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A B S T R A C T   

Different techniques have been developed for the remediation of Cu contaminated soils, being the phytor-
emediation a sustainable and environmentally friendly strategy, but its use in mine tailings is scarce. Arbuscular 
mycorrhizal fungi (AMF) can decrease the Cu concentration in plants by favouring the stabilization of this metal 
through different mechanisms such as the production of glomalin, immobilization in the fungal wall of hyphae 
and spores, and the storage of Cu in vacuoles. Additionally, the use of organic amendments promotes the 
beneficial effects produced by AMF and improves plant growth. Based on the above, the aim of this study was to 
determine the effect of AMF inoculation and compost application at different doses on the growth of Oenothera 
picensis in a Cu mine tailing. One group of plants were inoculated with Claroideoglomus claroideum (CC) and other 
was non-inoculated (NM). Both CC and NM were grown for two month under greenhouse conditions in pots with 
the Cu mine tailing, which also had increasing compost doses (0%, 2.5%, 5%, and 10%). Results showed greater 
biomass production of O. picensis by CC up to 2-fold compared with NM. This effect was improved by the compost 
addition, especially at doses of 5% and 10%. Therefore, the increase of mycorrhizal and nutritional parameters in 
O. picensis, and the decreasing of Cu availability in the mine tailing, promoted the production of photosynthetic 
pigments together with the plant growth, which is of importance to accomplish phytoremediation programs in 
Cu mine tailings.   

1. Introduction 

The soil contamination by high metal(loid) concentration has 
increased in recent years, becoming an environmental threat worldwide 
(Aponte et al., 2020b). Mining activities have produced an estimate of 
5–14 million tons of mine wastes or tailings in recent decades 
(Schoenberger, 2016), which generate a great negative environmental 
impact that covers large areas of lands and reduce the plant cover and 
diversity (Mendez and Maier, 2008). Tailings often show low organic 
matter (OM) and nutrients amounts, with a high metal(loid) concen-
tration and acidic pH, which promotes the erosion and negative effects 
on the vegetation cover and soil microbial activity (Kossoff et al., 2014; 

Lima et al., 2016; Aponte et al., 2020a). 
Phytostabilization is recommended for the remediation of mine 

tailings since it limits the toxicity of the metal(loid)s, maintaining the 
plant cover that stabilizes the surface of the tailings, which prevents 
wind and water erosion (Miller and Zégre, 2014; Lima et al., 2016). To 
improve Cu phytostabilization, metallophytes tolerant to high Cu con-
centration are required. Also, the presence of other benefic traits is 
desirable such as the tolerance to other adverse conditions as extreme 
pH values, severe drought and salinity, and low content of OM and 
mineral nutrients, which are conditions commonly present in mine 
tailings (Baker et al., 2010; Huang et al., 2012). In this context, Oeno-
thera picensis Phil. subsp. picensis (described as Oenothera affinis for 
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González et al., 2008; and later referenced as Oenothera picensis) is a 
biennial plant commonly present in degraded soils, with a natural dis-
tribution in central Chile and border areas with Argentina (Rodriguez 
et al., 2018). Additionally, this plant can grow in highly Cu contami-
nated soils by mine wastes (González and Neaman, 2015) with total and 
available Cu concentration up to 830 and 330 mg kg− 1, respectively 
(Cornejo et al., 2008). Furthermore, O. picensis has shown high Cu 
accumulation in root organs (Meier et al., 2012), high biomass pro-
duction, and drought resistance, by which it is a potential candidate in 
phytoremediation assays of Cu contaminated soils (González-Guerrero 
et al., 2007; Meier et al., 2011, 2015, 2017; Cornejo et al., 2017). 

