii
(CCMP1336) were obtained from the Canadian Phycological Culture Centre at the University of
Woaterloo, Canada and the National Center for Marine Algae and Microbiota at Bigelow
Laboratory for Ocean Sciences, USA, respectively. Both of them are aseptic strains, and
potential bacterial contamination was checked regularly by plating onto nutrient agar

throughout the study.

The artificial freshwater medium MHSM was used to grow C. reinhardtii,”® whereas the
artificial seawater AQUIL was prepared for T. weissflogii.’" In these culture media, ammonium
is the only N source for C. reinhardtii (note that strain CPCC11 cannot utilize nitrate since it
carries the nit1 and nit2 mutations) whereas nitrate is the N source for T. weissflogii. The algae
were grown in environmental growth chambers (Conviron, CMP3023) with an illumination of
80-100 umol-m™s, at 20 °C and with an agitation of ~100-120 rpm. The details of algal
culture and medium preparation can be found in the supporting information (Sl). All stock
solutions were prepared under a laminar flow hood and filtered through 0.2-um
polycarbonate filters (Merck Millipore Ltd.), and laboratory ware was acid-cleaned (24 h in
10% HNOQOs, Fisher Scientific), rinsed with Milli-Q water at least four times, and dried in a
laminar flow hood before use. Chemicals of ACS grade or greater purity were purchased from

Sigma-Aldrich unless otherwise noted.

Modification of Ca and N nutrition

In order to perform a Cd uptake test with C. reinhardetii at a high level of Ca, the algae had to
be gradually acclimated to the high Ca concentration. To do so, the algae were initially grown
in MHSM medium (containing 0.068 mM Ca(NQ3),) and then the concentration of Ca(NOs),
was increased progressively in the sequence 0.5, 5.0, 5.3, 7.6, 13.8, 20, 25, 30, 35, 40, up to 50
mM Ca (this progressive acclimation lasted 2 months). The 50 mM Ca concentration is higher
than the typical concentration in seawater (e.g., 11 mM Ca); however, such a high Ca level is

required to minimize the ‘immediately reacting’ ligands in the exposure medium for metal
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uptake tests. Another advantage of working at 50 mM Ca is that the ionic strength of the high
Ca exposure medium is 0.15 M, which corresponds to the ionic strength at which the stability
constants for Cd-cysteine complexes were determined? and thus minimizes the uncertainty of
the speciation calculations. The algae were transferred to a higher Ca level only when
substantial growth was detected with an electronic particle counter (MultisizerTM 3 Coulter
Counter®; Beckman). Before use for the Cd uptake tests, the cells had been acclimated at 50

mM Ca over months (maximum one year) in order to stabilize their physiological status.

We observed that C. reinhardtii cells that had been acclimated to high Ca concentrations
tended to settle down at the bottom of the culture flasks, even when the flasks were agitated.
After a one-year acclimation, the cell diameter (~ 5.6 um) was comparable to that of the cells
grown at normal Ca concentrations. On the other hand, after the long-term acclimation at 50
mM Ca, visible crystals were observed under the microscope (40 x) and some cells grew on the
particle surfaces. The particles were likely formed by precipitation of calcium phosphate;
equilibrium calculations with MINEQL+ 4.62 predict the precipitation of hydroxylapatite (a
significant loss of dissolved P but not of Ca). However, this should not greatly affect algal
growth since the medium was frequently refreshed and the precipitation is relatively slow. The
potential influence on the Cd uptake tests of any inadvertent carry-over of crystal particles

from the algal culture medium into the exposure medium was also investigated (see below).

For some of the Cd uptake tests, to favour extracellular cysteine degradation and local free
Cd*" liberation, the C. reinhardtii cells were supplied with 5 mM L-cysteine as the sole N source
in both high-Ca and low-Ca MHSM media. The algae were acclimated to cysteine for 2 to 3
days before the uptake experiments since our preliminary tests showed that cysteine cannot
support long-term (i.e., weeks to months) growth of this alga under these culture conditions.
However, it has been shown that cysteine can support its growth over 5 days.”? Similarly, the
marine diatom was also pre-acclimated in AQUIL medium with 5 mM L-cysteine as the sole N
source (i.e., nitrate was removed) for 5 days. The purpose of the cysteine additions was to

stimulate extracellular generation of ROS and/or deamination of amino acids, which would
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result in cysteine degradation in the phycosphere. Recent works™ %% show that both T.
weissflogii and C. reinhardtii can release ROS into extracellular solution, and that stressed cells
produce more ROS than normally cultured ones. Note that the coastal diatom T. weissflogii
was not cultured under metal limitation conditions since there is no evidence for metal

limitation of growth such as Zn in its natural habitats.*®

Exposure media

Given that our exposures were for short periods (~ 4 h), we used a simplified version of the
algal growth media as the basis for the exposure media (see Sl for the complete chemical
composition of the exposure media). To simplify the control of the speciation of metals and
ligands and avoid precipitation, the phosphate and the trace metal-EDTA solutions were not
added to the exposure solution for C. reinhardetii (i.e., no possible calcium phosphate
precipitation in the high-Ca media), and the major nutrients (N, P and Si), trace metals and
vitamins were excluded from the exposure medium for T. weissflogii. The pH of the exposure
medium for C. reinhardetii tests was well buffered at 7.0 with 10 mM 3-(N-
morpholino)propanesulfonic acid (MOPS), whereas no pH buffer was added into the relatively

stable seawater AQUIL medium for T. weissflogii.

Carrier free radioactive 1%°Cd of very high specific radioactivity (365 Ci g, Eckert & Ziegler,
California) was used to achieve environmentally realistic metal concentrations and to be able
to follow Cd uptake at free Cd** concentrations ranging from around 6 to 64 pM. A stable Cd
solution (1 mg L'l, in 0.5% HNOs, Optima, Fisher Scientific) was prepared by dilution of a1 g Cd
L™ standard solution (PlasmaCAL, SCP Science) to reach the final concentrations of total
dissolved Cd in exposure media (20 nM or 50 nM), and the final ratio of 1°°Cd to total Cd was
less than 3.1%. The stock solutions of EDTA and cysteine were freshly prepared no more than
24 h prior to the metal uptake tests, and both solutions were filtered through 0.2-um
polycarbonate membrane filters prior to use. Our previous studies had demonstrated that
oxidation of cysteine in the bulk medium was negligible under these experimental

conditions.?
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The '°°Cd and stable Cd were firstly equilibrated with 5 mL aliquots of exposure medium with
or without cysteine for 2.5 to 17 hours at 4 °C in the dark, and then the solutions were mixed
with exposure medium pre-equilibrated with EDTA for a further 3.5 to 20 h at room
temperature in the dark (‘two-ligand’ system). At high Ca levels, EDTA, as a metal buffer, is a
better choice than NTA, because it binds trace metals more strongly than does NTA? and also
because of the known slow coordination reactions between Ca-EDTA and trace metal ions."’
On the other hand, exposure media with a single metal buffer ligand (‘one-ligand’ system)
were prepared for the cysteine-cultured alga and diatom, to confirm that the pre-acclimation

to cysteine could enhance cysteine degradation and local liberation of free metal ions.

