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Annotation: 

Lanthanides mainly represented by REE are the most frequently occurring elements as 

compared to arsenic and lead. REE consist of a group of elements associated with each 

other in terms of common physical and chemical properties, with studies concerning 

phytoremediation and physiological effects of such elements on living biota, is 

important to be addressed as these elements are frequently being considered as 

emerging pollutants because of excessive mining and release into the environment. 

Very important is to study the toxic effects of lanthanum in microalgae under 

environmental conditions. Experimental trials are evaluating especially potential risks 

on growth and photosynthesis under nanomolar-dose, with promising decrease and 

acute toxicity. To this end, the two most promising La-binding protein is currently 

investigated in green microalgae (Desmodesmus quadricauda) with high affinities. 

Subcellular localization patterns of La have been also shown to predict possible 

expression sites and to understand the metabolic response of La in microalgae. 

We also identify accumulator plant species for LREE in contaminated mining areas for 

phytoremediation purposes, aim of this study was conducted in the Brazilian mining 

area for REE and as well as identifying the bioavailable content which can help in 

predicting the promising species. This field study was done for finding new 

accumulators which are involved in concentrating LREE in above-ground parts. Our 

study suggests toxic effects of La and identified preferentially good hyperaccumulator 

plant specie Christella dentata for phytomining of lanthanides. This could be used as a 

predictive bioaccumulator in phytoremediation and its further analysis can be a part of 

future studies for insight mechanisms using analytical techniques, involving the 

identification of La-binding proteins in Desmodesmus quadricauda. 
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CHAPTER 1: GENERAL INTRODUCTION 

Lanthanides (commonly referred to as Rare Earth Elements) are the group of 17 

elements of the REE series, which usually occur in the environment in the trivalent 

oxidation state. The term lanthanides originate from lanthanum, the first element of the 

series. The term “rare” seems to indicate the lack of large reserves of these elements 

worldwide, but this is not generally true. Some of them (e.g., cerium) are more 

abundant in the earth’s crust than commonly known trace metals like copper, and they 

are commonly found in soils (Hu et al. 2006). They were isolated in the early 19th 

century in the form of oxides form rare minerals (Nicodemus, 2009) and they are a 

group of elements with common physical and chemical properties, ranging from 

lanthanum (La) to lutetium (Lu) along with scandium (Sc) and yttrium (Y) (Connelly 

et al. 2005). These elements occur widely in different forms, usually in granites, 

pegmatites, gneisses, and other commonly associated forms of rocks (Tyler, 2004). 

Among all elements in lanthanides, only promethium is radioactive and is very rare 

(Haque, 2014). The lanthanides are generally subdivided into three categories: light 

REE from lanthanum to europium, middle (samarium to holmium), and heavy ranging 

from gadolinium to lutetium. The wide use of these elements in the field of medicines, 

chemical engineering, and electronics (Massari & Ruberti, 2013) was, followed by an 

immense release of rare-earth into the ecosystems, and thus they are considered as 

emerging environmental contaminants (Yang et al. 2009). Application of REE in the 

field of agriculture, excessive mining, and refining of REE mineral ore, that leach 

potential toxic compounds from modern technologies are considered as the main source 

of REE pollution. Many studies revealed the “hormesis effect” of rare earth on 

physiological responses in plants for example growth and development that is mainly 

characterized by low dosage stimulation and high dose inhibition (Hu et al. 2016). 

Under high concentrations, the toxicity of these elements causes reduced net 

photosynthesis and chlorophyll content (Hu et al. 2016). More than 90% of the 

production of REE are located in China and therefore, it increases the interest of plant 

biologists, as it is widely being practiced in agriculture as fertilizer for increasing the 

quality and quantity of crop plants. According to Pang (2001), sufficient provision of 

lanthanides to agricultural soil has beneficial effects. The toxicity levels of lanthanides, 
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when compared with other metals, were also studied and it was found that REE are 

generally less toxic, as, for lanthanum, its toxicity is lower than Cu but higher when 

compared with Fe (Wheeler & Power, 1995). These elements exist in a diverse form of 

minerals usually as phosphates, fluorides, chlorides, and silicates (Tyler, 2004). The 

solubility of each rare earth element in the earth’s crust depends on many factors that 

includes total soil REE content, type of soil, pH, soil organic matter composition, and 

composition of the parent material.  

1.1 Abundance and distribution of REE 

Distribution and occurrence of REE have raised a discussion in the last decade whether 

they are crucial for aquatic organisms, land vegetation, mammals, and for human 

beings. Among all 17 elements in the REE group, cerium and yttrium are the most 

abundant and occur on the earth‘s crust in higher concentrations when compared with 

other elements for example arsenic, lead, and molybdenum. Among all elements in the 

REE series, lanthanum and neodymium exist nearly in the same quantities as lead. On 

other hand, thulium is the rarest among them but occurs more than gold and platinum. 

Naturally, lanthanides usually occur as a group and are rarely alone in soil (Fu, 2001). 

According to USGS statistics, 2019, four countries are well-known for REE reserves, 

including - China, Brazil, Vietnam, and Russia. The overall share of global rare earth 

deposits based on the data of 2018 is shown in figure 1.1. In 2019, the annual 

production of REE globally was 213,000 metric tons, with approximately 62% share 

of China (Statista USGS, 2021).  
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Figure 1.1: Rare earth elements distribution (USGS, 2019). 

1.2 Opportunities, and landmarks in REE research 

Rare Earth Metals (REM) can be frequently designated as those elements that are 

uncommon. Thus, these elements in soils allow scientists to understand their toxicity 

and harmful impacts on the ecosystem and associated pathways for their remediation. 

REE speciation is affected mainly by environmental conditions that vary with ionic and 

ligand content present and also the concentration that is accessible to living organisms 

(Borrego et al. 2012). Excess human activities damaged aquatic and terrestrial 

ecosystems because of large amounts of trace metal contaminants released into the 

environment (Khan, 2017). Predominant uses for REE are for automobile and 

petroleum refining catalysts, permanent magnets, batteries for electric and hybrid 

vehicles, and diverse medical tools. Lanthanides are fundamentally involved in making 

crucial tools involved in dentistry and other medical equipment (Eichler, 2015). Table 

1.1 represents the common uses of lanthanides. 
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Element   Common uses 

La Optics, batteries and catalysis 

Ce Chemical applications 

Pr   Magnets, lighting, and optics   

Nd Magnets, lighting, lasers, and optics 

Pm Radioactive and use in atomic batteries 

Sm   Magnets and lasers 

Eu    Lasers, color TV, lighting, and medical uses 

Gd    Medical uses and X-rays generation 

Tb    Lasers, lighting 

Dy Magnets and lasers 

Ho Lasers 

Er   Lasers and steel making 

Tm   X-ray generation 

Yb     Lasers and chemical industry applications 

Lu   Medical and chemical industry applications 

Sc Alloy‘s formations, lighting 

Y         Lasers and microwave filters 

 

Table 1.1: Summary of REE with their common uses (http:// 

metalpedia.asianmetal.com/metal/rare_earth/application.shtml). 

Among plants and microorganisms, REE provide great opportunities to study 

biological effects that play either positive or negative physiological impacts depending 

on many factors including dosage (Zhang et al. 2013). The knowledge regarding the 

effectiveness of these elements on plant production is still hypothetical, ranging from 

their role on transportation mechanisms, fixing nitrogen by plants, impacts on calcium 

metabolism, and light-dependent photosynthetic reactions. In spite of this fact that the 

demand for rare earth for industries is high enough, alternative ways need to be 

explored to extract them, including agronomy in China as these elements are usually 

focused on experimentation in order to increase crop quality and productivity (Redling, 
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2006). Lanthanides can be rated as beneficial for crop plants and more than 100 crop 

species were claimed to show a positive response, with a yield increase of 5 to 15% 

(Hu et al. 2004). Above all positive effects, the consequences of high doses that lead to 

inhibitory effects cannot be excluded. There are further impacts of REE on plants and 

aquatic organisms that are still unknown. In terms of remediation, hyperaccumulators 

have the ability to accumulate larger amounts of REE with minimal negative 

consequences to the plant itself (Wu et al. 2013). Leaching of REE into the underwater 

environment and their further absorption by plants as mineral nutrition and thus enter 

in a human food chain is well-known from the past decade (Chua, 1998). Despite the 

research on REE is progressing in the last few decades, but certainly need more 

investigation in an aquatic and terrestrial ecosystem to answer the missing questions is 

required. Although, lanthanides are considered non-essential for life, however, they are 

biologically active and extensively being used in medicines (Thompson and Orvig, 

2006; Major and Meade, 2009). Based on the toxicity of lanthanides (non radioactive 

compounds) are relatively less toxic for human beings (Eliseeva and Bünzli, 2010; 

Bünzli et al. 2008), however, this statement may not be true for other organisms 

(Eliseeva and Bünzli, 2010; Tai et al. 2010). Promethium occurs only as radioactive 

lanthanide with a short half-life, the longer-lived promethium isotope is 145Pm with a 

half-life is 17.7 years (Emsley, 2020), however, very less health risk is associated with 

it as its abundance is so low on earth crust. Lanthanides interaction with biological 

systems have been explored in past decades. For example, higher content of 

phospholipids and hydroxylic groups of sugars like cellulose, modify cell surfaces of 

organisms in a way that enhances the adsorption capacity of rare earth (Moriwaki and 

Yamamoto, 2013; Merroun et al. 2003). Adequate levels of REE have extensively been 

utilized in China for increasing crop yield, however, an association of lanthanides for 

its utilization by plants is mainly associated with bacteria that affects plant growth and 

reflect plant-microbial interactions (Cotruvo, 2019). Crucial roles of lanthanides in a 

thermophilic bacterium (Methylacidiphilum fumariolicum SolV) were confirmed in 

2014 with the discovery of roles of REEs related to growth, that is associated with 

XoxF (Pol et al. 2014), (PQQ; pyrroloquinoline quinone)-linked (MDH; methanol 

dehydrogenase), an enzyme that requires Ce3+ and La3+ ions, previously, this enzyme 
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was known to use calcium and PQQ-dependent MDH (Anthony and Williams, 2003). 

The discovery of Ln-dependent methylotrophic bacteria is crucial for maintaining 

biological functions, as they are found in water, soil, and plants, where they are 

involved in the carbon cycle thus opening the possibilities for the involvement of 

natural and efficient REE binding complex molecules, that might occur (Nakagawa et 

al. 2012; Martinez-Gomez et al. 2016; Cotruvo, 2019; Pol et al. 2014). In 2018, a small 

protein of approximately 12 kDa known as lanmodulin, LanM was first isolated from 

methylotrophic bacterium and thus categorized as Ln-binding polypeptide (Cotruvo et 

al. 2018). LanM is a macromolecule that acts as a chelator for REE ions and reversibly 

sequesters them (Deblonde et al. 2020). Studies revealed that lanthanides might be 

taken up by small molecules secreted in bacteria known as lanthanophores (Daumann, 

2019; Semrau et al. 2018; Picone and Op den Camp, 2019; Cotruvo et al. 2018; Keltjens 

et al. 2014; Gu et al. 2016). Particular physiological behaviors of lanthanophores are 

already characterized in bacteria, however, the mechanism is unknown in plants and 

thus requires more thoughtful approaches to understand the benefits of REE, in plants 

and increasing growth (Tyler, 2004; Ramírez-Olvera et al. 2018). The direct targets can 

be cell walls and photosynthetic structures or effects the colonization of methylotrophic 

bacteria with plants because of their subsequent building up of methanol (Fall and 

Benson, 1996; Chistoserdova, 2016). It has been speculated that much of the uptake of 

REE occur along calcium absorption routes, like a wide range of metallophores and 

nicotianamine (White and Broadley, 2003; Guerinot and Morrissey, 2009). It is now 

known that plant takes advantage of lanthanophores secreted by bacteria (that utilize 

lanthanides) and reside in the phyllosphere, resulting in increased bioavailability of 

lanthanides (Cotruvo, 2019). In-vitro uptake of REE by cells can be demonstrated by 

the process known as endocytosis that resulted from the organization of insoluble forms 

of REE in aggregates (Wang et al. 2014; Yang et al. 2018 & Yang et al. 2019). Under 

conditions, such as in the plant, rare earth elements are present in soluble form and thus 

bioavailable to cells, for example, Ce3+ can be integrated into chlorophyll molecules 

under Mg-limited environment (Fashui et al. 2002; Zhou et al. 2011). It is also 

presumably estimated that REE can be taken up in place of calcium, such as Ca2+ ion 

present in oxygen releasing complex of PSII can be inserted with lanthanides, when 
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available (Yachandra and Yano, 2011). Ultimately, the growth-promoting effects of 

lanthanides in plants are generally associated with microbiome in soil biota, for 

example, Escherichia coli and Pseudomonas aeruginosa, both own PQQ-utilized 

dehydrogenase enzyme that might be activated by REE and promoted growth. 

Therefore, no obvious clue behind the mechanisms involved for the effects of 

lanthanides in higher organisms. 

1.3 Ecotoxicology of REE – Impact on the environment 

Majority sources of environmental contaminants including metals originating from 

industrial wastes represent a considerable role in natural environments in terms of 

pollution (Yusof et al. 2001). Besides industrial uses of rare earth, these elements are 

extremely important in the agricultural field as well. Examples include lanthanum and 

cerium as the main components of the fertilizers that have been used in Chinese plant 

production for the last two decades. Therefore, the amount of rare earth entering the 

environment increases and thus enters into the soil ecosystem (Zhang and Shan, 2001) 

and even disturb the aquatic ecosystem. Studies have shown that REE can have both 

beneficial and harmful effects that are dependent on bioavailability factors, as mainly 

the low concentration can enhance the plant biomass and improve fruit quality. 

However, if the dosage is high above the suitable range, they inhibit the growth and 

lead to mortality (Zhang et al. 2013). The biological role at the molecular level of REE 

is still a question that emphasizes researchers to study them in model organisms to 

better elucidate their impact on the environment because of its increasing applications 

(Ramos et al. 2016). One major factor that contributes to an increase of these elements 

in the ecosystem is the rapid release of minerals containing REE into the environment. 

Industrial activities present higher contents of REE in the soil and the zones where 

these metals are intensively used in fertilizers for agricultural purposes. Hence these 

areas if not properly managed or controlled, lead to the contamination of air, soil, and 

water (Khan et al. 2017). In addition to this, continuous application of rare earth metals 

into ecosystems via fertilizers to soils reversibly increases the amount of heavy 

transition metals, thus indicating its deposition in agricultural soil to toxic levels and 

thus causing a potential risk to the environment and health through accumulation along 

the human food chain. Extensive use of lanthanides in magnets, metal alloys, fertilizers, 
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ceramics, and as well as in freshwaters for eutrophication management (Zaragüeta and 

Acebes, 2017), have led to significant emission of REE into the environment, whereas 

limited knowledge of their fate and impact of the increasing release on the natural 

ecosystem is available (MacMillan et al. 2017). Most of the studies on ecotoxicity of 

lanthanides are laboratory-based, however, data regarding field measurements of 

natural background levels, are tremendously scarce (Weltje et al. 2002; Yang et al. 

