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Abstract

Little attention has been paid to the role of essential trace elements on the toxicity of
another element. In this work, we examined if low concentrations of essential elements
(Co, Mn, Zn and Fe) modified the response of a freshwater green alga (Chlamydomonas
reinhardtii) to copper. To do so, we followed cell growth over 72-h in exposure media
where the essential element concentrations were manipulated. Among these elements,
iron proved to have a strong impact on the cells’ response to copper. The free Cu?*
concentrations required to inhibit cellular growth by 50% (EC50) over 72-h decreased
from 2 nM in regular Fe medium (10-17¢ M Fe?*) to 4 pM in low iron medium (101 M
Fe3*); a 500-fold increase in toxicity. Moreover, at low Cu?* concentrations (107130 to 10
105 M), Cu uptake increased under low iron conditions but remain relatively stable under
regular iron conditions. These results show clearly that iron plays a protective role against
copper uptake and toxicity to C. reinhardtii. In freshwaters, iron is always abundant but
the expected free iron concentrations in surface waters can vary between 10-149 to 10-200
M, depending on pH (e.g. when pH increases from 6 to 8). We conclude that copper
toxicity in natural waters can be modulated by iron and that, in some conditions, the
Biotic Ligand Model may need to be further developed to account for the influence of

iron.
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Introduction

Understanding metal interactions with aquatic organisms is a key step to answer many
questions about the nutritional importance of metals as well as their accumulation and
toxicity. Research efforts in the last three decades of the 20™ century have led to
important paradigms such as the Free-lon Activity Model (FIAM) and The Biotic Ligand
Model (BLM).!"* These models are based on consensual data that show that metal
accumulation and toxicity depend not on its total concentration in solution but on the free
metal-ion concentration. In other words, ligands present in solution can complex metals
and reduce their bioavailability to aquatic organisms. Thus metal speciation, i.e.
distribution of their different metal species in solution, will be very important to
determine harmful effects on aquatic organisms.> ¢ While the FIAM was only considering
metal speciation in the exposure solution, the BLM has shifted the focus on interactions
at the solution-membrane interface, integrating competition among ions for binding.
Concretely, interactions between ions in solution and cells take place at the cell surface
with specific transport systems within the plasma membrane, which can lead to ion
internalization. According to the BLM, the free metal ion M#" can bind to such a
transport site but this binding can be inhibited by the presence of major cations such as
Ca?", Mg?* or H". These competitive reactions can greatly reduce metal toxicity and
many authors have contributed to formerly include these protective / antagonistic effects
in the BLM at several levels of the food chain.”'® However, shortcomings or limitations
of the BLM have been highlighted in some reviews which contribute to help develop or
improve the BLM.!'"13 Among the possible limitations, the influence of essential
micronutrients (e.g. Fe, Cu, Co, Mn, Zn) on metal uptake by freshwater organisms is not
well known and is often assumed to be negligible compared to major cations (Ca, K, Mg,
Na, H). Although major cations are more abundant (>1 mg/L) than micronutrients (<1
mg/L), this difference should be overcome by a greater affinity of the metals over major
cations.!# Research on this topic in freshwater systems is rare although a few publications
have clearly indicated that their effects are not as negligible as was initially thought. For
example, studies on metal adsorption onto bacteria, based on surface complexation
modeling approaches, have provided insights on the incorporation of trace element

3
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competition into the biotic ligand model.'> ' For freshwater algae, it was showed that
Mn can affect Cd uptake and reduce its toxicity to Scenedesmus vacuolatus.'” Similarily,
it was observed that Zn can strongly affect Cd uptake and toxicity to Chlamydomonas
reinhardtii.'® In the latter case, the authors showed that low zinc concentrations could
lead to an increase in zinc ion transporters which in turn can lead to an increase in
cadmium uptake and toxicity. Moreover, the same authors found an abnormally high
copper toxicity toward C. reinhardtii at a free copper concentration as low as 10> M
when the exposure solution contained very low concentrations of essential elements.!®
The half-maximum effect concentration (EC50) previously reported for this species was
1082 M Cu?".!% 20 Thus, based on the intriguing observations of copper toxicity to C.
reinhardtii, we hypothesized that the nutritive status of trace elements in the culture
medium affects the sensitivity of this alga to Cu.'® The role of iron was also more
carefully looked into as copper and iron are closely involved in cellular metabolism. In
fact, in many metabolic pathways copper and iron are used together or alternatively as
heme, protein cofactor etc. suggesting that their cellular metabolisms are very closely
linked.?!->* We thus investigated the sensitivity of C. reinhardtii growth to copper and its
accumulation in two different iron nutrition conditions: (7) in iron depleted media and (i7)

in iron replete media.