The pH of exposure solutions was checked again just before the uptake tests. The exposure
solutions were filtered a second time (0.2 um) in some tests to check if any precipitate had
formed. Aliquots of 1 mL of each exposure solution were collected and placed in glass vials

pre-filled with 4 mL of Milli-Q water for radioactivity counting.

Calculation of metal and ligand speciation

Chemical speciation in the exposure medium was calculated with chemical equilibrium
software (MINEQL+ 4.62 — Schecher and McAvoy ?’); the default stability constants in the
software database were used except in the case of MOPS, for which the values reported by
Soares et al. ® were used. The nominal concentrations of cations, anions, and ligands as well
as the determined pH were used for the calculations, and the formation of solid phases was

considered.

Short-term Cd uptake tests

The algae were harvested from the growth culture by filtration onto 2-um polycarbonate
filters, and rinsed with a solution similar to the exposure solution but without addition of Cd
and ligands (see Sl for the chemical composition of the rinse solution). Ten successive rinses
were used to remove trace amounts of the extracellular culture solution. The algal cells were

then resuspended into 10 mL of the rinse solution, and 0.1 mL of algal suspension was taken
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to determine cell density with the particle counter. In the cases of the high Ca culture medium
where C. reinhardtii was associated with crystal particles, the algal cells were counted with a

hemocytometer under a light microscope.”

To initiate the uptake, small aliquots of algae were added into flasks with the exposure
medium (150 or 200 mL), and the flasks were placed in the growth chamber under the same
light, temperature and agitation conditions as for the algal culture; for each experimental
condition we used three replicate flasks. Over the following 4 hours, 50 mL of exposure
solution from each replicated flasks were filtered onto two superimposed 2-um filters (the
lower filter was used to correct for any passive retention of Cd by the filters) every 0.5 to 1.5
hours, and the cells were soaked for 5 min (T. weissflogii) or 10 min (C. reinhardtii) with 10 mL
rinse solution containing EDTA (C. reinhardtii) or EDTA + oxalate (T. weissflogii) to remove

1
extracellular cd.?*3

The chemical composition of these rinse solutions can be found in the SI.
Since ambient high Ca might hinder extracellular metal removal by EDTA (due to the slow
metal-ligand exchange kinetics), Ca was replaced by Na in the rinse solution for C. reinhardtii
acclimated to high-Ca conditions whereas oxalate was added to the rinse solution for T.
weissflogii following an established protocol for rinsing marine diatoms.** After another two
rinses, the cells associated with the upper filter and the lower filter were separately put into
glass vials pre-filled with 5 mL of water. The radioactivity of the collected samples was

determined between 16 and 32 keV for 10 min with a gamma counter (Wallac Wizard2, Perkin

Elmer). The intracellular Cd amount was calculated based upon the specific radioactivity of

109 109

Cd in the exposure medium and the difference in "Cd amounts between the upper filter

and the lower filter.

Statistical analyses

The data were analyzed with statistical software (SPSS 16.0; SigmaPlot 12.5 for Windows).
Specifically, the linear regressions for the short-term Cd uptake rates were calculated with

SigmaPlot whereas a general linear model in SPSS was employed to compare the uptake rates

10



275

276

277

278

279

280

281

282

283

284

285

286

287

288

289

290

291

292

293

294

295

296

297

298

299

300

301

302

between treatments for the same algal batch. The significance level was set at p < 0.05, unless

otherwise noted. The figures were prepared using the ggplot2 package of R software (V 3.4.4).

Results

Effect of cysteine on Cd uptake by high-Ca acclimated freshwater algae

Cadmium accumulation in the ‘two-ligand’ system by the freshwater alga C. reinhardtii was
linear over up to 4 h (Fig. 1), indicating that Cd efflux was not significant under the tested
conditions. For the high Ca acclimated algae pre-cultured with cysteine as a N source and
exposed to around 60 pM Cd** buffered by 20 pM EDTA and with 50 mM Ca, the Cd uptake
rate in the presence of 630 pM Cd-cysteine complexes was 2.2-fold higher than that in the
absence of cysteine (‘two-ligand’ system, p < 0.01; Fig. 1A & Table 1). However, at low Ca (e.g.,
0.07 mM) cysteine addition did not enhance Cd uptake by the algae pre-cultured with cysteine
(“two-ligand’ system, Fig. 1B & Table 1). Moreover, for the high-Ca acclimated algae that had
been grown with ammonium ion as the N source and were exposed to around 60 pM cd*, the
Cd uptake rate in the presence of either 250 or 630 pM Cd-cysteine complexes did not differ

from that in the absence of cysteine (‘two-ligand’ system, p > 0.05; Fig. 1C & Table 1).

Under the same exposure conditions but in the ‘one-ligand’ system, the Cd uptake rate in the
presence of cysteine alone was 6.0-fold higher than that in the presence of EDTA in these
cysteine-cultured algae (Fig. S1), indicating the supply of cysteine as the N source had

successfully induced (or enhanced) cysteine degradation and free Cd** liberation.

During these experiments, we also collected, washed and analyzed the crystals that were
present in the algal culture medium and might have inadvertently been included with the algal
inoculum. Although the Cd associated with the crystal particles did tend to increase slightly
over time (Fig. 2A), the amount of Cd associated with the crystals was much less than that
associated with the algae (Fig. 2B). Note too that the accumulation of Cd by the crystal

particles in the presence of cysteine was similar to that in the absence of cysteine (p > 0.05;

11
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Fig. 2A). Overall, the potential interference from the crystal particles on the measurement of

algal Cd uptake was deemed negligible.

Effect of cysteine on Cd uptake by marine algae

For the marine diatom T. weissflogii that had been pre-cultured with cysteine as a N source,
the Cd uptake rate at a bulk concentration of 6 pM Cd*" in the presence of cysteine alone
(‘one-ligand’ system) was 2.9-fold higher than that in the presence of EDTA alone (p < 0.01, Fig.
$2). However, in ‘two-ligand’ system, at the same bulk concentration of 6 pM Cd*" in the
presence of 550 pM Cd-cysteine complexes, the Cd uptake rate by these cysteine-cultured
diatoms did not significantly differ from that in the absence of cysteine (p > 0.05; Fig. 3 and
Table 1).

Discussion

The question we addressed in this work is why, in a ‘two-ligand’ exposure system, LMW
ligands such as cysteine can enhance uptake of trace metals by marine phytoplankton but not
by freshwater species. We focus here on the untested hypothesis, i.e., Ca-induced differing
metal-ligand exchange kinetics within the phycosphere in marine and freshwater
environments, because neither ‘uptake of metal-cysteine complexes’ nor ‘formation of ternary

complexes with metal transporters’ can consistently explain these results.