1999).  

Excessive mining, leaching and processing of lanthanide ores is the main cause of 

environmental pollution with REE, including radioactive waste products. Lack of 

ecotoxicological data hinders the environmental risk assessment of REE for the 

determination of environmental thresholds (Gonzalez et al. 2014). It was commonly 

studied that REE promote chlorophyll biosynthesis and improve seed germination and 

availability of metals including calcium and manganese to soil biota (Liang et al. 2014), 

however, available information on the data collected from fields is mainly incompatible 

with laboratory experiments (Shtangeeva and Ayrault, 2007). For example, it was 

studied that both roots and shoot length were not improving with an application of 

lanthanum (La) and cerium (Ce). Disruption in the biogeochemical cycle of REE 

because of their agricultural applications shows abnormal enrichments of lanthanum, 

cerium, neodymium, samarium, and gadolinium, and are currently detectable in aquatic 

systems (Pereto et al. 2020). Excessive discharge of gadolinium (Gd) concentrations 

are observed all over the world in sewage water, consequently, in Germany elevated 

Gd is estimated to be more than 1000 kg/year (Kulaksiz and Bau, 2011). Thus, 

continuous application of rare earth indicates its potential risk to the ecosystem 

followed by health effects to humans by entering the food chain. 

1.4 Behavior of REE in an aquatic environment 

There are several routes through which rare earth metals could enter the aquatic 

ecosystems e.g., discharge from paint coverings and discharges released from sewage 

treatment industries (Keller et al. 2013). Ln are sometimes applied as nanoparticles in 

the form of oxides and the most commonly used Ln-based oxide NPs are cerium oxide 

nanoparticles that have main application in energy storage areas and about 3% of total 
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produced CeO2 NPs enter into an aquatic ecosystem (Keller et al. 2013). Ce in the form 

of nanoparticles showed toxicity to algae Chlamydomonas reinhardtii and was taken 

up in the form of Ce-ions (Kosak née Röhder et al. 2018). Regardless of the hazardous 

effects, knowledge on toxicity of REM as an integral part of safety assessment is scarce. 

The level of knowledge on contamination associated with REE, based on 

concentrations in an environment, extent of toxicity, metal speciation along with 

bioavailability, uptake and bioaccumulation properties with reference to Ln ions is 

unusually far less in comparison with other harmful contaminants in an ecosystem, for 

example, heavy metals such as, Pb, Cd, Hg, As and so on (Gonzalez et al. 2014; 

Cobelo-García et al. 2015; Tchounwou et al. 2012). The data relevant to ecological 

toxicity of lanthanides and its fate are needed to be evaluated for potential risks of REE 

contamination to environment, in particularly, aquatic ecosystems. Soluble lanthanides 

based compounds leached from NPs and induce negative effects, in-case in E. coli 

dysprosium oxide nanoparticles was the main contributor in lanthanide toxicity (Anaya 

et al. 2016). Most of the studies in last decade were focused on both advantageous and 

lethal effects of lanthanides on various species including on humans, soil organisms 

and plants and microorganisms (bacteria), since these metals are widely being used in 

medicines and in fertilizers (Pang et al. 2001; Hanana et al. 2017; Rim, 2016). 

However, increasing levels of Ln in the ecosystem may cause potential accumulation 

in humans and cause detrimental effects, thus, this needs a long-term studies and 

observations for their potential roles in humans (Pagano et al. 2015; Wang et al. 2017; 

Poniedziałek et al. 2017; Marzec-Wróblewska et al. 2015). Comprehensive reviews 

regarding ecotoxicity of lanthanides-based NPs and salts on plants has been studies, 

however, limited data based on roles of REM on aquatic biota is available. Research 

has been done in past few years to evaluate the adequate levels of lanthanides in aquatic 

environment including fresh waters aquatic organisms in the past decade but still it is 

quite challenging because of lack of reliable studies. (Blinova et al. 2020). In addition 

to the information based on data from severe lethal response, long-lasting toxicity 

evaluation and bioconcentration were also considered to widely cover the broad range 

of ecologically important organisms in the aquatic environment. Toxicity studies based 

on Ln-based nano (particles), when compared with the corresponding soluble Ln-salts, 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

10 

 
 

proved that NPs are less toxic than lanthanides salts, however, it is hard to distinguished 

between their toxicity levels, due to the limited knowledge  in the test medium (Kurvet 

et al. 2017), as for example cerium based nanoparticles mostly in the form of oxides 

can show an alarming threat to environment, mainly to water-living organisms 

however, available information indicates that toxicity is more pronounced when the 

levels exceeds to 10 mg/L, depending on the exposure duration (Peng et al. 2017). 

Continuous exposure studies of lanthanides were done with LaCl3 (Shen et al. 2018) 

and CeCl3 (Wang et al. 2012) on cyanobacteria and research reveals that to the level of 

0.1 to 0.5 mg/L of each (lanthanide) showed hormesis response. Studies on the long-

term toxicity of lanthanides using microalgae are rare (about 4%) and 4% with other 

unicellular microorganisms (Blinova et al. 2020). Regarding the Ln bioaccumulation 

studies based on laboratory experiments mainly depends on model organisms, exposure 

conditions and duration and types of lanthanides compound in different studies varied 

considerably. It was shown that Gd accumulated 100 folds more when applied as GdCl3 

(Pang et al. 2001b). However, under laboratory based experiments, bioavailability of 

REE to microorganisms (e.g., microalgae) is mainly dependent on growth medium 

composition, as in the presence of hydroxides, phosphates and carbonates REE are 

hardly soluble, thus it is complex to assess toxicity as metals get precipitated in the test 

medium (Aharchaou et al. 2020) unless the precipitation is prevented by chelators (e.g. 

DOTA for REE). Most of the studies on lanthanide toxicity to aquatic organisms were 

done in artificial media that are enriched with nutrients but not taking care of REE 

chelation. Thus, REE precipitation restricted REE bioavailability, mainly by the 

presence of phosphate ions in medium that are necessary for growth of algae (Barry 

and Meehan, 2000; Joonas et al. 2017; Lürling and Tolman, 2010). Biological 

sequestration of metals either as free, dissolved ions or in the form of metal complexes 

are mainly dependent on uptake levels, consumption and storage capabilities of the 

model organisms. Studies on REE metabolism is similar to Ca in aquatic ecosystems, 

including algal cells that can concentrate REE from waters (lake or stream) and total 

REE content in cells may reach up to 1.3 mg/kg that is 10–20 times higher than total 

lanthanide concentrations determined in land plants (Xiao-jun et al. 1998). Although 

high lanthanides content in aquatic biota has been reported, Ln shows relatively higher 
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bioaccumulation capacity in aquatic organisms, being the highest for La and Ce and 

less for others. Detailed evaluation of the Ln discharge into the aquatic ecosystems, 

resulted in the accumulation of REM, for that, origins of emissions and pathways and 

fate of anthropogenic Ln should be considered. Thus, the only method for direct 

evaluation of REE in various environmental models for geoscientific studies include 

analytical methods e.g., ICP ion source coupled with various types of MS that allows 

researchers to develop ways for estimating the toxicity and contamination trends and 

their fate in an ecosystem. The figures obtained from the collected data indicates that 

generally lanthanides concentration is very low in surface waters ranging from less than 

1 ng/L to 200 ng/L (Bau et al. 2006; Goldstein and Jacobsen, 1988; Han and Liu, 2007; 

Ingri et al. 2000; Neal, 2007; Spears et al. 2013; Weltje et al. 2002). However, Rzymski 

et al. (2019) reported that aggregate concentrations of Ln in river waters of Syr Darya 

reached up to the levels of 15.1-28.3 µg/L and in stream waters of Eastern Canada 

revealed excessive concentrations ranging from <5 - 11,540 ng/L of total lanthanides, 

with average of 253 ng ln/L from collected 498 samples (Leybourne and Johannesson, 

2008). At highly contaminated sites, REE content may rise to 78 µg/L (Neal et al. 

2005). Therefore, comparison of lanthanide concentrations determined in shallow 

waters with observed toxicity extent, gives solid data which concludes that despite 

having highly polluted waters, total lanthanides content is lower than the reported toxic 

values for water bodies (e.g., algae), but only exceptional cases (e.g., in the treated 

aquatic organisms) in which rare earth elements may serve as a significant pollutant 

that may disturbs the normal function of ecological cycle. 

1.5 Concentration and distribution of REE in algae 

For the past 50 years, algae have been extensively used both in pharmaceutical 

industries and in food preparations across the world, however knowledge on biological 

roles and their properties are not well understood, therefore applied research on algae 

in various fields need consequent development (Mabeau and Fleurence, 1993; Astorga-

España et al. 2015). Algae are vital organisms for environmental purposes as they serve 

as producers in aquatic food chain and thus used as biological indicators in an 

ecosystem (Amer et al. 1999). Algal cells are capable of accumulating essential nutrient 

ions several degrees higher than other organisms found in surroundings (Serfor-Armah 
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et al. 2006), besides that metal disposition and distribution plays vital role in 

metabolism as well (Truus et al. 2001). Mostly present studies are based on the 

elemental content of toxic elements concentrated in algae originated through 

anthropogenic activities and their roles at levels of organizations (Castilla, 1996; 

Astorga-España et al. 2005). In past years, studies have been done that are usually based 

on toxicity of heavy metals like (As, Cd, Hg and Pb) on marine microorganisms 

(Astorga-España et al. 2005; Gaudry et al. 2007). However, few studies on 

biodistribution and compositional analysis of REE in ocean ecosystem are available 

and remain unresolved (Liang et al. 2014). As they are considerably neglected mainly 

because of non-toxic in particularly at low levels, lower abundance and no prerequisite 

roles of these elements (Goecke et al. 2015b). Various analytical techniques for 

example, ICP-MS are now widely being used for quantification of lanthanides using 

because of its high sensitivity, range of detection limits (less than ng/g) and its 

capability for multielement analysis simultaneously (Bulska et al. 2012). Three 

lanthanides, e.g. Pr, Nd, and Sm were firstly reported in France among Rhodophyceae 

Lithotamnium calcareum (Servigne and Tchakirian, 1939). Algae possess a diverse 

range of rare earth elements that diversity is independent of size (micro or macroalgae), 

structural basis, type of algal families or divisions e.g., Chlorophyta, or their 

biogeographic backgrounds (Hou and Yan, 1998; Fu et al. 2000; Kano et al. 2001a; 

Mashitah et al. 2012). According to Yan et al. (1998), total available REE in algal 

biomass reached up to 1.3 mg/kg and this concentration is far less when compared with 

other elements that are in macroelements range and serve as essential nutrients, for 

example Ca, K and Na ions (Hou and Yan, 1998; Amer et al. 1999). Most of the studies 

on lanthanides quantification and its composition on macroalgae have been performed 

on Asian species, among 37 published studies, two of them were studied in South 

American species until now, with total REE content determined were in the range from 

0 to 226 mg/kg of dry weight. The potential of metal biosorption was functionally 

evaluated by pH, exposure time, metal content in the beginning and series of sorption 

and desorption cycles. The potential of cyanobacteria Arthrospira (commonly known 

as Spirulina) for biosorption of cerium ions has been explored already (Sadovsky et al. 

2016). Algae either living or non-living were shown to concentrate rare earths 
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effectively because of their capability to develop metabolites that are chelated to allow 

efficient uptake, such as, with carbohydrates, nucleotides, and proteins etc. (Wang et 

al. 2014). In algal cells, REE can bind to pigments and sugars such as, polysaccharides, 

alginate, and fucoidan, etc. that are present in different concentrations (Okajima et al. 

2010; Diniz and Volesky, 2005; Diniz and Volesky, 2005b; Gok and Aytas, 2009). 

Studies on the mechanisms for the uptake of REE in green microalgae Desmodesmus 

quadricauda are rare and some studies reveal the selective accumulation in chloroplasts 

or in cytoplasm (Řezanka et al. 2016). Lanthanide’s entrance and its distribution within 

the cells of algae are still questionable. The cell wall is the first barrier that restrict the 

transfer of REE, however, its complex composition of algae and cyanobacteria makes 

the uptake mechanisms more complicated, thus its accumulation at certain specific sites 

or attached to cell walls or loosely bound to cell cytoplasm remain unclear. Therefore, 

research on hyperaccumulator species need to be done to answer these questions.  

1.6 Role of REE and its potential effects on algal physiology 

In past few years, lanthanides have been used excessively in China, because of its 

growth promoting effects in the field of agriculture, (Qinhai and Zhaojie, 1996). This 

causes bulk quantities of dissolved REE to be released into aquatic ecosystem.  Though 

no acute lethal or deleterious effects have been reported, therefore, more attention has 

been put on their potential effects on aquatic environment (Qiang et al. 1994). 

Currently, research is mainly concentrated on maximizing the yield of important 

metabolites from algal cultures that are capable to produce various compounds in 

response to stress such as high temperature, nutrient deprivation, and metal stress 

(Miazek et al. 2015). In natural water bodies, organic ligands like organic acid and 

humic acids are vital in modifying the uptake of lanthanides by complexing them in an 

aquatic ecosystem (Sun et al. 1997). In marine algae it is well known that amount of 

rare earths is 102–106 times greater than in algae growing in seawater. The 

concentration of REE in algal material describe that the actions of lanthanides in a 

biological system are similar to most of the essential nutrient elements such as, Ca, Mg, 

and Zn because of similarity in their ionic radius and coordination number (Valcheva-

Traykova et al. 2014). Lanthanides can interact with biological molecules like enzymes 

and proteins resulted in modifying their activities and polymerization of 
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macromolecules (Yoshimura, 1998). REE can chelate with the ion channels and thus, 

change the membranes organization and permeability that leads to the deficiency or 

surplus of ions in inner or outer sides of the membranes (Wang et al. 2003).  Like 

described earlier, lanthanides are capable to interact with the receptors, uptake, 

bioaccumulate, and can block ion-channels. Lanthanide ions (Ln3+) are extremely being 

studied to understand the mechanism of Ca2+ inflow in cells together with other 

subsequent reactions (Bauer et al. 1998). REE played an essential role in microalgal 

phototaxis, movement reaction and avoidance response (Yoshimura, 1998). Hill et al. 

(2000) blocked the movement reaction of flagella in freshwater microalgae 

Spermatozopsis similis treated with <50 μM gadolinium ions (Gd3+). Pitta et al. (1997) 

observed that calcium is necessary for motility in marine non-flagellated 

cyanobacterium Synechococcus sp. but in the presence of Tb3+ that can act as a calcium 

blocker, movement can be prevented thus concluded that calcium is necessary for 

motility. In order to better understand algal physiological responses in association with 

cerium chloride (CeCl3) that has wide range of applications to study biology of algal 

cells, as it can enter the membranes of living cells and thus produces cerium 

perhydroxide (an electron-dense deposits) that is insoluble when reacts in the presence 

of hydrogen peroxide, that could be featured by standard transmission electron 

microscope (TEM). In response to any stress either biotic or abiotic highly dangerous 

species known as Reactive Oxygen Species (ROS) are overly generated as a derivative 

of wide range of metabolic reactions occurring in cells, for example as studied earlier 

in single-celled Chlorophyceae (green alga) Micrasterias denticulata (Darehshouri & 

Lütz-Meindl, 2010) or among Rhodophyta Gracilaria spp that produces (ROS) for 

particular defense responses (Weinberger et al. 2005). Studies based on investigating 

role of REE in microalgae are particularly focused on its growth. For plants as 

suggested earlier, it is still unclear that beneficial effects of REE is because of 

alleviating nutrient deficiency (Qu et al. 2012; Goecke et al. 2015b) or if they are 

involved in other biological responses e.g. scavenging of free radicals (Ippolito et al. 

