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Highlights
· [bookmark: _Hlk126241313]Bio & non-bio matrices follow Oddo-Harkins rule of elemental (REE) occurrence 
· Typical Oddo-Harkins sawtooth pattern for REE is characteristic in macrofungi
· Typical REE occurrence pattern allows macrofungi data assessment as reliable
· bio-exclusion and low substrate occurrence result in low macrofungi REE levels

· The low occurrence of REE in macrofungi is an analytical challenge   
· The vast majority of published data on REE in cultivated macrofungi are unreliable

Abstract

Edible macrofungi are being increasingly cultivated as they are seen as a sustainable and popular food around the world. This trend is paralleled by the similar increase in the use of rare earth elements (REE) in consumer goods, which has raised the possibility of contamination in mushrooms. There is a growing recognition of REE as emerging environmental contaminants because of their occurrence in foodstuffs. Reports investigating REE occurrence in edible fungi have emerged over the last few years with some very recent data suggesting concentrations as high as ≤ 37,000 μg kg− 1 dw. Critical assessment of some studies has shown that some of REE concentration data reported in cultivated mushroom may be compromised by deficiencies in the analytical methodologies. These reports are characterised by unusual occurrence patterns that do not follow the fundamental rules of elemental occurrence (The Oddo-Harkins order). The available data has been critically assessed for reported concentrations as well as occurrence patterns, taking into account the methods used for REE determination. The results indicate that a significant proportion of the data are likely to be unsuitable for the purposes of risk assessment of human exposure to REE or to evaluate any increasing trend of REE contamination in food. Reliable analytics are an essential tool in chemical studies in life sciences, and this approach covers both routine and atypical studies, such as experiments with REE in mycology.   
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1. Introduction

The global production of macrofungi (mostly cultivated) in 2021 was 44.2 million tons, of which China accounts for 41.1 million tons (FAO, 2022). Five main genera (Auricularia, Agaricus, Flammulina, Lentinula and Pleurotus) constituted around 85% of the volume of the global supply in 2013 (Royse et al. 2017). Among the few dozen or more species of commercially cultivated macrofungi that are culinarily popular and available fresh, white and brown varieties of Agaricus bisporus (common button mushroom) are particularly popular in Europe, while Lentinula edodes (shitake) and Pleurotus spp. are preferred in Asia; they constitute the bulk of global production (Pankavec et al. 2019; Li and Xu, 2022). Other cultivated species, such as Auricularia heimuer (black wood ear), Cyclocybe cylindracea (poplar fieldcap), Flammulina filiformis (enoki mushroom) and Hypsizygus marmoreus (white beech mushroom), and including Pleurotus eryngii (king oyster) and Pleurotus ostreatus (oyster mushroom), etc., are also easily available in some regions. Some cultivated macrofungi such as Agaricus blazei and several polypores of the genus Ganoderma are used in traditional Asian medicine, as are the sclerotia of Wolfiporia cocos which additionally, are edible (Li and Xu, 2022; Zhang et al. 2022).  Whether cultivated or wild, edible or inedible, or used medicinally, macrofungi are generally considered on the one hand, as a biodiverse source of species-specific bioactive compounds (Rizzo et al. 2021) or are simply appreciated as a food source. The growing global demand for food, including new types of food and the considerations for sustainable lifestyles with fewer meat-based foods, has seen an expansion in the volume and variety of macrofungi species that have been or are still cultivated. These include species that are known only locally or regionally but also universally popular species that are cultivated globally.
It is widely accepted that domesticated saprotrophic macrofungi that are able to colonize any plant (organic) substrate that is practically available for cultivation can also adapt to other conditions, such as different substrates, oxygen demands, light, additives, etc. This adaptability of saprotrophs offers an endless range of possibilities for experimenting and culturing edible fungal products, but also has a bearing on the appearance, visual appeal and nutritional value including minerals content and composition of the harvested product (Falandysz and Treu, 2017; Berger et al. 2022). When cultivated traditionally, the fungal mycelium grows well in substrates (with peat cover, straw, sawdust or other) that can be naturally elevated in selenium (Se) or contaminated with arsenic (As), mercury (Hg), silver (Ag), radiocaesium (134/137Cs) or other contaminants that can accumulate but also bioconcentrate in the fruiting bodies (Frank et al. 1974; Falandysz et al. 1994; Falandysz et al. 2002; Bhatia et al. 2013; Zhang et al. 2020; Strumińska-Parulska et al. 2021). A cultivator should therefore have the knowledge and experience to select  suitable substrates and other growth inputs that will result in a good crop, but at the same time, avoid contamination with hazardous (to human consumers) compounds. 
There is a growing recognition of rare earth elements (REE) as emerging environmental contaminants because of their occurrence in foodstuffs, animal feeds and human nutritional products (Squadrone et al. 2018; Squadrone et al. 2019; Bengtsson, 2021). The REE are members of the lanthanide group (La, Ce, Pr, Nd, Pm, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu), which sometimes also includes yttrium (Y) and scandium (Sc) – in some cases all 17 are grouped as the rare earths (Migaszewski and Gałuszka, 2015; Zocher et al. 2018; Gschneidner and Pecharsky, 2019; Mędyk et al. 2023). Promethium (Pm) is radioactive with a short half-life and does not occur in the Earth’s environment (Kabata-Pendias and Pendias, 1999). The REE have various modern industrial applications in high technology products which have driven rapid growth in their mining, industrial refining and use (Market, 2022). This rapid and growing utilisation along with the resulting wastes has generated an interest from food toxicologists and environmental chemists because of the potential of these metallic elements as food and environmental contaminants. Amongst the stable REE, Nd and La have the widest industrial applications, while Ce, Dy and Gd are also relatively widely used in newer applications (e.g. in electric vehicles, hybrid batteries, catalytic converters) (Voncken, 2016; GMI, 2022; Mordor Intelligence, 2022; REE, 2022). 
As their collective name implies, REE are not abundant and are dispersed in the earth’s crust. Soil bedrock with REE-bearing minerals that contain a particular REE. e.g. concentrations from 0.03-0.6 mg kg-1 dry weight (dw) (Tm)/0.03-1.2 mg kg-1 dw (Lu) to 4-250 mg kg-1 dw (Ce), have been reported by Kwecko (2016), as the source in all soils. The REE content of soils is therefore strongly influenced by the type of parent rock and there is a large variability in content depending on the soil type and sub-type (Kabata-Pendias and Pendias, 1999). Thus far, there is no any real indication of high levels of pollution and risk of exposure to humans or animals from REE occurring in terrestrial matrices such as forest soil, wildlife, fruits, honey, plant-based animal feed, edible wild macrofungi and other foods (Migaszewski and Gałuszka, 2015; Squadrone et al. 2018; Tagami et al. 2018; Squadrone et al. 2019; Doulgeridou et al. 2020; Mędyk and Falandysz, 2022; Falandysz, 2023c). REE have been known as contaminants in phosphorus fertilizers and in China, they are sometimes used on their own as fertilizers and feed additives (Tommasi et al. 2021). Phosphate ores contain REE in variable concentrations and so their content in the final phosphate fertilizer products used in agriculture is strongly influenced by the raw material (Ramos et al. 2016). There is a balance between the potential REE enrichment of agricultural soils because of the use of phosphate fertilizer and their depletion from the soils when the crops are harvested. Calcium can also be a problem if the soil is fertilized with calcium fertilizers or is limed. However, in general, there is no evidence of pollution with REE through the use of phosphate fertilizers or other anthropogenic (sewage sludge) amendments of agricultural soils in general (Kabata-Pendias and Pendias, 1999; Bengtsson, 2021). In China, the exploitation and processing of REE on a large scale at a mining site has had some effect on the concentrations in agricultural products (Chinese cabbage, Chinese radish, eggplant, lettuce, long bean, pakchoi, taro, water spinach) grown in the vicinity. These showed mean REE sum values ranging from 0.197 ± 0.128 mg kg-1 dw in Chinese cabbage to 14.7 ± 27.9 mg kg-1 dw in taro (Li et al. 2013). There are no reports on the use of REE as a supplement or fertilizer in macrofungi cultivation, but they are common trace ingredients of organic substrates (plant) that are used or potentially used by growers (Koutrotsios et al. 2018; Tagami et al. 2018; Zhang et al. 2019; Pošćić et al. 2020). 

2. Earth’s crust, chondrite, shale, soils, forest soils, trees

	The geochemistry of REE in abiotic matrices is widely documented, and the frequency and patterns of their occurrence in geological formations is a good illustration of the Oddo-Harkins (O-H) parity order (Haskin and Haskin, 1966; Salminen et al. 2005; Bau et al. 2018). This order states that the even atomic-numbered REE (Ce 58, Nd 60, Sm 62, Gd 64, Dy 66, Er 68 and Yb 70) occur in the universe at an order of magnitude greater abundance than the adjacent odd-numbered elements (La 57, Pr 59, Pm 61, Eu 63, Tb 65, Ho 67, Tm 69 and Lu 71). A characteristic of the natural REE occurrence in food webs and their environmental fate, e.g. bio-exclusion in macrofungi (fruiting bodies) (see section 12), is largely because of their unique chemical and physical features as a group (e.g. oxidation state in the lithosphere and ionic radii) (Kwecko, 2016; Wysocka et al. 2018; Kourtosis et al. 2018; Zocher et al. 2018; Mędyk and Falandysz, 2022). To a great extent REE also co-occur in the same concentration distribution pattern in the Earth’s environment. When these distributions are plotted, the commonality in the environmental behaviour  of REE combined with the outcome of the O-H order results in a pattern that is widely referred to as a zigzag or sawtooth  (Fig. 1). In other words, the mutual proportions of individual REE in the Earth’s crust are preserved unchanged in soils that are formed, surface and sea waters and living organisms. Anomalous occurrences of individual REE (Ce4+, Eu2+) are possible (Migaszewski and Gałuszka, 2015; Zaharescu et al. 2016), but this is relatively uncommon and can be rationally explained.
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Fig. 1. REE concentrations and distribution pattern (normal and log-normal) in diverse matrices: European topsoils, Earth’s crust, European shale, North American shale composite (NASC), street dust in China, tree Pinus massoniana annual growth rings in China, forest topsoils in Poland (Goren, Chrapo´ n, W´ łoszowa, Kieszkowo, Sobowidz sites) and Belarus (Kostryca/Kostritsa site), tree Fagus sylvatica leaves and litter, and soil horizons in Sweden and Poland (adapted from Tyler, 2005; Hu et al. 2006; Dołęgowska & Migaszewski, 2013; Sun et al. 2017; Bau et al. 2018; Zhang et al. 2019; Mędyk & Falandysz, 2022, respectively).
3. Dietary toxicology of REE