It should be noted that the concentrations of the free metal ions, including Cd** and other
major cations in the bulk exposure solution, were always kept the same and constant for
different cysteine treatments in a given test. The exposure media were chemically stable
within this experimental period and the same algal batch was used for a given test; in other
words, any changes in metal uptake rates cannot plausibly be attributed to chemical changes

in the bulk solution or to changes in algal physiology.

12
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Metal-ligand exchange kinetics in the phycosphere of freshwater algae

Our previous study suggested that the disappearance of enhanced Cd uptake in the ‘two-
ligand’ (strong ligand + weak ligand cysteine) freshwater exposure solutions was due to an
intrinsic fast coordination reaction between the excess ‘immediately reacting’ strong ligand
and free Cd**; any local increase of free Cd** newly liberated from cysteine would be rapidly

suppressed in the presence of excess ‘immediately reacting’ strong Iigand.12

In theory, by increasing the Ca concentration in the ‘two-ligand’” medium to slow down the
metal-strong ligand exchange kinetics, an enhancement in Cd uptake by freshwater algae
should re-appear in the presence of cysteine. Given the known slow exchange kinetics
between Ca-EDTA and free metal ions,” we used EDTA as the metal buffer to test this
hypothesis experimentally. As is the case in seawater, the coordination reaction between Cd**
and Ca-EDTA would be slow in this high-Ca ‘freshwater’ medium, and any increase in free Cd**
in the phycosphere would potentially increase its uptake by the algal cells. To test this idea,
the dominant form of EDTA in the exposure solution (and in the phycosphere) must be Ca-
EDTA (or Mg-EDTA), and more importantly any trace of ‘immediately reacting’ EDTA species
should be insufficient to sequester newly liberated free Cd** before it can be taken up by the

cells or diffuse toward the bulk solution.

In the present study, we prepared this high-Ca medium and carried out Cd uptake tests with C.
reinhardtii that had been acclimated to the high-Ca freshwater. As predicted, enhanced Cd
uptake was observed in the presence of cysteine at 50 mM Ca (Fig. 1A). In this ‘two-ligand’
medium, nearly 100% of the EDTA was complexed by Ca, and the concentration of
‘immediately reacting’ EDTA (i.e., 51 pM) was much lower than the concentration of total Cd-
cysteine complexes (i.e., 630 pM) (Table 1). In experiments with C. reinhardtii that had been
acclimated to high Ca and pre-exposed to cysteine, we also observed enhanced Cd uptake in
the high-Ca exposure medium in the presence of cysteine alone (i.e., when EDTA was removed
but free Cd** was kept constant), in comparison to the uptake observed in the presence of

EDTA alone (i.e., ‘one-ligand’ system, Fig. S1). This result is consistent with our previous

13
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1213 and it

studies in low-Ca exposure media with C. reinhardtii pre-exposed to cysteine
indicates that local liberation of free Cd** is not influenced by the high-Ca acclimation but is

closely linked to nitrogen nutrition.

The absence of enhanced Cd uptake in the high-Ca exposures by C. reinhardtii that had been
grown with ammonium ion was also expected. Similar results were obtained in uptake
experiments with C. reinhardtii that had been cultivated with NH;" as the nitrogen source but
exposed to Cd** in a low-Ca environment,*? and with cysteine-acclimated C. reinhardtii in the
presence of ROS scavengers.” It is known that the presence of the ammonium ion inhibits

19.32 3nd associated ROS production,*® and thus there

extracellular degradation of amino acids
would be minimal local cysteine oxidation and no change in the free Cd®* concentration in the

phycosphere of the ammonium-acclimated cells.

Overall, we show that supplying an organic nitrogen source such as cysteine and increasing the
ambient Ca concentration (or removing strong ligands) could enhance the bioavailability of Cd-
cysteine, whereas either supplying ammonium or decreasing ambient Ca could eliminate the
effect of cysteine on Cd bioavailability. These results suggest that an enhanced metal uptake in
the presence of LMW ligands would be observable when there is a significant local enrichment
of free metal ions in the phycosphere and when strong ligands cannot immediately complex

these free metal ions.

Metal-ligand exchange kinetics in the phycosphere of marine algae

In previous studies using field-collected seawater, significantly enhanced uptake of trace
metals in the presence of LMW ligands including cysteine has been observed with marine

phytoplankton, especially those that have been cultured under metal-limiting conditions.® * *

Theoretically, even in seawater, the phenomenon of enhanced metal uptake would disappear
if any free metal ions newly liberated from metal-LMW complexes were immediately

sequestered by a substantial local concentration of ‘immediately reacting’ strong ligands, or

14
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when the local enrichment of free metal ions was insignificant. To test this idea, not only
metal speciation but also the speciation of ligands has to be well controlled, notably their
complexation with Ca and Mg. In the present study, the artificial seawater medium AQUIL was
used for metal uptake experiments with the marine diatom. In this medium, the concentration
of the ‘immediately reacting’ EDTA (i.e., 7.5 nM) was much higher than the total concentration
of Cd-cysteine complexes (i.e., 0.55 nM). In other words, the ‘immediately reacting’ EDTA
would likely be sufficient to sequester any free Cd** released from Cd-cysteine complexes and

thus inhibit any enhanced metal uptake.

The present results are consistent with this prediction; we found that the addition of cysteine
to the AQUIL-based exposure medium did not enhance Cd uptake by cysteine-acclimated T.
weissflogii at all, even when the total concentration of Cd-cysteine complexes was 92-fold
higher than the free Cd** concentration. The disappearance of the cysteine effect was not due
to insignificant cysteine degradation. In an experiment at the same free Cd** concentration,
but where EDTA was removed from the exposure medium and cysteine remained, the Cd
uptake rate was higher than in the EDTA-buffered medium (‘one-ligand’ system, Fig. S2),
indicating that cysteine pre-acclimation had significantly induced cysteine degradation and
Cd** liberation. The lack of enhanced metal uptake in the presence of cysteine in ‘two-ligand’
systems has also been observed in some earlier tests, particularly with metal-replete marine

8, 10

phytoplankton.™ = The failure to detect cysteine enhanced-metal uptake in these earlier cases
might result from an insignificant increase of the free metal ion concentration in the

phycosphere under the experimental conditions.