2010; Valcheva-Traykova et al. 2014) or by compensating the toxic effects of other 

heavy metals (Volland et al. 2014). Elevated levels of lanthanides resulted in reduction 

in development, chlorophyll and K and Mg content essential for growth in general. 
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Lanthanides can serve as Ca channel blockers to understand the uptake mechanisms 

and transport pathways of other heavy transition metals, however in cyanobacteria 

calcium content raised with increasing exposure of lanthanum chloride in terms of 

concentration (Wang et al. 2012). Li et al. (2011), suggested that lanthanum can 

partially overcome calcium deficiency under low concentrations in green macroalga 

Chara corallina, thus allowing cytoplasmic movement. Lanthanides can have positive 

stimulatory effects on freshwater green microalga Desmodesmus quadricauda by 

adding low concentrations and also inhibits toxic effects of Ca2+ deficiency, but not in 

case for Mn2+ deficiency (Goecke et al. 2015b). Nutrient deficiency specifically effects 

physiology of any organism that can be determined by inhibition or declining in growth 

and division at cellular level in case of algae or by inhibiting photosynthesis by 

changing light dependent photosynthetic parameters, using a fluorimeter known as 

pulse amplitude modulation abbreviated by (PAM). Till now there is no proof for 

environmental effect of lanthanides, however their roles in agricultural field and for 

aquatic ecosystems need to be addressed. Reports on REE toxicity shows that they can 

intermingle with metabolic pathways of other transition metals that mainly act as 

nutrient elements (Pang et al. 2001b), therefore, usual biological activities of many 

important enzymes may vary like enzymes involved in catalyzing ATP synthesis 

typically termed as ATPases (Squier et al. 1990) or blocking of ion-channels. In algae, 

only a few species of Chlorophyta, Charophyta, Dinophyta and Haptophyta have been 

studied extensively to illustrate the potential biological toxicities of REE. However, 

almost all these studies on different microalgae lacked information about the 

bioavailability of lanthanides, concentrations, and stimulatory/inhibitory effects, 

however it was suggested toxic effects of lanthanides on algae involved either nutrient 

depletion or excess than adequate quantities may lead to toxicity and it was proposed 

that REE can sequester other nutrient elements like phosphates, that could induces 

growth. 

 

 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

16 

 
 

1.7 REE content in soil minerals and factors regulating its adsorption and 

transport 

Lanthanides exist together and mainly in a diverse form of associated minerals, for 

example in a variety of phosphates, carbonates, fluorides and silicates. In principle, 

REE usually occur in monazite, pegmatites, granites, and other associated volcanic 

rocks and form ores that are economically important (Forster, 1998). Fluorite-minerals 

also contain rare earths (Buhn et al. 2002; Gramaccioli et al. 1999) and silicates derived 

minerals, e.g., particularly allanites (Braun et al. 1993; Ercit, 2002) are rich in REE 

typically LREE.  Lanthanide content in top-soil differs considerably with sub-soil that 

are mainly associated with the properties of the origin, such as organic matter content 

in parent material, biography, history of the region and weathering status of the rocks. 

Normally, total REE content in non-fertilized soil surfaces is lower when compared 

with the parent material. The available content of REE, found to be less than total in 

soil extracts or present in soil solution, some examples include the average 

concentration of lanthanides in unfertilized soil samples collected from Australian soils 

ranging from < 0.007 μM to 0.64 μM, with maximum content of lanthanum found was 

0.13 μM and 0.51 μM for cerium (Diatloff et al. 1996). The average share in percentage 

for total REE concentration found in the soil REE extract of Cambisols soil samples 

(with low clay content) was found proportional to the ionic radius with an average of 

0.019% La, 0.018% in Ce to 0.011% for Lu (Tyler & Olsson, 2002). Soil formation 

from rocks weathering and leaching processes are mainly but partly managed by soil 

biota (various microorganisms have a higher tendency for biosorption of lanthanides in 

ionic form) and partly done by decomposition of organic matter. REE phosphates in 

minerals are mainly surrounded by bacteria and fungi that are efficient producers of 

oxalates that act as good solubilizers for phosphate-containing minerals bounded with 

LRRE in slightly acidic soils (Schift & Byrne, 2001), and also for soil solutions. 

Besides soil biota, siderophores (natural Fe- transport chelator molecules) play a vital 

role in the fractionation of metals deposited at soil mineral surfaces by making a 

complex association and their subsequent release in soil solutions or further uptake by 

cells. In one of the studies on soil bacterium Arthrobacter sp. (Brantley et al. 2001), it 

was found that HREE were considerably released and consequently up taken by cells. 
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1.8 Rare earths in plants and their physiological effects 

As discussed earlier, bioavailability of lanthanides from soil and their uptake by plants 

is affected by various factors and their concentration inside plants is much less in 

comparison with a total concentration in soils (Tyler, 2004). Since the ability of plants 

or crops to concentrate rare earth and its concentration may vary extremely depending 

on the plant species, growing conditions, and soil environment in context with rare 

earth element content in the parent soils or rocks (Fu et al. 2001), as an example studies 

have been done on investigating the rare earth concentrations in corn and rice plant 

species that presented different results, as higher content were found in rice when 

compared with corn that indicates the higher accumulation capacity for rice specie than 

corn for rare earth metals (Li et al. 1998). Studies on vegetal tissues were also observed 

in both plants that show higher concentrations in roots as compared to other parts such 

as in grains of both species Y, La, Ce, Pr, and Nd can be detected and measured 

quantitatively with concentrations ranging from < 0.78 ng/g to 5.58 ng/g of dry 

biomass, while other elements of lanthanide series were below the detection limits of 

mass spectrometry. In general, for ordinary plants, REE concentrations are typically in 

the ng/g range (Wyttenbach et al. 1994). In the above-ground biomass of vascular 

plants, concentrations of lanthanides are quite low. Studies have been done on plant 

REE concentration; however, it is really hard to distinguish between the content of rare 

earth present in various parts of plants, especially in vascular plants. The transfer factor 

calculated for lanthanides in grass Agrostis capillaris grown in soil, from soil A-

horizon to plant was generally low and was between 0.04-0.09 (Tyler and Olsson, 

2002). In commercially grown vegetables, such as cabbage (Brassica oleracea var. 

capitata), very low values for REE in dry weight were calculated (Bibak et al. 1999). 

Well-known pteridophyte (ferns) are considered good accumulators for REE. In one of 

the studies done by Japanese group on 96 different species of ferns to identify good 

accumulators for REE, they found good concentrations among 9 species of genera 

Dryopteris, Asplenium, Adiantum, and Dicranopteris (Ozaki et al. 2000). They found 

that in accumulator species, 10– 40 μg/g dry weight of La and 3–30 μg/g of Ce is 

present in leaf mesophyll tissues in compared to other studied species that contain 

0.003–2.7 μg/g of La and 0.076–3.6 μg/g of Ce. Yttrium was also studied, and it was 
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found that in comparison with non-accumulators, accumulator species contained 

relatively much more Y than other determined lanthanides (Ozaki et al. 2002). Though, 

high contents of rare earth elements have been found generally for plants growing on 

fertilized grounds (Miekeley et al. 1994). Besides this, certain plants are highly capable 

of accumulating REE from soils and thus being termed hyper-accumulators. In aquatic 

biota, sediments are the main source of rare earth with almost 99% of REE being 

bioavailable. Most REE are available either in bound form to organic matter or 

suspended as sediments among different species in an ecosystem and thus become more 

available to biotic plants and microbes. Bioaccumulation of rare earth among 

organisms depends upon their availability to organisms feeding on them. Investigations 

have been done in the past decade to understand the association of rare-earth species 

and plant availability. Shan et al. (2003) investigated the accumulation and uptake 

mechanisms of light rare earth metals, in well-known hyperaccumulator 

fern Dicranopteris dichotoma and conclude that mostly LRRE were concentrated in 

vacuoles and cell walls of root endodermis using X-ray microanalysis. Generally, REE 

concentration in plants is lower than in soils (Cao et al. 2000). However, above-ground 

biomass such as plants can uptake REE through roots to other vegetal tissues and the 

uptake capacity of lanthanides depends on numerous factors that are already described 

previously however, it is noticed that transport of these metals in roots is mainly 

confined by Casparian strips in the endodermis. Thus, the use of organic ligands such 

as EDTA encourages the uptake of REEs in the soil (Kastori et al. 2010). The degree 

to which lanthanides can be transported from soil to plants is almost 20% and much of 

this is concentrated in roots and less in stems and other vegetal tissues including 

reproductive structures or parts. The uptake of REE affects the metabolism of other 

minerals, thus, enhancing the absorption of other mineral elements and eventually 

decreasing others. The impact of REE uptake is mainly focused on in association with 

calcium ions (Brown et al. 1990). China has been applied REE extensively in phosphate 

fertilizers for many years for agricultural crop plants such as maize, rice, wheat, and 

cabbage (Xiangsheng et al. 2006). Besides field studies, lab-based experiments have 

been done that mainly deals with the potential of REE to compete with proteins that 

have Ca binding sites on their surfaces, effects on membranes structural organizations 
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concerning its stability and permeability as they have very similar chemical properties 

as calcium, so it is mainly referred to lanthanum (Brown et al. 1990). It is assumed that 

under calcium deficiency, plant growth can be stimulated in the presence of lanthanides 

as it mainly reduces the effects of calcium deficiency, for example, lanthanum trivalent 

ions (La3+) enhances the growth and development of tobacco seedlings and stimulates 

photosynthesis at appropriate amounts (Chen et al. 2001). Additionally, adequate 

quantities of lanthanides promote sprouting in seeds, vegetal tissues development 

among plants, improve resistance to biotic and abiotic stresses and nutrient uptake (Liu 

et al. 2013). REE usually enter into mesophyll cells via apoplastic and/or through 

cytoplasmic or plasmodesmatal connections and regulate the physiology of plants 

together with biochemical functions (Ye et al. 2008). REE concentration in any sample 

(biological or environmental) has been determined mostly by using instrumental 

neutron activation analysis (INAA) technique that cannot measure all elements in 

lanthanide series (Bangfa et al. 2008). In past decades, High Resolution Inductively 

Coupled Plasma Mass Spectrometry (HR-ICP-MS) is effectively being used to measure 

all the individual rare earth metals with higher sensitivity in desired samples, thus this 

highly distinct system will promote future studies on understanding the behavior of 

REE (Xu et al. 2003). It is suggested that lanthanides are vital for the physiology of 

plants to develop as they could encourage the absorption of other nutrients essential for 

growth and stimulate transport and assimilation as well (Pang et al. 2001). Ning and 

Xiao (1989) found that after using lanthanides in fertilizers, uptake of other nutrients, 

for example, N, P, and K increased by 16.4%, 12%, and 8.5% for each mentioned 

nutrient. REEs are commonly applied either in fertilizers or by directly spraying to 

plants is commonly practiced and considered as a much better method than mixing 

seedlings in lanthanides solution (Wang, 1995). Reports on physiological effects of 

REE suggest that lanthanides not only influence the growth of coleoptiles and 

membrane stability but also prevent loss of water by plants and enhance fixation of 

nitrogen from soil (Wen et al. 2001). Wen et al. (2001) reported in a field experiment 

in four provinces of China regarding distribution and bioconcentration of REE in 

agricultural plants and study the application of lanthanides in fertilizer at different 

levels to crops and determine the effects of these elements on crop growth and 
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production in hydroponic culture experiments and field experiments and their results 

suggests that these elements exert positive and negative effects similar to those of other 

trace metals at lower or higher level of treatments. Light mediated oxygen evolution, 

chlorophyll synthesis, photosystems activity, and other mechanisms of action related 

to photosynthesis including chlorophyllase enzyme synthesis was found to be affected 

by applications of REE at different concentrations (from low to high treatments) (Hu 

et al. 2002). However, it was suggested that higher concentrations of REE exert toxicity 

effects on soil and aquatic biota (Wang et al. 2005). 

1.9 Biomining and phytoremediation strategies of REE  

Rare earth elements are considerably being exploited in the past few decades around 

the world, causing lanthanides-based soil pollution, while using conventional mining 

techniques (Zhou et al. 2015). To protect the soil environment from excessive REE, 

release into an environment, bioremediation is a necessity and that needs establishing 

new technologies (Zhiqiang and Zhibiao, 2020). Phytoremediation is a low-cost and 

environment-friendly technique employed for the restoration of soils contaminated 

from heavy metals (Ji et al. 2015). Two main subdomains of phytoremediation include 

phytoextraction and phytostabilization. Extraction of heavy metals and their 

immobilization and uptake from highly contaminated soils through aboveground plants 

are commonly termed phytoextraction, while phytostabilization fixes metals in the 

rhizosphere of land vegetation. For bioremediation studies over the last few decades, 

plants among them bulk includes ferns and are considered as the most promising 

competitors for lanthanides biosorption and termed as REE hyperaccumulator (Lai et 

al. 2005). Hyperaccumulator species are mainly used to extract REE from soils through 

routine cultivation (Lokhande et al. 2013). These plants have exceptional mechanisms 

through which they can accumulate metals up to a maximum of 10% of their dry weight 

(Baker et al. 2020). Other strategies for REE bioremediation are often contradictory 

when plants remove these elements via leaching or by decaying of organic matter and 

leaf litters through microbes that cause plant clipping to be more complex and uncertain 

(Wu et al. 2014). This technique confirms the highest extraction of lanthanides that is 

more economically feasible (Ozkan et al. 2016). Besides this, many factors such as 

phenotypic characteristics of plant and organic matter content in the soil, have shown 
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major effects on bioremediation, therefore it is really hard to find out the prime clipping 

method. Phytoremediation (using green plants for extracting heavy metals from 

polluted soils) is among the most successful technology for the bioremediation of heavy 

metals. Plants have developed the mechanisms to withstand a higher concentration of 

metals and are typically termed as Metallophytes, thus considered as the best possible 

choice in phytotechnology (Whiting et al. 2001; Boularbah et al. 2006). Plants based 

on their extraction strategies for accumulating metals, called metallophytes are 

classified in three different groups, (a) normal accumulators that indicated the active 

metal transport and its transport mostly to vegetal tissues, (b) indicators, regulate the 

translocation of metals in a way to maintain internal concentrations that reflect surface 

metal and (c) excluders that prevent the absorption of metals from roots and its 

translocation to aerial parts (Baker, 1981; Barrutia et al. 2011). Few metallophytes are 

considered to have high accumulation capacities for phytoremediation, as for 

REE Dicranopteris dichotoma (broadly distributed ferns and well-known 

hyperaccumulator) found to be dominant among plant species at rare earth mines in 

(sub)tropical regions of southern China, that belongs to the perennial plant community 

of Gleicheniaceae family (Chen et al. 2016). According to (Wang et al. 2003), this 

plant species can accumulate up to 0.1% of lanthanides in dry biomass and has shown 

REE content in leaf mass ranging from 238.93 to 2364.51 mg/kg, whereas others vary 

from 6.81 to 92.17 mg/kg of total REE. Thus, D. dichotoma has been observed as the 

best suitable species for the phytoremediation of lanthanides polluted ecosystems 

because of its rapid growth, strong accumulation, translocation capacity, and excellent 

tolerance towards stress conditions (Chen et al. 2016). However, no knowledge on 

clipping techniques to aid phytotechnology using D.dichotoma at REE mining area for 

phytoremediation is available (Zhiqiang and Zhibiao, 2020).  