Experimental section

Biological material and culture medium

The test alga, Chlamydomonas reinhardtii, was obtained from the Canadian
Phycological Culture Centre (CPCC) of the University of Waterloo (Ontario, Canada). C.
reinhardtii is a unicellular microalga of about ~ 5 um in diameter, widely used as a
biological model, notably for the study of interactions between metals and cells from an
eco-physio-toxicological point of view.!3 2> It is also genetically and biochemically well

characterized and its genome has been fully sequenced.?-2°
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Algal cells were cultured in 100 mL of MHSM1 (Modified High Salt Medium)
medium (Table S1) in 250 mL glass Erlenmeyer flasks.>® A new autoclaved culture
medium was inoculated once a week in order to maintain a good physiological state of
the algae. MHSM1 medium was prepared from six stock solutions (Table S2) previously
filtered and stored at 4°C. The ionic strength of the medium was adjusted to 22 mEq-L"!
with 1 M NaNOs; solution and the pH was adjusted to 7.0 £ 0.1 with a 1 M NaOH
solution. To buffer the solution pH, 3-N-morpholino-propanesulfonic acid (MOPS) 10
mM was used (see Table S1 for details of the solution composition). All manipulations
were carried out axenically under a laminar flow hood and all culture flasks were
autoclaved before their use. The cultured algae were placed on an orbital shaker (100
rpm) inside an environmental chamber (Conviron, CMP4030) maintained at a
temperature of 20.0 + 0.2 °C and the light intensity was maintained to 100 + 10 pE or

umol-m2-s! in order to obtain asynchronous algal cultures.

All vessels used in this study were soaked for 24 h in 15% (v/v) HNO; (ACS grade,
Fisher Chemical) solution, washed five times with demineralized water, three times with
ultrapure water, and dried under a class 100 laminar flow hood to avoid possible airborne

particulates contamination.

Exposure media and experimental designs

The exposure media contained the same major nutrients as the MHSM1 culture
medium, but instead of EDTA (ethylenediaminetetraacetic acid), metal concentrations
were buffered by NTA (nitrilotriacetic acid). In our experiments, the concentrations of
several essential elements were manipulated. In order to avoid co-variation of a free
essential metal concentration upon the addition of another, the free NTA3- concentration
was kept constant. This was achieved by the joint addition of an appropriate amount of
NTA and metal as determined by thermodynamic calculations using MINEQL+ 5.0
speciation software as detailed in a previous publication.'® For all experiments, algae
previously cultured in MHSM1 medium, were collected, washed three times with the

rinse solution (exposure medium without trace metals) to remove any EDTA, ligands or
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trace metals associated with cell surface and transferred to exposure media for 72-h as

described below.

Three series of copper exposures were carried out in triplicate. The first series was
performed in a low metal medium (LM) in order to study the toxic effect of copper on
cell growth when essential element concentrations are the lowest possible while high
enough to sustain normal growth. The LM medium was designed to simulate an exposure
medium in conditions where algae are at the limit of metal starvation, providing thus an
opportunity to probe the impact of low essential elements on copper toxicity (Table S1).
The second series of exposure was performed in four different media (LZn (Low Zinc),
LMn (Low Manganese), LCo (Low Cobalt) and LFe (Low Iron); Tables S3 to 6) in
which free essential metal concentrations were individually lowered to quantify their
respective contribution in the observed copper uptake and toxicity (72-h cell growth).
These exposure media were designed so that, in each case, only the metal of interest
(Zn?*, Mn?*, Co*" or Fe' respectively) was maintained at a low concentration with
respect to the normal growth medium. This allowed us to investigate which one of these
depleted essential metals has an impact on copper uptake and toxicity (the various
treatments and their identification are presented in Tables S3, 4, 5 and 6). The third series
of experiments were performed in High Metal media (HM; Table S7) and Low Fe media
(LFe, Table S8). These allowed to quantify the effect of copper (uptake and toxicity)
when all essential metals were maintained constant at the same free ion concentrations as
in the standard culture medium (MHSM1), i.e. 107! M Zn?*, 1037 M Co?*, 10-18 M Fe3*
and 10°® M Mn?" compared to a medium where free Fe*" concentration (10'1° M Fe3")
was lower. These exposure media allowed us to examine the cells’ response under
micronutrient-replete conditions (HM) compared to micronutrient-deplete conditions
(LM) in order to test our working hypothesis. Free Cu?" concentrations ranged from 10
140°t0 109 M in LM media and up to 10-%3 M in HM media (see Tables S1 to 8 for
details).