In addition to the nitrogen source, the state of the algal cells with respect to other trace
metals such as Zn and Cu might also play a role in the algal utilization of metals bound to LMW
metabolites. The enhancement effect of LMW ligands on metal uptake was shown to be more

dramatic for metal-limited cells than for metal-replete cells.® 101

We speculate that
phycosphere degradation of LMW ligands might be more significant in metal-limited cells than

in the metal-replete cells, and thus that there would be more significant enhancement of the
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local concentration of free metal ions in the former case. However, metal limitation does not
appear to be a precondition for the enhanced metal uptake by weak ligands in either marine
or freshwater phytoplankton, since enhanced metal uptake was reported in Zn-replete T.
weissflogii (‘two-ligand’ system),*® in metal-replete T. weissflogii ( ‘one-ligand’ system, Fig. S2),
and in metal-replete Pseudokirchneriella subcapitata and Anabaena flos-aquae (‘one-ligand’

system).™?

Environmental implications

The nature of naturally occurring organic ligands in real-world waters is poorly defined, and
chemically they have been roughly classified into two groups (i.e., strong ligands such as

34,33 Except for

siderophores and weak ligands such as LMW ligands, humic and fulvic acids).
certain groups of prokaryotes,36 there is no direct evidence that phytoplankton cells can
directly assimilate metal-ligand complexes; free metal ions are directly accessible by all of the

tested organisms.’

Historically, it has been assumed that for many cationic metals, the presence of organic
ligands in natural waters leads to a decrease in the proportion of the dissolved metal that is
present as the free metal ion. Normally this complexation would be expected to result in a
decrease in metal bioavailability; indeed, addition of cysteine in ‘one-ligand’ systems has been
shown to significantly reduce Cd uptake® and Ag toxicity,>” in comparison to solutions with
the same concentration of total dissolved metals but in the absence of cysteine. However, as
has been shown in the present study and in other work on LMW ligands,” * degradation of
weak ligands in the phycosphere may significantly weaken metal complexation under certain
situations and thus enhance metal uptake; in these cases, metals associated with weak ligands
can be an important pool for uptake. Unlike the situation with the coastal diatom T.
weissflogii, where Cd can substitute for Zn in carbonic anhydrase39 under metal-limited
conditions, there is no evidence that enhanced uptake of Cd by the freshwater C. reinhardtii
could be beneficial to this alga. In other words, phycosphere chemistry could potentially

increase metal toxicity or improve nutrition of those essential trace metals such as Fe, Zn and
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Cu; neither of these possible effects can be predicted solely on the basis of the chemistry of

the ambient bulk water.

One of the implications of our work is that the use of synthetic strong ligands such as EDTA or
NTA as metal buffers may have unintended consequences when they are used in either
freshwater or marine systems. For instance, the enhancement of Cd uptake in the presence of
cysteine could not be detected with the freshwater algae unless these ‘strong ligands” were
removed (i.e., ‘one-ligand’ system) or were all tied up with excess calcium (i.e., ‘two-ligand’
system). Such synthetic ligands will also be absent in most natural waters and in such cases, if
the binding sites of the natural ligands for Ca and trace metals are different, as might be
expected in a polymeric or supramolecular ligand, or if the affinity of the ligand for Ca is weak
but strong for trace metals, as has been shown for humic acids,*® high ambient Ca
concentrations would not hinder the coordination reactions between the ligand and trace
metals and thus would not facilitate the utilization of weak-ligand bound metal by cells. It
remains speculative whether or not the binding sites of naturally occurring organic ligands for
Ca differ from those for trace metals; for instance, they might be different for allochthonous
organic matter (e.g. in freshwater) but less so for autochthonous organic matter (e.g., in

seawater).

Much is known about the influence of abiotic factors (i.e., bulk water chemistry) and biotic
processes (i.e., cell membrane biochemistry and regulation of metal transporters) on trace
metal uptake. The present results suggest that reactions at the interface between these two
realms, i.e., in the boundary layer separating the algal cell from its abiotic environment, may

also play a role in determining metal bioavailability to phytoplankton.

Acknowledgement

We thank Lise Rancourt and Linbin Zhou for their technical assistance and acknowledge the

helpful comments received from the reviewers. The Natural Sciences and Engineering

17



474

475

476

477

478

479

480

481

482

483

484

485
486

487
488
489
490
491

492
493

494
495
496

497
498
499

500
501

502
503

504
505

Research Council of Canada (NSERC) is acknowledged for funding this work. C. Fortin and P. G.
C. Campbell were supported by the Canada Research Chairs Programme, and F. Liu was
supported a Newton International Fellowship (Royal Society of the United Kingdom) during

the preparation of the manuscript.

Supporting Information

Preparation and chemical composition of culture and exposure media, and rinse solutions.
Figures showing short-term Cd uptake rates in ‘one-ligand’ exposure systems by C. reinhardtii

and T. weissflogii.

References

1. Millero, F. J.; Woosley, R.; Ditrolio, B.; Waters, J. Effect of ocean acidification on the speciation
of metals in seawater. Oceanography 2009, 22 (4), 72-85.

2. Sigg, L.; Black, F.; Buffle, J.; Cao, J.; Cleven, R.; Davison, W.; Galceran, J.; Gunkel, P.; Kalis, E.;
Kistler, D.; Martin, M.; Noel, S.; Nur, Y.; Odzak, N.; Puy, J.; Van Riemsdijk, W.; Temminghoff, E.; Tercier-
Waeber, M. L.; Toepperwien, S.; Town, R. M.; Unsworth, E.; Warnken, K. W.; Weng, L. P.; Xue, H. B.;
Zhang, H. Comparison of analytical techniques for dynamic trace metal speciation in natural
freshwaters. Environ. Sci. Technol. 2006, 40 (6), 1934-1941.

3. Gledhill, M.; Buck, K. N. The organic complexation of iron in the marine environment: a review.
Front. Microbiol. 2012, 3, 69.

4, Fortin, C.; Couillard, Y.; Vigneault, B.; Campbell, P. G. C. Determination of free Cd, Cu and Zn
concentrations in lake waters by in situ diffusion followed by column equilibration ion-exchange.
Aquat. Geochem. 2010, 16 (1), 151-172.

5. Campbell, P. G. C. Interactions between trace metals and organisms: a critique of the free-ion
activity model. In Metal Speciation and Bioavailability in Aquatic Systems; Tessier, A.; Turner, D., Eds. J.
Wiley & Sons: Chichester, UK, 1995; pp 45-102.

6. Anderson, M. A.; Morel, F. M. M. Influence of aqueous iron chemistry on uptake of iron by the
coastal diatom Thalassiosira weissflogii. Limnol. Oceanogr. 1982, 27 (5), 789-813.

7. Sunda, W. G.; Guillard, R. R. L. The relationship between cupric ion activity and the toxicity of
copper to phytoplankton. J. Mar. Res. 1976, 34 (4), 511-529.

8. Aristilde, L.; Xu, Y.; Morel, F. M. M. Weak organic ligands enhance zinc uptake in marine
phytoplankton. Environ. Sci. Technol. 2012, 46 (10), 5438-5445.

