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Abstract

Ricinus communis L. was found to vegetate mine tailings with high concentrations
of Al (4,456 mg kg"), As (3,473 mg kg'), Cd (120 mg kg"), Cr (14 mg kg"), Cu (1,147 mg kg"), and
Pb (910 mg kg'). We investigated how this plant responded to increased heavy metal concentrations by
mixing mine tailing at 0%, 50%, 70%, and 100% with soil at 100%, 50%, 30%, and 0%, while metal
concentrations in the rhizosphere, roots, and aboveground parts of R. communis were monitored. Ricinus
communis shoots were 19% smaller and roots 8% in soil mixed with an equal amount of mine tailings
compared to plants cultivated in soil and 33% and 54%, respectively, when cultivated in mine tailings.
The ratio of As, Cd, Cu, and Pb in the aboveground plant parts to the concentration in soil remained
<0.12, while that of the roots <0.25. The As concentration was 35% lower in the bulk soil than in the
rhizosphere. We found that R. communis growth was inhibited strongly when cultivated in mine tailings,
but less so when mixed with soil, and metals did not accumulate in the roots and aboveground plant parts.
These characteristics make R. communis ideal to vegetate metal-contaminated soil, thereby reducing the
environmental hazards of mine tailings.

Keywords: aboveground plant parts, bulk soil, exclusion or accumulation of metals, rhizosphere

Introduction

Mining activities generate large amounts of metal-
rich waste materials and are considered a major cause
of soil contamination [1]. In Mexico, mining for gold,

*e-mail: bioqvic@hotmail.com

silver, and copper started 500 years ago, which has
created huge amounts of mine waste, or tailings [2].
These tailings contaminate soil, subsoil, aquifers,
surface and ground water, the atmosphere, flora, and
fauna. Drinking water is contaminated and animals
left to graze accumulate the heavy metals taken up by
plants [3-4]. This dispersion of these heavy metals in the
environment and their bioaccumulation poses a serious
risk to humans [4].
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There are plants that resist high concentrations of
heavy metals in the soil [5-6]. Some plants incorporate
the metals, but are not affected metabolically by
them, while others exclude them [7]. The efficiency
of these processes depends on the type of plant, soil
characteristics, and microbiota in the rhizosphere
[8]. Consequently, some plants can grow on heavily
contaminated mine tailings [9]. In a previous study,
Ortega et al. [10] found species of the Euphorbiaceae
family, e.g. Acalypha monostachya Cav., Euphorbia sp.
L., Jatropha sp. L., and Ricinus communis L. growing
on mine tailings in Zimapan (Hidalgo, Mexico). These
plants, particularly Ricinus communis, grew in soils with
high concentrations of heavy metals, such as Al, As, Cd,
CO, Cr, Cu, and Pb [10]. These characteristics would
make them ideal to vegetate mine tailings, thereby
limiting the environmental hazards of mine waste.

Ricinus communis is a plant adapted to a wide
range of climates and can be found now in most
tropical and subtropical parts of the world [11], and is
cultivated in countries such as India, China, Brazil,
Argentina, Thailand, and the Philippines [12-13]. Ricinus
communis is a multipurpose crop of interest because
of its commercial importance as a non-food tree for
biodiesel production [14-15], and unique biochemistry
and valuable biomaterials, such as, castor oil, ricinoleic
acid, ricinoleyl-sulfate, lithium grease (lithium
hydroxystearate), 10-undecylenic acid, and 11-amino-
un-decanoic acid [16]. It is used widely in traditional
medicine and has been used against constipation,
stomach disorders, swelling fever, and scorpion stings
[17-18].
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Several studies have found that R. communis
grows in metal-contaminated soil with a potential for
phytoremediation [14]. It is not known, however, how
much the growth of Ricinus communis is affected when
cultivated in mine tailings with high concentrations of
heavy metals and if the plant accumulates or excludes
them. Therefore, in this study R. communis plantlets
were cultivated in mixtures of soil (100%, 50%, 30%,
and 0%) and mine tailings (0%, 50%, 70%, and 100%),
while plant growth was monitored and the roots and
shoots were analyzed for metals after 90, 120, and 270
days.

Material and Methods
Sampling Mine Tailings and Soil Collection

Mine tailing No. 9 (20°49°9”°N, 99°22°46”W) at
the San Francisco Mine in Zimapan (state of Hidalgo,
Mexico) was sampled (Fig. 1). Three 400 m? plots were
outlined and the top 20 cm layer was spade-sampled
20 times. The 20 samples taken in each plot were
pooled so that 3 samples were obtained, each of
approximately 150 kg. The collected mine tailings
were transported to the laboratory and characterized
(Table 1). The mine tailing sampling procedure is
schematized in supplementary Fig. 1.