Measurement process of cell density and copper accumulation
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Throughout the 72-h exposure, cell population density was measured at 0, 6, 12, 24,
48 and 72-h. Cell numbers, diameter and surface area were estimated with an electronic
particle counter (Multisizer 3 Coulter Counter, 70-mm aperture; Beckman) after
appropriate dilution in isotonic solution (Isoton® II). This allowed the construction of
algal growth curves and for Cu uptake results to be normalized as a function of exposed

surface area (nmol-m-2).

After the 72-h exposure period, algae were gently harvested by filtration which was
carried out with a hand pump generating a low vacuum (10 cm Hg) in order to keep the
algal cells intact. Two superimposed polycarbonate filter membranes (Millipore) of 2 um
porosity were used. The upper filter was used to harvest algae while the lower one was
used to quantify potential Cu adsorption on the filter membrane. Aliquots of the filtrates
were collected to determine copper concentration ([Cu],) remaining in the bulk solution
after a given exposure period and for mass balance calculations (see below). After
filtration, the algae were rinsed with 10 mL of rinse solution (simplified MHSMI
medium without trace elements) supplemented with EDTA (10* M) for 10 min and then
three times with 10 mL of the rinse solution. This step was designed to remove the Cu
attached to the outer membrane of the algae and the remaining cell associated Cu was

operationally defined as intracellular Cu.?!-33

The two filter membranes were separately inserted in 50 mL propylene tubes with 5
mL of concentrated nitric acid (trace metal grade, Fisher) and 1 mL of hydrogen peroxide
(Optima grade, Fisher). The tubes were then put in a digester at 95 °C and mineralized for
4 h. Then, 0.5 mL of hydrofluoric acid (ACS grade, Fisher) was added thereto and the
tubes were placed again in the digester at 95 °C for an additional 2 h. After digestion, the
volume of digestate was adjusted to 50 mL with ultrapure water (resistivity >18.2 MQ
cm; Nanopure grade) in order to reach 10% (v/v) of nitric acid matrix. All samples were

stored at 4 °C and protected from light until copper analysis.

Trace elements analysis and quality assurance and control
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Copper concentration in the samples were mainly analysed by ICP-MS (Inductively
Coupled Plasma Mass Spectrometry, Thermo Scientific) for low Cu concentrations and
ICP-AES (ICP Atomic Emission Spectrometry, Varian Vista AX) was used for higher
trace element concentrations. Fisher Certified Reference Standards were used for the both
analyses. Each sample concentration was determined in triplicate and the repeatability of
ICP measurements was generally > 97%. Analytical quality assurance (QA) and quality
control (QC) were done using a certified reference material (CRM). For ICP analysis,
single element standards (SCP Science) were used for calibration curve; multi-elemental
certified standards (900-Q30-100, SCP Science) and a proficiency testing study for trace
elements in water (#*TE107-01, Environment Canada) were used as quality control for
samples analysis, and the recoveries of each control material were 113 + 1% and 95 +
10%, respectively. Details of mass balances are provided in the supporting information
(Tables S9 and 10); the average recovery of copper after the exposure is 83.0 = 0.2 %.
For acid digestions, the [AEA-413 algae material (International Atomic Energy Agency)
was selected for quality control of experimental performance. The average recovery of

Cu for the digestion process was 95.4 + 3.5% (Table S11).

Statistical analysis

All means are shown with standard deviation (+ SD). Differences among treatments
were analyzed by one-way analysis of variance (ANOVA). When significant differences
were observed, means were compared using a t-test. The significant threshold was
established at 0.05. Analyses were carried out using JMP Pro 13.0.0 software (SAS
Institute, Riverside, CA, USA). All graphs and regression models were produced by
using the Sigma Plot software (version 12.5). When measured values were pooled, error

propagation calculations were performed.