18



506
507
508

509
510

511
512
513

514
515

516
517

518
519

520
521

522
523

524
525

526
527

528
529

530
531

532
533
534

535
536

537
538
539

9, Semeniuk, D. M.; Bundy, R. M.; Payne, C. D.; Barbeau, K. A.; Maldonado, M. T. Acquisition of
organically complexed copper by marine phytoplankton and bacteria in the northeast subarctic Pacific
Ocean. Mar. Chem. 2015, 173, 222-233.

10. Walsh, M. J.; Goodnow, S. D.; Vezeau, G. E.; Richter, L. V.; Ahner, B. A. Cysteine enhances
bioavailability of copper to marine phytoplankton. Environ. Sci. Technol. 2015, 49 (20), 12145-12152.

11. Xu, Y.; Shi, D. L.; Aristilde, L.; Morel, F. M. M. The effect of pH on the uptake of zinc and
cadmium in marine phytoplankton: Possible role of weak complexes. Limnol. Oceanogr. 2012, 57 (1),
293-304.

12. Liu, F.; Fortin, C.; Campbell, P. G. C. Can freshwater phytoplankton access cadmium bound to
low-molecular-weight thiols? Limnol. Oceanogr. 2017, 62 (6), 2604-2615.

13. Liu, F.; Fortin, C.; Campbell, P. G. C. Chemical conditions in the boundary layer surrounding
phytoplankton cells modify cadmium bioavailability. Environ. Sci. Technol. 2018, 52 (14), 7988-7995.

14. Palenik, B.; Zafiriou, O. C.; Morel, F. M. M. Hydrogen-peroxide production by a marine
phytoplankter. Limnol. Oceanogr. 1987, 32 (6), 1365-1369.

15. Schneider, R. J.; Rog, K. L.; Hansel, C. M.; Voelker, B. M. Species-level variability in extracellular
production rates of reactive oxygen species by diatoms. Front. Chem. 2016, 4, 5.

16. Hering, J. G.; Morel, F. M. M. Kinetics of trace metal complexation: role of alkaline-earth
metals. Environ. Sci. Technol. 1988, 22, 1469-1478.

17. Hering, J. G.; Morel, F. M. M. Slow coordination reactions in seawater. Geochim. Cosmochim.
Acta 1989, 53, 611-618.

18. Palenik, B. P.; Morel, F. M. M. Amino acid utilization by marine phytoplankton: a novel
mechanism. Limnol. Oceanogr. 1990, 35 (2), 260-269.

19. Munoz-Blanco, J.; Hidalgo-Martinez, J.; Cardenas, J. Extracellular deamination of L-amino acids
by Chlamydomonas reinhardtii cells. Planta 1990, 182 (2), 194-198.

20. Fortin, C.; Campbell, P. G. C. Thiosulfate enhances silver uptake by a green alga: role of anion
transporters in metal uptake. Environ. Sci. Technol. 2001, 35, 2214-2218.

21. Sunda, W. G.; Price, N. M.; Morel, F. M. M. Trace metal ion buffers and their use in culture
studies. In Algal Culturing Techniques; Anderson, R. A., Ed. Elsevier Academic Press: Burlington, MA,
USA, 2005; pp 35-63.

22. Smith, R. M.; Martell, A. E.; Motekaitis, R. J. NIST Critically Selected Stability Constants of Metal
Complexes v. 8.0, National Institute of Standards and Technology: Gaithersburg, MD, USA, 2004.

23. Zuo, Z. J.; Rong, Q. Q.; Chen, K.; Yang, L.; Chen, Z. Z.; Peng, K. L.; Zhu, Y. R.; Bai, Y. L.; Wang, Y.

Study of amino acids as nitrogen source in Chlamydomonas reinhardtii. Phycol. Res. 2012, 60 (3), 161-
168.

19



540
541
542

543
544

545
546

547
548

549
550
551

552
553

554
555

556
557

558
559

560
561

562

563
564

565
566

567
568
569

570
571
572

24. Milne, A.; Davey, M. S.; Worsfold, P. J.; Achterberg, E. P.; Taylor, A. R. Real-time detection of
reactive oxygen species generation by marine phytoplankton using flow injection—
chemiluminescence. Limnol. Oceanogr. Methods 2009, 7 (10), 706-715.

25. Sudrez, G.; Santschi, C.; Slaveykova, V. I.; Martin, O. J. F. Sensing the dynamics of oxidative
stress using enhanced absorption in protein-loaded random media. Sci. Rep. 2013, 3, 3447.

26. Sunda, W. G.; Huntsman, S. A. Feedback interactions between zinc and phytoplankton in
seawater. Limnol. Oceanogr. 1992, 37 (1), 25-40.

27. Schecher, W. D.; McAvoy, D. MINEQL+: A Chemical Equilibrium Modeling System, 4.62;
Environmental Research Software: Hallowell, ME, USA, 2001.

28. Soares, H. M. V. M,; Conde, P. C. F. L.; Almeida, A. A. N.; Vasconcelos, M. T. S. D. Evaluation of
n-substituted aminosulfonic acid pH buffers with a morpholinic ring for cadmium and lead speciation
studies by electroanalytical techniques. Anal. Chim. Acta 1999, 394 (2-3), 325-335.

29. Moroff, G.; Eich, J.; Dabay, M. Validation of use of the Nageotte hemocytometer to count low
levels of white cells in white cell-reduced platelet components. Transfusion 1994, 34 (1), 35-38.

30. Hassler, C. S.; Slaveykova, V. I.; Wilkinson, K. J. Discrimination between intra- and extracellular
metals using chemical extractions. Limnol. Oceanogr. Methods 2004, 2 (7), 237-247.

31. Tang, D. G.; Morel, F. M. M. Distinguishing between cellular and Fe-oxide-associated trace
elements in phytoplankton. Mar. Chem. 2006, 98 (1), 18-30.

32. Piedras, P.; Pineda, M.; Munoz, J.; Cardenas, J. Purification and characterization of an L-amino-
acid oxidase from Chlamydomonas reinhardtii. Planta 1992, 188 (1), 13-18.

33. Kim, J. M.; Baars, O.; Morel, F. M. M. Bioavailability and electroreactivity of zinc complexed to
strong and weak organic ligands. Environ. Sci. Technol. 2015, 49 (18), 10894-10902.

34. Filella, M. Freshwaters: which NOM matters? Environ. Chem. Lett. 2009, 7 (1), 21-35.

35. Perdue, E. M.; Ritchie, J. D. Dissolved Organic Matter in Freshwaters. In Treatise on
Geochemistry; Holland, H. D.; Turekian, K. K., Eds. Pergamon: Oxford, 2003; Vol. 5, pp 273-318.