 

 

 

 

 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

22 

 
 

1.10 References 

Aharchaou, I., Beaubien, C., Campbell, P.G.C., & Fortin, C. (2020). Lanthanum 

and cerium toxicity to the freshwater green alga chlorella fusca: applicability 

of the biotic ligand model. Environmental toxicology and chemistry, 39(5), 996-

1005. 

Amer, H. A., Ostapczuk, P., & Emons, H. (1999). Quality assurance in measuring 

the elemental composition of the alga Fucus vesiculosus. Journal of 

Environmental Monitoring, 1(1), 97-102. 

Anaya, N. M., Solomon, F., Oyanedel-Craver, V. (2016). Effects of dysprosium 

oxide nanoparticles on Escherichia coli. Environmental Science: Nano, 3(1), 

67-73. 

Anthony, C., & Williams, P. (2003). The structure and mechanism of methanol 

dehydrogenase. Biochimica et Biophysica Acta - Proteins and Proteomics, 

1647(1-2), 18-23. 

Astorga España, M. S., Rodríguez Rodríguez, E. M., & Díaz Romero, C. D. (2005). 

Sodium, K, Ca, Mg, Fe, Cu and Zn concentrations in molluscs from the 

Magellan Strait (Chile): Their contribution to dietary intake. International 

Journal of Food Sciences and Nutrition, 56(5), 337-347. 

Astorga-España, M. S., Rodríguez Galdón, B., Rodríguez Rodríguez, E. M., & 

Díaz Romero, C. (2015). Mineral and trace element concentrations in 

seaweeds from the sub-Antarctic ecoregion of Magallanes (Chile). Journal of 

Food Composition and Analysis, 39(6), 69-76. 

Baker, A. J. M., McGrath, S. P., Reeves, R. D., & Smith, J. A. C. (2020). Metal 

hyperaccumulator plants: a review of the ecology and physiology of a 

biological resource for phytoremediation of metal-polluted soils. 

Phytoremediation of Contaminated Soil and Water, (11), 85-107. 

Baker, A. J.M. (1981). Accumulators and excluders - strategies in the response of 

plants to heavy metals. Journal of Plant Nutrition, 3(1-4), 643-654. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

23 

 
 

Bangfa, N., Weizhi, T., Pingsheng, W., Lanzhi, Z., Guiying, Z., Cunxiong, L., 

Donghui, H., & Dehong, L. (2008). Study on air pollution in beijing's major 

industrial areas using multielements in biomonitors and NAA techniques. 

International Journal of Environment and Pollution, 32(4), 456-466. 

Barry, M. J., & Meehan, B. J. (2000). The acute and chronic toxicity of lanthanum 

to Daphnia carinata, 41(10), 1669-1674. 

Barrutia, O., Artetxe, U., Hernández, A., Olano, J. M., García-Plazaola, J. I., 

Garbisu, C., & Becerril, J. M. (2011). Native plant communities in an 

abandoned Pb-Zn mining area of northern Spain: Implications for 

phytoremediation and germplasm preservation. International Journal of 

Phytoremediation, 13(3), 356-270. 

Bau, M., Knappe, A., & Dulski, P. (2006). Anthropogenic gadolinium as a 

micropollutant in river waters in Pennsylvania and in lake erie, northeastern 

United States. Chemie der Erde, 66(2), 143-152. 

Bauer, C. S., Plieth, C., Bethmann, B., Popescu, O., Hansen, U.-P., Simonis, W., & 

Schönknecht, G. (1998). Strontium-induced repetitive calcium spikes in a 

unicellular green alga. Plant Physiology, 117(2), 545–557. 

Bibak, A., Stümp, S., Knudsen, L., & Gundersen, V. (1999). Concentrations of 63 

elements in cabbage and sprouts in denmark. Communications in Soil Science 

and Plant Analysis, 30(17–18), 2409–2418. 

Blinova, I., Muna, M., Heinlaan, M., Lukjanova, A., & Kahru, A. (2020). Potential 

hazard of lanthanides and lanthanide-based nanoparticles to aquatic 

ecosystems: data gaps, challenges and future research needs derived from 

bibliometric analysis. Nanomaterials, 10(2). 

Borrego, J., Carro, B., López-González, N., De La Rosa, J., Grande, J. A., Gómez, 

T., & De La Torre, M. L. (2012). Effect of acid mine drainage on dissolved 

rare earth elements geochemistry along a fluvial–estuarine system: the tinto-

odiel estuary (SW Spain). Hydrology Research, 43(3), 262-274. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

24 

 
 

Boularbah, A., Schwartz, C., Bitton, G., Aboudrar, W., Ouhammou, A., & Morel, 

J. L. (2006). Heavy metal contamination from mining sites in South Morocco: 

2. Assessment of metal accumulation and toxicity in plants. Chemosphere, 

63(5), 811-817. 

Brantley, S. L., Liermann, L., Bullen, T., & Fe, F. O. (2001). Fractionation of Fe 

isotopes by soil microbes and organic acids. Geology, 29(6), 535-538. 

Braun, J. J., Pagel, M., Herbilln, A., & Rosin, C. (1993). Mobilization and 

redistribution of REE and thorium in a syenitic lateritic profile: A mass balance 

study. Geochimica et Cosmochimica Acta, 57(18), 4419–4434. 

Brown, P. H., Rathjen, A. H., Graham, R. D., & Tribe, D. E. (1990). Rare earth 

elements in biological systems. Handbook on the physics and chemistry of rare 

earths, 13, 423-452. 

Bühn, B., Rankin, A. H., Schneider, J., & Dulski, P. (2002). The nature of 

orthomagmatic, carbonatitic fluids precipitating REE,Sr-rich fluorite: Fluid-

inclusion evidence from the okorusu fluorite deposit, Namibia. Chemical 

Geology, 186(1–2), 75–98. 

Bulska, E., Danko, B., Dybczyński, R. S., Krata, A., Kulisa, K., Samczyński, Z., & 

Wojciechowski, M. (2012). Inductively coupled plasma mass spectrometry in 

comparison with neutron activation and ion chromatography with UV/VIS 

detection for the determination of lanthanides in plant materials. Talanta, 97, 

303-311. 

Bünzli, J. C. G., Chauvin, A. S., Vandevyver, C. D. B., Bo, S., & Comby, S. (2008). 

Lanthanide bimetallic helicates for in vitro imaging and sensing. Annals of the 

New York Academy of Sciences, 1130, 97-105. 

Cao, X., Chen, Y., & Wang, X. (2000). The effects of change of environmental 

conditions on the release and species transformation of rare earth elements 

(REE) in soil. China Environmental Science, 20(6), 486-490. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

25 

 
 

Castilla, J. C. (1996). Copper mine tailing disposal in northern Chile rocky shores: 

Enteromorpha compressa (Chlorophyta) as a sentinel species. Environmental 

Monitoring and Assessment, 40(2), 171-184. 

Chen, W. J., Tao, Y., Gu, Y. H., & Zhao, G. W. (2001). Effect of lanthanide chloride 

on photosynthesis and dry matter accumulation in tobacco seedlings. Biological 

trace element research, 79(2), 169-176. 

Chen, Z., Chen, Z., & Bai, L. (2016). Rare earth element migration in gullies with 

different Dicranopteris dichotoma covers in the huangnikeng gully group, 

Changting County, Southeast China. Chemosphere, 164, 443-450. 

Chistoserdova, L. (2016). Lanthanides: New life metals?. World Journal of 

Microbiology and Biotechnology, 32(8), 1-7. 

Chua, H. (1998). Bio-accumulation of environmental residues of rare earth elements 

in aquatic flora Eichhornia crassipes (Mart.) Solms in Guangdong Province of 

China. Science of the Total Environment, 214(1-3), 79-85. 

Cobelo-García, A., Filella, M., Croot, P., Frazzoli, C., Du Laing, G., Ospina-

Alvarez, N., Rauch, S., Salaun, P., Schäfer, J., & Zimmermann, S. (2015). 

COST action TD1407: network on technology-critical elements (NOTICE)—

from environmental processes to human health threats. Environmental Science 

and Pollution Research, 22(11), 15188-15194. 

Connelly, N. G. (Ed.). (2005). Nomenclature of inorganic chemistry: IUPAC 

recommendations 2005. Royal Society of Chemistry. 

Cotruvo, J. A. (2019). The chemistry of lanthanides in biology: Recent discoveries, 

emerging principles, and technological applications. ACS Central Science, 5(9), 

1496-1506. 

Cotruvo, J. A., Featherston, E. A., Mattocks, J. A., Ho, J. A., & Laremore, T. A. 

(2018). Lanmodulin: A highly selective lanthanide-binding protein from a 

lanthanide-utilizing bacterium. Journal of the American Chemical Society, 

140(44), 15056–15061.  



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

26 

 
 

Darehshouri, A., & Lütz-Meindl, U. (2010). H2O2 localization in the green alga 

Micrasterias after salt and osmotic stress by TEM-coupled electron energy loss 

spectroscopy. Protoplasma, 239(1–4), 49–56. 

Daumann, L. J. (2019). Essential and ubiquitous: The emergence of lanthanide 

metallobiochemistry. Angewandte Chemie - International Edition, 58(37), 

12795-12802.  

Deblonde, G. J. P., Mattocks, J. A., Park, D. M., Reed, D. W., Cotruvo, J. A., & 

Jiao, Y. (2020). Selective and efficient biomacromolecular extraction of rare-

earth elements using lanmodulin. Inorganic Chemistry, 59(17), 11855-11867. 

Diatloff, E., Smith, F. W., & Asher, C. J. (2008). Effects of lanthanum and cerium 

on the growth and mineral nutrition of corn and mungbean. Annals of botany, 

101(7), 971-982. 

Diatloff, E., Asher, C., & Smith, F. (1996). Concentrations of rare earth elements in 

some Australian soils. Australian Journal of Soil Research, 34(5), 735. 

Diniz, V., & Volesky, B. (2005). Effect of counterions on lanthanum biosorption by 

Sargassum polycystum. Water Research, 39(11), 2229-2236. 

Diniz, V., & Volesky, B. (2005b). Biosorption of La, Eu and Yb using Sargassum 

biomass. Water Research, 39(1), 239-247. 

Eichler, H. J., & Eichler, J. (2015). Laser: bauformen, strahlführung, anwendungen. 

Springer-Verlag. 

Eliseeva, S. V., & Bünzli, J. C. G. (2010). Lanthanide luminescence for functional 

materials and bio-sciences. Chemical Society Reviews, 39(1), 189-227. 

Emsley, J. (2020). Elements of chemistry. Foundations of Chemistry, 22(2), 275-277. 

Ercit, T. S. (2002). The mess that is - Allanite. Canadian Mineralogist, 40(5), 1411–

1419. 

Fall, R., & Benson, A. A. (1996). Leaf methanol - The simplest natural product from 

plants. Trends in Plant Science, 1(9), 296-301. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

27 

 
 

Fashui, H., Ling, W., Xiangxuan, M., Zheng, W., & Guiwen, Z. (2002). The effect 

of cerium (III) on the chlorophyll formation in spinach. Biological Trace 

Element Research, 89(3), 263-276. 

Forster, H. (1998). The chemical composition of REE-Y-Th-U-rich minerals in 

peraluminous accessory granites of the erzgebirge-fichtelgebirge Part II : 

xenotime region , Germany ., 83, 1302–1315.  

Fu, F., Akagi, T., Yabuki, S., Iwaki, M., & Ogura, N. (2000). Distribution of rare 

earth elements in seaweed: implication of two different sources of rare earth 

elements and silicon in seaweed. Journal of phycology, 70(36), 62-70. 

Fu, F. F., Akagi, T., Yabuki, S., & Iwaki, M. (2001). The variation of REE (rare earth 

elements) patterns in soil-grown plants: A new proxy for the source of rare earth 

elements and silicon in plants. Plant and Soil, 235(1), 53-64. 

Gaudry, A., Zeroual, S., Gaie-Levrel, F., Moskura, M., Boujrhal, F. Z., El 

Moursli, R. C., Guessous, A., Mouradi, A., Givernaud, T., & Delmas, R. 

(2007). Heavy metals pollution of the atlantic marine environment by the 

Moroccan phosphate industry, as observed through their bioaccumulation in 

Ulva lactuca. Water, Air, and Soil Pollution, 178(1-4), 267-285. 

Goecke, F., Zachleder, V., & Vítová, M. (2015b). Rare earth elements and algae: 

physiological effects, biorefinery and recycling. In: Prokop A, Bajpai RK, 

Zappi ME (eds) Algal Biorefinery products and refinery design, vol 2. Springer, 

Cham, pp 339-363. 

Gok, C., & Aytas, S. (2009). Biosorption of uranium (VI) from aqueous solution using 

calcium alginate beads. Journal of Hazardous Materials, 168(1), 369-375. 

Goldstein, S. J., & Jacobsen, S. B. (1988). Rare earth elements in river waters. Earth 

and Planetary Science Letters, 89(1), 35-47. 

Gonzalez, V., Vignati, D. A. L., Leyval, C., & Giamberini, L. (2014). Environmental 

fate and ecotoxicity of lanthanides: Are they a uniform group beyond 

chemistry?. Environment International, 71, 148-157. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

28 

 
 

Gramaccioli, C. M., Diella, V., & Demartin, F. (1999). The role of fluoride 

complexes in REE geochemistry and the importance of 4f electrons: some 

examples in minerals. European Journal of Mineralogy, 11, 983–992. 

Gu, W., Haque, M. F. Ul., DiSpirito, A. A., & Semrau, J. D. (2016). Uptake and 

effect of rare earth elements on gene expression in Methylosinus trichosporium 

OB3b. EMS Microbiology Letters, 363(13), 1-6. 

Guerinot, M., & Morrissey, J. (2009). Iron uptake and transport in plants: The good, 

the bad, and the ionome. Chemical Reviews, 109, 4553-4567. 

Han, G., & Liu, C. Q. (2007). Dissolved rare earth elements in river waters draining 

karst terrains in Guizhou Province, China. Aquatic Geochemistry, 13(1), 95-

107. 

Hanana, H., Turcotte, P., André, C., Gagnon, C., & Gagné, F. (2017). Comparative 

study of the effects of gadolinium chloride and gadolinium – based magnetic 

resonance imaging contrast agent on freshwater mussel, Dreissena plymorpha. 