A soil was sampled at Cinvestav, Mexico D.F. (SI:
19°30°42”N, 99°7°49”W; S2: 19°30°41”N, 99°7°46”W
and S3: 19°30°38”N, 99°7°48”W). Three 400 m?
plots were outlined and the 0-15 top soil layer was
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Table 1. Characteristics of soil, soil mixed with 50% mine tailings, 30% mine tailings, and 100% mine tailings at the onset of the
experiment.

Particle size distribution
ECf C,.¢ N," WHC! Clay | Loam | Sand
Mixture ¢ (dS m™) pH (g kg soil)

A 1.557bk 89a 8.53a 1.02a 540 420 a 270 a 310 b
B 2.75 ab 8.4 ab 8.05a 0.54 be 520 120 b 110b 770 a
C 378 a 8.4 ab 9.17a 0.30¢ 520 50b 80b 870 a
D 3.03 ab 8.0b 4.86a 0.13 cd 0 40b 60b 900 a

F value 10.74 9.59 0.21 28.86 1.35 24.89 15.02 57.65
P value 0.008 0.011 0.889 <0.001 0.344 <0.001 0.003 <0.001

MSD' 1.68 0.6 16.71 0.38 860 200 140 200

¢Mixture A: 100% soil, Mixture B: 50% soil and 50% mine tailing, Mixture C: 30% soil and 70% mine tailing, Mixture D: 100%
mine tailing, " EC: Electrolytic conductivity, ¢ €, Organic carbon, "N, Total nitrogen, ' WHC: Water holding capacity,’ Mean of
three plots (n = 3),* Values with the same capital letter are not significantly different between the mixtures (i.e. within the lines),
'MSD: Minimum significant difference at P<0.05 (SAS Institute1989)

Grassland soil Mine tailing

Soil core 1

o0000 00000 00000 00000 |O00OOO 00000
00000 00000 00000 00000 00000 00000
00000 00000 00000 00000 00000 00000
00000 00000 00000 00000 00000 00000

Soil core 20
v l v v v v
20 soil cores 20 soil cores 20 soil cores 20 samples 20 samples 20 samples
pooled pooled pooled pooled pooled pooled

Subsample 1  Subsample 2 Subsample 3 Subsample 1~ Subsample 2 Subsample 3

|

A subsample of soil was combined with a subsample of the mine tailing to give four treatments and characterized:
1. Three subsamples of 100% soil:
2. Three subsamples of 50% soil and 50% mine tailing
3. Three subsamples of 30% soil and 70% mine tailing
4. Three subsamples of 100% mine tailing

|

Nine soil columns of each subsample (n = 3) and each treatment (n = 4) were left uncultivated
Nine soil columns of each subsample (n = 3) and each treatment (n = 4) were planted with Ricinus communis

|

The columns were kept in a greenhouse for 9 months and growth of R. communis monitored
After 3, 6 and 9 months three columns were selected at random from each treatment (n = 4) each subsample
(n = 3) left uncultivated or cultivated with R. communis
The uncultivated soil, the bulk and the rhizsopheric soil and the roots and above ground parts of R. communis
were characterized

Supplementary Fig. 1 Sampling procedure at the mine tailing, collection of the soil, mixture of soil and mine tailing and treatments
applied.
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Table 2. Characteristics of Ricinus communis L. cultivated in different mixtures of soil and mine tailings in a greenhouse.

Leaves
Length Width Shoot Root
Mixture © Number (cm)
A 169a¢ 81la 9.0a 329a 6l4a
B 6.4b 6.7 ab 7.6 ab 26.6 ab 56.4a
C 6.2b 7.0a 7.6 ab 28.2 ab 48.7 a
D 57" 53b 6.6b 22.1b 28.0b
F value 7.87 6.61 4.36 4.63 9.32
P value <0.001 <0.001 0.007 0.005 <0.001
MSD' 8.2 1.5 1.8 7.3 14.9

¢ Mixture A: 100% soil, Mixture B: 50% soil and 50% mine tailing, Mixture C: 30% soil and 70% mine tailing, Mixture D: 100%
mine tailing, " Mean of 27 plants (n = 27), i.e. three sampling points, i.e. 3, 6 and 9 months, three plots and three plants per plot,

¢ Values with the same capital letter are not significantly different between the mixtures (i.e. within the columns),

"mean of 6 surviving plants, ' MSD: Minimum significant difference at P < 0.05 (SAS Institute, 1989)

spade-sampled 20 times. The 20 samples from each
plot were pooled so that 3 different soil samples
were obtained of approximately 150 kg. The soil was
2 mm-sieved and characterized (Table 1). The soil
sampling procedure is schematized in supplementary
Fig. 1.