[bookmark: _Hlk126257623]When considering orbital configurations, the REE are a unique group of 14 stable elements with the same electron configuration in the ground state (from La with [Xe]5d16s2 up to Lu with [Xe]5f145d16s2) and the same structure of the outer electron shell (Kwecko, 2016; Wysocka et al. 2018). They all occur in the same dominating ion valence (+3) in the lithosphere (pedological conditions). In the form of the highly dominant trivalent ion, REE are characterised by only slight differences in ionic radii, i.e. from 118 picometers (pm) for Tb down to 98 pm for Lu, and atomic radii from 199 pm for Eu down to 172 pm for Lu, so they all have common biogeochemical properties. The dominance of the trivalent form and the strong similarity in chemical and physical behaviour between REE are unique features in comparison to other chemical elements (Migaszewski and Gałuszka, 2015; Kwecko, 2016; Wysocka et al. 2018). In water (including moisture in soil), certain redox conditions can lead to an anomaly in the trivalent ion occurrence of Ce, i.e., it can be oxidized to +4. This phenomenon is not rare in soils, and it leads to a decrease in the ion radius by 15%, to 97 pm.  Conversely, Eu can be reduced (under strong reducing conditions that are rarely found in soil), to +2 which increases the ion radius by 17%, i.e. to 125 pm. Sporadically, Pr and Tb may also occur at valence +4, and Sm, Tm and Yb at +2 (Wysocka et al. 2018). These rare divergences in behaviour are relevant in some environmental and toxicological considerations (with limited precautionary toxicological confidence), but in general, the REE are largely seen in geochemistry and biogeochemistry as “fourteen elements in one”. 
In considerations of ion radii size, electronic valence and other characteristics such as environmental fate, REE have similarities to the essential microelement, calcium (Ca2+). Ca2+ has an ionic radius of 100 pm (atomic radius of 223 pm) (ChemGlobe, 2022). This essential macroelement undergoes homeostatic regulation by organisms and occurs at several orders of magnitude greater concentrations than REE in food webs, including macrofungi (Piarulli et al. 2021; Falandysz, 2023b; Mędyk et al. 2023). Calcium appears to be the main factor that controls accessibility and bioavailability of REE and so impacts on their potential toxicity. As far as is presently known, REE are not considered to be essential or biologically active in food webs, unlike calcium which is an essential element for vegetation, foods of plant origin and the quality of animal feeds. Agriculturally, calcium is important for soil fertility and deacidification of the soil through liming.
The primary minerals containing mixtures of REE are in the form of silicates, oxides, carbonates, fluorocarbonates, phosphates and fluorides. REE also usually occur with metallic elements such as Ca, Na, Ba, Sr, Al or Ti and smaller amounts of other elements. The secondary REE-bearing minerals are mainly clays, oxides of iron and manganese and carbonates (Kwecko, 2016). Intake through food webs occurs uniformly for individual REE and preserves the well-known natural concentration distribution pattern (Fig. 2). However there are some reports that show abnormal REE distribution patterns in macrofungi along with highly elevated concentrations of some, or all 14 REE, which suggests pollution of soil or plant substrates with selected elements and/or their selective up-take and accumulation. These data which were widely published have been objectively proven to be inaccurate and deviate from the O-H order (Borovička et al. 2011; Zocher et al. 2018; Falandysz, 2022a-b and 2023a-f).
Early reported data on a whole range of 14 REE in wild macrofungi (Stijve et al. 2001; Stijve et al. 2002) were later considered inaccurate by the authors themselves, who realised that the elevated concentrations resulted from contamination with sand and soil debris – as explained later by Stijve et al. (2004). Other reasons (inadequacy of the methodology and/or the instrumentation used for measurement – discussed in sections below) that can inflate the occurrence of REE were also identified and reported by Borovička et al. (2011), Zocher et al. (2018) and Falandysz (2022b, 2023b, 2023d and 2023f). When adequate quality control parameters are followed, the summed (13 to 14 REE) concentrations reported in some foods are relatively low, i.e. 18 ng L-1 (Southern Italy), 28 ng L-1 (Northern Italy) and 46 ng L-1 (Central Europe) in cow’s milk (after Andreozzi, 2017), 41 µg kg-1 in goat milk whey, 48, 99 and 157 µg kg-1 in cow’s milk whey (after Tedesco et al. 2021), 5.5 µg kg-1 dw in Japanese rice (Tagami et al. 2018), 28 µg kg-1 dw in tomato berries (Spalla et al. 2009), 13 µg kg-1 in fruits (median), 4.5 µg kg-1 in honey (median), 180 µg kg-1 in fish dorsal muscle (median) and 140 µg kg-1 in soft tissue of sea bivalves from Italy (Squadrone et al. 2019). Edible wild macrofungi showed summed 13-14 REE in concentrations from 32 to 360 µg kg-1 dw (5 species - caps; Falandysz et al. 2001),  57 µg kg-1 dw (saprotrophic) and 104 µg kg-1 dw (ectomycorrhizal) species (Borovička et al. 2011), 400 µg kg-1 dw in Macrolepiota procera - caps (Falandysz et al. 2017), 9.9 – 59 µg kg-1 dw (whole Suillus luteus, n = 3) (Zocher et al. 2018), 63 µg kg-1 dw in whole Boletus edulis (n=1) (Bau et al. 2018), 120 µg kg-1 dw (mean for 14 species) and 64 µg kg-1 dw in Cyclocybe (Agrocybe) cylindracea (Ivanić et al. 2021),  190 µg kg-1 dw in caps and  310 µg kg-1 dw in whole B. edulis (Falandysz et al. 2022), and 39 - 270 µg kg-1 dw in caps of five wild grown species (Mędyk and Falandysz, 2022). 
In soils (and biological samples) REE are, as mentioned, considered as competitive compounds to Ca which occurs at around three orders of magnitude higher concentrations but is similarly bio-excluded by macrofungi (Kojta et al. 2012; Zocher et al. 2018; Šíma et al. 2020;). Absolute concentration values of Ca in fruiting bodies are typically at levels of several hundred mg per kg-1 dw in cultivable or wild edible macrofungi (Falandysz and Borovička, 2013; Mędyk et al. 2023). As reviewed, the Ca concentration in Agaricus bisporus was 860 – 890 mg kg-1 dw; 820 ± 110 mg kg-1 dw in Pleurotus ostreatus (oyster mushroom) and 190 - 490 mg kg-1 dw in Pleurotus spp. (Falandysz and Borovička, 2013).
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Fig. 2. REE concentrations and distribution pattern (normal and log-normal) in foodstuffs (for Japanese brown rice, data is based on geometric mean values - the individual REE were detected in 57–91 of 98 samples – in 9–43 samples concentrations were below MQL; tomatoes from Italy; means for 23 samples of pumpkin seed from Austria; B. edulis macrofungi from Poland and Germany, carrot – median values, and wild rabbit meat from Greece; after Spalla et al. 2009; Joebstl et al. 2010; Danezis et al. 2017; Bau et al. 2018; Tagami et al. 2018; Falandysz et al. 2022; Qvarforth et al. 2022, respectively).
An example of an abnormally high occurrence of a single REE is that of relatively high gadolinium (Gd) concentrations reported in some studies, but there are good reasons for this anomaly. In medicine, gadolinium-based contrast agents with linear (gadodiamide, gadopentetate dimeglumine, gadoxetic acid) and macrocyclic (gadobutrol, gadoteridol, gadoterate meglumine) structures have been widely used in magnetic resonance imaging (Kanda, 2019; Galmiche et al. 2021) in order to improve image clarity of scans and aid better diagnosis. This application (Gd injected as a contrast agent into the blood stream at high dose) can result in higher prevalence of Gd as seen in waste water from sewage purification plants and so also surface waters and even beverages (Migaszewski and Gałuszka, 2016; Schmidt et al. 2019). Other than this example, abnormalities in REE occurrence data, e.g. a high prevalence of a single REE would be questionable, unless they can be explained.

4. REE in plants and potential plant substrates for macrofungi

As discussed earlier, terrestrial foods including foodstuffs of plant origin show low levels of REE. The natural pattern of occurrence of REE in plants closely reflects the soil content, and the mutually quantitative proportions (Kabata-Pendias and Pendias, 1999) are seen for example, in grass, tree leaves, tree ring trunks, vegetables, rice bran and any natural plant substrate used for cultivating macrofungi (Fig. 3). In general, concentrations of REE in trees leaves and tree bark are higher (Figs. 1-3) in comparison to vegetable based foods. Some perennials including ferns can be relatively high in REE (Ichihashi et al. 1992), and in annual tree rings, REE concentrations increase with the age of the trees (Fig. 3)  (Kabata-Pendias and Pendias, 1999; Zhang et al. 2019).
This characteristic pattern of the natural REE distribution in soils and plant substrates extends to cultivable and wild fungi (Koutrotsios et al. 2018) but there is much more data for wild macrofungi (Borovička et al. 2011; Zocher et al. 2018; Mędyk and Falandysz, 2022; Mędyk et al. 2023). The O-H order (and sawtooth distribution pattern) of REE concentrations is an objective scientific fact and the visual analysis of a graph (or a series of plots) depicting concentration data can be a useful criterion to verify the accuracy and credibility of analytical results e.g. on macrofungi (Borovička et al. 2011; Zocher et al. 2018; Falandysz, 2023b). The O-H order is confirmed by the distribution of REE in all natural abiotic and biological matrices. It is on this basis that any possible anomaly in the REE distribution can be analysed, either using a shale or chondrite normalized concentration pattern, or/and also from the analysis of the quotients (ratios) for pairs of individual REE (Dołęgowska and Migaszewski, 2013). Thus, the O-H order and the characteristic sawtooth pattern are also good proof of the integrity of analytical results on the occurrence of REE in foods and vegetation, including cultivated and wild macrofungi.
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Fig. 3. REE concentrations and distribution pattern (normal and log-normal) in plant substrates for macrofungi cultivation (corn combs, date palm tree leaves, almond and walnut shells, olive mill by-products*) olive pomace from trees grown on different soils, Pinus massoniana annual growth rings, and rice bran in Japan (A: Koutrotsios et al. 2018; B: Poˇs´ci´c et al. 2020; C: Tagami et al. 2019; D: Zhang et al. 2019).