Chemosphere, 181, 197-207. 

Haque, N., Hughes, A., Lim, S., & Vernon, C. (2014). Rare earth elements: Overview 

of mining, mineralogy, uses, sustainability and environmental impact. 

Resources, 3(4), 614-635. 

Hill, K., Hemmler, R., Kovermann, P., Calenberg, M., Kreimer, G., & Wagner, 

R. (2000). A Ca2+- and voltage-modulated flagellar ion channel is a component 

of the mechanoshock response in the unicellular green alga Spermatozopsis 

similis. Biochimica et Biophysica Acta - Biomembranes, 1466(1–2), 187–204. 

Hou, X., & Yan, X. (1998). Study on the concentration and seasonal variation of 

inorganic elements in 35 species of marine algae. Science of the Total 

Environment, 222(3), 141-156. 

Hu, H., Wang, L., Li, Y., Sun, J., Zhou, Q., & Huang, X. (2016). Insight into 

mechanism of lanthanum (III) induced damage to plant photosynthesis. 

Ecotoxicology and environmental safety, 127, 43-50. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

29 

 
 

Hu, X., Ding, Z., Wang, X., Chen, Y., & Dai, L. (2002). Effects of lanthanum and 

cerium on the vegetables growth of wheat (triticum aestivum) seedlings. 

Bulletin of Environmental Contamination and Toxicology, 69, 727–733. 

Hu, Z., Haneklaus, S., Sparovek, G., & Schnug, E. (2006). Rare earth elements in 

soils. Communications in Soil Science and Plant Analysis, 37(9-10), 1381-

1420.  

Hu, Z., Richter, H., Sparovek, G., & Schnug, E. (2004).  Physiological and 

biochemical effects of rare earth elements on plants and their agricultural 

significance: A review. Journal of Plant Nutrition, 27(1), 183-220. 

Ingri, J., Öhlander, B., Widerlund, A., Andersson, P., Land, M., & Gustafsson, Ö. 

(2000). Temporal variations in the fractionation of the rare earth elements in a 

boreal river; the role of colloidal particles. Chemical Geology, 166(1-2), 23-45. 

Ippolito, M. P., Fasciano, C., D‘Aquino, L., Morgana, M., & Tommasi, F. (2010). 

Responses of antioxidant systems after exposition to rare earths and their role 

in chilling stress in common duckweed (Lemna minor L.): A defensive weapon 

or a boomerang?. Archives of Environmental Contamination and Toxicology, 

58(1), 42–52. 

Ji, P., Tang, X., Jiang, Y., Tong, Y., Gao, P., & Han, W. (2015). Potential of 

gibberellic acid 3 (GA3) for enhancing the phytoremediation efficiency of 

Solanum nigrum L. Bulletin of Environmental Contamination and Toxicology, 

95(6), 810-814. 

Joonas, E., Aruoja, V., Olli, K., Syvertsen-Wiig, G., Vija, H., & Kahru, A. (2017). 

Potency of (doped) rare earth oxide particles and their constituent metals to 

inhibit algal growth and induce direct toxic effects. Science of the Total 

Environment, 593-594, 478-486. 

Kano, N., Aoyagi, Y., & Imaizumi, H. (2001a). Determination of rare earth elements 

in seaweed and seawater samples on the coast in niigata prefecture by ICP-MS 

after solvent extraction. Analytical Sciences, 17(Supplement), i1011-i1014. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

30 

 
 

Kastori, R. R., Maksimović, I. V., Zeremski-Škorić, T. M., & Putnik-Delić, M. I. 

(2010). Rare earth elements: yttrium and higher plants. Zbornik Matice srpske 

za prirodne nauke, (118), 87-98. 

Keltjens, J. T., Pol, A., Reimann, J., & Op Den Camp, H. J. M. (2014). PQQ-

dependent methanol dehydrogenases: Rare-earth elements make a difference. 

Applied Microbiology and Biotechnology, 98(14), 6163-6183. 

Keller, A. A., McFerran, S., Lazareva, A., & Suh, S. (2013). Global life cycle 

releases of engineered nanomaterials. Journal of Nanoparticle Research, 15(6). 

Khan, A. M., Yusoff, I., Abu Bakar, N. K., Abu Bakar, A. F., Alias, Y., & Mispan, 

M. S. (2017). Accumulation, uptake and bioavailability of rare earth elements 

(REEs) in soil grown plants from ex-mining area in Perak, Malaysia. Applied 

Ecology and Environmental Research, 15(3), 117-133.  

Kosak née Röhder, L. A., Brandt, T., Sigg, L., & Behra, R. (2018). Uptake and 

effects of cerium (III) and cerium oxide nanoparticles to 

Chlamydomonasreinhardtii. Aquatic Toxicology, 197(February), 41-46. 

Kulaksiz, S., & Bau, M. (2011). Rare earth elements in the rhine river, Germany: First 

case of anthropogenic lanthanum as a dissolved microcontaminant in the 

hydrosphere. Environment International, 37(5), 973-979. 

Kurvet, I., Juganson, K., Vija, H., Sihtmäe, M., Blinova, I., Syvertsen-Wiig, G., & 

Kahru, A. (2017). Toxicity of nine (doped) rare earth metal oxides and 

respective individual metals to aquatic microorganisms Vibrio fischeri and 

Tetrahymena thermophila. Materials, 10(7). 

Lai, Y., Wang, Q., Yan, W., Yang, L., & Huang, B. (2005). Preliminary study of the 

enrichment and fractionation of REE in a newly discovered REE 

hyperaccumulator Pronephrium simplex by SEC-ICP-MS and MALDI-

TOF/ESI-MS. Journal of Analytical Atomic Spectrometry, 20(8), 751-753. 

 

 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

31 

 
 

Leybourne, M. I., Johannesson, K. H. (2008). Rare earth elements (REE) and yttrium 

in stream waters, stream sediments, and Fe-Mn oxyhydroxides: Fractionation, 

speciation, and controls over REE + Y patterns in the surface environment. 

Geochimica et Cosmochimica Acta, 72(24), 5962-5983. 

Liang, T., Li, K., & Wang, L. (2014). State of rare earth elements in different 

environmental components in mining areas of China. Environmental 

Monitoring and Assessment, 186(3), 1499–1513. 

Li, Z., Zhang, Z., Yu, M., Zhou, Y., & Zhao, Y. (2011). Effects of lanthanum on 

calcium and magnesium contents and cytoplasmic streaming of internodal cells 

of Chara corallina. Biological Trace Element Research, 143(1), 555-561. 

Li, F., Shan, X., Zhang, T., & Zhang, S. (1998). Evaluation of plant availability of 

rare earth elements in soils by chemical fractionation and multiple regression 

analysis. Environmental Pollution, 102, 269-277. 

Liu, D., Wang, X., Zhang, X., & Gao, Z. (2013). Effects of lanthanum on growth and 

accumulation in roots of rice seedlings. Plant Soil Environ, 59(5), 196-200. 

Lokhande, V. H., Gor, B. K., Desai, N. S., Nikam, T. D., & Suprasanna, P. (2013). 

Sesuvium portulacastrum, a plant for drought, salt stress, sand fixation, food 

and phytoremediation. A review. Agronomy for Sustainable Development, 

33(2), 329-348. 

Lürling, M., & Tolman, Y. (2010). Effects of lanthanum and lanthanum-modified 

clay on growth, survival and reproduction of Daphnia magna. Water Research, 

44(1), 309-319.  

Mabeau, S., & Fleurence, J. (1993). Seaweed in food products: biochemical and 

nutritional aspects. Trends in Food Science and Technology, 4(4), 103-107. 

MacMillan, G. A., Chételat, J., Heath, J. P., Mickpegak, R., & Amyot, M. (2017). 

Rare earth elements in freshwater, marine, and terrestrial ecosystems in the 

eastern Canadian Arctic. Environmental Science: Processes and Impacts, 

19(10), 1336-1345. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

32 

 
 

Major, J. L., & Meade, T. J. (2009). Bioresponsive, cell-penetrating, and multimeric 

MR contrast agents. Accounts of Chemical Research, 42(7), 893-903. 

Martinez-Gomez, N. C., Vu, H. N., & Skovran, E. (2016). Lanthanide chemistry: 

From coordination in chemical complexes shaping our technology to 

coordination in enzymes shaping bacterial metabolism. Inorganic Chemistry, 

55(20), 10083-10089. 

Marzec-Wróblewska, U., Kamiński, P., Łakota, P., Ludwikowski, G., Szymański, 

M., Wasilow, K., Stuczyński, T., Buciński, A., & Jerzak, L. (2015). 

Determination of rare earth elements in human sperm and association with 

semen quality. Archives of Environmental Contamination and Toxicology, 

69(2), 191-201. 

Mashitah, S. M., Shazili, N. A. M., & Rashid, M. K. A. (2012). Elemental 

concentrations in brown seaweed, Padina sp. along the east coast of Peninsular 

Malaysia. Aquatic Ecosystem Health & Management, 15(3), 267-278 

Massari, S., & Ruberti, M. (2013). Rare earth elements as critical raw materials: 

Focus on international markets and future strategies. Resources Policy, 38(1), 

36–43.  

Merroun, M. L., Chekroun, K. B., Arias, J. M., & González-Muñoz, M. T. (2003). 

Lanthanum fixation by Myxococcus xanthus: Cellular location and extracellular 

polysaccharide observation. Chemosphere, 52(1), 113-120. 

Miazek, K., Iwanek, W., Remacle, C., Richel, A., & Goffin, D. (2015). Effect of 

metals, metalloids and metallic nanoparticles on microalgae growth and 

industrial product biosynthesis: A review. International Journal of Molecular 

Sciences, 16(10), 23929–23969. 

Michetti, K. M., Leonardi, P. I., & Caceres, E. J. (2006). Cytochemical localization 

of acid phosphatase in Stigeoclonium tenue (Chaetophorales, Chlorophyceae). 

Biocell, 30(3), 491–496. 

 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

33 

 
 

Miekeley, N., Casartelli, E. A., & Dotto, R. M. (1994). Concentration levels of rare-

earth elements and thorium in plants from the Morro Do Ferro environment as 

an indicator for the biological availability of transuranium elements. Journal of 

Radioanalytical and Nuclear Chemistry, 182(1), 75-89. 

Moriwaki, H., & Yamamoto, H. (2013). Interactions of microorganisms with rare 

earth ions and their utilization for separation and environmental technology. 

Applied Microbiology and Biotechnology, 97(1), 1-8. 

Nakagawa, T., Mitsui, R., Tani, A., Sasa, K., Tashiro, S., Iwama, T., Hayakawa, 

T., & Kawai, K. (2012). A Catalytic role of XoxF1 as La3+-dependent methanol 

dehydrogenase in Methylobacterium extorquens strain AM1. PLoS ONE, 7(11), 

1-7. 

Neal, C. (2007). Rare earth element concentrations in dissolved and acid available 

participate forms for eastern UK rivers. Hydrology and Earth System Sciences, 

11(1), 313-327. 

Neal, C., Whitehead, P. G., Jeffery, H., & Neal, M. (2005). The water quality of the 

river Carnon, west Cornwall, November 1992 to March 1994: The impacts of 

wheal jane discharges. Science of the Total Environment, 338(1-2 SPEC. ISS.), 

23-39. 

Nicodemus, M. A., Salifu, K. F., & Jacobs, D. F. (2009). Influence of lanthanum 

level and interactions with nitrogen source on early development of Juglans 

nigra. Journal of Rare Earths, 27(2), 270-279. 

Ning, J., & Xiao, S. (1989). Effects of rare earth elements application on day lily. 

Chinese Rare Earth, 10(5), 52-54. 

Okajima, M. K., Nakamura, M., Mitsumata, T., & Kaneko, T. (2010). 

Cyanobacterial polysaccharide gels with efficient rare-earth-metal sorption. 

Biomacromolecules, 11(7), 1773-1778. 

Ozaki, T., Ambe, S., Enomoto, S., Minai, Y., Yoshida, S., & Makide, Y. (2002). 

Multitracer study on the uptake mechanism of yttrium and rare earth elements 

by autumn fern. Radiochimica Acta, 90(5), 303–307.  



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

34 

 
 

Ozaki, T., Enomoto, S., Minai, Y., Ambe, S., Ambe, F., & Makide, Y. (2000). 

Beneficial effect of rare earth elements on the growth of Dryopteris 

erythrosora. Journal of Plant Physiology, 156(3), 330–334.  

Özkan, A., Günkaya, Z., & Banar, M. (2016). Pyrolysis of plants after 

phytoremediation of contaminated soil with lead, cadmium and zinc. Bulletin 

of Environmental Contamination and Toxicology, 96(3), 415-419. 

Pagano, G., Aliberti, F., Guida, M., Oral, R., Siciliano, A., Trifuoggi, M., & 

Tommasi, F. (2015). Rare earth elements in human and animal health: State of 

art and research priorities. Environmental Research, 142, 215-220. 

Pang, X., Li, D., & Peng, A. (2001b). Application of rare-earth elements in the 

agriculture of china and its environmental behavior in soil. Journal of Soils and 

Sediments, 1(2), 124–129. 

Peng, C., Chen, Y., Pu, Z., Zhao, Q., Tong, X., Chen, Y., & Jiang, L. (2017). CeO2 

nanoparticles alter the outcome of species interactions. Nanotoxicology, 11(5), 

625-636. 

Pereto, C., Coynel, A., Lerat-Hardy, A., Gourves, P. Y., Schäfer, J., & 

Baudrimont, M. (2020). Corbicula fluminea: A sentinel species for urban rare 

earth element origin. Science of the Total Environment, 732. 

Picone, N., & Op den Camp, H. J. M. (2019). Role of rare earth elements in methanol 

oxidation. Current Opinion in Chemical Biology, 49, 39-44. 

Pitta, T. P., Sherwood, E. E., Kobel, A. M., & Berg, H. C. (1997). Calcium is 

required for swimming by the nonflagellated cyanobacterium Synechococcus 

strain WH8113. Journal of Bacteriology, 179(8), 2524–2528. 

Pol, A., Barends, T. R. M., Dietl, A., Khadem, A. F., Eygensteyn, J., Jetten, M. S. 

M., Op den Camp, H. J.M. (2014). Rare earth metals are essential for 

methanotrophic life in volcanic mudpots. Environmental Microbiology, 16(1), 

255-264. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

35 

 
 

Poniedziałek, B., Rzymski, P., Pięt, M., Niedzielski, P., Mleczek, M., Wilczak, M., 

& Rzymski, P. (2017). Rare-earth elements in human colostrum milk. 

Environmental Science and Pollution Research, 24(33), 26148-26154. 

Qiang, T., Xiao-Rong, W., Li-Qing, T., & Le-Mei, D. (1994). Bioaccumulation of 

the rare earth elements lanthanum, gadolinium and yttrium in carp (Cyprinus 

carpio). Environmental pollution, 85(3), 345-350.  

Qinhai, H., & Zhaojie, Y. (1996). Physiological effects of rare-earth elements on 

plants. Plant Physiology Communications (China). 