In phytostabilization, some of the major limitations for the in situ 
plant establishment are the physicochemical conditions of the mine 
tailings, by which it is needed the use of organic amendments and other 
strategies to improve soil conditions for plants (Doronila et al., 2014; 
Medina et al., 2015; Tapia et al., 2016). In this sense, the main function 
of the organic amendments in phytostabilization processes is to im-
proves the soil pH (reach an optimal value) and water holding capacity, 
as well as, provides nutrients for plants and OM to promote the complex 
formation with potentially toxic elements. Several sources of organic 
amendments and nutrients have been evaluated for stabilizing mine 
tailings. Recently, Tapia et al. (2017) showed that the addition of po-
tassium humates on Cu mine tailings decreased the transport of Cu to the 
shoot of the halophyte Carpobrotus aequilaterus, promoting the Cu sta-
bilization in the root. The mitigation of metal(loid) toxicity can facilitate 
the plant establishment and also the root colonization by arbuscular 
mycorrhizal fungi (AMF) (Bolan et al., 2014; Cicatelli et al., 2012; 
Medina et al., 2015, 2017; Wang et al., 2017). AMF belong to the 
phylum Glomeromycota and are commonly associated with the roots of 
most terrestrial plants, forming the arbuscular mycorrhizal (AM) sym-
biosis (Kleinert et al., 2018). In the AM association, the fungus colonizes 
the root cortex and develops an extensive network of extraradical 
mycelium around the root (Meier et al., 2012; Cornejo et al., 2017). AMF 
are widely used in phytoremediation processes due to the benefits they 
have for the plant, especially in conditions of water limitation, low 
fertility, and high levels of toxic elements (Barea et al., 2013; Cicatelli 
et al., 2012; Meier et al., 2011, 2012; Seguel et al., 2012). It has been 
described that AMF colonization can decrease the Cu concentration in 
the whole plant but also can increase the Cu-stabilization through 
different mechanisms such as the production of glomalin, immobiliza-
tion by part of the fungal wall of hyphae and spores, and the storage of 
Cu in vacuoles into resistance spores (Cornejo et al., 2013; Nayuki et al., 
2014; Ferrol et al., 2016). The inclusion of compost can facilitate the 
development of the AM symbiosis and improve the plant growth even in 
extreme conditions as shown by mine tailings (Bolan et al., 2014; 
Medina et al., 2015, 2017; Wang et al., 2017). Although these studies 
suggest the potential usefulness of these tools in phytoremediation 
strategies, a deep understanding of the effects considering the applica-
tion of AMF in mining tailings is necessary. We hypothesize that the 
combined effect of both tools (AMF inoculation and compost applica-
tion) will improve phytoremediation processes in mine tailings by 
increasing plant growth and metal(loid) and reducing Cu bioavail-
ability. Based on the above, here we aimed to determine the effect of 1) 
AMF inoculation, 2) the incorporation of increasing compost amounts, 
and 3) their interaction on the growth of O. picensis plants growing in Cu 
mine tailings. This will allow approaching the optimal conditions for 
further in field compost application and establishment of AMF colonized 
plants to be used in the stabilization of several abandoned Cu mine 
tailings. 

2. Materials and methods 

2.1. Mine tailings, compost, and biological material 

Copper mine tailings here used were collected from the non- 
operative reservoir Piuquenes, located in the Aconcagua Valley, Los 

Andes, Valparaíso Region (32◦59′47.96′′ S; 70◦15′14.16′′ W). Addi-
tionally, we acquired compost from La Pintana municipality, through 
the Direction of Environmental Management (DIGA), which was pro-
duced using the organic wastes from the commune. The physicochem-
ical characterization was determined for Cu mine tailing and compost 
(Table 1). The pH was measured in an aqueous suspension (1:2.5, w:v). 
Electrical conductivity (EC) was determined in a saturation extract. OM 
content was determined by loss weight after ignition at 360 ◦C for 16 h 
and available concentration of N, P, K were determined according to 
Tapia et al. (2020). Available N concentration was measured by 
extraction with KCl, distillation, and titration. Available P was measured 
according to the Olsen method (Olsen and Sommers, 1982). For the 
determination of the total concentration of metalloids (Cu, Fe, Mn, and 
Zn), the samples of mine tailings were digested with HF-HClO4-HCl- 
HNO3 (Dold and Fontbote, 2001) and analyzed by Atomic Absorption 
Spectrophotometer (AAS, Unicam SOLAAR, mod. 969). For the deter-
mination of available Cu, DTPA-CaCl2-TEA at pH 7.3 was used as 
extractant (Baker and Amacher, 1982) and quantified by AAS as above. 
For the calibration of AAS equipment and accuracy of analytical pro-
cedures, we used the Montana Soil SRM 2711 as reference. Seeds of 
mature plants of O. picensis were obtained from the ecosystem sur-
rounding the Ventanas smelter installation in the Puchuncaví Valley 
(Valparaíso Region). The seeds were surface-sterilized with 2% 
chloramine-T solution for 5 min and rinsed thoroughly with distilled 
water. Then, seeds were germinated in plastic trays using 10 g of the 
AMF inoculum as substrate. To produce non-AMF-colonized plants, we 
used the same inoculum after autoclave sterilization by 30 min at 
121 ◦C. The plantlets were maintained in the trays for three weeks after 
their emergence to ensure the AM fungal colonization before trans-
planting. We used an inoculum of Claroideoglomus claroideum that was 
provided by Centro de Investigación en Micorrizas y Sustentabilidad Agro-
ambiental (CIMYSA), Universidad de La Frontera, Temuco, Chile. For the 
inoculum production, an open pot culture was performed using a mixed 
substrate composed by sepiolite, quartz sand, and vermiculite (1:1:1, v: 
v:v), with Sorghum bicolor and Trifolium repens as host plants. After six 
months, the rhizosphere substrate and roots were sieved through a mesh 
of 0.5 mm and collected in a mesh of 53 µm (200 mature spores per g), 