5. REE in cultivable macrofungi

Original studies on the range of REE in fruiting bodies and sclerotia of cultivable macrofungi that have been published so far (2017-2023) are related to genera such as: Agaricus: species A. arvensis, A. bisporus, A. bitorquis, A. blazei, A. subrufescens; Agrocybe:  A. aegerita, A. cylindracea - actual genus name for this species is Cyclocybe, species Cyclocybe cylindracea; Amauroderma: A. rude; Auricularia: A. auricula-judae, A. polytricha - current name for this species is A. nigricans; Clitocybe: C. maxima - current name: Infundibulicybe gibba; Coprinus: C. comatus; Flammulina: F. velutipes; Ganoderma: G. adspersum, G. applanatum, G. atrum, G. capense, G. carnosum, G. hainanense, G. lucidum, G. pfeifferi, G. resinaceum and G. sinense; Grifola: G. frondosa, Hericium: H. erinaceus; Laetiporus: L. sulphureus; Lentinula: L. edodes, Lepista: L. nuda; Lignosus: L. rhinocerus; Ophiocordyceps: O. sinensis; Pholiota: Ph. nameko; Pleurotus: P. citrinopileatus r, P. eryngii, P. djamor, P. florida - current name is P. floridanus, P. ostreatus, P. pulmonarius; Sparassis: S. crispa; Stropharia: S. rugosoannulata; Trametes: T. versicolor; Tremella: T. fuciformis; Volvariella: V. volvacea and Wolfiporia: W. cocos (Stijve et al. 2001; Niedzielski et al. 2017; Rzymski et al. 2017; Siwulski et al. 2017a, Siwulski et al. 2017b; Koutrotsios et al. 2018; Mleczek et al. 2018a; Mleczek et al. 2018b; Siwulski et al. 2019; Siwulski et al. 2020; Siwulski et al. 2021; Siwulski et al. 2022).
Stijve et al. (2001) were the first to present some information on the content of REE (only summed concentration of La, Ce, Nd, Gd, Sm, Er and Dy) in cultivated commercial macrofungi such as Agaricus bisporus, Agaricus bitorquis, Agaricus blazei, Agrocybe aegerita, Grifola frondosa and Lentinula edodes, Lepista nuda, Pholiota nameko, Pleurotus. eryngii, Pleurotus. citrinopileatus, Pleurotus ostreatus and Volvariella volvacea which were supplied by Swiss and American (USA) cultivators. The study determined REE (and also Ag, Al, Ca, Co, Fe, Ga, Mo, P, Pb, Th, V and Y) in the above cultivated species and in parallel also in 35 wild species, using inductively coupled argon plasma and mass spectrometry (ICP-MS; ELAN® 6000 ICP-MS (PE SCIEX, Concord, Ontario) (Stijve et al. 2001; Stijve et al. 2002). The sum of Ce, La and Nd in Agaricus bisporus was ~50 µg kg dw and 350 µg kg dw in Agaricus bitorquis, and in other cultivated macrofungi was < 100 µg kg dw (Stijve et al. 2001). Unfortunately, the sample of A. bitorquis as well as the 35 samples of wild macrofungi analysed in the experiment, together with cultivated macrofungi, turned out to be contaminated with sand and soil debris. This contamination strongly influenced the reported REE data - highly overestimating the contents and distorting the patterns as was later discovered and reported by the authors themselves (Stijve et al. 2004). A more detailed analysis of some species showed that Ce shared about 50% of the summed 14 REE content, which increased to 80% when La and Nd were included, which is not so far from the proportions seen in continental crust, shales, soils, plants, terrestrial foodstuffs and seafood, and in plant substrates including substrates used for the cultivation of macrofungi (Figs. 1-3).
The credible and validated determination of REE in biological matrices including foods and macrofungi presents an analytical challenge specifically because of the very low occurrence of Tb, Dy, Ho, Er, Tm, Yb and Lu, while La, Ce, Nd, Pr and Sm occur at much greater concentrations (Figs. 1-3). The fact that the REE behave as one in the environment is very helpful in analyzing their occurrence, patterns and behaviour, but for good assessment it is important to have analytical data for all 14 REE in the samples examined and not just for one, two or a few REE. This is also essential for data normalisation for occurrence patterns and anomaly analysis, but the inclusion of quality control information of reported data in biological samples is also useful if the results are questionable. In addition to using the O-H order as an objective criterion of the validity of REE data, shale, chondrite and topsoil - normalised or normal and log-normal natural concentration distribution patterns can also be used (Zocher et al. 2018).  If data for only a few REE are reported, the results can be evaluated through calculation and comparison of the quotients (ratios) for pairs of REE, both from absolute or normalised (shale, chondrite) concentrations as reported in some studies (Migaszewski and Gałuszka, 2016; Falandysz, 2023a).  The comparison of these quotient values provides indirect but simple and helpful evidence on abnormal REE patterns. Even so, when checking analytical quality, a single quotient value may be fortuitously correct (while the divisor and dividend are not), but this would not be the case for the entire data series. The additional checks are not necessary if the pattern of the analytical data provided differs obviously from the distribution predicted by the O-H order on elemental (here REE) abundance. The identification of other valid reasons leading to anomalies that may arise through anthropogenic pollution, e.g. with Gd in surface water, would also be useful (Migaszewski and Gałuszka, 2016). 
The examples of cultivable macrofungi with available data for some or all 14 REE (whether credible or not) and some quantitative parameters used as a tool aiding the assessment of data reliability e.g. the quotients of Nd/Er, Nd/Lu, Tm/Lu, Er/Lu and Y/Ho (calculated for macrofungi with data and for some other materials) are depicted in Table 1. Distribution patterns of REE in P. ostreatus and C. cylindracea as well as for seven kinds of plant substrates (Koutrotsios et al. 2018) follow the O-H order, while data for any other cultivated macrofungi, which have been listed in this review, disagree with this order. These distribution patterns whenever possible are presented graphically and discussed in later sections. 
If the quotients of Nd/Er, Nd/Lu and Tm/Lu calculated for cultivated macrofungi are examined, there is a substantial discrepancy between the values (in bold) for P. ostreatus and C. cylindracea and values (marked in red) for other cultivated macrofungi (Table 1). For example, the quotient Nd/Er in P. ostreatus and C. cylindracea in the Greek study (Koutrotsios et al. 2018)? is 24 for both species and from 9.5 to 16 for cultivation substrates, while is much lower for all other cultivated macrofungi listed in Table 1.  The quotient Nd/Er calculated for wild macrofungi was in the range from 9.0 to 24, for soils from 5.9 to 34, for shales from 9.1 to 12 and for some CRMs from 9.9 to 13 (Table 1). 

Table 1.  Quotients (ratios) of Nd/Er, Nd/Lu and Tm/Lu in cultivated macrofungi and related environmental matrices (rounded values calculated from the references cited) 

	
	QUOTIENT
	Ref.

	MATRIX AND LOCATION
	Nd/Er
	Nd/Lu
	Tm/Lu
	Er/Lu
	

	CULTIVATED MACROFUNGI
	
	
	
	
	

	Agaricus arvensis, PL*
	5.2
	WD
	4.0
	WD (31)
	Rz17

	Agaricus bisporus (white strain), PL
	4.5
	WD
	WD
	WD
	Rz17

	A. bisporus (brown strain), PL
	2.8
	WD
	WD
	WD
	Rz17

	A. bisporus, PL
	2.1
	350
	2.0
	160
	Ml18a

	A. bisporus, 27 countries
	WD
	WD
	WD
	WD
	Si20

	A. bisporus, PL, 1993
	3.3
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 1994
	2.4
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2008
	2.9
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2013
	2.0
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2015
	2.4
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2017
	3.0
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2018
	1.3
	WD
	WD
	WD
	Si22

	A. bisporus, PL, 2019
	0.54
	WD
	WD
	WD
	Si22

	A. bisporus (1993-2019, mean), PL
	1.9
	WD
	WD
	WD
	Si22

	Agaricus subrufescens, PL
	6.1
	WD
	WD
	WD
	Rz17

	Amauroderma rude, CN
	5.3
	16
	0.5
	3.0
	Ml18a

	Auricularia auricula-judae, CN
	3.0
	35
	2.5
	12
	Ml18a

	A. auricula-judae, PL
	0.51
	9.0
	1.0
	18
	Ml18a

	Auricularia nigricans (A. polytricha), CN or PL
	WD
	WD
	WD
	WD
	Ni17

	A. nigricans (A. polytricha), CN
	2.0
	390
	3.0
	190
	Ml18a

	A. nigricans (A. polytricha), PL
	2.0
	38
	2.0
	19
	Ml18a

	Cyclocybe cylindracea (A. aegerita), CN or PL
	WD
	WD
	WD
	WD
	Ni17

	C. cylindracea (A. aegerita), PL
	WD
	WD
	WD
	WD
	Si19

	C. cylindracea (Greece, 7 batches - median), GR
	24
	83
	0.25
	4.0
	Ko18

	Coprinus comatus, CN or PL (?)
	WD
	WD
	WD
	WD
	Ni17

	Flammulina velutipes, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	F. velutipes, PL
	WD
	WD
	WD
	WD
	Si19

	Ganoderma adspersum, PL
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma atrum, CN
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma capense, CN
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma carnosum, PL
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma hainanense, CN
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma lucidum, PL
	WD
	WD
	WD
	WD
	Si17b

	G. lucidum, CN (antler form)
	0.99
	240
	9.0
	240
	Ml18a

	G. lucidum, CN (finger form)
	2.4
	120
	2.0
	52
	Ml18a

	G. lucidum, PL
	WD
	WD
	WD
	WD
	Si19

	Ganoderma pfeifferi, PL
	WD
	WD
	WD
	WD
	Si17b

	Ganoderma sinense, CN
	WD
	WD
	WD
	WD
	Si17b

	Grifola frondosa, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Hericium erinaceus, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Hypsizygus marmoreus, CN & PL
	WD
	WD
	WD
	WD
	Ml18b

	Infundibulicybe gibba (Clitocybe maxima) CN or PL
	WD
	WD
	WD
	WD
	Ni17

	I. gibba (Clitocybe maxima), PL
	WD
	WD
	WD
	WD
	Si19

	Laetiporus sulphureus, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Lentinula edodes, PL
	0.43
	140
	4.0
	330
	Ml18a

	L. edodes, PL
	WD
	WD
	WD
	WD
	Si19

	L. edodes, VN
	WD
	WD
	3.9
	47
	Si21

	L. edodes, CN
	WD
	WD
	2.6
	34
	Si21

	L. edodes, PL
	WD
	WD
	2.2
	26
	Si21

	L. edodes, SZ
	WD
	WD
	0.54
	13
	Si21

	L. edodes, DE
	WD
	WD
	0.39
	10
	Si21

	L. edodes, PL
	WD
	WD
	0.44
	8.4
	Si21

	Lignosus rhinocerus (sclerotium), CN
	170
	110
	3.3
	0.67
	Ml18a

	Ophiocordyceps sinensis, CN
	0.095
	18
	1.0
	190
	Ml18a

	Pholiota nameko, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Pleurotus citrinopileatus, PL
	WD
	WD
	WD
	WD
	Si17a

	Pleurotus eryngii, PL
	WD
	WD
	WD
	WD
	Si17a

	P. eryngii, PL
	WD
	WD
	WD
	WD
	Si19

	Pleurotus djamor, PL
	WD
	WD
	WD
	WD
	Si17a

	Pleurotus floridanus (P. florida), PL
	WD
	WD
	WD
	WD
	Si17a

	Pleurotus ostreatus, PL
	WD
	WD
	WD
	WD
	Si17a

	P. ostreatus (7 batches - median), GR
	24 
	50
	0.17
	2.5
	Ko18

	P. ostreatus, PL
	2.2
	170
	5.0
	78
	Ml18a

	Pleurotus pulmonarius, PL
	WD
	WD
	WD
	WD
	Si17a

	Pleurotus spp. (6 species), PL
	1.1
	20
	2.5
	19
	Si17a

	Sparassis crispa, CN
	0.79
	150
	5.0
	190
	Ml18a

	Stropharia rugosoannulata, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Trametes versicolor, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Tremella fuciformis, CN or PL
	WD
	WD
	WD
	WD
	Ni17

	Tremella fuciformis, CN
	14
	7.2
	0.75
	0.50
	Ml18a

	Volvariella volvacea, CN
	0.89
	320
	4.0
	360
	Ml18a

	Wolfiporia cocos (sclerotia), CN
	1.5
	320
	4.0
	210
	Ml18a

	WILD MACROFUNGI
	
	
	
	
	

	Ectomycorrhizal macrofungi (Czech Rep., median)
	15
	153
	1.3
	9.8
	Bo11

	Saprotrophic macromycetes (Czech Rep., median)
	14
	109
	WD
	7.9
	Bo11

	Wild macrofungi (RS, 16 species)
	8.5
	17
	1.0
	2.0
	Iv21

	Boletus edulis (Germany, whole; n=1)
	8.6
	84
	WD
	9.7
	Ba18

	B. edulis (PL,  cap - median; n=5(72))
	10
	55
	1.0
	5.2
	Fa22

	Cantharellus cibarius (PL; pooled, n=15)
	19
	140
	WD
	10
	Mę22

	Macrolepiota procera (PL, cap – mean; n=13(225)) 
	9.0
	57
	1.0
	6.4
	Fa17

	M. procera (RS, cap – mean; n=19)
	24
	170
	2.7
	7.0
	Vu19

	Suillus luteus (GR, whole – mean; n=3)
	8.2
	72
	WD
	8.8
	Zo18

	SUBSTRATE FOR CULTIVATION OF MACROFUNGI
	
	
	
	
	