Cultivation of Ricinus communis
in the Greenhouse

Seeds of R. communis were collected along the
edge of the Rio de los Remedios in the State of México
(México). The seeds were placed in small pots with soil
and the emerged plantlets collected after 20 days. Four
different treatments were applied in the experiment. In
the first treatment, R. communis was cultivated in 100%
soil. In a second treatment mine tailings were mixed
with an equal amount of soil, in a third treatment soil
(30%) was mixed with mine tailings (70%), and in a
fourth treatment plants were cultivated in 100% mine
tailings. Growth of R. communis in the 100% mine
tailings was much slower than in the other treatments
and most of the plants died. The surviving plants were
collected after 9 months and included in the analysis.

The cultivation procedure of R. communis is
schematized in supplementary Fig. 1. A sub-sample of
soil of one of the three plots was mixed with one sample
of the mine tailing so that 3 different replicates were
obtained and these 3 replicates (7 = 3) were used in each
treatment (n = 4).

The experiment was conducted in a greenhouse.
Polyvinyl chloride (PVC) tubes (length 50 cm and
diameter () 16 cm) were filled at the bottom with
7 cm gravel topped with 3 c¢m sand [19]. A total of
6.5 kg of the different mixtures of soil and mine tailings
were transferred to the PVC tubes. As such, a layer of

30 cm soil was obtained. Nine R. communis plantlets
were planted separately in each of the 3 replicates of the
4 treatments. As such, 27 R. communis plants were used
in each treatment. Every 7 days, 500 ml water was added
to each column. The temperature, relative humidity, and
light intensity in the greenhouse were monitored.

After 3, 6, and 9 months, 3 columns were selected
at random from each replicate and each treatment, and
the plant and soil were removed from the PVC tubes. As
such, 9 plants and soil samples were obtained. The soil
was separated from the roots and the soil attached to the
roots was brushed off and collected [20]. Root and shoot
length and number, and width and length of the leaves
were determined. The roots, leaves, and shoots were
washed with distilled water, and the roots were separated
from the shoots and analyzed separately for total metals.

Analysis of Plant and Soil

The shoots + leaves, roots, and soil were analyzed
as described by Franco-Hernandez, (2010). The heavy
and total metals were measured by inductively coupled
plasma-optical emission spectrometry (ICP-OES)
spectrometer (4300DV-Perkin Elmer, USA). Montana
soil standard reference materials were obtained from
the National Institute of Standards and Technology
(USA) and served as control. Quality control was done
for each batch of 50 samples. The plastic material used
for analysis of metals were treated with 2% HNO, before
use. The bulk soil samples were analyzed for total
carbon and nitrogen, electrolytic conductivity (EC),
pH, clay content, and water-holding capacity (WHC) as
described by Aguilar-Chavez et al. [21] (Table 1). All
chemicals used in this study were of laboratory grade
and purchased at Sigma Aldrich (St. Louis, Missouri,
USA).
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Fig. 2. Principal component analysis with the concentration of the different elements measured in the roots () and aboveground parts of
Ricinus communis L. (W), and in the uncultivated soil ("), the non-rhizosphere soil (M), and the rhizosphere (&). Samples were taken at
the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained 44% of the variation and PC2 20%.

Statistical Analysis

Significant  differences  between  the  soil
characteristics and the plant characteristics as a result
of the different treatments were determined by analysis
of variance (ANOVA) and based on the minimum
significant difference using the general linear model
procedure (PROC GLM) [22]. This procedure can
be used for an analysis of variance (ANOVA) for
unbalanced data, i.e., when data are missing. Significant
differences between the metal concentrations in the
uncultivated, bulk, and rhizospheric soil and the
aboveground plant parts and the roots as a result of
the different treatments were determined by ANOVA
and based on the least significant difference using the
general linear model procedure (PROC GLM) [22].

Results
Characteristics of Soil and Mine Tailings

The soil was characterized by an alkaline pH of
8.9 and an organic C content of 8.53 g kg' dry soil
(Table 1). The total N content of the clayey soil was
1.02 g kg dry soil and the EC 1.55 dS m™, while the
WHC was 540 g kg'. The mine tailings had pH 8.0
and EC 3.03 dS m™. The total N content of 0.13 g kg’
was low compared to the total C content of 4.86 g kg
resulting in a C-to-N ratio of 37. The mine tailings were
sandy, but did not retain water so it was impossible to
determine the WHC. The characteristics of the mixture
(50% soil and 50% mine tailings, and 30% soil and 70%
mine tailings) were between those found in the soil or
mine tailings.

