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Natural dissolved organic matter (DOM) is a heterogeneous mixture of a variety of organic compounds, with a great importance for the environmental fate of metals and their ecotoxicity. However, its complex nature and variable composition make the understanding of its role a challenge. Lanthanum (La) has a strong affinity for DOM and is one of the rare earth elements that is widely used in many electronic and green technologies, and for which the demand may potentially increase for the foreseeable future. The present study examines the links between the optical and chemical properties of organic matter and its influence on the bioavailability and toxicity of La toward the green microalga Chlorella fusca. A total of four DOMs, two natural organic matter samples from Ontario (Luther Marsh and Bannister Lake) and two Suwannee River fulvic and humic acids, were characterized by absorbance and fluorescence spectroscopy as well as by asymmetrical flow field-flow fractionation. These suggest that Luther Marsh and the Suwannee River humic acid have higher molecular weight and are more aromatic, compared to the other two DOMs. The concentrations of free metal ion La3+ were measured by an ion exchange technique and a partial ultrafiltration method, and related to biological response. Toxicity tests over 96 h at pH = 5.0 were separately conducted with and without 3 mg C·L−1 of each DOM. All DOM samples reduced La bioavailability but as opposed to what can be expected based on the Biotic Ligand Model, the presence of DOM exacerbated the toxicity of La and its accumulation in algal cells when only the free La3+ ion concentration was considered. These results indicate that the role of natural organic matter in modulating metal bioavailability remains to be deciphered.
[image: Graphical Abstract]GRAPHICAL ABSTRACT | Experimental design for the exposure of a green alga to lanthanum in the presence or absence of natural organic matter. Results show that accumulation and effects are greater than those expected based on the free ion concentration.
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1 INTRODUCTION
Dissolved organic matter (DOM) is ubiquitous in aquatic systems, with concentrations generally varying from 1 to 15 mg C·L−1 (Sobek et al., 2007). It is a complex and heterogeneous mixture of compounds that naturally comes from living beings (by secretion/excretion) or decomposition within the watershed, as well as from anthropogenic sources. DOM plays a crucial role in several physical, chemical and biological processes in freshwater aquatic systems, being the main pool of carbon. The most studied operational fractions of DOM are a combination of humic (HA) and fulvic (FA) acids, also called humic substances. In general, DOM comprises a large number of molecules with various structures and properties such as those found in carbohydrates, proteins or amino acids. The chemical structure of DOM provides metal-binding properties with moieties such as carboxyl, phenol and thiol functional groups (Perdue and Ritchie, 2003).
The presence of DOM can therefore alter metal speciation and bioavailability toward aquatic organisms. According to the currently accepted paradigm, the biotic ligand model (BLM), the free metal ion is the key species to be considered when studying the bioavailability and toxicity of metals in solution. When metals are bound by DOM, their biouptake and toxicity generally decrease, and so do the biological responses (Campbell and Fortin, 2013; Mebane et al., 2020; Fortin, 2024). This model has been tested in systems containing DOM and there is a growing body of evidence that for most metals bioavailability can be predicted by the free metal ion concentration (Vigneault and Campbell, 2005; Crémazy et al., 2022; Lachaux et al., 2022). DOM can protect against metal toxicity because of its complexation properties, but it can also directly affect microalgal membranes. Indeed, DOM can adsorb to algal surfaces as the result of a hydrogen bonding mechanism involving electronegative functional groups present in the DOM and on the cell surface, and as a result of hydrophobic interactions (Ojwang and Cook, 2013). This latter trend has been confirmed by DOM loss from the solution, when phytoplankton cells were present at pHs ranging from 4 to 7 (Campbell et al., 1997), and by electrophoretic mobility measurements at pH 5 (Knauer and Buffle, 2001). This surface adsorption of DOM can possibly increase metal uptake by algae. Lamelas et al. (2009) have shown that Pb uptake flux and binding to internalization and adsorption sites of Chlorella kesslerii were higher in the presence of Suwannee River humic acid (SRHA; 10 mg C·L−1). The authors suggested this resulted from an increase in Pb binding to the internalization sites, forming ternary complexes (Pb-HA-alga). Shi et al. (2022) separated SRHA into high (>1 kDa) and low (<1 kDa) molecular weight fractions and exposed Chlorella vulgaris to increasing concentrations of Pb. They found an increased inhibitory effect with the low molecular weight (LMW) fraction while the high molecular weight (HMW) fraction provided a protection against Pb toxicity. They found no significant Pb binding by the LMW fraction while strong Pb complexation was observed for the HMW fraction. The authors hypothesized that LMW DOM may have modified the membrane permeability. Several studies have shown a modification of algal membrane permeability by DOM (Parent et al., 1996; Vigneault et al., 2000; Steinberg et al., 2008) and an influence of DOM hydrophobicity on its affinity for cell membranes (Al-Reasi et al., 2012). Several other studies have investigated the influence of DOM quality and physicochemical properties on metal toxicity (Al-Reasi et al., 2011; Al-Reasi et al., 2012; Al-Reasi et al., 2013), but questions remain unanswered because of the extreme heterogeneity and complexity of DOM.
Lanthanides have a strong affinity for DOM and in circumneutral and alkaline aquatic systems is expected to be mostly complexed with natural organic ligands (Lead et al., 1998; Pourret et al., 2007; Leguay et al., 2016). Naturally present in the environment, lanthanum (La) is a metal of interest because it is one of the rare earth elements widely used in electronic and modern technologies, and needed for renewable energy resources, for which the demand is predicted to increase for the next several years (Zhou et al., 2017). Its extraction and increasing use therefore highlight the need to study its toxicity, in light of its speciation in the presence of natural DOM. It was in this context that we investigated the toxicity of La toward the unicellular freshwater alga Chlorella fusca, in the presence of DOM from different sources. At the base of the trophic chain, microalgae are of great interest for ecotoxicological studies, given their ecological importance and their high surface/volume ratios. Algae such as C. fusca are widely used for chronic toxicity tests due to their ease of harvest and their short generation time.