36. Vraspir, J. M.; Butler, A. Chemistry of marine ligands and siderophores. Annu. Rev. Mar. Sci.
2009, 1, 43-63.

37. Navarro, E.; Wagner, B.; Odzak, N.; Sigg, L.; Behra, R. Effects of differently coated silver
nanoparticles on the photosynthesis of Chlamydomonas reinhardtii. Environ. Sci. Technol. 2015, 49
(13), 8041-8047.

38. Hassler, C. S.; Schoemann, V.; Nichols, C. M.; Butler, E. C. V.; Boyd, P. W. Saccharides enhance

iron bioavailability to Southern Ocean phytoplankton. Proc. Natl. Acad. Sci. U.S.A. 2011, 108 (3), 1076-
1081.

20



573 39. Price, N. M.; Morel, F. M. M. Cadmium and cobalt substitution for zinc in a marine diatom.
574  Nature 1990, 344, 658-660.

575  40. Hering, J. G.; Morel, F. M. M. Humic acid complexation of calcium and copper. Environ. Sci.
576 Technol. 1988, 22, 1234-1237.
577

21



free or protonated ’
strong ligand L Ca-L Ca2*
. \ A
v %\Q\N \\\ e
/ Cd?* d2+ M"\,_\
Cys Cys 9
Cd-L CyS‘Sg 8* Cvs Cd-L
Bulk Water . Cys-Cd ~ Cys-Cd /  Bulk Water
Phycospret®
low Ca?* ’ high Ca?*
578

579  Graphical abstract (TOC)

22



580

581
582

583
584
585
586
587
588
589
590
591
592
593
594

(A) Cys cultured algae at 50 mM Ca (B) Cys cultured algae at 0.07 mM Ca  (C) NH, cultured algae at 50 mM Ca

15-

=
o
1]

Intracellular Cd (10_21 mol “m_z)
()]

Figure 1.

~#-0.06 nM Cd**
~4-0.06 nM Cd”* & 0.6 nM Cd-Cys

05- —*-0.06 nM Cd**
—4-0.06 nM Cd** & 0.2 nM Cd-Cys

-#-0.06 nM Cd** & 0.6 nM Cd-Cys

~®-0.1 nM Cd**
—4-0.1 nM Cd** & 2 nM Cd-Cys

06- 0.4-

Cd?* & Cd-Cys 0.3-

0.4-

Cd?* & Cd-Cys Cd** & Cd-Cys

0.2-
02-
2 0.1-
9
0.0- 0.0- ~
50 100 150 200 250 20 40 60 20 40 60 80
Exposure time (min) Exposure time (min) Exposure time (min)

Short-term Cd uptake (N = 3, mean = SD) in a ‘two-ligand’ system (EDTA & cysteine) by the freshwater alga Chlamydomonas
reinhardtii pre-cultured with different nitrogen sources (to modify local Cd*" liberation via cysteine degradation) in media
with different levels of Ca (to change metal-ligand exchange kinetics between Cd** and strong ligands). (A) A significantly
higher Cd uptake rate was observed in the presence of cysteine (blue triangles) than that in the absence of cysteine (red
dots) at 0.06 nM bulk [Cd*"] buffered by 20 uM EDTA in the presence of 50 mM Ca (to slow metal-ligand exchange kinetics
between Cd** and EDTA, compared to a low Ca system). The algae were acclimated to the high [Ca] over months and were
pre-cultured (3 d) with cysteine as a N source (to enhance cysteine degradation). (B) No significant enhancement in Cd
uptake rate in the presence of cysteine was observed at 0.1 nM bulk Cd** buffered by 10 uM NTA in the presence of 0.07
mM Ca (to increase metal-ligand exchange kinetics between Cd*" and NTA, compared to a high Ca system); the uptake rate
in the presence of cysteine was slightly lower than in the absence of cysteine. The algae were pre-cultured (2 d) with
cysteine. (C) No significant enhancement in Cd uptake rate in the presence of cysteine was observed at 0.06 nM bulk [Cd*]
buffered by 20 uM EDTA in the presence of 50 mM Ca. The algae were acclimated to the high [Ca] (over months) and were
pre-cultured with ammonium ion (to inhibit cysteine degradation). Note that panel (B) comes from Liu, Fortin and
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598  Figure 2. (A) The control test shows that cysteine addition did not affect the amount of Cd associated with crystal particles, which
599 were collected from the 50 mM Ca culture medium and washed in the same way as the cells. (B) The amount of Cd
600 associated with the crystal particles was much less than that in the presence of C. reinhardtii cells. N = 3, mean + SD.
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604  Figure 3. Short-term Cd uptake (N = 3, mean £ SD) in a ‘two-ligand’ system (EDTA & cysteine) by the marine diatom Thalassiosira
605 weissflogii. The diatom was pre-cultured (5 d) with cysteine (to enhance Cd-cysteine degradation) in artificial seawater
606 AQUIL medium (containing 11 mM Ca). The Cd uptake rate in the presence of cysteine (blue triangles) was not
607 significantly different from that in the absence of cysteine (red dots) at 6 pM bulk Cd** buffered by 100 uM EDTA. The
608 concentration of ‘immediately reacting’ (i.e., the species that can immediately sequester free Cd**) was 7.5 nM, which
609 was much higher than the total concentration of Cd-cysteine complexes (0.55 nM, see Table 1 for details).
610
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Table 1. Summary of the chemical composition of exposure media and algal Cd uptake results.

Uptake test

Fig. 1(A) Fig. 1(A) Fig. 1(B) Fig. 1(B) Fig. 1(C) Fig. 1(C) Fig. 1(C) Fig. 3 Fig.3
Alga C. reinhardtii C. reinhardtii C. reinhardltii T. weissflogii
Ca level 5.0 x 10 5.0 x 10 6.8x10°  6.8x10° 50x10>  50x10° 5.0x107 1.1x107 1.1x107
N source cysteine cysteine cysteine cysteine NH," NH," NH," cysteine cysteine
Cd uptake 2.6 x 107 5.7x107% 1.1x10% 5.4x10™ 6.8x10** 56x10* 7.7x10% 9.0x10%® 8.0x10%
Fold change 2.2 0.5 0.8 1.1 0.9
Sig. <0.01 <0.01 >0.05 >0.05 >0.05
Exposure medium
cd* 6.4x10™" 6.2x10™ 1.1x10™  1.0x10™ 6.4x10"  63x10" 6.2x10™" 6.1x10"”  6.0x10"
Cd-Cys 0.0 6.3x10™ 0.0 2.1x10° 0.0 25x10"  63x10™ 0.0 5.5x 107
Total Cd 2.0x10°® 2.0x10® 2.0x10®  2.0x10°® 20x10®  20x10°  2.0x10® 50x10°  5.0x10®
Total EDTA 2.0x10” 2.0x10°  TotalNTA 1.0x10°> 1.0x10° Total EDTA 2.0x10° 2.0x10° 2.0x10° 1.0x10™ 1.0x10™
Ca-EDTA 2.0x10° 2.0x10° E""T/AMg' 39x10°  3.9x10° Ca-EDTA 20x10° 2.0x10° 2.0x10° ¥1.0x10*  *1.0x10™
*EDTA 5.1x10™ 51x10™  *NTA 6.1x10°  6.1x10°  *EDTA 51x10™"  51x10"  51x10™M 75x10°  7.5x10°
L‘z:’;gth 1.5x 10" 1.5x 10" 92x10° 9.2x10° 15x10°  15x10%  1.5x10" 62x100  62x10"
Solution pH 7.0 7.0 7.0 7.0 7.0 7.0 7.0 8.0 8.0
pH buffer MOPS MOPS MOPS MOPS MOPS MOPS MOPS bicarbonate bicarbonate
Otherions  SMHSM SMHSM SMHSM SMHSM SMHSM SMHSM SMHSM AQUIL# AQUIL#
Note Concentrations are expressed in mol L™ for all of the chemical species and the ionic strength.