Table 1 
Main physicochemical characteristics of mine tailing and compost.   

Compost Mine 
tailings 

Range of 
reference mine 
tailingsa 

Reference of total 
metal levels in 
non-contaminated 
soils 

pH 8.5 ±
0.01 

4.05 ±
0.01 

1.8–9.4 – 

Electrical 
conductivity 
(dS m− 1) 

4.5 ± 0.1 0.03 ±
0.001 

0.1–22.4 – 

Organic matter 
(%) 

27.8 ±
0.29 

0.3 ±
0.002 

0.02–25 – 

Available N 
(mg kg− 1) 

97 ± 2.3 9.6 ±
0.18 

– – 

Available P 
(mg kg− 1) 

361.5 ±
18.9 

28 ±
0.12 

1.0–400 – 

Available K 
(mg kg− 1) 

10,243 
± 106 

58 ±
0.03 

1.0–564 – 

Total Cu (mg 
kg− 1) 

36.13 ±
2.89 

396 ±
22.42 

1.0–750 2.0–250c 

Total Fe (mg 
kg− 1) 

12,948 
± 112 

61,184 
± 356 

4,000–57,0000 2,000–55,000c 

Total Mn (mg 
kg− 1) 

206 ±
5.2 

278 ±
4.7 

1.0–4,000 100–4,000b 

Total Zn (mg 
kg− 1) 

34 ±
0.38 

41 ±
0.35 

1.0–5,000 1.0–900b 

Values are expressed as means ± standard error of three independent data. 
a Hossner and Shahandeh (2005). 
b Adriano (1986). 
c Sparks (2003). 
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which was used as inoculum. Before the greenhouse test, the Cu mine 
tailing was mixed manually with the corresponding amount of compost 
and stored for two weeks. The pots (1 L) were filled with the substrate, 
and the plantlets were placed in the middle of the pot individually. 

2.2. Experimental design 

An in vivo pot experiment with mine tailings was performed using a 
full factorial randomized experimental design that included two levels of 
AMF inoculation: i) with Claroideoglomus claroideum (CC) and ii) non- 
inoculated (non-mycorrhizal, NM). Also, the compost addition was 
made at increasing doses (%) regarding the total weight of the pots that 
resulted in the following levels: i) without compost (C0%), 2.5% 
(C2.5%), 5% (C5%), and 10% (C10%) w/w. A Cu mine tailing was here 
used as the main substrate, which was mixed with the compost at the 
above rates (see Supplementary Material 1). The combination of the 
factors produced eight treatments with five replicates (n = 5) consid-
ering one plant in each plot. The plants were harvested after 60 days of 
growth after transplanting. 

2.3. Growth conditions 

The greenhouse experiment was carried out using a 16/8 light/dark 
photocycle, 18/26 ◦C night/day and 50% of relative humidity. The 
germinated seeds of O. picensis and the experiment were maintained 
under the same conditions. The experiment was preserved in the same 
conditions for 60 days, being the pots randomized weekly to avoid block 
effects. All the pots were water adjusted every two days with 100 mL of 
distilled water. 