The objective of this work was to determine the influence of different DOMs and their composition on the speciation of La, on the uptake of La by C. fusca and its subsequent toxicity. We hypothesized that La binding by DOM would result in a decrease in metal bioavailability as predicted by the BLM. The binding of La by DOM was characterized by partial ultrafiltration (PUF), an ion-exchange technique (IET) and asymmetrical flow field-flow fractionation (AF4). In parallel, the uptake and toxicity of La to C. fusca were determined through 96 h exposures at pH 5.0 with 3 mg C·L−1 of DOM, by measuring intracellular metal content and growth inhibition, respectively. Finally, the optical properties of each DOM were characterized by UV-visible and fluorescence spectroscopy, while their size (with and without La) were investigated using AF4.
2 EXPERIMENTAL METHODS
2.1 Material and reagents
Before their use, all materials related to algal culture were rinsed three times with deionized water, then soaked during 24 h in 10 % (v/v) nitric acid, rinsed again three times with deionized water and three times with ultrapure water (18 MΩ·cm), and finally dried under a laminar flow hood, and autoclaved at 121°C for 15 min.
Lanthanum was added from a standard solution (PlasmaCAL) of 1002 ± 6 mg La·L−1 obtained from the dissolution of La2O3 in 4 % HNO3. For the preparation of the exposure media, intermediate acidic solutions were prepared for different La concentrations, the dilution being carried out with ultrapure water. The Suwannee River humic (SRHA) and fulvic (SRFA) acids were obtained from the International Humic Substances Society (IHSS; HA catalog number: 3S101H and FA catalog number: 1S101F). Solutions of 250 mg·L−1 were prepared by dissolving HA and FA powders in 10 mM NaOH. The solutions were then stirred for 24 h in the dark, filtered through a 0.45 μm polyethersulfone (PES) filter, and stored at 4°C, protected from light. Natural DOM samples were collected from a lake (Bannister Lake) and a marsh (Luther Marsh) in Ontario, Canada as described in Chen et al. (2018) and Al-Reasi et al. (2012). Removal of metal cations from the natural DOM samples was done using a cation exchange resin at acidic pH. Solutions were then filtered through a 0.45 μm PES filter and stored in a dark and cool place (4°C). An analysis of the dissolved organic carbon (DOC; Shimadzu Vcph) present in all stock DOM solutions was carried out in order to verify their concentration. A calibration curve was made for each analysis (with a homemade stock solution of 1000 mg·L−1 of total organic carbon (TOC)) and a standard solution of 100 mg C·L−1 of TOC (batch number: S170309025; SCP Science) was used as a control. Targeted DOC concentrations were fixed at 3 mg C·L−1 for all DOM used. This concentration is well within the typical values observed in natural systems and it results in significant complexation of La (Leguay et al., 2016).
2.2 Dissolved organic matter characterization
2.2.1 Absorbance spectroscopy
The fraction of DOM that absorbs in both ultraviolet and visible light is called colored or chromophoric dissolved organic matter (CDOM). UV-visible absorption spectroscopy was used to determine general properties of DOM, using the Aqualog (Horiba Jobin-Yvon) spectrophotometer. Several parameters can be calculated from absorbance spectra (recorded between 200 and 800 nm), in order to characterize the aromatic character of DOM and to approximate its size. First, the Specific UV Absorbance (SUVA) parameter, expressed in L·mg C−1·m−1, is the UV absorbance at 254 nm, measured in units of absorbance per meter of path length, normalized for DOC concentration (Weishaar et al., 2003). It is correlated with the degree of aromaticity of DOM. Also, the ratio E2/E3 represents the absorbance at 254 nm divided by the absorbance at 365 nm and is often used to characterize aromaticity and molecular size: the ratio increases with decreasing aromaticity and size (Peuravuori and Pihlaja, 1997; Thomsen et al., 2002). Finally, the ratio of spectral slopes (SR) is calculated as the ratio of the slope of the absorbance spectrum for short wavelengths (S275–295 nm) to the spectral slope of longer wavelengths (S350–400 nm). The SR ratio is negatively correlated with the size of the DOM: when SR increases, DOM molecular weight decreases (Helms et al., 2008).
2.2.2 Excitation-emission matrix fluorescence spectroscopy
A part of chromophoric DOM components possess fluorescence properties which provide further information about its composition and source and alteration processes in aquatic environments. Fluorescence is a very sensitive technique that allows a small volume of DOM sample to be quickly characterized even at low sample concentrations. Excitation-emission matrix (EEM) fluorescence spectra were recorded using an Aqualog spectrofluorometer (Horiba, Jobin-Yvon), equipped with a double excitation monochromator, a 150-Watt Xenon lamp, with a 5 nm bandpass, and 2 s integration time at wavelengths of 240–800 nm at 5 nm intervals. The samples were placed in a 1 cm path length quartz cuvette thermostatically controlled at 20°C. Emission spectra were collected with high charge-coupled device detector gain at approximately 0.58 nm (1 pixel) intervals at wavelengths between 245 and 830 nm. The sample EEM spectra were obtained by subtracting the EEM blank spectrum of ultrapure water (Milli-Q, Millipore) daily recorded under the same conditions as those for the DOM samples. The intensity and position of the fluorescence maxima were considered to characterize the observed peaks. Fluorescence intensities were normalized to the area under the Raman peak of an ultrapure water blank at an excitation wavelength of 350 nm and are expressed in Raman units. EEM data treatment was performed with TreatEEM software. The trilinear decomposition algorithm PARAFAC (Parallel Factor Analysis) was used with MATLAB software (R14-6.5) and the DOMFluor toolbox (ver. 1.7). It is a multidimensional procedure which decomposes a whole EEM spectra dataset into different independent groups of fluorescent components. This data analysis consists of building a linear model by estimating the excitation and emission spectra of fluorophores and the coefficient applied to each of these matrices. The multi-way PARAFAC model was run for three to six components with non-negativity constraints as described by Stedmon and Bro (2008).