The organic C content in soil, the mine tailings,
and the mixtures of both cultivated with R. communis
was significantly higher after 9 months than at the
onset of the experiment, but no differences were found
in the other soil characteristics (data not shown). After
9 months, the organic C content had increased
2.8 times in the soil cultivated with R. communis and
the mixture of 50% soil with 50% mine tailings,
2.5 times in the mixture of 30% soil with 70% mine
tailings and 1.2 times in the mine tailings compared
to the onset of the experiment.

Growth of R. communis

Ricinus communis grew best in soil and its
development was inhibited strongly when cultivated
in the mine tailings (Table 2). Most of the R. communis
plants cultivated in the mine tailings died and only 6 of
the 27 plants survived for 9 months. The root length of
R. communis was significantly reduced when cultivated
in the mine tailings compared to plants cultivated in soil
or soil mixed with mine tailings (p<0.05). The number
of leaves was significantly higher when plants were
cultivated in soil compared to plants cultivated in the
mine tailings or mine tailings mixed with soil (»p<0.001).
Shoot length and the width and length of the leaves of
R. communis were significantly lower when cultivated
in mine tailings compared to plants cultivated in soil
(p<0.01).

Metal Concentrations when Ricinus communis
was Cultivated in 100% Soil

The concentrations of As, Cd, Co, Cr, Cu,
and Pb were higher in the rhizosphere than in the
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Supplementary Table 1. Metal concentrations in bulk soil, the rhizosphere, roots, and aboveground plant material of Ricinus communis
cultivated in soil, soil mixed with 50% of mine tailings, 30% of mine tailings, and 100% mine tailings and kept in a greenhouse for

270 days.
A. Uncultivated soil
A° B C D
Metal MSDf P value
mg Kg'soil
Ag 3.06¢eah 1.26a 322a 1.36'a 3.96 0.559
Al ND/ ND 437 a 7399 a 1519 <0.001
As 167 b 2335a 2740 a 3274 a 550 <0.001
B 5.06 b ND b ND ND 6.04 0.215
Ba 224 a 122 a 51.5a 26.7a 49.2 <0.001
Be 0.09 a 0.09b 0.11b ND 0.24 0.448
Ca (x10%) 16b 47 ab S54a 57a 8.3 <0.001
Cd 590b 76.2a 96 a 110a 18.4 <0.001
Co 10.0 ab 175a 185a 18.0b 3.0 <0.001
Cr 249 a 26.1a 21.0a 15.2 ab 9.3 0.098
Cu 66.2b 718 a 88l a 1058 ab 159 <0.001
Fe (x10%) 2l a 50a 54a 57a 8.0 <0.001
K 1459 a 1465 a 867 a 1929 a 1612 0.704
Li 114a 25.0a 331a 520a 570 0.582
Mg 7956 a 5460 a 3582 ab 2583 a 1315 <0.001
Mn 339b 714 ab 709 ab 834a 158 <0.001
Mo 1.05b 2.29 be 3.20 ab 4.3 ab 3.0 0.005
Na 929 a 550 ab 169 b 183 b 644 0.0426
Ni 16.0 a 263a 76.1a 24.0a 93 0.511
Pb 6520 634a 664 a 839 ab 165 <0.001
Se 235a 1.00b 552a ND 93 0.549
Si 283 a 251 a 92b 279 ab 241 0.281
Sr ND 2.07a 323a 203D 10.2 0.01
Ti 1007 a 784 a 600 a 508 a 183 <0.001
\% 333a 47.0a 493 a 479 a 9.2 <0.001
Zn 228 b 2662 a 3342 a 4142 a 820 <0.001

¢A: 100% soil, B: Mixture of 50% soil and 50% mine tailings, C: Mixture of 30% soil and 70% mine tailings, D: 100% mine
tailings, "M SD: Minimum significant difference at 5% (SAS Institute 1989), ¢ Mean of 27 plants (n = 27), i.e. three sampling points,
i.e. 3, 6, and 9 months, three plots and three plants per plot," Values with the same letter are not significantly different between

the mixtures (i.e. within the columns), i mean of 6 surviving plants, ! ND: Not detected

non-rhizospheric and uncultivated soil, and the roots
and aboveground parts of R. communis (Suplementary
Table 1). The concentrations of As, Cd, Co, Cr, Cu, and
Pb were lower in the aboveground parts of R. communis
than in its roots when cultivated in 100% soil. The
PCA confirmed that the metal concentrations in the
aboveground parts and roots of the R. communis plants
were clearly different from those found in uncultivated

soil, the non-rhizospheric and rhizospheric soil (Fig. 2,
Suplementary Table 1).