	Almond and walnut shells, 1:1, GR
	9.5
	60
	0.67
	6.3
	Ko18

	Corn cobs, GR
	13
	99
	1.0
	7.5
	Ko18

	Grape marc plus cotton gin trash, 1:1, GR
	16
	130
	0.96
	7.9
	Ko18

	Olive mill by-products, GR
	12
	91
	1.0
	7.5
	Ko18

	Extracted olive-press cake, GR
	12
	93
	0.67
	7.7
	Ko18

	Date palm tree leaves, GR
	16
	110
	1.2
	6.8
	Ko18

	Pine needles, GR
	15
	130
	1.1
	9.0
	Ko18

	„A” Alder and beech sawdust (1:1 v/v) with ...**, PL
	WD
	WD
	WD
	WD
	Si19

	“B” Oak sawdust and flax shives (1:1 v/v) with …**, PL
	WD
	WD
	WD
	WD
	Si19

	CERTIFED REFERENCE MATERIALS
	
	
	
	
	

	BCR-668 - Mussel tissue (certified)
	12
	140
	1.2
	12
	Ko18

	BCR-668 - Mussel tissue
	13
	130
	1.5
	10
	Ko18

	BCR-668 - Mussel tissue
	13
	130
	1.5
	10
	Da17

	BCR-670 - Duck weed
	9.9
	69
	0.90
	7.0
	Zo18

	SOILS
	
	
	
	
	

	Forest soil for S. luteus (DE, layer 0-12 cm) 
	9.2
	60
	0.94
	6.5
	Zo18

	Forest soil for L. scabrum (B, layer 0-10 cm, pooled)
	10
	63
	0.95
	6.8
	Mę22

	Forest soil for C. cibarius (PL, layer 0-10 cm, pooled)
	8.1
	42
	0.81
	5.2
	Mę22

	Forest soil for C. cibarius (PL, layer 0-10 cm, pooled)
	9.6
	57
	1.0
	6.0
	Mę22

	Forest soil for I. badia (PL, layer 0-10 cm, pooled)
	6.9
	44
	WD
	6.4
	Mę22

	Forest soil for I. badia (PL, layer 0-10 cm, pooled)
	5.9
	35
	1.0
	5.9
	Mę22

	Forest soil (PL, Sobowidz, layer 0 - 1 cm)
	9.7
	51
	0.83
	5.2
	Mę22

	Forest soil (PL, Sobowidz, layer 1 - 2 cm)
	8.0
	46
	0.88
	5.8
	Mę22

	Forest soil (PL, Sobowidz, layer 2 - 5 cm)
	8.7
	49
	0.94
	5.6
	Mę22

	Forest soil (PL, Sobowidz, layer 5 - 15 cm)
	7.6
	34
	0.77
	4.5
	Mę22

	Forest soil (PL, Sobowidz, layer 15 - 20 cm)
	10
	52
	0.87
	5.1
	Mę22

	Forest soil (PL, Sobowidz, layer 0 - 20 cm, mean)
	8.7
	44
	0.82
	5.1
	Mę22

	Forest soil (RS, layer 0 - 20 cm, mean, n=14)
	34
	310
	1.1
	9.0
	Vu19

	Forest soil (RS,  layer 0 - 20 cm, mean, n=10)
	35
	360
	0.89
	10
	Vu19

	Soil (world average – geometric mean)
	14
	86
	1.1
	6.3
	Ta18

	Soil (JP, paddy field, geometric mean; n=98)
	8.0
	56
	0.96
	7.0
	Ta18

	River sediment (JP, geometric mean; n=3024)
	9.8
	67
	1.1
	6.9
	Ta18

	SHALES
	
	
	
	
	

	PAAS
	11-12
	64-85
	0.93-1.0
	5.8-70
	Ba18

	NASC
	9.1-9.7
	60-69
	1.0
	7.1
	Ba18

	European shale
	11
	58-81
	0.96-1.0
	6.1-7.1
	Ba18

	World shale
	11
	78
	1.0
	7.0
	Ba18


Notes: *Country acronym (BY, Belarus; CN, China; DE, Germany; GR, Greece; JP, Japan; PL, Poland; RS, Republic of Serbia; SZ, Switzerland; VN, Vietnam); WD (without data due to lack of the “positive” analytical data for these pairs – one or both elements not determined or below MLQ value); **„A” Alder and beech sawdust (1:1 v/v) with wheat bran (25%), corn meal (12%), millet (10%), chalk (2%), gypsum (0.97%), KH2PO4 (0.02%) and MgSO4 (0.01%); „B”  Oak sawdust and flax shives (1:1 v/v) with ground rye (20%), sorghum (10%), defatted soy flour (10%), oat bran (8%), gypsum (1.97%), KH2PO4 (0.02%) and MgSO4 (0.01%); NASC - North American Shale Composite and PAAS - Post-Archean Australian Shale. Calculated or quoted after (REF.): Rz17 (Rzymski et al. 2017); Ml18a (Mleczek et al. 2018a); Si20 (Siwulski et al. 2020); Si22 (Siwulski et al. 2022); Ni17 (Niedzielski et al. 2017); Si19 (Siwulski et al. 2019); Ko18 (Koutrotsios et al. 2018); Si17b (Siwulski et al. 2017b); Ml18b (Mleczek et al. 2018b); Si21 (Siwulski et al. 2021); Si17a (Siwulski et al. 2017a); Bo11 (Borovička et al. 2011); Iv21 (Ivanić et al. 2021); Ba18 (Bau et al. 2018); Fa22 (Falandysz et al. 2022); Mę22 (Mędyk and Falandysz, 2022); Fa17 (Falandysz et al. 2017); Vu19 (Vukojević et al. 2019); Zo18 (Zocher et al. 2018); Da17 (Danezis et al. 2017); Ta18 (Tagami et al. 2018).

6. Fungi of the genus Agaricus    
The white variety of A. bisporus is a popular cultivable macrofungi and there is also a growing popularity of the brown variety. The many common names of A. bisporus such as button mushroom, champignon, Crimini mushroom, culinary mushroom, cultivated mushroom, pizza mushroom, Portobello mushroom, table mushroom, white mushroom or tukuritake is a reflection of its worldwide popularity and availability. Four articles published in 2017-2022 report analytical data on REE in cultivated Agaricus spp. Chronologically, Rzymski et al. (2017) studied 13 REEs and a further 49 elements in A. bisporus (brown and white strains), A. arvensis and A. subrufescens available on the Polish market in the period 2007–2015. Mleczek et al. (2018a) studied 14 REE and a further 53 elements in A. bisporus and in non-Agaricus genera species such as A. rude, A. auricula-judae, A. nigricans, G. lucidum, L. edodes, L. rhinocerus, O. sinensis, P. ostreatus, S. crispa, T. fuciformis, W. cocos and V. volvacea, originating from Chinese and Polish cultivators. In two studies, Siwulski et al. (2020), attempted to study REE and a further 56 elements in A. bisporus from a worldwide basket survey (32 samples from cultivators in 19 countries) as well as REE and a further 49 elements in macrofungi cultivated in Poland in the period 1977–2020 (Siwulski et al. 2022).
Rzymski et al. (2017) reported 26 elements including two REE (Er and Nd) in 288 samples, at concentrations that exceeded the methodological quantification limit (MQL; Rutkowska et al. 2022). Some of the REE occurred in concentrations exceeding 10 µg kg-1 dw “in certain percentage of samples”, while Dy, Gd, Ge, Sm, Tb and Yb, were below the MQL. Rzymski et al. (2017) reported high mean concentrations of Nd, which was detected at 1600, 1500, 1100 and 2200 µg kg-1 dw in A. arvensis, A. bisporus (brown strain), A. bisporus (white strain) and A. subrufescens, with maximum concentrations of 3400, 4200, 18,000 and 6000 µg kg-1 dw, respectively. The reported Er concentrations were also highly elevated with mean concentrations at 310, 330, 390 and 360 µg kg-1 dw (maximum concentrations were 560, 650, 910 and 910 µg kg-1 dw) in A. arvensis, A. bisporus (brown strain), A. bisporus (white strain) and A. subrufescens, respectively (Fig. 4, upper graph). Other REE such as La, Ce, Pr, Eu, Ho and Lu were also detected in some Agaricus samples. The reported maximal concentrations were: La in A. arvensis and A. subrufescens (110 µg kg-1 dw), Ce in A. bisporus - white strain (1600 µg kg-1 dw), Pr in A. subrufescens (1400 µg kg-1 dw), Eu in A. bisporus (both strains) and in A. subrufescens (40 µg kg-1 dw), Ho in A. bisporus (brown strain) and in A. subrufescens (90 µg kg-1 dw), Tm in A. arvensis (90 µg kg-1 dw) and Lu in A. arvensis and A. subrufescens at 20 µg kg-1 dw. 
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Fig. 4. Pattern of Nd and Er (only these two REE were detected in all the Agaricus samples while others were found less frequently) concentrations in Agaricus species based on concentration data reported by Rzymski et al. (2017) – upper drawing; “Sawtooth” pattern of REE in soils based on concentration data from Hu et al. (2006) – middle drawing, and in macrofungi: S. luteus, S. bovinus, ectomycorrhizal (ECM) and saprobic (SAP) species – based on concentration data from Falandysz et al. (2001) and Borovicka et al. (2011), respectively – bottom drawing.

The patterns of normal occurrence of REE in different environmental materials including soil is clearly reflected in macrofungi (Figs. 1-4). In view of the reported similarity of uptake, the distribution pattern of REE in A. arvensis, A. bisporus (brown and white strains) and A. subrufescens in the report by Rzymski et al. (2017), which shows highly elevated Nd and Er concentrations (Fig. 4, upper graph), is atypical (it does not follow the O–H order as reported for other macrofungi data). If abnormal occurrence patterns or data are reported, there may be a valid reason, but this should be discussed and the abnormalities or variations from the O-H order should be explained even if it is only hypothesis. Plotting of the REE data provided by Rzymski et al. (2017) shows that primary or secondary contamination of the studied macrofungi with soil dust or sand particles was not a reason for the elevated concentrations, because in this case the O–H order would be preserved and no unusual elevation for individual REE would appear. 
In a study of REE and other elements in A. bisporus and other species by Mleczek et al. (2018a), La, Ce, Nd, Eu, Er, Tm and Lu were detected in all samples, while Pr, Sm, Gd, Tb, Dy, Ho and Yb were not detected above the MQL. The MQL reported for Pr, Sm, Gd, Tb, Dy, Ho and Yb were in the range from 14 to 34 µg kg-1 dw, which is relatively high in comparison to their typical occurrence in biological samples, including cultivated and wild macrofungi reported by studies with credible analytical methodologies (Figs. 1-8, some examples). Normal distribution patterns of the La, Ce, Nd, Eu, Er, Tm and Lu concentrations in A. bisporus and in the other 12 species of non-Agaricus genera from cultivators in China and Poland, as derived from the study by Mleczek et al. (2018a), are shown in Fig. 5. For comparison, the patterns based on the literature data for some forest macrofungi were also plotted (others REE detected were treated as blank). As mentioned, according to the O-H order, the even atomic-numbered REE show an order of magnitude greater occurrence than the adjacent odd-numbered REE. In other classifications, such as the light-, mid- and heavy-REE, the sequence of the light REE (LREE, La, Ce, Pr, Nd, Sm and Eu) is more abundant in biological and abiotic matrices in the universe relative to the heavy REE (HREE; Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) (Tyler, 2004; Migaszewski and Gałuszka, 2015). 
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Fig. 5. Normal and log-normal distribution patterns of REE in A. bisporus (upper graphs: selected years with data for La, Ce, Pr, Nd, Er and Tm (no values for undetected - below MQL – elements) (after Siwulski et al. 2022); and in randomly selected examples of data from studies of REE in macrofungi by various authors (after Falandysz et al. 2001; Boroviˇcka et al. 2011; Bau et al. 2018; Ivani´c et al. 2021, respectively).