Qu, C., Gong, X., Liu, C., Hong, M., Wang, L., & Hong, F. (2012). Effects of 

manganese deficiency and added cerium on photochemical efficiency of maize 

chloroplasts. Biological Trace Element Research, 146(1), 94–100. 

Ramos, S. J., Dinali, G. S., Oliveira, C., Martins, G. C., Moreira, C. G., Siqueira, 

J. O., & Guilherme, L. R. (2016). Rare earth elements in the soil environment. 

Current Pollution Reports, 2(1), 28-50. 

Ramírez-Olvera, S. M., Trejo-Téllez, L. I., García-Morales, S., Pérez-Sato, J. A., 

& Gómez-Merino, F. C. (2018). Cerium enhances germination and shoot 

growth, and alters mineral nutrient concentration in rice. PLoS ONE, 13(3), 1-

19. 

Redling, K. (2006). Rare earth elements in agriculture with emphasis on animal 

husbandry. (Ludwig-Maximilians-Universität München). 

Řezanka, T., Kaineder, K., Mezricky, D., Řezanka, M., Bišová, K., Zachleder, V., 

& Vítová, M. (2016). The effect of lanthanides on photosynthesis, growth, and 

chlorophyll profile of the green alga Desmodesmus quadricauda. 

Photosynthesis Research, 130(1-3), 335-346. 

Rim, K. T. (2016). Effects of rare earth elements on the environment and human 

health: A literature review. Toxicology and Environmental Health Sciences, 

8(3), 189-200. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

36 

 
 

Rzymski, P., Klimaszyk, P., Niedzielski, P., Marszelewski, W., Borowiak, D., 

Nowiński, K., Baikenzheyeva, A., Kurmanbayev, R., & Aladin, N. (2019). 

Pollution with trace elements and rare-earth metals in the lower course ofsSyr 

darya river and small aral sea, Kazakhstan. Chemosphere, 234, 81-88. 

Sadovsky, D., Brenner, A., Astrachan, B., Asaf, B., & Gonen, R. (2016). 

Biosorption potential of cerium ions using Spirulina biomass. Journal of Rare 

Earths, 34(6), 644-652. 

Schift, J., & Byrne, R. H. (2001). Stability constants for mono- and dioxalato 

complexes of Y and the REE, potentially important species in groundwaters 

and surface freshwaters. Geochimica et Cosmochimica Acta, 65(7), 1037–1046. 

Semrau, J. D., DiSpirito, A. A., Gu, W., & Yoon, S. (2018). Metals and 

methanotrophy. Applied and Environmental Microbiology, 84(6). 

Serfor-Armah, Y., Nyarko, B. J.B., Adotey, D. K., Dampare, S. B., & Adomako, 

D. (2006). Levels of arsenic and antimony in water and sediment from prestea, 

a gold mining town in Ghana and its environs. Water, Air, and Soil Pollution, 

175(1-4), 181-192. 

Servigne, M., & Tchakirian, A. (1939). Sur la presence d’elements des terres rares 

dans les algues cal-caires (Lithothamnium calcareum). Comptes rendus de 

l'Académie des Sciences, 209, 570–572. 

Shan, X., Wang, H., Zhang, S., Zhou, H., Zheng, Y., Yu, H., & Wen, B. (2003). 

Accumulation and uptake of light rare earth elements in a hyperaccumulator 

Dicropteris dichotoma. Plant Science, 165(6), 1343–1353.  

Shen, F., Wang, L., Zhou, Q., & Huang, X. (2018). Effects of lanthanum on 

Microcystis aeruginosa: Attention to the changes in composition and content 

of cellular microcystins. Aquatic Toxicology, 196(Nov2017), 9-16. 

Shtangeeva, I., & Ayrault, S. (2007). Effects of Eu and Ca on yield and mineral 

nutrition of wheat (Triticum aestivum) seedlings. Environmental and 

Experimental Botany, 59(1), 49-58. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

37 

 
 

Spears, B. M., Lürling, M., Yasseri, S., Castro-Castellon, A. T., Gibbs, M., Meis, 

S., McDonald, C., McIntosh, J., Sleep, D., & Van Oosterhout, F. (2013). 

Lake responses following lanthanum-modified bentonite clay (Phoslock®) 

application: An analysis of water column lanthanum data from 16 case study 

lakes. Water Research, 47(15), 5930-5942. 

Squier, T. C., Bigelow, D. J., Fernandez-Belda, F. J., deMeis, L., & Inesi, G. (1990). 

Calcium and lanthanide binding in the sarcoplasmic reticulum ATPase. Journal 

of Biological Chemistry, 265(23), 13713–13720. 

Sun, H., Wang, X., Wang, L., Dai, L., Li, Z., & Cheng, Y. (1997). Bioconcentration 

of rare earth elements lanthanum, gadolinium and yttrium in algae (Chlorella 

Vulgarize Beijerinck): Influence of chemical species. Chemosphere, 34(8), 

1753–1760. 

Tai, P., Zhao, Q., Su, D., Li, P., & Stagnitti, F. (2010). Biological toxicity of 

lanthanide elements on algae. Chemosphere, 80(9), 1031-1035. 

Tchounwou, P. B., Yedjou, C. G., Patlolla, A. K., & Sutton, D. J. (2012). Molecular, 

clinical and environmental toxicology Volume 3: Environmental toxicology. 

Molecular, Clinical and Environmental Toxicology, 101, 133-164. 

Thompson, K. H., & Orvig, C. (2006). Metal complexes in medicinal chemistry: New 

vistas and challenges in drug design. Dalton Transactions, (6), 761-764. 

Truus, K., Vaher, M., & Taure, I. (2001). Algal biomass from Fucus vesiculosus 

(Phaeophyta): Investigation of the mineral and alginate components. Proc. 

Estonian Acad. Sci. Chem, 50(2), 95-103. 

Tyler, G., & Olsson, T. (2002). Conditions related to solubility of rare and minor 

elements in forest soils. Journal of Plant Nutrition and Soil Science, 165(5), 

594–601. 

Tyler, G. (2004). Rare earth elements in soil and plant systems - A review. Plant and 

Soil, 267(1), 191-206. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

38 

 
 

U.S. Geological Survey. (2019, 2021). Mineral commodity summaries 2019, 2021: 

U.S. Geological Survey, Reston 202.  

Valcheva-Traykova, M., Saso, L., & Kostova, I. (2014). Involvement of lanthanides 

in the free radicals homeostasis. Current Topics in Medicinal Chemistry, 

14(22), 2508–2519. 

Volland, S., Bayer, E., Baumgartner, V., Andosch, A., Lütz, C., Sima, E & Lütz-

Meindl, U. (2014). Rescue of heavy metal effects on cell physiology of the 

algal model system Micrasterias by divalent ions. Journal of Plant Physiology, 

171(2), 154-163. 

Wang, X. P., Shan, X. Q., Zhang, S. Z., & Wen, Bei. (2003). Distribution of rare 

earth elements among chloroplast components of hyperaccumulator 

Dicranopteris dichotoma. Analytical and Bioanalytical Chemistry, 376(6), 

913-917. 

Wang, K., Cheng, Y., Yang, X., & Li, R. (2003). Cell responses to lanthanides and 

potential pharmacological actions of lanthanides. Metal ions in biological 

systems, 40, 707. 

Wang, L., Bing, H., Bai, K. Z., Li, L. B., & Kuang, T. Y. (2005). Photosynthetic 

characterization of the plant Dicranopteris dichotoma Bernh. in a rare earth 

elements mine. Journal of Integrative Plant Biology, 47(9), 1092-1100. 

Wang, Q. (1995). Technologies and effect of REE enriched La on rice. Chinese Rare 

Earths, 16(5), 67-76. 

Wang, Y., Li, J., Lü, Y., Jin, H., Deng, S., & Zeng, Y. (2012). Effects of cerium on 

growth and physiological characteristics of Anabaena flosaquae. Journal of 

Rare Earths, 30(12), 1287-1292. 

Wang, L., Li, J., Zhou, Q., Yang, G., Ding, X. L., Li, X., Cai, C. X., Zhang, Z., Wei, 

H. Y., Lu, T. H., Deng, X. W., & Huang, X. H. (2014). Rare earth elements 

activate endocytosis in plant cells. Proceedings of the National Academy of 

Sciences of the United States of America, 111(35), 12936-12941. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

39 

 
 

Wang, B., Yan, L., Huo, W., Lu, Q., Cheng, Z., Zhang, J., & Li, Z. (2017). Rare 

earth elements and hypertension risk among housewives: A pilot study in 

Shanxi Province, China. Environmental Pollution, 220, 837-842. 

Wang, X. P., Shan, X. Q., Zhang, S. Z., & Wen, B. (2003). Distribution of rare earth 

elements among chloroplast components of hyperaccumulator Dicranopteris 

dichotoma. Analytical and Bioanalytical Chemistry, 376(6), 913-917. 

Weinberger, F., Leonardi, P., Miravalles, A., Correa, J. A., Lion, U., Kloareg, B., 

& Potin, P. (2005). Dissection of two distinct defense-related responses to agar 

oligosaccharides in Gracilaria chilensis (Rhodophyta) and Gracilaria conferta 

(Rhodophyta). Journal of Phycology, 41(4), 863–873. 

Weltje, G. J. (2002). Quantitative analysis of detrital modes: Statistically rigorous 

confidence regions in ternary diagrams and their use in sedimentary petrology. 

Earth-Science Reviews, 57(3-4), (211-253). 

Wen, B., Yuan, D. an, Shan, X. quan, Li, F. liang, & Zhang, S. zhen. (2001). The 

influence of rare earth element fertilizer application on the distribution and 

bioaccumulation of rare earth elements in plants under field conditions. 

Chemical Speciation and Bioavailability, 13(2), 39–48.  

Wheeler, D. M., & Power, I. L. (1995). Comparison of plant uptake and plant toxicity 

of various ions in wheat. Plant and Soil, 172(2), 167–173.  

Whiting, S. N., De Souza, M. P., & Terry, N. (2001). Rhizosphere bacteria mobilize 

Zn for hyperaccumulation by Thlaspi caerulescens. Environmental Science and 

Technology, 35(15), 3144-3150. 

White, P. J., & Broadley, M. R. (2003). Calcium in plants. Annals of Botany, 92(4), 

487-511. 

Wu, J., Chen, A., Peng, S., Wei, Z. & Liu, G. (2013).  Identification and application 

of amino acids as chelators in phytoremediation of rare earth elements 

lanthanum and yttrium. Plant Soil, 373(1-2), 329–338. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

40 

 
 

Wu, J., Yang, L., Zhong, F., & Cheng, S. (2014). A field study on phytoremediation 

of dredged sediment contaminated by heavy metals and nutrients: the impacts 

of sediment aeration. Environmental Science and Pollution Research, 21(23), 

13452-13460. 

Wyttenbach, A., Schleppi, P., Bucher, J., Furrer, V., & Tobler, L. (1994). The 

accumulation of the rare earth elements and of scandium in successive needle 

age classes of Norway spruce. Biological Trace Element Research, 41(1-2), 13-

29. 

Xiangsheng, L., Jiachen, W., Jun, Y., Yubin, F., Yanping, W., & He, Z. (2006). 

Application of rare earth phosphate fertilizer in western area of China. Journal 

of Rare Earths, 24(1), 423-426. 

Xiao-jun, Y., Xiao-lin, H., Biao, S., Xiao, F., & Li-jun, H. (1998). Element 

composition of Sargassum thunbergii. Chinese Journal of Oceanology and 

Limnology, 16(2), 189-192. 

Xu, X., Zhu, W., Wang, Z., & Witkamp, G. J. (2003). Accumulation of rare earth 

elements in maize plants (Zea mays L.) after application of mixtures of rare 

earth elements and lanthanum. Plant and Soil, 252, 267–277. 

Yachandra, V. K., & Yano, J. (2011). Calcium in the oxygen-evolving complex: 

Structural and mechanistic role determined by X-ray spectroscopy. Journal of 

Photochemistry and Photobiology B: Biology, 104(1-2), 51-59. 

Yan, X. J., Hou, X. L., Sun, B., Fan, X., & Han, L. J. (1998). Element composition 

of Sargassum thunbergii. Chinese Journal of Oceanology and Limnology, 

16(2), 189–192. 

Yang, J., Liu, Q., Zhang, L., Wu, S., Qi, M., Lu, S., Cai, Y. (2009). Lanthanum 

chloride impairs memory, decreases pCaMK IV, pMAPK and pCREB 

expression of hippocampus in rats. Toxicology Letters, 190(2), 208–214.  

 

 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

41 

 
 

Yang, Q., Wang, L., He, J., Wei, H., Yang, Z., & Huang, X. (2019). Arabinogalactan 

proteins are the possible extracellular molecules for binding exogenous cerium 

(III) in the acidic environment outside plant cells. Frontiers in Plant Science, 

10(2), 1-15. 

Yang, Q., Wang, L., He, J., Yang, Z., & Huang, X. (2018). Direct imaging of how 

lanthanides break the normal evolution of plants. Journal of Inorganic 

Biochemistry, 182(2017), 158-169. 

Yang, X., Yin, D., Sun, H., Wang, X., Dai, L., Chen, Y., & Mi, C. (1999). 

Distribution and bioavailability of rare earth elements. Chemosphere, 39(14), 

2443-2450. 

Ye, Y., Wang, L., Huang, X., Lu, T., Ding, X., Zhou, Q., & Guo, S. (2008). 

Subcellular location of horseradish peroxidase in horseradish leaves treated 

with La (III), Ce (III) and Tb (III). Ecotoxicology and environmental safety, 

71(3), 677-684. 

Yoshimura, K. (1998). Mechanosensitive channels in the cell body of 

Chlamydomonas. Journal of Membrane Biology, 166(2), 149–155. 

Yusof, A. M., Akyil, S., & Wood, A. K. H. (2001). Rare earth elements determination 

and distribution patterns in sediments of a polluted marine environment by 

instrumental neutron activation analysis. Journal of Radioanalytical and 

Nuclear Chemistry, 249(2), 333–341.  

Zaragüeta, M., Acebes, P. (2017). Controlling eutrophication in a mediterranean 

shallow reservoir by phosphorus loading reduction: The need for an integrated 

management approach. Environmental Management, 59(4), 635-65 

Zhang, C., Li, Q., Zhang, M., Zhang, N., & Li, M. (2013). Effects of rare earth 

elements on growth and metabolism of medicinal plants. Acta Pharmaceutica 

Sinica B, 3(1), 20-24. 

Zhang, S., & Shan, X. Q. (2001). Speciation of rare earth elements in soil and 

accumulation by wheat with rare earth fertilizer application. Environmental 

Pollution, 112(3), 395-405. 



Chapter 1                                                                                     General Introduction                                                                       

Title: Beneficial and toxic effects of REE in algae and plants 

42 

 
 

Zhiqiang, C., & Zhibiao, C. (2020). Clipping strategy to assist phytoremediation by 

hyperaccumulator Dicranopteris dichotoma at rare earth mines. International 

Journal of Phytoremediation, 22(10), 1038-1047. 

Zhou, L., Li, Z., Liu, W., Liu, S., Zhang, L., Zhong, L., Luo, X., & Liang, H. (2015). 