Metal Concentrations when Ricinus communis
was Cultivated in 50% Soil and 50% Mine Tailings

The concentrations of As, Cd, Co, Cr, Cu, and
Pb were generally lower in the rhizosphere than in
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Supplementary Table 1. Continued.
B. Non Rhizosphere
Metal A B - < D MSDf P value
mg Kg'soil
Ag 0.092at 142 a 2.84 a ND 2.14 <0.001
Al ND ND ND 38787a ND <0.001
As 11.0b 2278 a 2768 a 3909 a 886 <0.001
B 440b 530b ND ND 10.0 0.389
Ba 183 ab 90.0a 69.0 a 23.0a 83.0 <0.001
Be 0.07 a 0.53a 0.10b 0.60c 0.23 <0.001
Ca (x10°) 13b 5la 55a 63a 13 <0.001
Cd 2.10b 76.4 a 97.1a 131a 31.0 0.08
Co 9.00 ab 163a 18.1a 25.0a 59 <0.001
Cr 25.1a 249 a 24.1a 229a 12 0.986
Cu 24.1b 718 a 917 a 1162 a 272 <0.001
Fe (x10°) 18 ab 5la 53a 6la 12 <0.001
K ND 247b 142b 751b 859 0.236
Li ND ND ND 6a 1 <0.001
Mg 8118 a 5089 a 4085 ab 2621 a 2407 <0.001
Mn 270 b 754 a 810 a 883 a 212 <0.001
Mo 1.05b 3.00b 142b 3.00b 23 <0.001
Na 262b 177 457 ab 143 b 688 <0.001
Ni 15.0a 22.1a 25.1 ab 293 a 9.3 0.001
Pb 2490 600 a 682 a 954 a 186 <0.001
Se 2.00a 230a 2.00a ND 3.0 0.767
Si ND ND ND ND ND <0.001
Sr ND ND ND 19.1b ND <0.001
Ti 921 a 614 b 632a 533 a 461 0.146
v 359a 48.6 a 502 a 539a 16 <0.001
Zn 85.0b 2101 b 3688 a 4367 a 1193 <0.001

¢A: 100 % soil, B: Mixture of 50 % soil and 50 % mine tailing, C: Mixture of 30% soil and 70% mine tailing, D: 100 % mine tailing,
MSD: Minimum significant difference at 5 % (SAS Institute 1989), ¢ Mean of 27 plants (n = 27), i.e. three sampling points, i.e. 3, 6
and 9 months, three plots and three plants per plot," Values with the same letter are not significantly different between the mixtures

(i.e. within the columns), ' mean of 6 surviving plants, ! ND: Not detected.

the uncultivated and non-rhizosphere and generally
higher than in the roots and aboveground parts of R.
communis (Suplementary Table 1). The concentrations
of As, Cd, Co, Cr, Cu, and Pb were lower in the
aboveground parts of R. communis than in its roots
when cultivated in a mixture of 50% mine tailings
and 50% soil. The aboveground parts of R. communis
accumulated B and Mo, while the roots accumulated
Be and Sr (p<0.05) (Suplementary Table 1). The metal
concentrations in the aboveground plant parts and roots
of R. communis cultivated in the mixture of 50% soil
and 50% mine tailings were also clearly different from

those in the bulk, rhizospheric, and uncultivated mixture
of 50% soil and 50% mine tailings (Fig. 3, Suplementary
Table 1).

Metal Concentrations when R. Communis
was Cultivated in 30% Soil and 70%
Mine Tailings

The concentrations of As, Cd, Co, Cr, Cu, and Pb
were lower in the rhizosphere than in the uncultivated
and non-rhizosphere and generally higher than in
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Supplementary Table 1. Continued.

C. Rhizosphere
Metal Ac B C D
MSDf P value
mg Kg'soil
Ag 2.04¢ath 1.03a 131b 0.81'a 3.08 0.616
Al ND' 20.0 ¢ 2.00a 5654 a 1965 <0.001
As 662 a 795 b 662 b 2527b 1132 0.014
B 0.87b 0.96 b ND ND 2.17 0.345
Ba 151b 128 a 942a 710a 89.4 0.107
Be 0.10a 0.10b 0.09b ND 0.31 0.854
Ca (x10°) 25a 42b 40b 49a 21 0.053
Cd 240a 59.1b 86 a 59.0b 40 0.022
Co 112a 157 a 144a 17.1b 4.7 0.054
Cr 29.5a 28.6a 174 192a 15 0.012
Cu 253 a 543 b 570b 836 b 379 0.033
Fe (x10%) 27a 44b 40b 50b 18 0.034
K ND 1768 a ND 2815a 1878 0.025
Li ND 140a ND 15.1a 14 0.058
Mg 6515a 5404 a 4523 a 3147 a 1582 0.024
Mn 443 a 629 b 605 b 772 a 265 0.069
Mo 1.00 b 1.96 be 2.00b 4.05 ab 22 0.012
Na ND 513 ab ND 980 a 540 0.024
Ni 182a 262a 17.5 ab 233a 12 0.05
Pb 201 a 501 b 459 b 679 b 290 0.01
Se 596a 7.00 a 3.02a ND 13 0.742
Si 4.00b 262 a 12 .05b 517a 399 0.009
Sr ND ND 157a 91.6a 187 0.288
Ti 864 a 760 ab 646 a 662 a 428 0.378
v 38.6a 415a 39.4b 472a 17 0.869
Zn 1079 a 1953 b 1790 b 3391 a 1565 0.147