Fluorescence indices, such as the biological activity index (BIX) and the fluorescence index (FI), can provide information on the origin and source of DOM. The BIX index is calculated from the emission spectrum at 310 nm excitation wavelength by dividing the fluorescence intensity emitted at 380 nm by that emitted at 430 nm (Huguet et al., 2009). Increasing BIX is linked to a predominant autochthonous origin of DOM and the presence of freshly produced organic matter in the environment. The FI corresponds to the ratio of fluorescence emission intensities at 450 and 500 nm for an excitation wavelength of 370 nm. Values > 1.9 typically reflect an aquatic or microbial contribution and < 1.3 a terrestrial contribution (McKnight et al., 2001).
2.2.3 Asymmetrical flow field-flow fractionation (AF4)
Asymmetric Flow Field-Flow Fractionation (AF4) is a non-destructive chromatographic-like separation method suitable for a wide range of molecules and particle sizes (between 1 and 1,000 nm). It allows molecules to be separated according to their diffusion coefficient, the separating force being a flow applied perpendicularly to the direction of the mobile phase flow. As a result, and due to the parabolic form of the mobile phase flow, the smaller size molecules are eluted earlier than the largest ones.
Each DOM size fraction was characterized in the absence and presence of La (5 µM) using AF4 (Eclipse 3 from Wyatt Technology Europe) coupled with a UV/Vis detector (HP1200 series, Agilent). The AF4 was equipped with a separation channel with a spacer of 490 µm and a 1 kDa PES membrane (NADIR NP010). A mobile phase containing 5 mM NaNO3 at pH 6.8 was used. The detector flow rate was set at 1 mL·min−1. The volume of injection was 1 mL with an inject flow rate of 0.3 mL·min−1. The separation conditions were optimized as follows: 5 min of sample injection and 6 min of relaxation with a focus flow rate of 1 mL·min−1, followed by elution with a constant cross-flow rate of 4 mL·min−1 for 5 min, then a linear gradient cross-flow from 4 mL·min−1 to 0 mL·min−1 for 10 min, and finally no cross-flow for 5 min. Between each sample injection, an ultrapure water blank was run and the sample injection system was purged.
2.3 Algae culture conditions
The unicellular green alga Chlorella fusca var. vacuolata Shihira and Krauss was obtained from the Canadian Phycological Culture Centre (University of Waterloo, Canada; CPCC #89). This species has been frequently used for metal uptake/toxicity studies and is known to grow normally at acidic pHs (Parent and Campbell, 1994). Algae cells were cultured in polycarbonate Erlenmeyer flasks in sterile modified high-salt medium (MHSM-2, composition detailed in Supplementary Table S1) at pH 5.0 (buffered with 10 mM MES; 2-ethanesulfonic acid). This pH was selected to avoid the formation of colloidal forms that have been observed at circumneutral pHs for cerium (El-Akl et al., 2015). Organic phosphorus (β-glycerol phosphate) was used at a concentration of 10 µM instead of inorganic phosphate to avoid the problem of La precipitation (Joonas et al., 2017; Aharchaou et al., 2020). All stock solutions (nutrients and trace metals) for the preparation of MHSM-2 growth media were prepared from ultrapure water and high-purity chemicals. These solutions were all filtered through a 0.2 μm Millipore polycarbonate membrane, except for the 0.10 M NaOH solution which was filtered through a 0.2 μm PES membrane. This latter membrane was pre-immersed in ultrapure water 24 h before use. Stock solutions were sterilized by autoclaving at 121°C for 15 min and stored at 4°C protected from light. MHSM-2 medium was also autoclaved under the same conditions before use. The cultures were placed on a stirring plate (∼60 rpm) in an environmental growth chamber (Conviron CMP4030) at 20.0°C ± 0.1°C and under a continuous light intensity of 100 ± 10 μE·m−2·s−1. Algae cultures were maintained by transferring (under sterile conditions) 2 mL of the culture into 100 mL of fresh sterile MHSM-2 growth medium, every 2 weeks. Absence of bacterial contamination was checked monthly by plating onto agar gel.
2.4 Exposure conditions
Metal exposures were performed in sterile MHSM-2 medium. Uptake and toxicity of La were determined in the absence and presence of DOM. Each exposure medium was prepared and left to equilibrate for 72 h before algal inoculation. Algae were kept in the exponential growth phase during the 4 days preceding inoculation. For this latter step, the algae were filtered and collected on a 2.0 μm polycarbonate filter. They were then rinsed three times with 10 mL of EDTA-free rinse medium (without trace elements and MES buffer, MHSM-R composition detailed in Supplementary Table S1), then resuspended in fresh MHSM-2 medium. Cell density was checked in the resuspended algae medium using a particle counter (Coulter Counter Multisizer III) and the algae were inoculated in order to obtain an initial cell density between 15,000 and 20,000 cells·mL−1. The inoculated Erlenmeyer flasks were then placed in the growth chamber, under the same conditions as mentioned above for the algal culture.
Cells were exposed to La (0–5 µM) and DOM (0 or 3 mg C·L−1) during 96 h at pH 5.0. An aliquot of each Erlenmeyer was taken every 24 h in order to measure the cell density and average surface area of the cells with the particle counter. To do so, a 1-mL sample was taken and placed in a cuvette, for a 10 mL final volume using Isoton II solution as diluent. A blank containing only Isoton II solution was analyzed at the start and the end of each use. The pH was measured daily in one Erlenmeyer flask per concentration and remained constant throughout the experiment (4.98 ± 0.02). For the determination of total lanthanum in solution, aliquots were taken every 24 h and centrifuged at 5,000 rpm for 10 min, then the supernatant was recovered and acidified with HNO3 for analysis by inductively coupled plasma mass spectrometry (ICP-MS; XSeries 2, Thermo Scientific). A control exposure experiment without algae was carried out under the same exposure conditions as in the presence of algae (MHSM-2; pH = 5.0, n = 3) for 96 h, and La concentrations did not significantly vary (p > 0.05) during the exposure (less than 7% variation), suggesting that metal adsorption on the container walls was negligible. For exposures in the presence of DOM, TOC was indirectly determined by measuring fluorescence using a spectrofluorometer, at the same frequency as the total La concentration and pH measurements (i.e., every 24 h during the 96 h toxicity tests). The excitation wavelength was set at 350 nm for an emission wavelength of 463 nm. A range of standards with measured concentrations of TOC (0–6 mg C·L−1) were used to obtain a calibration curve. TOC concentrations determined in this manner tended to increase with time (p > 0.05), up to 11 % (mean value for all experiments and all La concentrations). The excretion of organic compounds by algae cells was likely responsible for the observed increase. On the other hand, the measured La concentrations decreased 12 % with time (mean value for all experiments and La concentrations), due to adsorption and assimilation by the algae. This change was however not significant (p > 0.05), so that La remained stable over time for all experiments. Other analytical measurements (PUF and IET; see next section) were carried out at the beginning (0 h) and the end (96 h) of the exposure.