2.4. Plant mineral and photosynthetic pigments measurement 

At harvest, shoot and root of O. picensis were separated and dried at 
65 ◦C for 48 h and weighed. Subsequently, the plants were ground, 
converted to ashes in an oven at 550 ◦C and digested using an H2O/HCl/ 
HNO3 mixture (8:1:1, v:v:v) (Meier et al., 2015). The plant extracts were 
used for total Cu determination by Flame-Atomic Absorption Spectro-
photometer. Previous to the drying process, photosynthetic pigments 
were extracted from three leaf discs of 4 mm radius with a solution of 
80% acetone at 4 ◦C for 24 h. The absorbance of extracts was measured 
using a spectrophotometer at wavelengths of 664, 647 and 430 nm for 
chlorophyll a (Chl a), chlorophyll b (Chl b) and carotenoids, respectively 
(Wellburn, 1994). The concentrations of pigments were calculated ac-
cording to equations reported by Lichtenthaler (1987). 

2.5. Arbuscular mycorrhizal fungal measurements 

Arbuscular mycorrhizal fungal colonization percentage was deter-
mined by visual observation of fresh root pieces (1 cm) obtained before 
the drying process using a stereomicroscope (40–60X magnification). 
Root fragments were cleared using KOH 10% w/v and stained using 
trypan blue solution 0.05% w/v in lactic acid according to Phillips and 
Hayman (1970). Quantification of AMF colonization (%) was calcu-
lated according to the gridline intersect method (Giovanetti and Mosse, 
1980). AMF spores were isolated from 20 g of soil through wet sieving 
and decanting method, followed by sucrose centrifugation at 2,500 
rpm for 10 min. After centrifugation, the supernatant was poured 
through 50 μm-pore size mesh and quickly rinsed with tap water. 
Spores were counted in a Petri dish under the dissecting microscope 
(Sieverding, 1991). 

2.6. Statistical analysis 

The main effect of CC inoculation, compost application, and their 
interaction was statistically analyzed by two-way analysis of variance 
(ANOVA). Data not meeting statistical assumptions for normality and 

homoscedasticity were transformed using Ln+ 1 function, but the results 
are presented in their original scale of measurement. Treatments with 
significant differences were analyzed using the Tukey’s HSD as a post 
hoc test to compare the means between factor levels. In addition, data 
were also subjected to principal component analysis (PCA) to evaluate 
the multivariate effect of established treatments and the relationship 
between variables. For all the procedures, we considered a P < 0.05 as 
statistically significant. The software SPSS 22.0 (IBM) and R statistics 
3.5.1 were here used for analyses. 

3. Results 

3.1. Characterization of Cu mine tailing and compost 

The Cu mine tailing has very acid pH, high total Cu concentration, 
low OM and N content, and high EC (Table 1). On the other hand, the 
compost pH was alkaline (pH = 8.5) with high nutrient concentration 
(Table 1). Besides the low pH of Cu mine tailing, compost addition 
increased the pH on all treatments (Fig. 1; Supplementary Material 2), 
ranging from 4 in the non-amended treatments to ~7 in the C10% 
treatment. The total Cu concentration in the mine tailing was slightly 
higher in the treatments inoculated with CC at all the compost doses 
(Fig. 1b), with a significant increase in CC-C0% (192 mg Cu kg− 1), 
compared with NM-C0% (165.5 mg Cu kg− 1) and CC-C10% (160.2 mg 
Cu kg− 1). The increase of the compost doses did not generate changes 
in the total Cu concentration of the mine tailing, maintaining values of 
about 165 mg Cu kg− 1 in NM, and 185 mg kg− 1 in CC. On the other 
hand, extractable Cu DTPA decreased in CC-2.5%, CC-5%, and CC-10% 
respect to the NM treatments and NM-C0% (Fig. 1c). No differences 
were observed between CC-C5% and CC-C10%. Despite this, the lowest 
Cu extractable DTPA concentration was found in CC-C10% (20.8 mg 
kg− 1) with a decrease of approximately 3-fold compared with NM-C0% 
(61.3 mg kg− 1). In NM, the C10% treatment decrease the Cu extract-
able DTPA concentration at least 2-fold (27.5 mg Cu kg− 1), compared 
to C0% (61.3 mg kg− 1). 