Restoration of rare earth mine areas: organic amendments and 

phytoremediation. Environmental Science and Pollution Research, 22(21), 

17151-17160. 

Zhou, M., Gong, X., Ying, W., Chao, L., Hong, M., Wang, L., & Fashui, H. (2011). 

Cerium relieves the inhibition of chlorophyll biosynthesis of maize caused by 

magnesium deficiency. Biological Trace Element Research, 143(1), 468-477. 



 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

CHAPTER 2 

Aims & Hypothesis 

 

 

 

 



Chapter 2                                                                                         Aims & Hypothesis 

Title: Beneficial and toxic effects of REE in algae and plants 

  45 

 
 

CHAPTER 2: AIMS & HYPOTHESIS 

2.1 Experimental part of the thesis 

In the presented Ph.D. thesis, experimental procedures and advanced technologies were 

applied to achieve desired aims. There are many studies showings the role of lanthanum 

(lanthanides) involvement in the physiology of plants with less focus on 

phytoremediation from polluted ecosystems under lab and field conditions, but to our 

best knowledge, almost all lab studies were done under artificial conditions providing 

metal treatments out of the normal ranges that exist naturally in the environment. 

Therefore, in the first part of the study, we combine physiological effects of lanthanum 

(the first element in lanthanide series) with natural conditions of aquatic ecosystem and 

involvement of uptake and bioaccumulation in microalgae using µXRF together with 

metalloproteomics and most results from this part belongs to original articles (Chapter 

4). Chapter 3 shows the binding of lanthanum to proteins even when treated at a very 

low nanomolar range, this shows the ultra-sensitivity of ICP-MS in combination with 

HPLC for analysis of La-binding proteins in the green alga Desmodesmus 

quadricauda. In the second part of the study, we analyze soil samples with their total 

lanthanides content using WDXRF in comparison with extractable REEs using the 

BCR method and its further analysis using ICP-MS among Brazilian mining sites in 

combination with ICP-MS analysis of REE in plant species for phytoremediation 

grown under natural environment for determination of any suitable potential 

lanthanides accumulating plants and results from second part belongs to the original 

article (Chapter 5).  

In the following section of the thesis, all desired goals were targeted to be achieved, 

together with the hypothesis associated with them are mentioned below. 

2.2 Aims of the thesis 

The main aim of the thesis was to evaluate REE phytoremediation using microalgae 

and plants that can predict the toxicity response of these elements to microalgae or in 

plants under environmental conditions. 

The following aims were combined to achieve these principal goals. 
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1) To understand lanthanum (La) binding to proteins in extracts from microalgae 

as an example, describe a new system and methods for ultra-trace analysis using 

HPLC-ICPMS. 

2) To comparatively analyze physiological effects (growth and photosynthesis) of 

green microalgae in response to La under environmentally relevant conditions. 

3) To analyze the subcellular localization of La and detailed analysis of 

metalloproteomics (metal-binding proteins). 

4) In vivo monitoring of soil total LREE by carrying out field screening in Poços 

de Caldas-MG, Brazil, together with acidic extractable contents for 

bioavailability, and searching for new potential hyperaccumulator species at 

LREE mining regions using analytical procedures 

2.3 Hypothesis of the study goals 

In scientific language, the above-mentioned goals can be questioned in a specific and 

verifiable combination of the working hypothesis and null hypothesis. Because of the 

high complexity of the goals and scope in our present thesis. Several different 

combinations of hypotheses ought to be formulated. Below we are describing several 

of these combinations based on a working hypothesis that represents a statement that 

is truly based on current knowledge on the topic or obtained information that supports 

our hypothesis in question. Besides, the working hypothesis, the null hypothesis 

indicates that there are no solid grounds for believing the working hypothesis and 

nullifying the hypothesis, as the name indicates. These hypotheses can be explained in 

our current thesis as followed:  

Working hypothesis 1: Lanthanum in D. quadricauda has beneficial effects on algal 

growth and no acute effects have been reported. 

Null hypothesis 1: Lanthanum in D. quadricauda has no beneficial effects on algal 

growth and acute effects have been reported. 

Working hypothesis 2: Lanthanum can become toxic in D. quadricauda at 

environmentally relevant concentrations. 
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Null hypothesis 2: Lanthanum in D. quadricauda does not become toxic at 

environmentally relevant concentrations. 

Working hypothesis 3: Lanthanum binds to proteins in D. quadricauda at 

environmentally relevant concentrations. 

Null hypothesis 3: Lanthanum does not bind to any protein in D. quadricauda crude 

protein extracts. 

Working hypothesis 4: High total REE content in mining area might have detrimental 

effects on naturally grown plants. 

Null hypothesis 4: High total REE content in mining area showed no detrimental 

effects on naturally grown plant. 

To achieve the previously listed goals, in the next chapters (3, 4, and 5) we examine 

the current knowledge on lanthanides and their physiological effects on growth and 

cellular photosynthesis in green microalgae in greater detail. Further, we analyzed REE 

binding proteins using a highly sensitive and dynamic system for ultra-trace metal 

detection and their binding targets together with its detailed analysis and localization 

of (La) at a cellular level. We also describe REE bioavailability to plants to counter the 

harmful impacts of lanthanides through phytoremediation or by the development of 

plants that have higher accumulating capacities. Furthermore, chapter 6 is the focal 

point of the summary of basic results and discussion with major conclusions and future 

possibilities to further develop the missing knowledge. There we take upon the task of 

investigating whether the working or the null hypothesis is in accordance with the 

experimental evidence. 



 

 

 

 

 

 

CHAPTER 3 
Ultratrace metal speciation analysis by coupling of sector-field ICP-MS to high-

resolution size exclusion and reversed-phase liquid chromatography 

https://pubs.acs.org/doi/full/10.1021/acs.analchem.9b00222 
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CHAPTER 4 
Effect of nanomolar concentrations of lanthanum on Desmodesmus quadricauda 

cultivated under environmentally relevant conditions 

https://www.sciencedirect.com/science/article/pii/S0166445X21000771 
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Abstract 

Phytoextraction of rare earth elements (REE) from contaminated soils has gained 

importance during the last few decades. The Poços de Caldas municipality in Brazil is 

known for its mineral richness, including large reserves of REE. In this study, we report 

light REE (La, Ce, Sm, Pr, and Nd) in soils and plants collected in an area. Composite 

soil samples and plant individuals were collected and total concentrations of LREE in 

soils were determined by wavelength dispersive X-ray fluorescence (WDXRF). The 

plant available LREE concentrations in soils were estimated upon the acetic acid 

method (F1 fractions) of the stepwise sequential extraction procedure, together with 

plant content that was analysed by inductively coupled plasma mass spectrometry 

(ICP-MS). The total sum concentrations of tested LREE in soils varied from 5.6 up to 

37.9 g kg-1, the bioavailable fraction was ca. 1%, and a linear relationship was found 

between them. The only exception was Sm, whose availability was lesser and did not 

show a linear relationship. The concentration of LREE in non-accumulator plants 

varied from 1.3-950 mg kg-1 for Ce, La 1.1-99 mg kg-1, Sm 0.04-9.31 mg kg-1, Pr 0.1-

24.1 mg kg-1, and Nd 0.55-81 mg kg-1. The concentration of LREE among shoots did 

not show a linear relation either with the available fraction or total content. The 

screening also revealed Christella dentate (Forssk.) Brownsey & Jermy, 

Thelypteridaceae family, as a promising hyperaccumulator species. The concentrations 

of LREE among shoots of six individuals of this species were in the ranges from 115-

1872 mg kg-1 for Ce, La 190-703 mg kg-1, Sm 9-48 mg kg-1, Pr 32-144 mg kg-1, and 

Nd 105-478 mg kg-1. 

Keywords: Phytoextraction, Poços de Caldas, light REE, acetic acid method, 

Christella dentata (Forssk.) Brownsey & Jermy, hyperaccumulator. 
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CHAPTER 6: SUMMARY 

6.1 DISCUSSION 

As discussed earlier in the introductory chapter, the ultimate physiological response of 

any living organism to any variation in the environment is growth, as a consequence of 

changes in various aspects of physiology. Most of the metal studies on algae or plants 

were started with their effects on physiology, either determined by cell growth 

(measured by cell number in case of microorganisms) or biomass in plants. An 

immediate consequence of this hypothesis is the proposition of mechanisms for the 

determination of cell division for growth under La with rather beneficial effects and no 

acute response. This beneficial concept led to the development of this hypothesis to a 

variety of model species to strengthen this putative connection between La and cell 

growth. However, the hypothesis of beneficial effects of La and increase in biomass 

was rather called out unexpectedly by our results in Chapter 4. The experiments on 

cellular growth were started with a previous study on lanthanides in microalgae and 

their effects on growth (Goecke et al., 2017). It is one of the fundamental ways to 

determine the growth response of algae in presence of certain metals. Cell counting is 

highly convenient and has been widely used, however the most critical step in 

counting D. quadricauda under a microscope was to count the individual cell in a 

coenobium and fix them properly during measurements on counting chamber under a 

microscope. The present method of growth analysis was contradictory to the 

absorbance OD (Optical Density) measurements and dry weight measurements used 

previously by (Goecke et al., 2017). However, OD measurements are not useful as they 

could not tell the real cell numbers growing in culture. In the present method, successful 

cell growth was achieved in algal stock and chemostatic cultures. Guruvaiah and Lee 

(2014) reported the cell counts using a hemocytometer in Desmodesmus sp. previously 

known as Scenedesmus sp. In the present study, D. quadricauda (green microalgae) 

was chosen as a model organism to study metal (La) effects on physiology as algae are 

ecologically important organisms and are frequently used in environmental studies for 

assessing the relative toxicity of various chemical wastes discharged from industries 

(Tai et al., 2010). Thus, in the present study, individual cell counts in algal culture were 

found to be a more effective way for estimating accurate cell growth and its phases and 
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influence of metal (nM La) treatments as reported by a number of research reports. Our 

experiments on cellular growth analysis had shown no clear positive effect of La even 

under nanomolar treatments but showed that it was toxic. Further, the present results 

are contradictory to previous studies on lanthanum, which indicated stimulatory effects 

on plants, but on aquatic organisms, very few studies are available that indicate positive 

effects by alleviating metal deficiency as reported by (Li et al., 2011; Řezanka et al., 

2016; Goecke et al., 2017). To our surprise, the results falsified the first hypothesis. 

The contrasting results of our present study, when compared to earlier studies, were 

mainly caused by the fact that previous studies were based mostly on artificial 

conditions aiming at high biomass. Further, they often lacked suitable organic ligands 

that allow La to be up taken by algal cells, and thus most of La got precipitated by 

phosphates in nutrient media. It was also shown that REE may replace other metals 

among a few physiological roles, as was demonstrated by alleviation of Ca2+ deficit 

(Goecke et al., 2015b). As lanthanides are considered an emerging pollutant in recent 

years, few studies concluded toxicity associated with rare earth elements to aquatic and 

land biota. However, consistent and deep-scientific investigations need to be 

conducted regarding transportation and in situ studies associated with these scarce 

metals and phytoremediation. Previously, it was claimed that REEs were able to 

improve growth, apparently depending on stress and the nutritional state of microalgae, 

raising the possibility of studying environmental impacts at even low concentrations. 

Our studies on La and its physiological effects are based on environmentally relevant 

conditions with the choice of a suitable ligand, allowing La uptake and low biomass to 

nutrient ratio simulating natural conditions. In order to reveal the mechanisms that 

might be involved in altering growth, the physiological response in the present study 

was investigated. This involved light-mediated photosynthesis of algal cells under 

lanthanum treatments, and we conducted experiments for determining chlorophyll 

fluorescence by using fluorescence kinetic microscopy or macroscopic fluorescence 

imaging that measures in vivo photosynthetic activity of PSΙΙ and heterogeneity among 

cells in response to La treatments. Our results presented in chapter 4 provide evidence 

that inhibition of cellular growth directly affects all the downstream metabolic 

processes, especially the sensitive targets that regulate photosynthetic machinery of 

cells, inhibited in our study. This was best illustrated by the most common parameters 
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that were directly influenced includes, PSΙΙRC activity, determined by Fv/Fm, hence 

this parameter was significantly decreased during the course of nM (lanthanum) 

treatments. Our present results are in line with the fact that this diminished energy 

captured photosynthesis consequently led to a reduction in growth (see Chapter 4). The 

results presented in this thesis were consistent with or contrary to the previous research, 

which makes our present study novel. All the photosynthetic parameters that were 

determined in the present study showed inhibition at 13.5 nM La treatment and above 

as compared to the control. F0 (Minimal fluorescence) increased in most of the 

treatments as compared to Fm, which indicates that reaction centers associated with 

antenna complexes become inactive and therefore release excess excitons as 

fluorescence. NPQ (Non-photochemical quenching) increased during the exposure 

duration, which indicates light-mediated upregulation of dissipation of excitons in the 

form of heat. These prominent parameters in photosynthesis were selected as we know 

already from previous studies that the primary targets of metal on any photosynthetic 

organism is their photosynthetic machinery. Nonetheless, the overall inhibition of 

photochemistry reveals, La toxicity that ultimately inhibits cell divisions. Our results 

are contrary to the previous hypothesis, however, conducted under non-

environmentally relevant conditions that indicate the positive role of lanthanum or 

lanthanides in general on photosynthesis. Recent studies are mainly based on potential 

toxic effects as lanthanides are now considered as an emerging pollutant, however, our 

conclusive physiological study based on environmentally realistic concentrations in 

aquatic biota indicates toxicity of La on microalgal cells in a nutrient-depleted media 

to understand physiology under environmental conditions similar to water bodies and 

thus our results when compared to the recent studies conducted by Xiao et al. (2021) 

showed net inhibition of leaf photosynthesis in response to lanthanum oxide 

nanoparticles in radish plant at >100 mg/L, but the study was conducted under more 

artificial conditions and treatments were out of the physiological range. To our surprise, 

the results confirmed the hypothesis that La can become toxic at environmentally 

relevant concentrations and conditions and has no beneficial effects on D. 

quadricauda. In order to build upon the results indicated the physiological response of 

microalgae to La further, experiments on intracellular lanthanum compartmentation 

and distribution were conducted in algal cells to understand the uptake mechanisms 
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(see Chapter 4) because metal localization at the cellular level decides all possible 

cellular processes that La might come into contact. Further, many aspects of metal 

uptake and metabolism are common in algal, animal, and even bacterial cells, therefore 

our study on microalgae can serve as a useful model for other organisms, as well. In 

situ experiments at ESRF (European Synchrotron Radiation Facility) were done with 

the aim to reveal the true localization of lanthanum inside the cells, in order to 

understand its role in cellular metabolism. To elucidate the mechanistic approaches of 

the effects of REE is hardly known, therefore, little attention has been paid to their 

impacts on aquatic species, thus in our present experiments, localization was 

investigated by carrying out X-ray fluorescence (XRF) at microscopic level on frozen-

hydrated algal cells. Previously, studies were conducted mainly on the impacts of REE 

on pigment profile, lipids, and fatty acids content in algal cells for biotechnological 

purposes (Goecke et al., 2017). For localization of La, fluorescent dyes, for example, 

Calcium Green I (which has a higher affinity for lanthanides) showed Ce, La, and Gd 

in the cytoplasm, while Nd is in the chloroplast (Řezanka et al., 2016). However, this 

method is not validated for true localization because of uneven loading of dye in 

different cellular compartments and these dyes only show weakly bound ions, so 

strongly bound REE would remain invisible. Therefore, for correct localization µXRF 

is quite feasible and is insensitive to the aforementioned problems of dyes. Our results 

were mainly based on the synchrotron µXRF, for intracellular localization of La 

together with other metals for comparison, most of the algal cells cultivated under lethal 

and sub-lethal (nM) La, were located inside the cell, mainly in the cytoplasm as at high 

La the entire cell was filled homogeneously with lanthanum. This could explain the 

possible binding of lanthanum to enzymes or proteins, which could explain the direct 

role of lanthanum in metabolism that surprisingly led to the cell death and toxicity 

response, as what was concluded for physiological studies in algae. However, at 

increasing La concentration (lethal concentration), cells were extremely stressed and 

most of the K leaked out of the cells at this concentration, cells showed unspecific 

filling with La that covers the whole cell, however at extreme toxicity cells were alive, 

as cells own defensive response keep La away from highly sensitive cellular structures. 