¢A: 100 % soil, B: Mixture of 50 % soil and 50 % mine tailing, C: Mixture of 30% soil and 70% mine tailing, D: 100 % mine tailing,
MSD: Minimum significant difference at 5 % (SAS Institute 1989), ¢ Mean of 27 plants (n = 27), i.e. three sampling points, i.e. 3, 6
and 9 months, three plots and three plants per plot," Values with the same letter are not significantly different between the mixtures
(i.e. within the columns), ! mean of 6 surviving plants,  ND: Not detected.

the roots and aboveground parts of R. communis
(Suplemmentary Table 1). The concentrations of As,
Cd, Co, Cr, Cu, and Pb were lower in the aboveground
parts of R. communis than in its roots when cultivated in
a mixture of 30% mine tailings and 70% soil. The metal
concentrations in the aboveground plant parts and roots
of R. communis cultivated in the mixture of 30% soil
and 70% mine tailings were different from those in the
non-rhizosphere, rhizosphere, and uncultivated mixture
of 30% soil and 70% mine tailings (Fig. 4, Suplementary
Table 1).

Metal Concentrations when R. Communis
was Cultivated in 100% Mine Tailings

The concentrations of As, Cd, Co, Cu, and Pb were
lower in the rhizosphere than in the uncultivated and
non-rhizosphere, and generally higher than in the roots
and aboveground parts of R. communis (Suplementary
Table 1). The concentrations of As, Cd, Co, Cr, Cu, and
Pb were lower in the aboveground parts of R. communis
than in its roots when cultivated in a mixture of 30%
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Supplementary Table 1. Continued.

D. Plant
Metal Al B - ¢ D MSDf P value
mg Kg'soil

Ag 0.30¢ a" 040 a 0.40b 0.96'a 0.9 <0.001
Al 469 a 574 b 1252 a 758 a 1697 0.191
As 23.0b 6.20d 155b 458 c 485 0.179
B 312a 327a 277 a 472a 299 0.538
Ba 19.0 ¢ 97.0a 97.1a 17.0a 363 0.719
Be 0.10 a 0.10b 0.64 b 370 a 0.90 <0.001
Ca (x10%) 8b 10c 13¢ 18b 8 0.011
Cd 1.00b 1.00d 6.10b 13.0c 16 0.164
Co 1.00 ¢ 1.00b 2.10b 820c 4.0 0.004
Cr 5.00b 7.02b 7.10b 16.4 ab 8.0 0.174
Cu 13.8b 12.1¢ 61.0c 129 ¢ 192 0.255
Fe (x10°) lc 1d 3c ¢ 8 0.036
K 136 b ND’ 80.0 b ND 577 0.756
Li 4.05a 5.99 ab 590 a 4.00 a 6.78 0.826
Mg 2761 b 2685 ¢ 3262 b 3218 a 1426 0.408
Mn 37.0c 24.6d 65.0c 230b 128 0.022
Mo 3.89a 5.00a 4.60 a 7.80 a 3.0 0.16

Na 656 ab 946 a 820 a ND 1382 0.6786
Ni 580Db 6.04b 9.00b 10.89b 7.4 0.306
Pb 9.01b 5.10d 472 ¢ 93.0¢c 124 0.23
Se 3.04a 3.20 ab 442a 133 a 4.0 0.022
Si 451 a 450 a 404 a 14.0b 444 0.682
Sr 7.98 a 4.03a 1.93a 28.1b 18 0.125
Ti 23.0c 23.2d 54.6b 232b 96 0.401
v 0.10b ND 240c 8.90b 7.80 0.069
Zn 80.0b 71.0 ¢ 260 c 867b 562 0.027

¢A: 100 % soil, B: Mixture of 50 % soil and 50 % mine tailing, C: Mixture of 30% soil and 70% mine tailing, D: 100 % mine tailing,
MSD: Mimimum significant difference at 5 % (SAS Institute 1989), ¢ Mean of 27 plants (n = 27), i.e. three sampling points, i.e. 3,
6 and 9 months, three plots and three plants per plot,! Values with the same letter are not significantly different between the mixtures

(i.e. within the columns),  mean of 6 surviving plants,’ ND: Not detected.

mine tailings and 70% soil. The metal concentrations
in the roots and aboveground parts of plants cultivated
in 100% mine tailings were clearly different from the
concentration of the metals in the rhizosphere and
the mine tailings cultivated or uncultivated (Fig. 5,
Suplementary Table 1).