3.2. AMF characteristics 

Increasing compost application did not affect the AMF colonization 
by CC in O. picensis roots. However, all the CC inoculated plants showed 
about 30% of AMF colonization (Fig. 2a; Supplementary Material 2), 
being C10% the treatment with the highest AMF colonization (33.2%). 
Compost application had a significant effect on spore density, especially 
in C5% and C10% (Fig. 2b), increasing by 1.5 and 2 fold, respectively, 
compared with C0%. AMF hyphae density presented a significant in-
crease only in C10% (Fig. 2C), reaching 88 cm g− 1. 

3.3. Plant biomass production and photosynthetic pigments 

Plants of O. picensis presented classic features of Cu toxicity as 
chlorosis and necrosis, especially in NM-C0% treatment. Nevertheless, 
some plants were able to flower even under these stress conditions. 
Plants inoculated with CC had a significant increase on shoot dry weight 
in all the cases (Fig. 3a; Supplementary Material 2), with an increase 
approximately of 2-fold in C0%, C2.5%, and C10% compared to NM, 
reaching the highest shoot biomass production (1,7 g per plant) in 
C10%. Roots of AMF inoculated plants showed an increase in dry weight 
compared with NM plants (Fig. 3b), with significant differences in C0% 
respect to C10%. Detailing, the highest root biomass production was in 
CC-C10% with 0.9 g of dry root per plant. In non-inoculated treatments, 
compost had no significant effect on shoot and root biomass production. 
However, AMF enhanced the biomass increase in shoot at all compost 
doses and had a significant increase in root biomass at C10%. 

Photosynthetic pigments (Chl a, Chl b, and carotenoids) showed a 
tendency to increase as the compost dose increases (Fig. 4; Supple-
mentary Material 2). The combined application of AMF inoculation and 
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compost supply at C5% and C10% had a significant increase for all 
pigments compared to C0%. The most noticeable increase of photo-
synthetic pigments was found in CC-C10%, which promoted higher 
values for all the pigments compared to NM, with a final production of 
0.3, 0.09 and 0.19 mg cm− 2, respectively (Fig. 4). 

3.4. Cu concentration in plant tissues 

The Cu concentration in shoot was higher in plants inoculated with CC 
compared to NM plants, especially in C0% and C2.5% (Fig. 5a; Supple-
mentary Material 2). The highest Cu concentration was observed in CC- 
C2.5%. Noticeably, this effect produced by the CC inoculation decreases 
at highest compost doses (C5%, C10%), with no differences in NM plants. 
In roots, the highest Cu concentration was registered in NM-C0%, 
reaching a Cu concentration of 1131.5 mg kg− 1 (Fig. 5b). Inoculation 

with CC had a significant reduction on root Cu concentration at C5% and 
C10% (about 3.7-fold for both) compared with NM-C0%. 

3.5. Multivariate associations 

A principal component analysis reflected the formation of highly 
homogeneous groups of experimental variables (Fig. 6a). The PC1 and 
PC2 explained 57.6% and 19.4% of the total variance, respectively 
(Supplementary Material 3). The confidence ellipsoids showed the 
separation of four well-defined groups of compost doses, which was 
more evident by the CC interaction where overlapping between groups 
was absent (Fig. 6). In this sense, PCA showed a clear separation be-
tween NM and CC, with higher plant attributes and less total Cu con-
centration in mine tailing in CC treatments (Fig. 6). The variables with 
more contribution were photosynthetic pigments, root and shoot 
biomass, and mycorrhizal attributes in PC1, as well as total Cu Con-
centration in shoot and mine tailing in PC2 (Fig. 6). Additionally, PCA 
displayed negative correlations between the mine tailing pH and 

Fig. 1. Substrate pH (A), total Cu concentration on mine tailing (B) and 
extractable Cu-DTPA (C) at the end of the assay in non-inoculated Oenothera 
picensis plants (NM) and inoculated with the fungus Claroideoglomus claroideum 
(CC) amended with different doses of compost. Values are expressed as means ±
S.E. Different letters over the bars indicate significant differences between 
means at p < 0.05 (two-way ANOVA, Tukey’s HSD post-hoc test, n = 5). 

Fig. 2. Arbuscular mycorrhizal fungal parameters: Percentage of mycorrhiza-
tion (A), N◦ of spores in 10 g of substrate (B) and mycelium length (C) present 
at different compost doses. Values are expressed as means ± S.E. Different 
letters over the bars indicate significant differences between means at p < 0.05 
(two-way ANOVA, Tukey’s HSD post-hoc test, n = 5). 
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photosynthetic pigments with total Cu concentration in roots and 
extractable Cu concentration in the substrate at the end of the experi-
ment. Similarly, the total Cu concentration in the mine tailing was 
negatively correlated with all mycorrhizal variables and root and shoot 
biomass. 