Siwulski et al. (2020) detected La, Ce, Nd, Sm and Tm in all (32) studied batches of A. bisporus from cultivators in nineteen countries that were sold on the global market (Fig. 6), while Pr, Eu, Gd, Tb, Dy, Ho, Er, Yb and Lu were below the MQLs (from 14 to 34 µg kg-1, depending on an element). Al, As, B, Ba, Ca, Cd, Cr, Cu, Fe, Ge, In, Ir, K, Mg, Mn, Mo, Na, Ni, Pb, Pt, Ru, S, Sc, Se, Si, Sr, Te, Ti, Tl, Zn and Zr were also detected in these macrofungi while 26 other elements were below the MQL (Siwulski et al. 2020). The sum of  La, Ce, Nd, Sm and Tm in A. bisporus samples was in the range from 430 to 3510 µg kg-1 dw. The pattern of occurrence of these REE in A. bisporus (Siwulski et al. 2020) were compared with corresponding data for 32 randomly selected wild macrofungi such as Suillus luteus, Suillus bovinus, Boletus edulis, Laccaria amethistina, Tricholoma flavovirens, Armillaria mellea, Caloboletus calopus, Imleria badia, Lactifluus piperatus, Leccinum scabrum, Suillus grevillei, Macrolepiota procera, some ectomycorrhizal and saprophytic macrofungi, a collection of fifteen edible wild species (mean values), and cultivated P. ostreatus and C. cylindracea reported by other authors who used credible analytical methodologies (Fig. 6 B1 and B2; after Falandysz, 2023a). As the most abundant REE in environmental abiotic and biological materials including macrofungi, and considering harmonised pattern of its co-occurrence with other REE (Tyler, 2004; Tyler, 2005; Migaszewski and Gałuszka, 2015; Ivanić et al. 2021; Medyk and Falandysz, 2022), cerium can be considered as a good comparator (Figs. 1-5). Cerium concentrations were in the range from 340 to 2730 µg kg-1 dw in the 32 samples of A. bisporus (Fig. 6 A1 and A2), but were well below 200 µg kg-1 dw in all the other literature data (Fig. 6 B1 and B2). Secondly, there was no correspondence between the O-H order and the concentration pattern of Ce, Nd, Sm, La and Tm reported for the A. bisporus samples (Siwulski et al. 2020), which also disagrees with the pattern observed for the randomly selected macrofungi (Fig. 6).
Siwulski et al. (2022), also attempted “to determine alterations in the mineral composition of cultivated A. bisporus produced in Poland in the years 1977–2020”, in a multielement study that included REE (La, Ce, Nd, Er, Tm were detected above the stated MQL values and Pr, Sm, Eu, Gd, Tb, Dy, Ho, Yb and Lu were not detected). The reported concentrations and normal and log-normal distribution pattern of La, Ce, Pr, Nd, Er and Tm for all batches of A. bisporus sampled on an annual basis and also based on the mean values for the period 1977-2000 (data for the undetected REE, Sm, Eu, Gd, Tb, Dy, Ho, Yb and Lu were marked as blank) are plotted in Figs. 7 and S8. For comparison, the figure also includes plots of  similar data for various macrofungi species and other types of environmental materials – both abiotic and biotic –  including a staple foodstuff. Both, concentration values and the compositional pattern of La, Ce, Pr, Nd, Er and Tm in the batches of A. bisporus (upper graphs) disagree substantially from those seen for various species of macrofungi reported by other authors (middle graphs). The distribution pattern of La, Ce, Pr, Nd, Er and Tm in these other macrofungi species (middle graphs in Figs. 7 and S8) also provide a good match to the composition of these REE determined in surface waters, forest topsoils, shales (NASC and PAAS, World shale and European shale), soils from around the world including rice paddies, riverine sediments, leaves of Fagus sylvatica, brown rice and rice bran (bottom graphs – Figs. 7 and S8). 
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Fig. 6. La, Pr, Nd, Eu and Tm concentrations and distribution pattern (normal and log-normal) in fruiting bodies of saprobic macrofungi (after Boroviˇcka et al. 2011),  P. ostreatus and C. cylindracea raised on almond and walnut shells substrate (after Koutrotsios et al. (2018) and in cabbage (after Bibak et al. 1999) as well as in P. eryngii, A. (C.) cylindracea and four more species raised on the alder/beech sawdust substrate “A” (9 others REE were not detected and are treated as blank; bottom

If macrofungi concentration data follow the O-H rule, a plot of REE concentrations displays a characteristic sawtooth (zigzag) distribution pattern (lower plots in Fig. S9). In the upper graphs in Fig. S9, the normal and log-normal distribution patterns of La, Ce, Pr, Nd, Er and Tm in A. bisporus are presented (non- detected REE are left as blank), after Siwulski et al. (2022). The lower graphs (Fig. S9) show normal and log-normal distribution patterns of all 14 REE in another set of macrofungi reported by other authors. It is clear that the distribution patterns from these randomly selected examples (macromycetes such as Boletus edulis, Suillus luteus, Macrolepiota procera and a set of saprotrophic and ectomycorrhizal species) from independent studies by several authors show a good match with each other but are very different to that seen for A. bisporus. The distribution pattern of REE in macrofungi also follows the composition of the forest topsoil in which they grow (Zocher et al. 2018; Mędyk and Falandysz, 2022) or the organic substrate – as determined for cultivated species – C. cylindracea and P. ostreatus (Koutrotsios et al. 2018).
7. Pleurotus species

Siwulski et al. (2017a) studied the occurrence of REE, Sc, Y and other elements in cultivated Pleurotus species such as P. citrinopileatus, P. djamor, P. eryngii, P. florida, P. ostreatus and P. pulmonarius using inductively coupled plasma - optical emission spectrometry (ICP-OES) (see section 13). Nd, Er, Tm and Lu were detected in each species and their mean concentrations for all 6 species were 410, 380, 50 and 20 (total 860) µg kg-1 dw, respectively. The maximum detected concentrations of individual REE were 7180 µg kg-1 dw of Nd in P. eryngii, 1600 µg kg-1 dw of Er in P. ostreatus, 190 µg kg-1 dw of Tm in P. ostreatus and 50 µg kg-1 dw of Lu in P. ostreatus. These highly elevated concentrations and the distribution pattern disagree with the results of other independent studies using validated and credible methodologies, and the reasons for the discrepancy have been explored and reported critically elsewhere (Falandysz, 2023e). 
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Fig. 7. REE concentrations and distribution pattern (normal and log-normal) in cultivated varieties of H. marmoreus mushroom (Mleczek, Siwulski, et al., 2018), and REE characteristic sawtooth (zigzag) concentrations pattern in saprotrophic (SAP) macrofungi (Boroviˇcka et al. 2011), cultivated C. cylindracea and P. ostreatus and their almond/walnut shells substrate (A/W) (Koutrotsios et al. 2018), and topsoil horizon and a shale (NASC) (Dołęgowska & Migaszewski, 2013); data adapted after the references cited.
Siwulski et al. (2019) also studied bioaccumulation and occurrence of 70 elements including rare earths in  P. eryngii, C. cylindracea, F. velutipes, G. lucidum, Infundibulicybe gibba (previous name Clitocybe maxima) and L. edodes. Specimens of each of the species were raised in two different substrates – “A” and “B”.  Substrate “A” was a mixture of alder and beech sawdust (1:1 v/v) with added “wheat bran - 25%, cornmeal - 12%, millet - 10%, chalk - 2%, gypsum - 0.97%, KH2PO4 – 0.02% and MgSO4 - 0.01%”. Substrate “B” was a mixture of oak sawdust and flax shives (1:1 v/v) with added ground rye - 20%, sorghum - 10%, defatted soy flour - 10%, oat bran - 8%, gypsum - 1.97%, KH2PO4 - 0.02% and MgSO4 - 0.01% (Siwulski et al. 2019).
The study detected and quantified a total of 33 elements (Al, B, Ba, Be, Ca, Cd, Cr, Cu, Eu, Fe, Hg, Ir, K, La, Li, Mn, Mg, Na, Nd, Ni, P, Pb, Pr, Pt, Rb, Ru, Sb, Si, Sn, Sr, Tl, Tm and Zn) in P. eryngii and five other species of macrofungi. A further 37 elements were not detected (the identity of these remains unknown since they were not named but : “were determined on the order of magnitude of 0.0X mg kg−1” dw or it “was better for all elements determined [as three-sigma criteria]” - Siwulski et al. 2019). The practical conclusion is that the unidentified “37 elements” were below the detection limit of the methodology used. 
The macrofungi grown by Siwulski et al. (2019) were dried to constant weight and powdered. 0.50 ± 0.01 g aliquots of the powder were oxidized using a solution of high purity concentrated nitric acid in pressurised polytetrafluoroethylene (PTFE; Teflon) containers under the influence of microwave energy. The resulting digests were filtered through paper and made up with water to 15.0 mL. They were subjected to direct elementary determination by ICP-OES (see section 13). 
The macromycetes studied by Siwulski et al. (2019) were all saprotrophic species. In order to better visualise the occurrence and distribution pattern of REEs in saprotrophic macrofungi and other vegetation from studies by other authors, literature data were plotted in Fig. S10 (upper graphs) which shows the concentrations and distribution patterns of 14 REE in saprotrophic (SAP) macrofungi from a study by Borovička et al. (2011). Also included are saprotrophic C. cylindracea and Pleurotus ostreatus and a substrate (mixed almond and walnut shells) in which they were raised in a cultivation experiment by Koutrotsios et al. (2018). This study also included cabbage, Brassica oleracea var. capitata. The bottom graphs in Fig. S10 show data plotted just for La, Pr, Nd, Eu and Tm (other non-detected REE were treated as blank) in these macrofungi and vegetation, i.e. substrate “A” – a similar exercise as carried out for the upper graphs in Fig. S10 but the differences between the two sets are clear. As mentioned, the distribution pattern of La, Pr, Nd, Eu and Tm in the bottom graph of Fig. 10 is random while the upper graphs show the predicted pattern.  The REE in these macrofungi differ in their pattern of occurrence when compared to validated, reported data on cultivated and wild macrofungi in studies by several other authors (Falandysz et al. 2001; Falandysz et al. 2017; Bau et al. 2018; Koutrotsios et al. 2018; Zocher et al. 2018; Vukojević et al. 2019; Ivanić et al. 2021; Falandysz et al.  2022; Mędyk and Falandysz, 2022), who have used the most advanced methods, conditions and equipment. 