Apart from Be, Mo, Se, and Si, none of the
concentrations of the metals monitored was higher in
the aboveground plant parts than in the non-rhizosphere,
mine tailings, and their mixtures (Suplementary
Table 1). The ratio of the heavy metals As, Cd, Cu, and

Pb in the aboveground plant parts of R. communis to
the concentration in the non-rhizosphere soil increased
with increased amount of mine tailings in the mixture,
but remained <0.12. For instance, the ratio of Cd
increased from 0.01 in the mixture 50% soil and 50%
mine tailings to 0.06 in the 30% and 70% mixture and
increased to 0.10 in the 100% mine tailings. The ratio
of the heavy metals As, Cd, Cu, and Pb in the
rhizosphere of R. communis to the concentration in the
non-rhizosphere fluctuated between 0.6 and 0.8.
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Supplementary Table 1. Continued.

E. Root
Ac B C D
Metal MSDf P value
mg Kg' soil
Ag 1.37¢a 1.30 a 1.31b ND/ 2.03 0.574
Al 781 a 966 a 1188 a 3051'a 1512 0.152
As 55b 366 ¢ 504 b 146 ¢ 682 0.18
B 50.6 b 40.8b 53.6b 303 a 55.4 0.83
Ba 58.0¢c 40.0a 22.1a 18.0a 72.2 0.516
Be 0.50 a 0.20b 0.09b 2.30b 1.21 0.102
Ca (x10°) 8b 12¢ 12¢ 7b 15 0.733
Cd 2.00b 13.0c 1930 17.0¢c 22 0.08
Co 8.00b 330D 350b 80c 6 0.413
Cr 10.5b 10.6 b 5.6 0b 4.70 b 12 0.54
Cu 285D 106 ¢ 163 ¢ 157 ¢ 278 0.159
Fe (x10%) 6¢ Ilc 13¢ 6¢c 16 0.572
K 2.30b 13.1b 11.0b 344b 24 0.188
Li 6.06 a 1.0b 248 a ND 4 0.524
Mg 3541 b 3527b 3210b 3173 a 2225 0.962
Mn 95.0 ¢ 113 ¢ 137 ¢ 190 b 205 0.856
Mo 1.39b 143 ¢ 1.90b 4.10 ab 2 0.092
Na 143 b ND ND ND 4 0.5737
Ni 7.00b 9.20b 10.0b 12.3b 9.8 0.578
Pb 28b 11l ¢ 168 ¢ 123 ¢ 177 0.093
Se 9.00 a 2.30 ab 429a 6.00 b 14 0.725
Si 288 a 411 a 434 a 407 ab 382 0.669
Sr 12.7a 204 a 22.4a 32.7b 24 0.489
Ti 280 b 208 ¢ 142 b 99.0b 357 0.716
Vv 830D 350b 3.06 ¢ ND 11 0.5
Zn 92.0b 168 ¢ 389¢c 296 b 387 0.046

¢A: 100 % soil, B: Mixture of 50 % soil and 50 % mine tailing, C: Mixture of 30% soil and 70% mine tailing, D: 100 % mine tailing,
"MSD: Mimimum significant difference at 5 % (SAS Institute 1989), ¢ Mean of 27 plants (n = 27), i.e. three sampling points, i.e. 3,

6 and 9 months, three plots and three plants per plot," Values with the same letter are not significantly different between the mixtures
(i.e. within the columns), ! mean of 6 surviving plants, ’ ND: Not detected.

Metals in the Uncultivated, Rhizosphere,
and Non-Rhizosphere Soil-Mine Tailing Mixtures,
and in the Roots and Aboveground Parts
of R. communis

The PCA to metals in the uncultivated soil-mine
tailing mixtures, separated clearly uncultivated soil
from the mixtures of soil and mine tailings, and
the mine tailings (Fig. 6). The uncultivated soil had
a negative PCl (loaded by Ba, Mg, and Ti) while
the mixtures of soil and mine tailings and the mine

tailings were characterized by a positive PC1 (loaded
by Al, As, Ca, Cd, Co Cu, Fe, Li, Mn, Mo, Ni, Pb, V,
Zn). The mixtures of soil and mine tailings were
separated and the mixture of 30% soil and 70%
mine tailings was characterized mostly by a negative
PC2 and the mixture of 50% soil and 50% mine
tailings.