4. Discussion 

The total Cu concentration in the mine tailing is similar to other 
present in areas from northern Chile (400 mg kg− 1; Santibáñez et al., 
2008), but is lower than other Chilean soils where the Cu concentration 
was found between 2000 and up to 4393 mg kg− 1 (Dold and Fontbote, 
2001; Santibáñez et al., 2012). In Chile, plant communities present in 
Cu contaminated soils are dominated by few metallophyte species, 
which can grow under these restrictive conditions (Ginocchio and 
Baker, 2004). Metallophytes have developed biological mechanisms to 
resist or tolerate metal(loid) toxic conditions in soils and are typically 
endemic from the native plant communities present in the area (Meier 
et al., 2012). Oenothera picensis is a plant species that has been 
described naturally growing in Cu-contaminated soils (Cornejo et al., 
2008; González et al., 2008), which has been suggested as an alter-
native for phytoremediation in these soils (Meier et al., 2011, 2012, 
2017; Cornejo et al., 2017). Moreover, here we confirm that O. picensis 
is able to grow successfully in Cu mine tailings; however, the use of 
other technologies must be a key point to take into account. Our results 
demonstrate that the colonization with C. claroideum and the use of 
compost as an organic amendment synergistically improve the global 
performance of O. picensis plants. 

The joint use of C. claroideum with compost addition significantly 
reduced the bioavailability of Cu in the mine tailings, especially at the 
highest doses (5% and 10%). The AMF are recognized for producing 

multiple beneficial effects that improve plant tolerance to toxic ele-
ments, mainly because their interaction with the soil root interface, 
acting as a biological barrier against the transport of metal(loid)s to-
wards the plant. This is mainly due to the presence of proteins with high 
affinity for metal(loid)s, such as chitin, melanin, and glomalin in the 
fungal cell wall, which allow the accumulation of these metal(loid)s in 
hyphae and spores (González-Guerrero et al., 2007; Ferrol et al., 2016; 
Cornejo et al., 2017). Additionally, it has been described that organic 
amendments can decrease Cu bioavailability in soil through interaction 
with humic substances, which also promote the plant cover formation in 
mine tailings (Gil-Loaiza et al., 2016; Medina et al., 2017; Pardo et al., 
2017). On the other hand, it is well known that acidic conditions in-
crease the bioavailability of several meta(loid)s in soil solution. Thus, 
the decrease of available Cu can be partially attributed to the significant 
increase of the pH in the C10%, which is supported by the negative 
correlation between both variables (Fig. 6). In this context, higher OM 

Fig. 3. Oenothera picensis dry weight values for root (A) and shoot (B) of non- 
inoculated plants (NM) and plants inoculated with the fungus Claroideoglomus 
claroideum (CC) and amended with different compost doses. Values are 
expressed as means ± S.E. Different letters in the bars indicate significant dif-
ferences between means at p < 0.05 (two-way ANOVA, Tukey’s HSD post-hoc 
test; n = 5). 

Fig. 4. Chlorophyll a (A), Chlorophyll b (B) and carotenoid (C) concentration 
in leaves of Oenothera picensis of non-inoculated plants (NM) and plants inoc-
ulated with the fungus Claroideoglomus claroideum (CC) amended with different 
compost doses. Values are expressed as means ± S.E. Different letters over the 
bars indicate significant differences between means at p < 0.05 (two-way 
ANOVA, Tukey’s HSD post-hoc test, n = 5). 
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content and pH by compost addition could reduce Cu bioavailability for 
plants on the substrate by increasing negative charge, Cu precipitation 
as hydroxides, and formation of hydroxyl species that are more strongly 
retained compared to free metal ion species (Jones et al., 2016; Medina 
et al., 2017). Similar results were observed by Solís-Dominguez et al. 
(2012), where the use of compost concentrations of 10% and 15%, 
reduced the availability of meta(loid)s such as As, Pb, Zn and Cu in acid 
mine tailing, suggesting a reduction on the mobility of these 

contaminants by compost. On the other hand, Mendez et al. (2007) 
observed that concentrations of compost from 10% to 25% significantly 
increased the growth of Atriplex lentiformis in mine tailing, with an in-
crease in the accumulation of meta(loid)s as Na, K, Mn and Zn in shoot. 
These studies emphasize that the key factor in the establishment of 
plants in acidic mine tailing is the improvement of soil characteristics, 
mainly modifying the pH and providing a source of OM (Mendez et al., 
2007; Solís-Dominguez et al., 2012; Gil-Loaiza et al., 2016). 