After 96 h, all Erlenmeyer flasks were filtered through two superposed 2.0 μm polycarbonate filters (Millipore). The upper filter was used to quantify lanthanum accumulated by algae while the lower filter was used to control for potential La adsorption onto the filter membrane. The filtrate was recovered to determine the total concentration of La, La speciation and TOC concentration in solution. The algae on the filters were rinsed twice with 10 mL of a MHSM-R rinse solution containing 1 mM EDTA, to remove La bound to the surface of algal cells (Hassler et al., 2004). La was quantified in the upper (intracellular La) and lower (background adsorption control) filters after being dried at 70°C for 48 h, and digested in Teflon tubes with 5 mL of concentrated HNO3 (70 %) and 1 mL of H2O2 at 95°C for 4 h. The final volume was completed to 50 mL with ultrapure water. Digestion quality controls were carried out, at the same time as the algae digestions, with a certified reference material from lichen (IAEA-336; certified value of 0.66 mg La·kg−1 [0.56–0.76; 95 % confidence interval]). Average La recovery of this digested reference material was 94% ± 3 % (n = 5). There were no significant differences between the obtained values and the reference La value of the standard. Metal accumulation per cell was finally calculated by normalizing the results by the mean cell population at 96 h.
2.5 Lanthanum speciation
The speciation of La in the exposure media without organic matter was calculated using MINEQL+ software (Version 5.0). In the media with DOM, the Windermere Humic Acid Model software (WHAM, model version 7.0.5) was used to calculate the proportion of free La3+. The model requires as input the concentrations of humic and fulvic acids. Three scenarios were tested for predicting the La-binding by DOM (Supplementary Table S2): 1) the fulvic and humic acid concentrations are taken into account based on literature; 2) only the fulvic acid fraction, determined by PARAFAC, is taken into account; 3) DOM is composed only of fulvic acid concentration, which represents 65 % of the measured (Bryan et al., 2002).
2.5.1 Ion-exchange technique (IET)
The IET was used to determine free La3+ concentrations in each exposure medium as described by Leguay et al. (2016). This speciation technique is based on the establishment of an equilibrium between the free metal ion contained in solution and the binding sites on the resin in the presence of sufficient competing cations. The resin was equilibrated by a batch equilibration approach. Briefly, the following steps were followed: first 9 mg of the resin (Dowex 50W-X8, 50–100 mesh, Sigma Aldrich #60H0614) were weighed and successively put in contact with 1) 10 mL of 1.5 M HNO3 for 4 min, 2) 10 mL of ultrapure water for 30 s, 3) 20 mL of 1.0 M NaOH for 4 min, 4) 10 mL of ultrapure water for 30 s, 5) 10 mL of NaNO3 1.0 M for 2 min, repeated five times, and 6) 50 mL of sample until equilibrium is reached (24 h according to Leguay et al., 2016). Between each of these steps, a centrifugation at 5,000 rpm for 10 min was performed, to remove the supernatant. Total La concentrations in the supernatant were measured by ICP-MS after the equilibrium had been reached. The concentration of La3+ can be obtained using the quantity of La eluted from the resin. Elution of the La bound to the resin was accomplished with the following steps: 1) resin rinsed two times with 10 mL of ultrapure water, 2) 10 mL of 1.5 M HNO3 was added and left for 5 h and repeated three times. These three elutions provided a La recovery > 95 %. Finally, La3+ concentrations were calculated following Eq. 1.
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where [La3+] is the free ion concentration of La (mol·L−1), V(el) is the elution volume (mL), [La]el is the concentration of La in the eluate (mol·L−1), mr is the mass of the resin (g), and λ is the distribution coefficient (387 ± 51 L·g−1; n = 5; pH = 5.0; in MHSM-2 growth medium supplemented with NaNO3 to reach an ionic strength of 0.1 M). This coefficient was first determined with solutions of known [La3+], having the same cationic composition, pH and equilibration time as the samples. Due to IET requirements, La3+ concentrations were determined using an ionic strength of 0.1 M, by adding NaNO3 to the medium. Since the exposure media had a lower ionic strength (0.02 M), PUF was also performed in these two conditions, for comparison.
2.5.2 Partial ultrafiltration (PUF)
The PUF technique was used as described by Hourtané et al. (2022). Briefly, polycarbonate tubes (Vivaspin; Sartorius) with 3 kDa PES membranes were washed to remove glycerine from the membranes, which is an important potential source of organic carbon that could interfere with our DOC measurements, according to the following steps: the membranes were first soaked in ultrapure water for 96 h, then 20 mL of fresh ultrapure water was added and centrifuged during 35 min at 5,000 rpm (4,300 g), three times. The membranes were then soaked again in ultrapure water for 48 h, and three centrifugations under the same conditions as before were carried out. This last step was repeated one more time. For each experiment, 20 mL of exposure medium was centrifuged for 8 min at 5,000 rpm, so that only a small volume (2–4 mL) can pass through the membrane (hence the “partial” UF). This was done to minimize changes in metal speciation in the retentate over time in which the total volume decreases during centrifugation while the total quantity of organic carbon remains constant, resulting in an increase in DOC concentration. The retentates and filtrates were collected for ICP-MS dosage of La and fluorescence measurements of TOC concentration. La3+ was calculated from the La ultrafiltrable fraction concentration (in which HA should not be present), using MINEQL+ to account for complexation by EDTA and inorganic ligands [see Leguay et al. (2016) for the thermodynamic data used]. A mass balance calculation was performed to verify organic matter recovery. The percentages of organic carbon measured in the ultrafiltrates were always less than 10 % of the sample TOC. Lanthanum mass balances were also calculated for all experiments and the recovery was higher than 87 %. As mentioned above, PUF was both determined in media with an ionic strength of 0.02 M and 0.1 M.