If one looks in some detail into the absolute concentration values of La, Pr, Nd, Eu and Tm in the P. eryngii and five other species of macrofungi studied by Siwulski et al. (2019) and their visualised distribution pattern, two features, the pattern and concentrations, are striking from the point of view of the current knowledge of the occurrence, accumulation and composition of REE in macrofungi, as well as in rocks, soils, plants and other vegetation and surface waters (Tyler, 2004; Kwecko, 2016; Migaszewski and Gałuszka 2016; Wysocka et al. 2018).
According to the report, substrate “A” contained La, Pr, Nd, Eu and Tm at concentrations of 190, 1100, 630, 60 and 170 µg kg-1 dw, while substrate “B” showed concentrations of 180, 660, 1080, 10 and 200 µg kg-1 dw, respectively (Siwulski et al. 2019). The six species of macrofungi raised in substrate “A” accumulated La in the range from 40 to 190 µg kg-1 dw, Pr from 220 to 1850 µg kg-1 dw, Nd from 440 to 1360 µg kg-1 dw, Eu from 30 to 80 µg kg-1 dw and Tm from 100 to 190 µg kg-1 dw. Macrofungi raised in substrate “B” had more or less similar concentrations (Siwulski et al. 2019). 
The quantitative proportions of REE in seven kinds of organic substrates and in P. ostreatus and C. cylindracea macrofungi raised on these substrates are similar (Koutrotsios et al. 2018). Quantitative proportions were also similar in wild macrofungi and their topsoil substrates, for which the full range of REE data are reported (Ivanović et al. 2021; Mędyk and Falandysz, 2022; Zocher et al. 2018). This is also the case for plants and overall, the elemental content decreases as the atomic number increases, from 57 for La to 71 for Lu. At the same time, the pattern of higher concentrations for the even-numbered REE elements relative to the odd ones is maintained (Kabata-Pendias and Pendias, 1999).
In a study of P. ostreatus from commercial production in Poland by Mleczek at al. (2018a), as presented in Fig. 5, the distribution pattern of REE was random and the total concentration relatively high (La, Ce, Nd, Eu, Er, Tm and Lu were detected with a summed concentration of 2820 µg kg-1 dw, while Pr, Sm, Gd, Tb, Dy, Ho and Yb were not detected above the MQLs ranging from 14 to 34 µg kg-1 dw). Koutrotsios et al. (2018) published results on REE, Sc, Y, Th and U in P. ostreatus from cultivation experiments using seven different substrates such as almond and walnut shells (1:1 w/w), corn cobs, grape marc plus cotton gin trash (1:1 w/w), olive mill by-products (leaves and two-phase olive mill waste, 1:1 w/w), extracted olive-press cake, pine needles or date palm tree leaves. REE such as Nd, Er, Tm and Lu were determined in P. ostreatus in the range from 3.4 ± 1.2 to 13 ± 4 µg kg-1 dw), 0.2 ± 0.0 to 0.5 ± 0.0 µg kg-1 dw, < 0.1 to 0.09 ± 0.02 µg kg-1 dw and 0.1 ± 0.0 to 0.2 ± 0.1 µg kg-1 dw, respectively, and the summed 14 REE concentration was 90 ± 27 µg kg-1 dw (median 83 µg kg-1 dw),  ranging from 61 to 130 µg kg-1 dw (Koutrotsios et al. 2018).  These data on REE in P. ostreatus by Koutrotsios et al. (2018) are the only published data so far on the cultivated Pleurotus spp. which show the typical distribution (sawtooth) pattern, the quotients for Nd/Er, Nd/Lu, Tm/Lu  and Er/Lu (Table 1) as well as bioconcentration factor (BCF values – see section 12) pattern, while concentrations are substantially lower than in other studies of this species . 

8. Shitake Lentinula edodes

L. edodes is native to East Asia and grows on hard wood in its natural habitats. It has become a popular mass cultivated species and has adapted to growing both, on wood (except hard woods) and grow-bag substrates. Siwulski et al. (2021) studied 14 REE and another 45 elements in L. edodes of various origins (China, Germany, Poland, Switzerland, Vietnam) sold in German and Polish markets during 2019. The reported summed concentrations (14 REE plus Sc and Y)  and some individual elements were exceptionally high in these L. edodes, i.e. the means for total concentrations (14 REE plus Sc and Y)  ranged from 1480 to 26,100 µg kg-1 dw (overall range, 1130 – 37,400 µg kg-1 dw), and maximal concentrations reported for individual elements were also high, e.g. for La, up to 26,400 µg kg-1 dw, Dy, up to 12,600 µg kg-1 dw and Lu, up to 32 µg kg-1 dw (Siwulski et al. 2021). These elevated concentrations have been discussed in more detail elsewhere (Falandysz, 2022a). In addition to the abnormally high absolute REE concentrations, the distribution patterns obtained for these L. edodes are unusual and disagree with the O-H order.
[bookmark: _Hlk126413366]In another study, by Mleczek et al. (2018a), L. edodes from commercial production in Poland showed detectable levels of REE such as La, Ce, Nd, Eu, Er, Tm and Lu (Pr, Sm, Gd, Tb, Dy, Ho and Yb were not detected) at a high summed concentration of 5240 µg kg-1 dw and a distribution pattern that strongly disagreed with that predicted by the O-H order (Fig. 5). L. edodes was also cultivated experimentally on two substrates free of added REE, by Siwulski et al. (2019). The sum of La, Pr, Nd, Eu plus Tm (other REE were not detected) in L. edodes from substrate “A – alder/beech sawdust” was 1720 µg kg-1 dw and from substrate “B – oak sawdust/flax sheaves” was 1090 µg kg-1 dw. Both, the proportions of REE in these L. edodes (Siwulski et al. 2019), and the pattern (plotted externally - see in section 9 – only macrofungi raised on substrate “A” displayed), disagree with the natural distribution predicted by the O-H order. 

9. Fungus Cyclocybe cylindracea (previous name Agrocybe cylindracea)

C. cylindracea ((in original work Agrocybe cylindracea (DC. ex Fr.) Maire (syn. A. chaxiangu)) raised on sawdust, is among a set of the cultivated species (A. polytricha, C. maxima, C. comatus, F. velutipes, G. frondosa, H. erinaceus, L. sulphureus, Ph. nameko, S. rugosoannulata, T. versicolor and T. fuciformis) that show unusual data on REE in the study by Niedzielski et al. (2017). The macrofungi were available on the Polish market and originated from Poland and China in 2008 – 2016. In addition to REE the analysis also included other trace elements and minerals (altogether 67 elements) (Niedzielski et al. 2017). In order to externally verify the reliability of REE data in these twelve cultivable macrofungi, the REE concentrations and distribution patterns (normal and log-normal) were plotted along with some data for reference materials - wild  macrofungi and other matrices available from the current literature. These REE distribution patterns with a high proportion of Pr, in conjunction with Ce occurring below the MQL value of 10 µg kg-1 dw, are very unusual and disagree with the predicted O-H order. Distribution pattern and concentrations of Pr, Nd, Gd and Ho in C. cylindracea raised on sawdust (Niedzielski et al. 2017) substantially disagree with data for this species as reported by other studies, both from cultivation experiments or wild macrofungi. Koutrotsios et al. (2018) cultivated C. cylindracea using seven different substrates (in parallel to P. ostreatus discussed in section 7), and the mean of summed 14 REE concentrations was 120 µg kg-1 dw with a range of 56 to 170 µg kg-1 dw. Data on REE, Y and Sc by Koutrotsios et al. (2018) are the only ones published so far for cultivated C. cylindracea which show the typical REE pattern that follows the O-H order (see also in Fig. S10). Thus, these concentrations are considered valid even if values between batches vary depending on the type of cultivation substrate used and their availability for this species. 


In another work, Siwulski et al. (2019), made direct measurements of acid oxidized sample digests using ICP-OES, without any further treatment (section 13). The study included measurement of 70 elements in C. cylindracea and other macrofungi (C. maxima - current name I. gibba, F. velutipes, G. lucidum, L. edodes and P. eryngii cultivated using two different substrates (section: 7) that were also analysed and measured in the same way. The normal and log-normal distribution patterns of La, Pr, Nd, Eu and Tm concentrations in macrofungi raised on substrate “A” and on substrate “B” are presented graphically in Fig. S14 (upper graphs). For comparison, the distribution patterns of REE determined in two independent studies on wild macrofungi (Cantharellus cibarius, Craterellus cornucopioides, Imleria badia, Laccaria amethistina, Leccinum scabrum, Suillus luteus and Boletus edulis) from Poland, are presented. These were obtained using objectively, the most advanced methodology and techniques available for the analysis of REE in biological materials – sector field mass spectrometry and quadruple mass spectrometry after separation and preconcentration of REE from the acid digests (Falandysz et al. 2001, Mędyk and Falandysz, 2022). The concentrations of REE in A. cylindracea, C. maxima, F. velutipes, G. lucidum, L. edodes and P. eryngii and substrate “A” as reported by Siwulski et al. 2019 are plotted in Fig. S14.  The patterns are random and do not, at all follow the typical pattern predicted by the O-H order, or the natural occurrence of these elements in nature. 
10. Fungus Hypsizygus marmoreus

The wild species of the genus Hypsizygus are parasites (they grow on the trunks and large branches of trees) and saprophytes. Wild H. marmoreus (earlier also referred to as Agaricus marmoreus Peck, Clitocybe marmorea (Peck) Sacc., and Clitocybe submarmorea Murrill; Index Fungorum, 2022) is native to East Asia where it is a popular and widely cultivated species for consumption and medicinal use (Akavia et al. 2009). Experimentally cultivable H. marmoreus can be raised on various substrates, e.g. a substrate composed of a mixture of “beech and pine sawdust (3:1 v/v) with wheat bran (25%), soy flour (10%) and CaSO4 (1%)” (Mleczek et al. 2018b).
	There is only one set of data available on REE in H. marmoreus as determined in the white and brown (also called grey) varieties of species originating from commercial cultivation in China and from experimental cultivation in Poland (Mleczek et al. 2018b).  These authors reported data for La, Ce, Pr, Nd, Tb, Dy and Ho but Sm, Eu, Gd, Er, Tm, Yb and Lu were below the MQL. The summed concentrations of La, Ce, Pr, Nd, Tb, Dy and Ho in H. marmoreus were 600 μg kg-1 dw in the white variety from Poland, and 530 μg kg-1 dw in the sample from China; and 690 μg kg-1 dw in the brown variety from Poland and 770 μg kg-1 dw, in the sample from China (Mleczek et al. 2018b). 
In view of the methodological aspects of REE determination in H. marmoreus, the authors refer to previously published works, i.e. “Siwulski et al., 2017a; Rzymski et al., 2017” (Mleczek et al. 2018b). The first of these is the only article (see for more details in section 7. Pleurotus species) which has methodological information on REE, including details of the MQL for each element, results and recovery rates of REE from some certified reference materials and an overall uncertainty of determination. In the analytical procedure that was used, whole fresh fruiting bodies (150 g sub-sample) were dried, ground and aliquots of 0.5 ± 0.1 g (in three replicates) were decomposed with 14 mol L-1 Suprapur concentrated nitric acid in pressurised polytetrafluoroethylene (PTFE) vessels with the aid of microwave energy (Mleczek et al. 2018b). These solutions were measured directly (there was no further purification to separate interfering ions, no preconcentration, no recovery spike and no internal standards) by ICP-OES (section 13). Accordingly, the MQL values of the non-detected REE attributed to the studied H. marmoreus were: 10 µg kg dw-1 for La, Tb, Ho and Tm, 20 µg kg-1 for Ce and Gd, and 30 µg kg-1 for Nd, Yb, Dy, Sm, Lu, Pr and Eu (Siwulski et al. 2017a).
Despite the fact that Mleczek et al. (2018b) were only able to provide results for La, Ce, Pr, Nd, Tb, Dy and Ho, it is possible to evaluate the reliability of the REE data by plotting the appropriate distribution patterns. The individual concentrations of the La, Ce, Pr, Nd, Tb, Dy and Ho in each of the four H. marmoreus sample sets together with their natural concentration distribution (undetected elements were treated as “zero”) in these macrofungi are graphically presented in Fig. S16 – upper plots, which obviously do not follow the O-H order for all four batches of H. marmoreus macrofungi, i.e. reported results are not typical. For comparison, Fig. S16 (bottom plots) also shows graphs of the pattern of natural REE concentrations in several other fungi (wild and cultivated) and in the abiotic environment (soil, shales) in both normal and logarithmic scales. There is a huge difference in the natural concentrations distribution pattern of REE (La, Ce, Pr, Nd, Tb, Dy and Ho) between H. marmoreus and the other macrofungi, soil horizon samples or shale. A careful reader may notice that the natural distribution pattern of the REE concentration in materials other than H. marmoreus has a characteristic, sawtooth (zigzag) pattern, which corresponds to the O–H order. This characteristic sawtooth pattern, as clarified, is a good indicator of the integrity and trueness of analytical results on the occurrence of REE in vegetation including cultivated and wild species.