Cd-Cys includes all Cd-cysteine complexes.
Ca-EDTA (and Mg-EDTA) cannot sequester free metal ions immediately due to their slow exchange kinetics. *This total concentration includes

Mg-EDTA.

*EDTA refers as the ‘immediately reacting’ ligands, representing the total concentration of Na-EDTA, K-EDTA, protonated and free EDTA, and
they are expected to be able to immediately sequester free Cd** ions. Total concentrations of Na-EDTA and K-EDTA were similar to the

protonated EDTA in the SMHSM medium while Na-EDTA dominated the pool of *EDTA in the AQUIL#.
Similarly, *NTA includes Na-NTA, K-NTA, protonated and free NTA.
The pH of seawater AQUIL media is buffered by the 2 mM bicarbonate and to a lesser extent by borate.
SMHSM is a simplified artificial freshwater medium, while AQUIL# is a simplified version of AQUIL seawater medium. See supporting
information for detailed chemical composition.
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MOPS, 3-(N-morpholino)propanesulfonic acid.

Cd uptake rates are expressed in units of mol um? min™.
Fold change, a comparison of Cd uptake rate by the same algal batch between the test in the presence of cysteine and that in the absence of

cysteine.
611
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1 Supplementary Figures

Cys cultured algae at 50 mM Ca
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Figure S1. In the “one-ligand” exposure system, Cd uptake (N = 3, mean £ SD) in the
presence of cysteine alone (blue triangles) was higher than that in the presence
of EDTA alone (red dots) at 0.06 nM bulk Cd*" in the 50 mM Ca freshwater
MHSM medium. The euryhaline alga Chlamydomonas reinhardtii was
acclimated to the high Ca concentration (over months) and was pre-cultured
with cysteine as the N source (to enhance cysteine degradation).
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Figure S2. In the “one-ligand” exposure system, Cd uptake (N = 3, mean * SD) in the
presence of cysteine alone (blue triangles) was higher than that in the presence
of EDTA alone (red dots) at 6 pM bulk Cd**. The marine diatom Thalassiosira
weissflogii was pre-cultured (5 d) with cysteine in artificial seawater AQUIL
medium (containing 11 mM Ca). In the exposure media, total Cd = 50 nM
buffered by either 77 uM cysteine or 100 uM EDTA, and pH = 8.0. Note that the
rate of increase of intracellular Cd appeared to slow down with the time of
exposure, especially in the Cys treatment, indicating a possible efflux of Cd. The
same efflux rate constant was assumed for both treatments in fitting the Cd
uptake data. The Cd uptake rates were estimated to be (0.76 + 0.10) x 10" mol
um? minand (2.23 + 0.33) x 102 mol um™ min™ for the EDTA and Cys
treatments, respectively. The efflux rate constant was estimated to be 0.0141 +
0.0031 min™.
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2 Culture media for the freshwater and marine algae

2.1 The culture medium for the freshwater alga Chlamydomonas reinhardltii

Table S1. Chemical composition of the high Ca-MHSM culture medium for the green alga

C. reinhardtii CPCC11 grown under high Ca condition.

Stock name Chemical Stock solution | Quantity used Conc. in final
(gL} for 1 L culture medium
medium (mol-L™)
Calcium Ca(NOs),-4H,0 - 11.81g 5.00 x 107
Ammonium #2 | NHsNO3 15.0 5mL 9.37x 10"
MgS0,-7H,0 4.00 8.12 x 10”
Ca(NO3),4H,0 3.21 6.80 x 10”
Phosphate #2 KH,PO4 29.6 0.25 mL 5.44 x 10
KHPO,4 57.6 8.27x 10”
KNO; KNOs3 101 4 mL 4.00x10°
NaOH NaOH 40.0 5mL 5.00x 10°
pH buffer MOPS* 20.9 100 mL 1.00 x 107
Trace elements | Trace See thetable | 1mL

elements-EDTA*

below

* MOPS = 3-(N-morpholino)propanesulfonic acid; EDTA = ethylenediaminetetraacetic acid.

* Note, this algal strain cannot utilize nitrate.
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Table S1 (continued). Trace elements stock solution without any N sources

Component | Chemical Stock solution Conc. in final medium (mol-L™})
EDTA Na,EDTA-2H,0 0.302 g-L* 8.06 x 10”7
Fe FeCls-6H,0 0.160 g-L™ 5.92 x 10~
B H3BO; 0.186 g-L* 3.01x10°
Mn MnCl,.4H,0 0.415g-L* 2.10x10°
Zn ZnCl, 3.31g-L" (1000 x) 2.43x10%
Co CoCly-6H,0 2.59 g-L™* (1000 x) 1.09 x 10°®
Mo Na,Mo04-2H,0 7.26 g-L™* (1000 x) 3.00x 107
Cu CuS04-5H,0 0.0176 g-L™* (1000 x) 7.04 x 107

To prepare for the “trace elements-EDTA” stock solution: first, prepare individual stock
solutions of Zn, Co, Mo and Cu (1000 x); second, into 900 mL Milli-Q water, add
Na,EDTA-2H,0 and wait until completely dissolved. Slowly add Fe, then B and Mn, and finally
1 mL of the stock solutions (1000 x) of Zn, Co, Mo and Cu. Bring to 1 L with Milli-Q water and
store the solution at 4 °C.

To make one litre of the high Ca-MHSM culture medium: add the seven stock solutions (i.e.,
Calcium, Ammonium #2, Phosphate #2, KNO3, NaOH, pH buffer and Trace elements) into
Milli-Q water, bringing the final volume to 1 L (adjust pH to 7.0 with 1 M HCI/NaOH).
Autoclave at 121 °C for 15 min (to ensure no contamination by other living microbes such as

bacteria), cool down under a laminar flow hood, and store the solution at 4 °C.

For the low Ca culture medium, the 11.81 g Ca(NQs),-4H,0 was not added and the nominal
concentration of Ca in the MHSM medium was 0.068 mM.