Results and Discussion

Combined and individual effects of essential trace metal on copper toxicity

ACS Paragon Plus Environment
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Combined effect of trace elements. While testing the effects of cationic metals on
cadmium toxicity, Lavoie et al. noticed an abnormally high copper toxicity on algal
growth in low [Cu?"] ranged from 10-'% to 10-'> M.!® They hypothesised that “low [Cu?*]
might exert greater toxicity in a growth medium with very low trace metal concentrations
(but sufficiently high to sustain normal growth) than in metal-rich media because of a
decrease in competing free essential metals”. We thus set out to repeat this experiment
and investigated if very low concentrations of copper could inhibit the growth of a
freshwater green alga. To do so, we performed a long-term (72-h) exposure of C.
reinhardtii to three very low [Cu®*]g.. ranging from 10-4 to 10-'> M in the LM medium
which contained minimal concentrations of essential trace elements (Table S1). Results
shown in Figure 1 indicate that the growth of C. reinhardtii was inhibited at the highest
free Cu concentration tested (1012 M). Algal cells exposed to 103 and 10-'* M Cu?*
showed a normal growth pattern while at 10> M, a much lower growth rate was
observed following the lag phase which corresponded to the first 24 h. Indeed, the
measured growth rates between 24 and 60-h (corresponding to the exponential growth
phase) were 0.044 + 0.002, 0.043 £ 0.002 and 0.017 + 0.006 division h-! at 1014, 10-13
and 10"'2 M Cu?" respectively.

These results thus confirm that copper can be toxic to C. reinhardtii at very low
concentrations when essential trace elements are present at low concentrations. In
freshwaters, the focus is often on major cations (Ca?*, Mg?" and H") as these have been
shown to modify metal uptake and toxicity.’* 3 Little attention has however been paid to
essential trace metals that could also decrease uptake and toxicity of other metals, albeit
this has been previously noticed for marine algae.%-4° Therefore, we hypothesized that
this enhanced sensitivity of algae to copper can be explained by the influence of the trace
element nutritive status of the algae.*> 4> We thus set out to figure out which

micronutrient of interest is modulating the toxicity of Cu to C. reinhardtii.

Individual effect of trace elements. To understand and quantify the contribution of
each trace element present in the exposure solution to copper uptake and toxicity, we

performed series of long-term (72-h) exposures of C. reinhardtii to Cu?* in different Low
9
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Metal (LM) media (LCo, LFe, LMn and LZn) (see Tables S3 to 6). The results presented
in Figure 2 show that, when only Zn?*, Mn?* or Co?" was present at low concentration in
the exposure media, no inhibition of algal growth by Cu?" was noticed after 72-h over the
tested range of copper concentrations (p>0.05). On the other hand, when Fe3* was present
at low concentration, Cu?" completely inhibited algal growth at 10-'! M (p<0.0001) (see
Figure S1 in supplementary information for full growth curves). Thus, among these four

trace elements, only Fe3* seems to modulate Cu®* uptake and toxicity to C. reinhardtii.

We then determined Cu toxicity thresholds (EC50) in both Fe replete and depleted
cells (Fig. 3). Using the LFe medium ([Fe3"] = 10199 M), an EC50 of only 4.2 pM [2.7 -
7.2; 95% confidence interval] was obtained. Using the HM medium ([Fe'] = 10176 M)
we obtained a much higher EC50 (2.3 nM [1.8 — 2.9]) than in the LFe medium. This 500-
fold difference indicates that copper can become much more toxic at very low Fe
concentrations. Published copper EC50 toxicity data using the same algal species
revealed toxicity thresholds of 6.0 = 1.1 nM, a value close to the one we observed in the
HM medium. To our knowledge, the lowest EC50 value based on free Cu?" for a
unicellular alga previously published is 40.4 pM [39.6 — 41.2] obtained with P.
subcapitata using natural surface waters.® This value is still one order of magnitude
higher than what we observed in the low iron medium. Table S12 provides a summary of

free Cu?" toxicity data found in the literature.

These results show clearly that iron plays a role in copper toxicity to C. reinhardtii.
This assertion is consistent with the results of Cu?" accumulation inside the algae during
their exposures to Cu?* under both iron depleted/replete conditions. According to the
accumulation curves (Fig. 4), it appeared that, at low Cu?" concentrations (~10-130 to 10
105 M), Cu accumulation inside C. reinhardtii increases under iron-depleted conditions
but remain constant under iron-replete conditions. In this range of [Cu?'], copper
accumulation reached up to ~150 amol - cell'! representing a 6-fold increase compared to
that observed for algal cells in iron-replete media. The impact of Fe** on Cu?* uptake and
toxicity in C. reinhardtii could be explained by two mechanisms: a competitive effect
between Fe3™ and Cu?* at the binding sites of metals on the cell surface as described in
the BLM; and/or a feedback mechanism in which the low iron conditions trigger the