11. Ganoderma species

The species of the genus Ganoderma of the family Ganodermataceae are polypore (order Polyporales) fungi, also referred to as bracket fungi or shelf macrofungi. These are wood-decaying species that grow on living or dead coniferous and hardwood trees. The medicinal formulations made of Ganoderma spp. sporocarps, and especially G. lucidum (Reishi mushroom), are derived from an old prescription used in traditional Asian (Chinese) medicine and ethno mycology. Today, the Ganoderma mushroom products are also widely available internationally as an alternative treatment in cancer diseases. The medicinal value of Ganoderma and other medicinal fungi has been critically evaluated in recent years (Jin et al. 2016; Money, 2016; Cör et al. 2022). 
REE and various other elements were studied in some Ganoderma species by Siwulski et al. (2017b, 2019) and Mleczek et al. (2018a) (Table 1;). Siwulski et al. (2017b) examined Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Tb, Tm and Yb (also Sc and Y) in G. atrum, G. capense, G. hainanense, G. sinense that were cultivated commercially in China and available as a dried product in Shanghai. These authors also examined G. adspersum, G. carnosum, G. lucidum., G. pfeifferi from the experimental cultivation at the Poznań University of Life Sciences. The REE detected in all the Ganoderma samples were La, Pr, Nd, Eu and Ho, while Ce, Sm, Gd, Tb, Dy, Er, Tm, Yb and Lu were not detected at concentrations exceeding the “detection limit” of 10 µg kg-1 dw (Siwulski et al. 2017b). Wet oxidized aliquots (0.300 ± 0.001 g) of dried and ground Ganoderma spp. samples, after dilution, were subjected directly to measurement on an ICP-OES), and the reported methodology is described in more detail in the section on analytics (section 13). The reported sum of La, Pr, Nd, Eu and Ho concentrations in the cultivated Chinese Ganoderma spp. was 2380 µg kg-1 dw in G. atrum, 900 µg kg-1 dw in G. capense, 1820 µg kg-1 dw in G. hainanense and 16,100 µg kg-1 dw in G. sinense. The corresponding sum values for species cultivated experimentally were 2550 µg kg-1 dw in G. adspersum, 1530 µg kg-1 dw in G. carnosum, 3030 µg kg-1 dw in G. lucidum and 4590 µg kg-1 dw in G. pfeifferi (Siwulski et al. 2017b). The wild specimens in the same study showed summed La, Pr, Nd, Eu and Ho concentrations of 1870 µg kg-1 dw in G. applanatum, 1200 µg kg-1 dw in G. lucidum, 2370 µg kg-1 dw in G. pfeifferi and 2020 µg kg-1 dw in G. resinaceum (Siwulski et al. 2017b).
There is currently no reliable database on the full range of REE, including Sc and Y, and their distribution pattern for Ganoderma species. However, there have been a few credible reports on REE occurrences in different fungal species and in light of this information, the reported (Siwulski et al. 2017b)  values of La, Pr, Nd, Eu and Ho in Ganoderma spp. (Fig. 17 A1/A2) appear to be highly elevated with random distribution patterns. Fig. S17 shows a plot of the natural concentration distribution patterns of La, Pr, Nd, Eu and Ho in Ganoderma spp. and other wild macrofungi for which data is available in the literature. In order to simplify the visualisation, the REE that were not detected/determined in Ganoderma spp. or determined in the other studies on wild species were not included in the graphs. Praseodymium shows a specifically high contribution to the REE determined in Ganoderma spp. (Siwulski et al. 2017b), but this distinctive feature (considered as highly anomalous) is not seen in any of the other studies on wild macrofungi (Fig. S17 B1/B2) nor is it evident in many other environmental matrices including cultivable fungal species (Figs. 1-4, 10 and 16).

As discussed, in addition to simple comparison, another approach to the data analysis of REE in environmental abiotic and biological materials and/or to examine any source of contamination with a single REE, is to analyse ratios of their composition (Table 1), natural concentrations distribution patterns and shale (or other matrix) normalised patterns (Borovička et al. 2011; Dołęgowska and Migaszewski, 2013; Migaszewski and Gałuszka, 2015; Bau et al. 2018). This analysis could also help to highlight the reliability of reported REE results. La and Nd are the dominating elements of the La, Pr, Nd, Eu and Ho cluster in macrofungi and also in other environmental matrices (Figs. 1-4 and 17 B1/B2). The ratios of La/Pr and Nd/Pr in wild macrofungi and other environmental materials are in favour of La and Nd but this, with the exception of the G. sinense sample and of Nd in G. capense sample, is not observed in the Ganoderma spp. 
The pattern of La, Pr, Nd, Eu and Ho reported in the G. sinense sample and the ratios of La/Pr and Nd/Pr resemble the typical pattern found in macrofungi reported by other studies but the concentration sum reported, i.e. 16,100 µg kg-1 dw, is enormously high in comparison. Dried macrofungi bought from a retail outlet or an outdoor market can be substantially contaminated with soil dust/sand. For example, the amount of sand found in batches of dried specimens of A. bisporus, B. edulis, Cantharellus cibarius and Gyromitra esculenta, ranged from 0.55 to 1.8% of the product weight (Karkocha and Młodecki, 1965). If this contamination of macrofungi with soil dust or sand is not excluded from analytical samples, it can lead to apparent (false) very high concentrations, not only of REE but also of some other mineral constituents (Stijve et al. 2004). In environmental matrices including chondrite, the occurrence pattern of REE follows the O-H order which governs the relative occurrence of each element within the group (Haskin and Haskin, 1966; Dulski, 2001; Kabata-Pendias and Pendias, 1999; Migaszewski and Gałuszka, 2015). The characteristic sawtooth distribution pattern is also reflected in macrofungi for which reliable data are available (Figs. 1-4 and 10). Clearly, if fruiting bodies are contaminated with surrounding soil/dust particles, the pattern will persist in the macrofungi, but at far more elevated concentrations. The pattern of La, Pr, Nd, Eu and Ho in G. sinense, which resemble that of wild macrofungi (Fig. S17 A1/A2 and B1/B2), may therefore arise from such cross – contamination. Conversely, cerium is the dominant REE in macromycetes, soils, plants as well as in plant substrates for macrofungi (vegetation, wood, trees; e.g. Figs. 1-4 and 10) but this element was not detected above the MQL in the Ganoderma spp. reported by the authors (Siwulski et al. 2017b). 
As mentioned, information on REE has been published for a few other samples of G. lucidum by Mleczek at al. (2018) and Siwulski et al. (2019). Mleczek at al. (2018) studied the REE in the antler and finger forms of a commercial G. lucidum from China and detected La, Ce, Nd, Eu, Er, Tm and Lu (summed concentration was 5470 µg kg-1 dw in the antler form and 4100 µg kg-1 dw in the finger form (Pr, Sm, Gd, Tb, Dy, Ho and Yb were not detected) but the distribution patterns obtained did not follow the O-H order (Fig. 5). G. lucidum, raised on alder/beech sawdust showed a summed concentration (of La, Pr, Nd, Eu and Tm - other REE were not detected) at 1920 µg kg-1 dw, and when raised on oak sawdust/flax sheaves, the concentration was 1090 µg kg-1 dw (Siwulski et al. 2019). Again, the distribution patterns reported were very different from that predicted by the O-H order.

12. Bioconcentration or bio-exclusion (dilution) of REE in fruiting bodies

The potential of macrofungal species to uptake metallic and metalloid elements (including hazardous elements) from the substrate and bioconcentrate these in fruiting bodies is a key determinant of the occurrence. This potential is typically assessed using the bioconcentration factor (BCF) which is effectively the quotient of the concentration in the fruitbody to the concentration in substrate – compost, plant or soil, dry weight to dry weight. Bioconcentrated of an element occurs if the value of the BCF is above unity and conversely, the term bioexlusion (Tyler, 1980), or biodilution is used if the BCF is below one. Metallic elements such as K, Zn, Cu, Mg or Na that are essential to macrofungi are usually bioconcentrated. For example, Amanita muscaria has numerous data on its elemental composition and BCF values, but these do not include REE (Tyler, 1980; Lepp, et al. 1987; Quinche, 1988; Matoso, et al. 1998; ; Vetter, 2005; Falandysz, et  al. 2007a; Falandysz, et  al. 2007b; Drewnowska et al. 2013; Collin-Hansen et al. 2002; Lipka and Falandysz, 2017; Lipka, et al. 2018; Falandysz, et  al. 2018;  Falandysz, et  al. 2019; Falandysz and Treu, 2019; Falandysz, et al. 2020; Hanć et al. 2021). This species bioconcentrates essential K (median BCF in caps up to 1700 for labile fraction in soil), Zn (BCF up to 68) and Cu (BCF up to 160), Mg (BCF up to 13), Na (BCF up to 48) (Falandysz, et  al. 2018; Lipka et al. 2018; Falandysz and Treu, 2019), and also V which is essential to the species (Tyler, 1980). A. muscaria also bioconcentrates toxic elements such as Cd (BCF up to 2700, labile), Hg (BCF up to 51, total fraction), Ag (BCF up to 5, total), and has a higher affinity for Rb that is considered as non-essential (BCF up to 2500, labile) (Falandysz, et  al. 2007a;  Falandysz, et  al. 2018; Lipka et al. 2018; Falandysz and Treu, 2019).  
The REE (also Y) are transferred from soil to plants and macrofungi as a group as they have the same chemical features. As mentioned, Ca and possibly also Ba and Sr, which are biogeochemically closely related, may play a role in the uptake and bioaccumulation of REE by macrofungi, but so far the evidence is sparse or non-existent. Some recent reviews show analogies with the biological coordination chemistry of lanthanides and Ca (+2), and Fe (+3) in lanthanoenzymes of some methylotrophic microorganisms, e.g. Methylorubrum extorquens (Cotruvo, 2019). The BCF values of REE calculated for fruiting bodies of C. cylindracea and P. ostreatus cultivated in seven kinds of organic substrates from the study by Koutrotsios et al. (2018) were below 1, i.e. for Ce were in the range from 0.02 to 0.2 and for Er in the range from 0.03 to 0.2. Even lower values of BCF, i.e. around 0.02 to 0.002, could be assessed for several species of wild “soil” macrofungi (Zocher et al. 2018; Mędyk and Falandysz, 2022). Thus, it would be unrealistic to expect any lanthanide at a greater concentration in mushrooms than in the substrate that is the source of nutrients and other elements. However, lanthanides can be  somewhat better bioconcentrated in fruiting bodies when substrate concentrations are low in comparison to substrates with higher concentrations as has been observed in cultivated  C. cylindracea and P. ostreatus (Koutrotsios et al. 2018) and several wild species (Mędyk and Falandysz, 2022), but they still follow a pattern of bio-exclusion.
[bookmark: _Hlk86659347]Siwulski et al. (2017b) reported a summed concentration of La, Pr, Nd, Eu and Ho in feral G. sinense of 16.1 mg kg-1 dw. If the transfer rate of 0.01 was applied to the uptake of  summed La, Pr, Nd, Eu and Ho from the plant substrate to this specific G. sinense mushroom sample, it would suggest that the wood (natural substrate) of the host plant (or any biomass substrate prepared by cultivator)  would contain 1610 mg kg-1 dw of ∑La, Pr, Nd, Eu and Ho. This is a highly unlikely concentration for such substrates. In addition to cross-contamination (likely arising from inorganic residues in macrofungi or plants from the surrounding soil/dust), other interferences during analytical determination can severely impact the results obtained for REE. This is described in more detail below in the sub-section on analytics. No such phenomena could be identified thus far in the case of macrofungi and REE. As mentioned, the BCF values of REE determined for macrofungi were well below 1 and show bio-exclusion of REE by these organisms (Zocher et al. 2018; Mędyk and Falandysz, 2022). A similar, if more extreme, bio-dilution/exclusion of REE has been reported for rice (BCF of individual REE in the range from 0.000042 to 0.00069) (Tagami et al. 2018). 