About the root colonization by C. claroideum, this fungus was able to 
successfully colonize O. picensis plants growing in Cu mine tailings even 
without the compost addition. Furthermore, the increase of compost 
doses did not affect the mycorrhization capacity at least as total per-
centage of root colonization. However, compost addition positively 
affected other mycorrhizal parameters such as spore formation and 
hyphal density, especially at C5 and C10%. This result is consistent with 
previous studies where compost increased the development of the AMF 
and the spore production due to the increase in some components of OM 
such as humic acids and the contribution of nutrients such as N or P 
(Cavagnaro, 2015; Santana et al., 2015). Additionally, C. claroideum has 
previously demonstrated the particular capability to compartmentalize 
the Cu in spores (Cornejo et al., 2013), which in this case can be a 
relevant fungal trait to increase the tolerance of plant against the Cu 
present in high levels in the substrate. 

The Cu toxicity affects various biochemical and physiological pro-
cesses in the plant, due to several interactions expressed at cellular and 
molecular level (Kabata-Pendias and Pendias, 2001). Detailing, the 
decrease of chlorophyll concentration and membrane damage by 
oxidative stress are the main responses inducing the toxicity and the loss 
of plant growth (Xu et al., 2017). In this study, the interaction of 
C. claroideum and compost decreased the Cu bioavailability in the mine 
tailing and total Cu content in roots, which produced an increase of 
measured photosynthetic pigments at C5% and C10% in O. picensis. This 
beneficial effect was strongly related to the production of plant biomass 
and the increase of mycorrhizal propagule densities, such as the pro-
duction of hyphae and spores. Also, the negative correlation between pH 
and the concentration of photosynthetic pigments with Cu extractable in 
mine tailings (Fig. 6) support the above mentioned effects. One effect of 
chlorophyll recovery is an increase in the amount of light captured by 
leaves, which in turn reduces the possibility of damage by reactive ox-
ygen species produced by Cu excess (Kranner et al., 2002; Bagheri et al., 
2011). In general, the combined use of AMF and high compost con-
centrations improved the growth of O. picensis in both shoots and roots 
(Fig. 3). In shoot, we observed an additive effect in growth produced by 
AMF and compost, in a similar way to the observed for photosynthetic 

Fig. 5. Copper concentration in shoot (A) and root (B) of Oenothera picensis 
plants non-inoculated (NM) or inoculated with the fungus Claroideoglomus 
claroideum (CC) and amended with different compost doses. Values are 
expressed as means ± S.E. Different letters over the bars indicate significant 
differences between means at p < 0.05 (two-way ANOVA, Tukey’s HSD, post- 
hoc test; n = 5). 

Fig. 6. Principal component (PC) analysis for arbuscular mycorrhizal fungal inoculation and compost addition for plants growing in a Cu mine tailing. The PCs are 
used for the ordination of both the experimental variables and all the individuals according the treatments established. Compost doses represent contents in %. 
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pigments. However, no significant difference was observed between CC- 
C5% and CC-C10% in Cu shoot concentration, suggesting that the dif-
ference in growth can be due to the nutrient increase of the mine tailing 
by compost, which is consistent with the increase in AM propagules 
density observed in CC-C10%. Additionally, the above results suggest 
that a diminish in shoot Cu concentration is mainly related to the 
reduction of Cu availability in the mining tailings with high compost 
doses. Therefore, our results suggest that the combined use of compost at 
a medium-high level (5% and 10%) can be successfully used to improve 
rhizosphere conditions, which reduced Cu availability and allow a wide 
AMF colonization both in the substrate and in the root of O. picensis. This 
reduced Cu concentration in root and shoot, finally generates an in-
crease in photosynthetic rates and plant growth. Undoubtedly, the next 
step in the validation of this conceptual framework is the use of 
O. picensis under in field conditions, considering the production of 
“conditioned” plants colonized with effective AMF strains and with the 
most cost-effective level of organic amendments. These aspects are 
crucial since they could optimize the implementation of mitigation plans 
in mine tailings using effective metallophytes and AMF strains in an 
advantageous cost-effective way, using biotechnologies easy to be 
implemented. 