This could explain the changing targets of La that bind in algal cells treated with sub-

nanomolar to low nanomolar La., variation in response from toxic to sub-lethal to acute 
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toxicity. Analysis of metal binding to proteins or metabolites needs the use of a new 

system with high sensitivity that will allow the use of metalloproteomics in many fields 

of basic and applied research. HPLC-ICPMS provides a new system to analyze metal 

binding (lanthanum) under environmentally relevant metal ultra-trace (<ppt) 

concentrations of various analytes with a dynamic range. Our current study provides a 

new way for ultra-trace metal speciation and its analysis by using sector-field ICP-MS 

coupled with High-Resolution Size Exclusion and Reversed-Phase Liquid 

Chromatography (see Chapter 3 of this thesis) for more details. The initial experiments 

on metalloproteomics used the binding of lanthanum (La3+) in green microalgae (D. 

quadricauda) as one of many application examples (Küpper et al., 2019). It was 

investigated using sf-ICP-MS coupled to high-resolution liquid chromatography on 

lanthanum binding to soluble proteins in microalgae treated with nano and sub-

nanomolar La concentrations and showed that even at low environmental concentration 

La3+ binds to a soluble protein of approximately 20kDa in freshwater green microalgae 

of approximately 5 mg of fresh weight. This indicates the sensitivity of the technique 

that can detect such low levels in a few milligrams of samples. Detailed analysis of 

lanthanum binding soluble proteins is shown in (Chapter 4). In our present study on 

metalloproteomics, we showed at least 2 soluble peptides that have a high affinity for 

La at environmental concentration, the apparent size of 3kDa and >500kDa, 

respectively. These protein complexes are interesting for further analysis including 

purification and characterization. However, the >500kDa protein aggregates observed 

might be an aggregate of the 20kDa protein that was previously observed (Chapter 3) 

that was not found in our detailed metalloproteomic analysis. Our present results 

showed different target proteins at different La concentrations that indicate the different 

toxicity mechanisms in microalgae, very specific at low La but less specific at high La 

treatments. However, the following results confirmed our hypothesis that La can bind 

to proteins in algal cells exposed to natural conditions and 

concentrations. Environmental contamination is associated with the mining of metals, 

especially lanthanides in our present study as because of their increasing use in 

technologies worldwide, new reserves around the world have been explored through 

continuous mining, this raises concerns regarding remediation of highly polluted sites 

(Grosjean et al., 2020). Plant-based remediation techniques could help reducing the 
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possible risks of REE contamination through the use of REE-accumulating plants. 

Thus, in our present study we aimed to explore possible land plants that could be used 

for phytoremediation of REE from soils contaminated with them. In Chapter 5 we, in 

collaboration with our partners from the University of Sao Paulo, Brazil, investigated 

soils and plants REE content (mainly, light REE of the series; La, Ce, Nd, Pr, and Sm) 

for new hyperaccumulators. According to the USGS statistics, 2019, Brazil is the 

second-largest country for rare earth reserves, thus field studies were conducted in the 

ex-mining area for LREE using analytical techniques and possible extraction from the 

soils for bioavailability and their uptake and accumulation in aerial parts of plants. In 

a third study (Chapter 5), green remediation or botanical bioremediation approach was 

applied for REE remediation. This method can be applied to both organic and inorganic 

pollutants from soil, air, or water (Garbisu and Alkorta, 2001). Plants can concentrate 

REE that varies significantly from species to species, our results also showed 

significant variation among species belonging to the same family which is further 

explained in more detail in the below section in comparison with soils as an intricate 

system for bioavailability. The rising importance of REE phytoremediation was the 

main starting point for the third study in the present thesis.  The total soil LREE 

concentration was analyzed in the soil samples using the WDXRF technique and their 

relation to concentrations that were bioavailable using ICP-MS to allow full 

quantification for soil LREE were performed. Total Ce was found in abundant 

concentration in all soil samples, as compared to La, Nd, Pr, and Sm. The total LREE 

found in our present study were comparatively higher as compared to the total 

concentration of LREE found in a recent study conducted in Poland measured mg/kg. 

Such higher concentrations could be dangerous for naturally grown plants, as we found 

that higher concentrations can affect plants negatively, and we also found that even low 

concentrations are detrimental for algal cells. Here we discuss the extractable 

concentration that plants can easily uptake via roots. The acetic acid method was 

employed to extract LREE from collected soil samples to understand bioavailability in 

our present study and we found that bioavailable LREE are quite less than total LREE, 

thus this explains that these metals are not easily bioavailable as many factors influence 

the available content. Following method reveals around 1% of the total content is 

available to plants. This value agrees with values previously reported by (Li et al., 
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1998). The observed total LREEs distribution in soil profiles in the current study agrees 

with that displayed by the Oddo-Harkins rule, i.e., Ce>La>Nd>Pr>Sm (Zhenggui et 

al., 2001). This pattern follows the previous geochemical soil surveys. Poor positive 

correlation between total and extractable LREE were found in our present thesis, this 

explains the difficult dissolution of these elements and hence needs more complicated 

mechanisms. Our present field analysis indicates that LREE were not equally 

distributed with high availability of Ce was found and least for Sm that indicates low 

correlation coefficient for Sm with significance was greater than 5%, however, Ce 

shows the higher coefficient of determination at significantly lower than 5%. The 

inconsistent availability of LREE could be explained by an extraction procedure that is 

much more effective under low pH to mobilize bound oxides, sulfides, and organic 

matter, resulting in different bioavailability ratios of each lanthanide to plants. High 

observed bioavailability of Ce having a share of 37-40% than Sm as mentioned above 

was supported by Mittermüller et al. (2016) that explains the mobilization of REE in 

soils. Details of the results from that part of the study is explained in more detail in 

(Chapter 5). Below we are discussing now the major results associated with LREE in 

higher plants for phytoremediation. The experiments on the accumulation of LREE 

among land plants were started with a study among shoots of the 

hyperaccumulator Dicranopteris dichotoma grown at REE ores are extensively being 

studied (Wang et al., 1997) and relatively high concentrations mainly for LREE were 

found. In our present study, we screened potentially suitable plant species that can 

accumulate REE (specifically, Light Rare Earth Elements) from the contaminated 

mining area. In Chapter 5 we assess potential availability for LREE (Light Rare Earth 

Elements) to plants under natural conditions and by using ICP-MS we quantify the 

potential accumulators. We found plants grown under natural and uncontrollable 

conditions, for their LREE hyperaccumulation capacities. We found that in fern species 

REE concentrations were consistently higher than other collected plants from other 

families and thus showed strong accumulation capacity associated with them for REE. 

This indicates the high strong tolerance associated with fern leaves for REE. The 

concentrations of REE found in shoots are easily compared with rather good 

accumulators for REE found by Grosjean et al. (2020) in collected fern species that can 

accumulate in the range almost similar to what we have found. This first study in a 
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Brazilian mining site demonstrated that Christella denata, a fern belonging to 

the Thelypteridaceae family exhibits the highest concentration of LREE. Our recently 

identified fern species has the highest cerium content ranging from 115 up to 1872 

mg/kg. Our results when compared with natural REE accumulators, like D. 

dichotoma grown in the ex-mining area in China we found lower levels in C. 

dentata shoots but appreciable concentrations in comparison with other harvested 

plants. Finally, a preliminary study indicates that our suggested plant species is found 

to be relatively a good hyperaccumulator for LREE Thus as the main conclusions it can 

be stated that C. dentata, has an enormous tendency for accumulation. However, the 

higher total LREE concentration found in soils in our present study does not show any 

concern to the plant, therefore the results do not confirm our second last hypothesis. 

Thus, it can be used as an indicator species. 

6.2 CONCLUSIONS 

In order to summarize the crucial messages of this work we will return to the 

combinations of null and working hypothesis that we summarized in Chapter 2. So in 

doing so we can state that: 

According to our data we must accept null hypothesis 1. This is to say that the La 

under nanomolar environmental conditions in D. quadricauda does not show any 

beneficial effects in correlation with the cell growth process, rather showed acute toxic 

effects, therefore our extensive research under laboratory scale showed that working 

hypothesis 2 was verified and La does inhibit the photosynthetic machinery in D. 

quadricauda; it causes toxic effect that ultimately lead to cell death. 

Detailed analysis on La-binding proteins, indicates that out working hypothesis 3 is 

verified, as La binds to a protein already at the lowest applied concentrations, with a 

change of the targets towards higher La concentrations. This leads to the conclusion 

that La in D. quadricauda, binds with high affinity to target proteins. 

Regarding our working hypothesis 4, we cannot accept that high total content of 

LREE in soil has no detrimental effect on terrestrial plants, thus only viable content 

that plant can take up easily has role in growth. However, LREE showed no toxic 

effects on naturally grown plants.  



Chapter 6                                                                                                         Summary 

Title: Beneficial and toxic effects of REE in algae and plants 
111 

 

 

6.3 FURTHER DEVELOPMENT IN FUTURE 

This thesis is based on many new results on the development of studies concerning the 

physiology and influence of metals on freshwater aquatic green algae (Desmodesmus 

quadricauda) and metal accumulating plants (Metallophytes). Responses of heavy 

metal stress and its potential toxicity on microalgal species are currently used for the 

purification of industrial pollutants. Algae (micro- or macro) can serve as a primary 

producer in an aquatic food chain thus, the accumulation of metals leads to toxic effects 

for freshwater biota. Besides algae, plants serve a high capacity for metal remediation 

from soils because of their extensive root systems for metal uptake from contaminated 

soils and its accumulation in shoots. The first part of the present study involved D. 

quadricauda. (Chlorophyceae) that is being used as a model organism for the 

remediation of lanthanides specifically (lanthanum), followed by physiological 

responses, lanthanum uptake, and its compartmentation and metalloproteomics. The 

second part involves a field study for searching of suitable hyperaccumulators or 

possible accumulators and other plants grown in soils for LREE bioremediation by 

determining total and bioavailable contents and plant LREE content using analytical 

techniques. Thus, the present study circulates not only on aquatic biota (microalgae) 

but also around soil biota (plants) for developing remediation strategies for potential 

contaminants specifically rare earth from both ecosystems and its further biochemical 

and biophysical analysis. Thus, in the future, good accumulator plant species can be 

used as a model for LREE studies concerning more detailed research on Ln-based 

metalloproteins and so on. Therefore, the results presented in the publications that came 

out from the thesis were important to study scarce metals in aquatic and terrestrial 

ecosystems. Further work may include the detailed inhibition of photosynthesis that 

could be explained by the fact that divalent lanthanum ions inhibit Ca2+ channels, by 

blocking the channel, thus, therefore, resisting permeability of calcium ions across the 

membranes, as it is assumed that lanthanides used the same channel as Ca2+ channel for 

its transportation through the membrane. These cations could replace the functional 

Ca2+ dependent OEC (Oxygen Evolving Complex) with ionic radii similar to Ca yet 

showed higher affinity for Ca sites and oxygen evolution is suppressed, OEC can be 

protected or restored from this inhibition, induced by lanthanides when treated with Ca 

(Ono, 2000). Magnesium replacement by Ln3+ in chlorophylls could be another 
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possibility for indirect stress to photosystems in our present results. Thus, more 

accurate quantification of chlorophylls and their derivatives in the extracts of 

lanthanides treated cells need to be studied in the future to further in vivo studies. This 

involves, Mg-substitution by chromatography (HPLC) and well-defined photometric 

quantifications. Further studies concerning Mg-substitution in situ with lanthanides 

should mainly aim in finding the reasons for accessibility of the LHCΙΙ in algae or 

higher plants and aiming mainly the more direct evidence concerning the substitution 

of lanthanides with naturally occurring Mg in the PSΙΙRC during sun reactions, together 

with ROS (mainly singlet oxygen formation) with lanthanides substituted chlorophylls 

could be a more promising approach to understand the toxic effects associated with La 

(or generally lanthanides) and analyzing the in-depth effects of singlet oxygen 

formation by Mg-substitution and quenching found in the presence of lanthanides that 

ultimately influence the production of singlets in the cellular system under more 

relevant natural conditions. X-ray fluorescence tomography in shock-frozen hydrated 

samples was done to prevent element re-distribution. This reveals exactly in which 

cellular compartment or cellular structure, any particular lanthanide (La) accumulates. 

Since different cellular structures and compartments have different known functions in 

the metabolism of the cell, therefore in the future this technique will yield important 

insights into the mechanisms of REE effects and could clarify the substantial 

mechanisms by which these non-essential elements can so efficiently affect many 

metabolic processes in algae and plant cells. The toxic effect of lanthanum in 

microalgae could be explained by the loss of K from the cells at lethal concentrations, 

however, this was revealed by the additional peaks appearing in metalloproteomics and 

inhibition of photosynthesis. In this scenario, the unspecific effects associated with La 

toxicity need in-depth study in the future to understand the uptake mechanisms of 

lanthanides specifically through algal cell walls together with the identification of 

>500kDa protein aggregates that showed different responses with increasing La 

treatments in metalloproteomics.  

Our present competitive study on LREE in plants does not show any detrimental 

effects, this could be explained by the extractable content that is available to living 

biota. Therefore, it is necessary to explain in the future by conducting further research 

on REE leached out from the mining area and available to plants and also to explain in 
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more detail the soil physical properties as the soil is an intricate system and other factors 

that particularly influence their mobility. The present BCR method doesn’t explain the 

procedure for phosphates associated with lanthanides in soil materials. Thus, in future 

methods evaluating REE bound with phosphates should be explained, besides 

extraction procedure, soil parent material is also an important factor as the soil is an 

intricate system and soil-biota interactions are complicated. In the future, Christella 

dentata (a new potentially hyperaccumulator fern) can be used for REE 

compartmentation and speciation analysis may provide information to study the 

biochemical functions and also provide ideal material to study the long-term biological 

effects of REE on higher plants. 
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