2.5.3 Lanthanum quantification
The La concentration in the different samples were measured by ICP-MS (Thermo Scientific model X series II). The instrument was calibrated before each analysis with a 1 μg·L−1 reference multi-element solution (Li, Be, Co, Ba, Ce, In and U). The detection limit was between 2 and 4 ng·L−1. The isotopes 115In and 205Tl were used as internal standards. The calibration curve was prepared with solutions of different concentrations of La (between 0 and 20 μg·L−1). This curve was then validated with a PlasmaCal certified standard (C00-061-406) at a concentration of 10 μg·L−1 and diluted to reach 0.5 μg·L−1, resulting in recoveries of 97.2 ± 3.7 (n = 102) and 97.5% ± 3.4 % (n = 104), respectively.
2.6 Data treatment
2.6.1 Statistical analyses
The R software with R studio was used for the statistical analyses of this work. The error was set at α = 0.05. One-way analysis of variance (ANOVA) followed by the Tukey’s post hoc test was used for differences in effective concentrations (EC50 values) in experiments with various DOMs, for the methodology verifications of PUF and IET and for the digestion method. To do so, normality was checked with the Shapiro-Wilks test and homogeneity of variance with the Levene test. Differences between mean values of La and TOC concentration and pH over time were performed using the non-parametric equivalent of ANOVA, the Kruskal-Wallis test. The relationship between each DOM quality parameters and La3+ EC50 values was performed by linear regression. To do so, four conditions must be verified: centering of the residuals (graphical method), independence of the residuals (Durbin-Watson test), homoscedasticity or homogeneity (Goldfeld-Quandt test) and normality (Shapiro-Wilks test).
2.6.2 Dose responses
The Toxicity Relationship Analysis Program (TRAP; USEPA) was used to fit the relative cell density versus the La concentrations measured over the experiment, from the toxicity test data. The data from the dose-response curves obtained were used to produce graphs with SigmaPlot software. The TRAP software also provides the EC50 (with confidence intervals), which indicate the concentration of La needed for a 50 % inhibition of algal cell yield after 96 h of exposure.
3 RESULTS AND DISCUSSION
3.1 Dissolved organic matter characterization
3.1.1 Absorbance indices
The calculated values of the E2/E3 index (Table 1) suggest that LM and the SRHA have higher molecular weight and more aromatic DOM, compared to BL and the SRFA. The study by Al-Reasi et al. (2012) also showed that LM had a lower value for this index than BL. The SR ratio results (Table 1) confirm this molecular weight classification, more precisely in the following order: LM > SRHA > SRFA > BL. According to the values of the SUVA index (Table 1), the most terrigenous DOMs (SRHA, SRFA, LM) are more aromatic than BL. These results show that the most autochthonous DOM (BL) has lower molecular weight and aromaticity.
TABLE 1 | Dissolved organic matter (DOM) optical parameters calculated from absorbance (E2/E3, SUVA254, SR; n = 3) and fluorescence (FI, BIX; n = 1) spectra.
[image: Table 1]3.1.2 Fluorescence indices
The fluorescence index (FI) can be used to determine the origin of DOM. Autochthonous DOM, which is microbially derived in the water column, is generally characterized by a FI value > 1.9, whereas terrigenous DOM, which is derived from higher plant degradation, has a value around 1.3 (McKnight et al., 2001). The values obtained for the FI (from 0.90 to 1.29 for the tested DOM samples) were outside the range of McKnight et al. (2001). Nonetheless, the results (Table 1) lead to the conclusion that there is a dominant terrestrial contribution for all organic matter tested. However, according to the results of Al-Reasi et al. (2012), the value obtained for BL was 1.46, which points to a mixed origin of DOM. The FI value obtained in our study for BL, although lower than that measured by Al-Reasi et al. (2012), remains nevertheless the highest value of the four studied DOMs, suggesting a higher microbial contribution for this sample. Finally, the FI values obtained for the SRHA and SRFA were of the same order of magnitude as those reported in the literature (0.84–1.06 for the SRHA and < 1.2 for the SRFA) (Korak et al., 2014; Ateia et al., 2017; Awfa et al., 2020). In addition, the BIX index can be used to characterize the autochthonous production of DOM due to biological activity. Values > 0.8 suggest the presence of freshly produced organic matter in the environment, while values around 0.5 represent terrigenous and/or mature material. According to our results (Table 1), LM and especially BL, are characterized by a mixture of sources with the presence of recent autochthonous material (significant biological activity in the environment), while the extracted humic and fulvic acids present a terrestrial/mature signature.
3.1.3 Excitation-emission matrix fluorescence
The EEM spectra of DOM were processed by PARAFAC (67 samples). A 4-component model was thus determined and validated, explaining 94.4 % of the variability of the entire dataset (Murphy et al., 2014). The spectra of the four components determined by PARAFAC (Figure 1) show a relatively high background noise in the signal, due to a high dilution of the samples required because of their high absorbance values and strong scattering. All components identified in the study were compared with OpenFluor’s database fluorescence spectra (Murphy et al., 2014). Components C1, C2, C3 and C4 were respectively matched with a total of 70, 1, 62 and 11 studies. The first two components (C1 and C2), which contribute to the fluorescence of the α′ and α bands (Parlanti et al., 2000), correspond to terrigenous material commonly found in fresh waters and generally associated with HMW and aromatic material of terrestrial origin (Osburn et al., 2016; Peleato et al., 2017; Du et al., 2021). Component C3 is associated with a protein-like material (Guéguen et al., 2014; Kida et al., 2019; Catalán et al., 2021), since its emission maximum is below 400 nm, similar to the γ fluorophore (Fellman et al., 2008). Component C4 corresponds to the β fluorophore and to freshly produced material (Huguet et al., 2009; Gao and Guéguen, 2017) or to a microbially derived component (Derrien et al., 2019). The fluorescence intensity in Raman units of each DOM component is shown in Figure 2. The fluorescence intensity distribution of the four components determined by PARAFAC shows a predominance of C3 and C4 for the natural DOM of Bannister Lake and Luther Marsh, reflecting a mixture of sources with a strong autochthonous biological contribution. In contrast, the distribution is logically dominated by C1 and C2 for the IHSS humic substances SRFA and SRHA.