10
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synthesis of additional Fe transporters.*> Both mechanisms involve that Fe and Cu share a
common transport system. The fact that these two metals are known to be metabolically
linked is an argument in favor of this hypothesis.?!> 444 For example, Merchant et al.
have found that multicopper oxidases are generally associated with permease or
transporter for iron delivery across the membrane.>?> According to Kropat et al., in a
copper-deficient situation, a blue copper protein (plastocyanin) can be replaced by
cytochrome (Cyt) c6, a functionally equivalent heme (iron)-containing c-type Cyt.*’
Moreover, it was shown that Fe-deficient cells of C. reinhardtii exhibited greater copper
reductase activity.*® Additional work on higher plants also suggested that iron could have
an impact on Cu uptake.*->! From a nutritional perspective, it can also be argued that the
cells in conditions close to Fe limitations may become more susceptible to copper

toxicity, despite normal growth at [Cu?*]<3x10-13 M.

In the higher end of the concentration range ([Cu?*] < 10! M) which corresponds
to the onset of growth inhibition for iron-replete cells, we observed that Cu?*
accumulation increased up to 890 amol - cell'! (Fig. 4). This suggests that less internal

copper is required in iron depleted cells to induce toxic effects compared to iron-replete
cells. To further illustrate this point, we plotted dose-response curves and extracted EC50
values based on intracellular copper (Fig. 5). These clearly show that the internal dose
required to inhibit growth by 50% is much lower for iron-depleted cells (104 amol/cell
[93-115]) than for iron-replete cells (477 amol/cell [270-740]). In other words, iron can
protect the cells from copper uptake but also from internal damage. This suggests that
iron somehow modifies the internal handling of copper. The use of high resolution
imaging techniques, metallomics or subcellular fractionation schemes could provide more

information on how iron protects algal cells from copper toxicity.>>->

Environmental implications

In freshwaters, as opposed to marine waters, iron is always abundant. The observed
aqueous concentrations in surface waters are related to the watershed geochemistry. Due

to dissolution and precipitation reactions involving iron hydroxides, iron mobility will be

11
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strongly influenced by pH. Similarly, iron binding to dissolved organic matter will
contribute to the watershed transport of iron.> It follows that free iron concentrations in
the water column will be highly dependent on pH. At acidic pH, iron oxides become
more soluble and organic matter less binding due to proton competition. At circumneutral
pHs, iron becomes less soluble and stronger binding to organic matter occurs, driving
down the free iron concentrations. Lofts et al. estimated that free iron activity in
freshwaters decreased from 1074 to 102 M when pH increased from 6 to 8.5 In this
work, we showed that a decrease in free Fe’* from 10176 to 10-1°9 resulted in a sharp
increase in copper sensitivity in a green alga. We thus predict that pH can influence
copper toxicity to unicellular algae in natural waters in three ways: 1) through speciation
changes affecting free Cu?*; ii) through competition between protons and Cu?* ions for

uptake; but also iii) from changes in ambient free Fe** concentrations.
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Figure 1: Growth of C. reinhardtii cell population over time in a low metal medium in which
essential element concentrations are the lowest possible while high enough to sustain

normal growth. Only the free copper concentration was varied (N=3).

Figure 2: Growth of C. reinhardtii after 72-h of exposure to four different concentrations of free
ionic copper (104, 10-13, 102 and 10-'"" M) in four exposure media. In each medium, the
concentration of one essential element was manipulated (Zn, Mn, Co and Fe). Each panel shows
the cell density after 72-h as a function of Cu?" concentration. Error bars are the standard
deviations of three replicates. In the low Fe medium, the growth difference between copper
treatments is significant (ANOVA; p<0.001) (See Tables S3 to 6 for the total and free

concentrations of each element).

Figure 3: Relative cell yield (p/po) after 72-h as a function of exposure copper concentrations in
low (o, LFe) and high iron media (e, HM). Error bars represent the standard deviations of two or
three replicates of algal cultures. Half-maximal effective concentrations (EC50) are given with

their respective 95% confidence intervals.

Figure 4: Accumulation of Cu in C. reinhardtii after 72-h of exposure as a function of free copper
concentrations in low (o, LFe) and high iron media (e, HM). Error bars are the standard

deviations of two or three replicates.

Figure 5: Dose-response curves showing relative cell populations after 72-h as a function
of intracellular copper accumulation (in amol/cell) in low (o, LFe) and high iron media (e,
HM) exposed cells. The error bars represent standard deviations of the mean of two to three

replicates.
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