13. REE analytics in macrofungi and substrate research

Reliable analytics are an essential tool in chemical studies in life sciences, and this approach covers both routine and atypical studies, such as experiments with REE in mycology. Low REE occurrence and especially very low occurrence of  Tb, Dy, Ho, Er, Tm, Yb and Lu pose difficult challenges to obtaining credible result for fungi. However, the situation with REE is better compared to other elements than one might think. This is because of the similar properties of all 14 elements and the known geochemistry and biogeochemistry of REE which results in all elements behaving as a group in the environment. This  behaviour allows the normal occurrence pattern of REE in biological matrices to be predicted as a characteristic sawtooth or zig-zag, as described earlier. This natural pattern that follows the O-H order is maintained in all environmental and biotic matrices from rocks and soils to fungi. The predictability of the pattern allows for objective and unbiased inspection of analytical results on REE, as well as independent validation of the methodology used and the identification  of possible anomalies in data sets.
La, Ce, Nd and Pr are the most abundant REE in the geosphere, hydrosphere and biosphere but their concentration levels in biological samples from the terrestrial environment is still considered as low. Sector field mass spectrometry (SFMS) is a highly sensitive technique for the determination of REE in digested fungi. The MQL achieved for individual elements in the SFMS determination in fungi is typically around 0.5 µg kg-1 dw, which is considered sensitive for all 14 REE (Falandysz et al. 2001). In the study of 14 REE in cultivated macrofungi and growing substrates, Koutrotsios et al. (2018) used inductively coupled plasma – high resolution mass spectrometry (ICP-MS; 9000 Series ICP-MS of Perkin Elmer, SCIEX, Ontario, Canada), reporting MQL values in the range from 0.005 µg kg-1 dw (Ho, Tm) to 1.3 µg kg-1 dw (La).
[bookmark: _Hlk129954852]Stijve et al. (2004) used high resolution ICP-MS and explained that contamination of a fungal material with soil particles was a major source of error (and erroneously high values with summed 14REE in the range from 3800 to 74,600 µg kg-1  dw in some previously examined wild fungi (Stijve et al. 2002). Soil incorporated at 0.1 % into the dried fungal biomass will contribute 70 mg kg-1 of Al, 40 mg kg-1 of Ca and 60 mg kg-1 of Fe (Stijve et al. 2004). Contamination of the fungal material with particles of sand or debris of the soil substrate will substantially influence the reported results, not only of lanthanides (possibly also Sc and Y) but also of the Al, Ca, Co, Cr, Fe, Li, Ni, Sr, Th, Ti or V, but not of Hg, Cd or Se elements (Cocchi et al. 2002; Stijve et al. 2004). In other words, unusual concentrations of REE, Al, Ca, Co, Cr, Fe, Li, Ni, Sr, Th, Ti or V could arise from secondary contamination of a fungal sample, if there is no other valid reason. Presence of sand particles/soil dust in commercial consignments of dried wild macrofungi appears to be common – the amount of particulate matter ranged from 0.55 to 1.8% for popular species, and according to report by Karkocha and Młodecki (1965) it should not exceed 2%. 
Campos et al. (2009) reported using X-ray fluorescence spectrometry (PHILIPS-PW2404 Pananalytical, Magix-Pro model, with automatic loader PW2540) to  determine Nd and a few other elements in twelve species of wild mushrooms and detected Nd at concentrations from 2800±100 to 7100±490 µg kg-1 dw, which “appear to be excessive and erroneous” as commented by Borovička et al. (2011). In their study Borovička et al. (2011), used ICP–MS and reported summed 14REE median concentrations of 104 µg kg-1 dw in ectomycorrhizal, and 56.6 µg kg-1 dw in saprobic fungi. For Nd alone, the median and maximum concentrations were 19.9 and 103 µg kg-1 dw in ectomycorrhizal and 10.9 and 139 µg kg-1 dw in saprobic species, respectively (Borovička et al. 2011).
The neutron activation (INAA) technique allows for the determination of La, Ce, Nd and Pr in fungi but at low levels of occurrence, it does not yield sufficiently accurate values for the less abundant REEs (Řanda et al. 2005). Pre-separation of the REE as a group before analysis, offers more sensitive INAA determination of La, Ce, Nd, Sm, Eu, Gd, Tb, Yb and Lu at low concentrations (Wyttenbach et al. 1996). Thulium (Tm) is one of the lowest occurring lanthanides in edible fungi and other foods, occurring at concentrations below 1 µg kg-1 dw. So, Tm (and also Ho and Lu) determination in fungi is among the most challenging. In addition to strict sample preparation/purification procedures and chemical standard requirements, this analysis requires either SFMS or other high resolution MS measurement. Alternatively, separation and pre-concentration of purified biological sample digests that have been enriched in macro- and trace elements can be followed by determination using a low resolution quadrupole mass analyser (Falandysz et al. 2001; Borovička et al. 2011; Zocher et al. 2018, Mędyk and Falandysz, 2022).
[bookmark: _Hlk129889504]In addition to cross-contamination (likely arising from inorganic residues in fungal fruiting bodies from the surrounding soil/dust), there are also sources of interferences during spectrometric determination that comes from the co-occurrence in the oxidized fungal digests of some mono- and divalent ions. Fungal digests are typically rich in these metallic ions that occur in very high amounts relative to the REE. Popular B. edulis or C. cibarius showed concentrations of potassium (median or range of the medians for large collections of the caps or whole macrofungi) at 20,000-38,000  and 39,000-60,000 mg kg-1 dw, respectively, rubidium at 190 and 590-1600 mg kg-1 dw, sodium at 100-380 and 45-160 mg kg-1 dw, calcium at 29-170 and 110-520 mg kg-1 dw, magnesium at 580-960 and 940-1200 mg kg-1 dw, manganese at 6.2-35 and 26-44 mg kg-1 dw, zinc at 87, 100-210 and 72-120 mg kg-1 dw, copper at 25, 31-79 and 37-57 mg kg-1 dw, barium 1.5, 0.20-1.5 and 0.60-2.5 mg kg-1 dw, strontium at 0.48, 0.056-0.39 and 0.41-1.1 mg kg-1 dw or silver at 2.9 and 0.048-0.18 mg kg-1 dw (Falandysz et al. 2011; Drewnowska and Falandysz, 2015; Falandysz and Drewnowska, 2015; Falandysz 2022c).  These occurrences introduce important spectral interferences both of an isobaric and polyatomic nature and may be excluded through the use of SFMS or quadrupole spectrometric resolution of sufficient power, regardless of other methodological or quality control aspects. It is essential to run procedural blanks and CRM(s) with the samples under analysis. Modifications or changes of any stages of an established  methodology (such as sample digestion/REE extraction) would requires a full set of AQ/QC data in order to validate the changes.  It should certainly not be assumed that the AQ/QC data set obtained and reported from a study or reported publication would apply to any subsequent studies, each of which would require independent quality data. The use of a recovery spike and internal standards are also essential for controlling interferences as they correct for procedural analyte losses and allow more accurate  determination, otherwise the resulting data could potentially be highly compromised (Yamasaki et al. 1991; Prohaska et al. 1999; Golloch, 2017). When lower resolution ICP-MS instrumentation is  used, a procedure that would quantitatively allow extract purification and pre-concentration of the purified digests should be used, before spectrometric analysis so that the spectral interferences from mono- and divalent ions can be eliminated (Yamasaki et al. 1991; Prohaska et al. 1999; Golloch, 2017).
The use of spectrometric techniques which have poor sensitivity for REE, such as ICP-OES, are not considered to be suitable for the direct analysis of a digest, particularly one that has not been further purified and/or preconcentrated. This applies not only to REE but also to other elements that occur at low concentrations. The choice of other non-specific (to REE)  instrumentation for measurement, e.g. X-rays fluorescence spectrometry, has the potential to produce spurious results on REE concentrations in fungi (Stijve et al. 2004; Borovička et al. 2011; Bulska and Ruszczyńska, 2017; Bradshaw, 2020). Optical emission spectrometry (ICP-OES; Agilent 5100 ICP-OES, Agilent, Santa Clara, USA), in which the measurement aliquot is aspirated directly from the acid decomposed digest without any specific pretreatment such as separation and pre-concentration, was used for multielemental (including REE) determination of numerous species of cultivated fungi by Niedzielski et al. (2017), Rzymski et al. (2017), Siwulski et al. (2017a);  Siwulski et al. (2017b); Mleczek et al. (2018a);  Mleczek et al. (2018b); Siwulski et al. (2019);  Siwulski et al. (2020) and Siwulski et al. (2021). The measured values using ICP-OES for some REE were below the MQL ((elements were determined (as 3-sigma criteria) on the level of 0.01 mg kg−1 dw or „on the order of magnitude of 0.0X mg kg−1”) or it “was better for all elements determined (as three-sigma criteria)” Siwulski et al. 2019), or were highly elevated with random/erroneous distribution patterns (Figs. 4-14) as described earlier.
[bookmark: _Hlk126950084]One study of A. bisporus (Siwulski et al. 2022), also used ICP-MS (instrument model PlasmaQuant MS Q “AnalytikJena” with an integrated collision reaction cell using helium as the collision gas. A ReflexION ion mirror was used to adjust the sensitivity when increasing the range of concentrations). Dried subsamples (0.2 to 0.3 g mass) were digested with a solution of ultrapure concentrated (65%) nitric acid in polytetrafluoroethylene (PTFE) pressure containers with the aid of microwave energy.  Each digest was filtered through laboratory filter paper and made-up to a volume of 15.0 mL with ultrapure water. Elemental analysis was performed directly on the diluted digests (Siwulski et al. 2022), but the plasma gas was not identified in the report. No recovery spike or internal standards were used to correct for any interference during measurement. In terms of analytical quality assurance and quality control (QA/QC), Siwulski et al. (2022) stated that “traceability was checked by analysis of the reference materials such as CRM 2709 –soil, CRM NCSDC (73349) – bush branches and leaves, CRM 667 – estuarine sediments, CRM S-1 – loess soil, CRM 405 – estuarine sediments, and the recovery (80–120 %) was acceptable for most of the elements determined”, and that “for uncertified elements, recovery in the standard addition method was defined”, although no supporting results were provided (Siwulski et al. 2022). The MQL values (3-sigma criteria) for the REE were 0.004 mg kg−1 dw for Ce and Er, 0.007 mg kg−1 dw for Nd, 0.024 mg kg−1 dw for Tm, and 0.025 mg kg−1 dw for La (Siwulski et al., 2022). Nevertheless, the distribution pattern of REE in that study was random (did not follow the O-H order) (upper graphs in Figs. 7-S9) and also the quotient of Nd/Er (Table 1). The results (means and ranges for the period 1977-2020) were, e.g. 0.030 ± 0.017 (< 0.004 - 0.043 ± 0.005) mg kg−1 dw for Er, 0.049 ± 0.029 (< 0.024 - 0.082 ± 0.008) mg kg−1 dw for Tm and 0.046 ± 0.016 (0.022 ± 0.003 - 0.073 ± 0.099) mg kg−1 dw for La, while 0.058 ± 0.026 (0.013 ± 0.002 - 0.109 ± 0.013) mg kg−1 dw for Nd or 0.023 ± 0.009 (0.011 ± 0.003 - 0.050 ± 0.018) mg kg−1 dw for Ce (Siwulski et al. 2022). Thus the ICP-MS method used was unable to resolve the interferences that gave rise to the anomalous  and elevated levels of Er and Tm or low levels of Ce in relation to other REE. 
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