[image: Figure 1]FIGURE 1 | Excitation-emission matrices of the four components determined by parallel factor analysis.
[image: Figure 2]FIGURE 2 | Fluorescence intensity in Raman units of each dissolved organic matter component identified by parallel factor analysis.
The complexation of metals with DOM generally leads to changes in different regions of its EEM fluorescence spectrum, with quenching (or enhancement) of emission intensities (Antunes et al., 2007; Ohno et al., 2008). In particular, fluorescence quenching has been widely used to study DOM-metal interactions (Manciulea et al., 2009; Wu et al., 2011; Wei et al., 2015). However, our results show that the presence of La does not significantly modify the fluorescence of DOM (i.e., the maximal intensities of the fluorophores and the FI and BIX indices; p > 0.05 or the component composition as indicated by PARAFAC analysis; p > 0.05). The absence of quenching is probably due to the relatively low metal concentrations and low pH used in our study as observed by others for Sm (Nduwayezu et al., 2016).
3.2 Speciation
In order to achieve good sample fractionation, several parameters affecting the separation efficiency must be optimized. The AF4 method was optimized in order to obtain adequate fractograms (i.e., the recovery rate, the shape of the peaks and the repeatability of the method) for all DOMs. According to the results obtained (Figure 3), it can be seen that Luther Marsh has three size classes of molecules, Bannister Lake has two, while SRHA and SRFA have one.
[image: Figure 3]FIGURE 3 | Fractograms of the different DOM obtained by UV detection at 254 nm as a function of retention time (1 kDa PES membrane, elution program with crossflow 4 mL·min−1 decreasing linearly to 0 mL·min−1 for 20 min). The crossflow is represented by the red line.
According to the fractograms obtained by AF4, the presence of La (5 µM) modified the size distribution of molecules for BL and LM (fewer classes), as well as their size (increased) by changing the retention time as shown for LM in Figure 4. The different size classes of the LM DOM sample with La were also collected to quantify La by ICP-MS. Assuming that no changes in speciation occurs during the analysis, the results indicate that La was predominantly associated with the smallest molecular size class of LM (Supplementary Figure S1). Such an observation can raise questions about the usefulness of size-based speciation method such as ultrafiltration if LMW ligands can preferentially bind metals and effectively pass through the ultrafiltration membrane. Two different methods (IET and PUF) were thus used to determine La speciation in the presence of DOM. The comparison of the two methods allowed us to verify the applicability of PUF to speciation determination in the presence of DOM.
[image: Figure 4]FIGURE 4 | Fractograms of Luther Marsh with and without La (5 µM) obtained by UV detection at 254 nm as a function of retention time (1 kDa PES membrane, elution program with a crossflow of 4 mL·min−1 decreasing linearly to 0 mL·min−1 for 20 min). The crossflow is represented by the red line.
In the medium at pH 5.0 without organic matter, La3+ was the dominant species in solution based on thermodynamic calculations using MINEQL+, followed by LaEDTA− (ranging from 48% to 3% as [La] is increased) and LaSO4+ (0.7%–1.2%), while all other species were below 1 % of the mean measured total La concentrations. Comparison between PUF at 0.02 M and 0.1 M showed no significant differences for all tested DOM, except for SRHA for which a small but significant decrease in La binding at high ionic strength was observed. At 0.1 M ionic strength, the fraction of La bound to DOM showed no significant differences between IET and PUF. These results suggest that both methods are suitable to determine La speciation in the presence of DOM and that no significant La-DOM complexes ends up in the ultrafiltrate.
Finally, no significant differences were obtained between the % of La complexation with DOM between the start (0 h) and the end (96 h) of the exposure, for both the IET and PUF methods, indicating no significant speciation changes occurring during the algal growth. Both methods provided similar results, but lower standard deviations were observed for PUF compared to IET (Supplementary Figure S2). Values obtained with PUF were thus used for all subsequent data analyses.
In the presence of 3 mg C·L−1 of DOM, free La3+ concentrations decreased due to the strong complexation of La by DOM. For all La concentrations, there were no significant differences (p > 0.05) in La complexation among DOM types. Furthermore, the metal binding curves, represented by [La3+] versus [La]tot, compared among DOMs (Supplementary Figure S2) were similar. The change in slope at high La concentrations could be due to the formation of colloidal forms or precipitation. In a speciation study by Chen et al. (2018), the comparison of several metals (Pb, Zn and Cd) in the presence of different DOM samples (which included BL, LM and SRHA) showed that Pb was the metal for which the DOM source had the highest impact while for Cd and Zn few differences were observed. This could be explained by the metal affinity for complexation (Pb > Zn ≥ Cd). Lanthanum would be expected to have a binding affinity for DOM that is closer to that of Pb than those of Cd and Zn, given the hard character of La and its +3 electronic charge. The absence of any apparent differences between DOM sources in our case could be due to the relatively low pH used [5.0 as opposed to 8.0 in Chen et al. (2018)] that would shield most high pKa functional groups such as phenolic and amine groups.
The concentrations of La3+ measured experimentally and calculated using WHAM were compared, and a good relationship with [La3+] measured by PUF was obtained, which is presented in the Supplementary Figure S3. At low La concentrations, slightly greater complexation of La by DOM was predicted with WHAM compared to what was observed using PUF while the opposite was observed at high La total concentrations. To investigate the impact of how organic carbon is entered into WHAM input data, three different scenarios were tested. All resulted in good agreement between calculated and measured La3+ (Supplementary Table S3). More specifically, natural DOM (BL and LM) had a stronger relationship when 65 % of the DOM was considered as fulvic acid [the default settings recommended by WHAM developers (Bryan et al., 2002)], and for the two Suwannee River DOMs when the estimated fulvic concentration was used. In their work, Mueller et al. (2012) measured spectroscopically the proportion of FA by absorbance and fluorescence measurements in tested DOM, with the aim of incorporating this measure into WHAM. The relationships obtained were in good agreement for Cd, Cu, Zn and Ni, and demonstrated that DOM input parameters could be adjusted based on spectroscopic characteristics of the DOM to improve predictions by chemical speciation models. The authors pointed out that the affinity constants used in WHAM should also be adjusted, especially for Ni (Mueller et al., 2012). In other work, the performance of WHAM in predicting free metal ion concentrations varied with the metal considered and the analytical technique used to measure it (Batley et al., 2004; Lofts et al., 2008; Fortin et al., 2010; Tipping et al., 2016; Chen et al., 2018). If the biotic ligand model of acute metal toxicity is to be implemented using the WHAM model, it is clearly necessary to predict free metal ion concentrations in solution as accurately as possible. Our comparison indicates that WHAM can be successfully used for this purpose and that the default scenario to determine the model input data for DOM is adequate.