When L-cysteine is used as the sole N source (i.e., cysteine-high Ca-MHSM culture medium),
omit the NH4NO3, the Ca(NOs),:4H,0 is replaced by 5 mL 2 g-L'1 CaCl,-4H,0 per litre of
medium, and add 50 mL 0.2 um-filtered 0.1 M L-cysteine per litre autoclaved medium (i.e., 5

mM L-cysteine in the final medium).
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2.2 The culture medium for the marine diatom Thalassiosira weissflogii

The artificial seawater AQUIL medium was prepared for T. weissflogii as described by Sunda
et al. (2005). Note, since we did not aim to grow the diatoms under trace metal limitation
conditions, the stock solutions were not passed through a Chelex column to remove trace
amounts of trace metals. However, the solutions were prepared and filtered with 0.2 um
membrane filters under a laminar flow hood and all bottles/laboratory ware were

acid-cleaned before use. The medium was sterilized in a microwave oven.

For the cysteine-AQUIL medium, a 0.2 um filtered cysteine stock solution (20 mL) was mixed
with the sterilized AQUIL medium (980 mL) without addition of NaNOs, and the final
concentration of L-cysteine was 5 mM. The freshly prepared cysteine-AQUIL medium was
used to acclimate the diatoms.
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3 Exposure media for short-term Cd uptake tests

Table S2. Chemical composition of the exposure medium for high Ca pre-acclimated
C. reinhardtii CPCC11 pre-cultured with cysteine as a N source (i.e., Figures 1A &
S1). Total concentrations of the chemical components are shown in mol-L™.

Treatment EDTA+Cd EDTA+Cys+Cd Cys+Cd

pH 7.0 7.0 7.0

cr 414 x 103 4.14 x 103 414 x 103
K 4.00 x 103 4.00 x 103 4.00 x 103
NH," 0.00 0.00 0.00

NOs 1.00 x 10™ 1.00 x 10™ 1.00 x 10"
S0~ 8.12 x 10° 8.12 x 10° 8.12 x 10°
Mg?* 8.12x 107 8.12x 107 8.12x 107
Ca®' 5.01x10° 5.01x 102 5.01x 102
Na* 5.00 x 103 5.00 x 103 5.00 x 10
MOPS 1.00 x 107 1.00 x 102 1.00 x 10
total Cd 2.00x 10® 2.00x 10°® 2.00x 10
EDTA 2.00x 107 2.00x 107 0.00
Cysteine 0.00 2.00 x 10° 1.55 x 10™

The ionic strength of the high Ca exposure medium was 0.15 mol-L™}, at which the stability
constants for Cd-cysteine complexes were determined (Smith et al. 2004). The solutions
were open to atmosphere. The algal strain cannot utilize nitrate although nitrate is present
in the exposure medium.
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Table S3. Chemical composition of the exposure medium for high Ca pre-acclimated

C. reinhardtii pre-cultured with ammonium (i.e., Figure 1C). Total

concentrations of the chemical components are shown in mol-L™.

Treatment EDTA+Cd EDTA+Cd EDTA+Cd
+10 uM Cys +20 puM Cys
pH 7.0 7.0 7.0
cr 0.00 0.00 0.00
K 4.00 x 103 4.00 x 102 4.00 x 103
NH," 9.37x10™ 9.37x10* 9.37 x10™
NOs 1.05 x 10™ 1.05 x 10™ 1.05 x 10™
S0~ 8.12 x 10° 8.12 x 10° 8.12 x 10°
Mg?* 8.12 x 107 8.12x 10 8.12x 107
Ca®' 5.01x 10 5.01x 10? 5.01x 10
Na* 5.00 x 10 5.00 x 103 5.00 x 103
MOPS 1.00 x 107 1.00 x 107 1.00 x 107
total Cd 2.00x 10°® 2.00x 10® 2.00x 10°®
EDTA 2.00x 107 2.00x 10° 2.00x 107
Cysteine 0.00 1.00 x 10~ 2.00 x 10°

Note that the solutions were open to atmosphere.
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Table S4. Chemical composition of the exposure medium for marine diatom

T. weissflogii pre-cultured with cysteine (i.e., Figures 3 & S2). Total
concentrations of the chemical components are shown in mol-L™.

Treatment EDTA+Cd EDTA+Cys+Cd Cys+Cd

pH 8.0 8.0 8.0

Na* 4.80x 10" 4.80x 10" 4.80 x 10"
cr 5.60 x 10 5.60 x 10 5.60 x 10
S0~ 2.88 x 102 2.88 x 1072 2.88x 102
K 1.02 x 10 1.02 x 102 1.02 x 107
COs* 2.38x10°3 2.38x10° 2.38x10°
Br 8.40 x 10™ 8.40x 10™ 8.40 x 10
BOs> 4.85x 10™ 4.85x 10™ 4.85x 10"
F 7.15x 10° 7.15x 10° 7.15x10°
Mg?* 5.46 x 10 5.46 x 10 5.46 x 10
Ca®" 1.05 x 10 1.05 x 10 1.05 x 107
sr¥* 6.38 x 10™ 6.38 x 10° 6.38 x 10™
EDTA 1.00 x 10™ 1.00 x 10™ 0.00
Cysteine 0.00 5.00 x 10° 7.70 x 10”
total Cd 5.00 x 10 5.00 x 10 5.00 x 10

Note that the solutions were closed to atmosphere.
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4 Rinse solutions

4.1 Rinse solutions for the green alga C. reinhardtii

Two rinse solutions were used. The first solution, without any ligand (EDTA), was used to
rinse the cells harvested from the algal culture to remove extracellular remaining solution
(i.e., culture medium and algal debris/metabolites) just before initiating the uptake test. The
chemical composition of this rinse solution was the same as the exposure medium to be
used but without addition of Cd, EDTA and cysteine.

The second rinse solution, containing EDTA, was used to remove extracellular Cd after the
period of Cd uptake, and its composition was the same as the first rinse solution except for
the inclusion of 1 mM EDTA (Hassler et al. 2004). Moreover, the 0.05 M Ca(NOs), was
replaced by 0.15 M NaNOs to improve the washing efficiency while keeping a constant ionic
strength, since the exchange kinetics between Ca-EDTA and free trace metal ions are slow
(Hering and Morel 1989).

4.2 Rinse solutions for the marine diatom T. weissflogii

Two rinse solutions were used. The AQUIL medium (Sunda et al. 2005) without addition of
major nutrients, trace elements, EDTA or vitamins was used to rinse the diatoms harvested
from the culture just before initiating the uptake tests. The other wash solution was made
following the recipe described by Tang and Morel (2006), and the wash solution contained
100 mM oxalate, 50 mM Na,EDTA, 0.3 M NaCl and 0.01 M KCl at pH 7.0.
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