5. Conclusion 

Our results demonstrated that Oenothera picensis can efficiently 
growth in Cu mine tailing as a first noticeable step for further in-situ 
phytoremediation processes. Although O. picensis was able to establish 
without the colonization by the AM fungus Claroideoglomus claroideum 
or compost, the inoculation with C. Claroideum and the use of increasing 
doses of compost had a significant positive effect on the O. picensis, 
producing a noticeable increase in biomass up to 2-fold. Under this 
conditions, C. Claroideum was able to produce symbiosis with O. picensis 
regardless of compost concentration, showing great potential as a tool 
for plant growth in Cu mine tailing. Our results suggest that this better 
performance is mainly due to an increase in nutrient availability in 
O. picensis plants due to the supply through the compost addition and the 
uptake by the mycorrhizal way, and also by the reduction of Cu avail-
ability in the mine tailings. In this sense, a key aspect to be considered in 
future research for sustainable management of mine tailings should 
incorporate the use of effective AM fungal strains, including other mi-
crobial groups with plant-growth potential. Interestingly, one of the 
most evident variables representing the performance of O. picensis plants 
were the photosynthetic pigments, which could be a good indicator to 
analyze the behavior of plants in phytoremediation programs easily. 
Despite the best performance of O. picensis with C. claroideum inocula-
tion and a compost dose of 10%, a dose of 5% can significantly improve 
pH, shoot biomass, photosynthetic pigments, Cu accumulation in shoot, 
and Cu available in the tailings. This factor regarding the cost- 
effectiveness of the program must be relevant to consider because the 
volume and transport can be the most important cost to decide its 
incorporation to improve phytoremediation plans in mine tailings. 
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R. Pérez et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.ecoenv.2020.111495
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref1
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref1
https://doi.org/10.1016/j.ecoenv.2020.110264
https://doi.org/10.1002/ldr.3630
https://doi.org/10.1007/s11099-011-0064-5
https://doi.org/10.1007/s11099-011-0064-5
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref5
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref5
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref5
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref5
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref6
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref6
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref6
http://refhub.elsevier.com/S0147-6513(20)31332-4/sbref6
https://doi.org/10.1201/b15251-16
https://doi.org/10.1201/b15251-16
https://doi.org/10.1016/j.jhazmat.2013.12.018
https://doi.org/10.1016/j.jhazmat.2013.12.018
https://doi.org/10.1016/bs.agron.2014.09.005
https://doi.org/10.1016/bs.agron.2014.09.005
https://doi.org/10.1016/j.envexpbot.2011.08.012
https://doi.org/10.1016/j.scitotenv.2008.07.045
https://doi.org/10.1016/j.scitotenv.2008.07.045
https://doi.org/10.1016/j.soilbio.2012.10.031
https://doi.org/10.4067/S0718-95162016005000070
https://doi.org/10.1016/S0375-6742(01)00174-1


Ecotoxicology and Environmental Safety 208 (2021) 111495

8

(Steudel) S.T. Blake) and spider grass (Enteropogon acicularis (Lindl.) Lazarides) in 
saline and arsenic contaminated gold mine tailings: a glasshouse study. Miner. Eng. 
56, 61–69. https://doi.org/10.1016/j.mineng.2013.10.025. 

Ferrol, N., Tamayo, E., Vargas, P., 2016. The heavy metal paradox in arbuscular 
mycorrhizas: from mechanisms to biotechnological applications. J. Exp. Bot. 67, 
6253–6265. https://doi.org/10.1093/jxb/erw403. 

Gil-Loaiza, J., White, S., Root, R., Solís-Dominguez, F., Hammond, C., Chorover, J., 
Maier, R., 2016. Phytostabilization of mine tailings using compost-assisted direct 
planting: translating greenhouse results to the field. Sci. Total Environ. 565, 
451–461. https://doi.org/10.1016/j.scitotenv.2016.04.168. 

Ginocchio, R., Baker, A., 2004. Metalofitas en América Latina: un recurso biológico y 
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