3.3 Toxicity and bioaccumulation
3.3.1 Toxicity
No differences were observed between control groups (without La) whether they were grown in the presence or absence of DOM. The dose-response curves (Figure 5; Supplementary Figure S4) and the resulting EC50 (Table 2) show higher toxicity based on measured free [La3+] in the presence of organic matter, compared to the condition without. Although the addition of DOM reduced the EC50 determined on the basis of the total La concentration in the medium, DOM did not protect as much as anticipated based on the measured free La3+ concentration. In the absence of DOM, the final yield of the culture (cell density after 96 h) remained close to that of the control up to ∼100 μg·L−1 free La3+ whereas in the presence of DOM, cultures were highly inhibited at that concentration. These results are in contradiction with the assumptions of the BLM, since the EC50 obtained, expressed as the free ion concentrations, are not similar between the experiments in the presence and in the absence of organic matter. The EC50 values expressed as the free ion concentration were very similar (i.e., the confidence intervals overlapped) for LM, BL and SRHA, whereas in the medium with SRFA the EC50 value was slightly higher than for the other DOM samples. When the relative yields of the cultures were plotted as a function of the internalized lanthanum (Figure 6), very similar trends were obtained with almost identical EC50 values based on internalized La (Table 2). The EC50 value for the cells exposed to BL DOM was however statistically different, about twice those of the other exposure conditions. This suggests that cells exposed to BL were slightly more tolerant to internal La than the other cells. In all the other exposures, a given internal dose resulted in the same effect level, indicating that the intracellular fate of La is likely identical.
[image: Figure 5]FIGURE 5 | Dose-response curves for Chlorella fusca as a function of free La3+ concentrations measured by partial ultrafiltration. (A) Without DOM; and in the presence of 3 mg C·L−1 of DOM, (B) Bannister Lake, (C) Luther Marsh, (D) Suwannee River fulvic acid and (E) Suwannee River humic acid; in MHSM-2 growth medium for 96 h; pH = 5.0; (n = 3).
TABLE 2 | Calculated EC50 of La for Chlorella fusca after 96 h of exposure in the absence and presence (3 mg C·L−1) of DOM; MHSM-2; pH = 5.0; (n = 3).
[image: Table 2][image: Figure 6]FIGURE 6 | Dose-response curves for Chlorella fusca as a function of intracellular La content measured. (A) Without DOM; and in the presence of 3 mg C·L−1 of DOM (B) Bannister Lake, (C) Luther Marsh, (D) Suwannee River fulvic acid and (E) Suwannee River humic acid; in MHSM-2 growth medium for 96 h; pH = 5.0; (n = 3).
The EC50 values expressed as total dissolved La (Table 2) are much higher than the typical environmental concentrations (MacMillan et al., 2017). Therefore, La should not pose a direct risk at least for this species in natural aquatic systems unless a significant anthropogenic input occurs. The EC50 values obtained in the absence of organic ligands are in the range of values reported for algae in recent literature reviews on lanthanum aquatic toxicity (Herrmann et al., 2016; Liu et al., 2022). In a recent study by Aharchaou et al. (2020), the toxicity of La on the same biological model as this work, Chlorella fusca, was studied in relation to metal speciation. They compared exposure media containing simple monomeric organic ligands such as malic acid or NTA and media without ligands. Their EC50 values expressed as free La3+ were comparable between the different tested conditions (with and without an organic ligand), which suggest that the BLM can be used to predict La accumulation in algae in their conditions. Our DOM containing media results were in good agreements with their conditions with malic acid or NTA, but not for the condition without organic ligands, expressed as the free La3+. The experimental conditions in our study and that of Aharchaou et al. (2020) were slightly different [i.e., pH = 5.5 and absence of organic phosphorus for Aharchaou et al. (2020); pH = 5.0 for the present study with the presence of organic phosphorus], which may partly explain the difference in EC50 observed in the absence of DOM. Nevertheless, our data set clearly shows that the addition of DOM results in higher-than-expected toxicity based on the measured free La3+ ion concentrations. In this work, a slightly acidic pH was used. At circumneutral pHs, it can be expected that the extent of La binding by DOM will be much more important (Leguay et al., 2016). It remains to be determined whether an increase in complexation would result in an increase in La toxicity.
3.3.2 Bioaccumulation
Different trends were observed for the La cell content after 96 h between the exposure with and without DOM when plotted as a function of free La3+ exposure concentrations (Figure 7). In the medium without organic matter, net internalization reached a plateau between 10 and 100 μg·L−1 before increasing again at the highest concentration tested at which point the cell division was strongly inhibited. In the presence of DOM, a linear increase is observed with a change in slope at the onset of toxic effects (>60 μg·L−1). In this upper range of La3+ concentrations, C. fusca internalizes much more La in media with DOM than without DOM, with an order of magnitude difference on average. At lower [La3+] (subtoxic concentration range; 20–40 μg·L−1), however, accumulation seemed to remain in the same range for all exposure media except in the presence of LM DOM for which accumulation was lower. Finally, at the lowest La3+ concentrations (∼1 μg·L−1), less La was accumulated in the presence of DOM than in its absence, although results need to be interpreted with caution at these very low levels due to the scatter in the data. Among the exposure conditions with DOM, C. fusca appears to accumulate more La in the presence of DOM from BL than in the experiments with the other DOM samples. Overall, these results do not comply with the predictions of the BLM. Indeed, it seems that the presence of DOM promotes the entry of lanthanum into algal cells at high La concentrations, inducing greater toxicity than in the absence of DOM. These results suggest that natural DOM does not merely act as a metal binding ligand but also changes metal accumulation and toxicity.
[image: Figure 7]FIGURE 7 | Internalized La by Chlorella fusca after 96 h of exposure, as a function of free measured [La3+] with (3 mg C·L−1) and without organic matter (log-log scale), in MHSM-2 growth medium; pH = 5.0; n = 3. The values represent means ± standard deviations.
The results obtained by Vigneault et al. (2000) showed that the adsorption of organic matter to the algal membrane surface can alter the membrane permeability of cells. Another study by Slaveykova et al. (2003) with Pb describes changes in algal surface charge due to adsorption of SRFA. This postulate could partly explain their observed increase of Pb uptake in the presence of SRFA, compared to the same concentration of Pb2+ in the presence of synthetic ligands. We hypothesize that DOM is altering the permeability of algal membranes to some metals such as Pb and La, but clearly the exact mechanism remains to be elucidated. The present results corroborate previous observations that metal uptake and toxicity in the presence of DOM cannot be fully explained by complexation (Parent et al., 1996; Lamelas et al., 2009; Worms et al., 2015; Hourtané et al., 2022; Barber-Lluch et al., 2023; Price et al., 2023).
3.4 Lanthanum toxicity as a function of optical parameters of DOM
Relationships were explored between the optical parameters of DOM and the EC50 values expressed as free La3+ concentrations. Relationships between E2/E3, SR and SUVA indices of DOM and La3+ CE50 values were not significant. The relationship between FI and La toxicity to C. fusca was also not statistically significant, although EC50 values do tend to decrease with increasing FI. In this case, the autochthonous-mixed BL organic matter promoted the most toxic conditions, based on La3+ EC50 and bioaccumulation values, in comparison with the other mostly allochthonous DOM. The relationship between BIX and the C2 component and La3+ toxicity was not significant either. However, the linear regression revealed that most variation in La3+ EC50 could be explained by the presence of the C1 component in DOMs (r2 = 0.87, p = 0.046). These statistical results were obtained by removing two values (out of 20) of C1 for LM, which were aberrant (outside the scatter plot). In other words, approximately 87 % of the variability in La toxicity is possibly explained by the aromatic character of DOM. Indeed, C1 is related to high molecular weights and aromatic material of terrestrial origin. Accordingly, SRHA and to a lesser extent SRFA exacerbated La toxicity less than DOM such as that from BL that contained less aromatic material. Note, however, that since EC50 values did not statistically differ among DOM sources, the relationship between aromaticity and the resulting metal toxicity remains speculative for now. This could be further tested in short term experiments using metal accumulation as an endpoint instead of toxicity. Such measurements can typically be determined with much more precision than long term biological responses such as growth inhibition.
In general, optically darker allochthonous DOM contributes to decrease metal toxicity more than does low-color autochthonous DOM (Richards et al., 2001; Luider et al., 2004; Schwartz et al., 2004; Al-Reasi et al., 2013). Al-Reasi et al. (2013) showed that autochthonous DOM, in their case the Bannister Lake DOM, was less protective against Cu toxicity to D. magna in terms of LC50 values than terrigenous DOM. In a study conducted by Schwartz et al. (2004), the time to reach 50 % mortality (LT50) for Cu and Pb to rainbow trout were well correlated to the source of some Canadian DOM samples. Allochthonous-like DOM decreased Cu and Pb toxicity more than did the autochthonous-like DOM. Another study by Richards et al. (2001) provided similar results for six metals (Pb, Hg, Cd, Cu, Ag, Co) with juvenile of rainbow trout, in the presence of 4, 6 and 10 mg C·L−1 of DOM.
The absorbance ratio of DOM in octanol versus water is obtained by measuring absorption at 254 nm of the aqueous and octanol fractions of the sample. This ratio indicates the overall lipophilicity of DOM, and therefore the potential capacity of DOM molecules to be associated with other organic molecules, such as biological membranes (Al-Reasi et al., 2012). Although this absorbance ratio was not measured in this study, Al-Reasi et al. (2012) found a significant correlation between this index and Cu toxicity (LC50), at 6 mg C·L−1 DOM concentration. Due to their size, DOM molecules are unlikely to cross the plasma membrane, but a lipophilic moiety could interact with the lipidic bilayer and alter its functions. This relationship was not significant at a DOM concentration of 3 mg C·L−1 for Cu, but it could be a possible explanation for the increased uptake of La by C. fusca in the presence of DOM from with Bannister Lake. Indeed, the octanol/water absorbance coefficients at 254 nm for SRHA, Bannister Lake and Luther Marsh are respectively 0.030, 0.024 and 0.016 (Al-Reasi et al., 2011).
4 CONCLUSION
In this work, we determined the accumulation and toxicity of La in the absence and presence of DOM of different origins using a freshwater green alga. In order to relate La speciation to its accumulation and effects, two methods were tested (IET and PUF). Both approaches gave comparable results, indicating that all four DOMs tested had similar binding affinities for La. Although AF4 results suggested that La preferentially binds to smaller size DOM molecules, PUF can be used with confidence to determine metal binding by natural DOM. PUF offers several advantages over IET: no calibration is needed, little specialized training is necessary and it does not require a fixed ionic strength.
As exposure La concentrations were increased, two patterns emerged in algal response: 1) at low ambient [La3+] (up to ∼20–40 μg·L−1), where little or no toxicity is observed, accumulation was similar under all tested conditions and was overall related to free La3+ concentration; 2) at high ambient [La3+], DOM-containing media exhibited much greater toxicity than in the absence of DOM. However, the internal dose of La required to induce growth inhibition remained similar among treatments. In other words, at a given toxic free La3+ ion concentration, more La is taken up by the cells in the presence of DOM. Further studies are required to understand how DOM can enhance La uptake in algal cells.
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FI: fluorescence index; ratio of fluorescence emission intensities at 450 and 500 nm for an excitation wavelength of 370 nm.
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