The PCA to the metals in the non-rhizosphere soil-
mine tailing mixtures separated clearly the soil, mine
tailings, and their mixtures (Fig. 7). The concentrations
of Ag, As, Ca, Cd, Co, Cr, Cu Fe, Mn, Mo, Ni, Pb, V,
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Fig. 3. Principal component analysis with the concentration of the different elements measured in the roots () and aboveground parts of
Ricinus communis L. (M), and in the uncultivated mixture of soil (at 50%) and mine tailings (at 50%) ("), the non-rhizosphere mixture
(W), and the rhizosphere (™). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1

(PC1) explained 55% of the variation and PC2 13%.

and Zn was lowest in the 100% soil and increased with
an increased percentage of mine tailings (Fig. 7). The
soil was characterized by a larger concentration of B,
Ba, Mg, and Ti than the mine tailings and their mixtures.

The concentrations of As, Cd, Co, Cr, Cu, and Pb in
the rhizosphere of R. Communis cultivated in soil-mine
tailing mixtures increased generally with the increased
amount of mine tailings in the mixture, but the effect
was less accentuated than in the non-rhizosphere soil
(Suplementary Table 1). Additionally, the rhizosphere
of R. communis cultivated in the mixtures of mine
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tailings and soil was not as clearly separated in the PCA
as the non-rhizosphere (Figs 7-8). The concentrations
of Al, As, Ca, Cd, Co, Cu, Fe, Mn, Mo, Pb, Tl, V, and
Zn (loaded PCl) did not separate the rhizosphere of
the different mixtures, but the concentrations of Cr, K,
Li, Na, Ni, and Si did (loaded PC2). The soil and the
mixture 50% soil and 50% mine tailings had generally
a larger concentration of Cr, K, Li, Na, Ni, and Si than
the 30% soil 70% mine tailings, but not the 100% mine
tailings.
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(PC1) explained 51% of the variation and PC2 13%.
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The concentration of metals in the roots of R.
communis cultivated in soil-mine tailing mixtures was
affected less by the mixture in which the plant grew,
but more by the age of the roots (Fig. 9). The roots of
9-month old plants were characterized by a larger
concentration of As, Ca, Cd, Co, Cu, Fe, K, Mn, Ni,
Pb, Si, and Zn than the amounts found in the roots of
younger plants. The roots of 9-month old R. communis
plants grown in the soil were characterized by a larger
concentration of Ag, Ba, Cr, Mg, Ti, and V than the
younger other roots, i.e., a larger positive PC2.
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For metals concentration in the aboveground
parts of R. communis cultivated in soil-mine tailing
mixtures, the PCA did not separate the aboveground
parts of R. communis when the plant was cultivated
in soil, the mixture of 30% or 50% soil with 70%
or 50% mine tailings (Fig. 10). However, the metal
concentrations in the aboveground material of
R. communis when cultivated in 100% mine tailings
was separated clearly and the amount of Ag, As, Ca,
Cd, Co, Cr, Cu, Fe, Mn, Mo, Pb, V, and Zn was
higher than when plants were cultivated in the soil,
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in soil (M), in a mixture of 50% soil and 50% mine tailings (M), in a mixture of 30% soil and 70% mine tailings (™), and mine tailings
(100%) (M). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1) explained

43% of the variation and PC2 16%.
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44% of the variation and PC2 18%.

the mixture of 30% or 50% soil with 70% or 50%
mine tailings.

Discussion

The organic carbon content in all treatments was
higher at the end of the experiment (>1.2 times) than
at the beginning. Wu et al. [23] found that bulk density
and soil nutrients increased in waste land soil when
cultivated with R. communis for 2 years.

Concentrations of some heavy metals found
in this study were higher than values reported for
other mine wastes in Mexico and high compared
to those reported for normal soil. For instance, the
concentration of 17 mg Co kg' was much higher than
that reported for a normal soil (0.1 mg Co kg?) or that
(4 mg Co kg') found in a mine tailing in San Luis Potosi
(Mexico), active since 1800 [24]. The concentrations
of 120 mg Cd kg! and 910 mg Pb kg' were higher than
those reported for mine tailings in San Luis Potosi
(81 mg Cd kg!' and 754 mg Pb kg') [24] and much
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Fig. 8. Principal component analysis of the concentrations of the different elements in the aboveground parts of Ricinus communis L.
cultivated in soil (M), in a mixture of 50% soil and 50% mine tailings (M), in a mixture of 30% soil and 70% mine tailings (), and mine
tailings (100%) (M).Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1)

explained 43% of the variation and PC2 21%.
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higher than reported in normal soil, i.e., 2 mg Cd kg’
and 200 mg Pb kg' [25]. Concentrations of Cu in soil
are normally <100 mg kg, but reached 1,147 mg kg’ in
the mine tailings used in this study, similar to values
reported for the mine tailings in San Luis Potosi
(1,154 mg kg'). Concentrations of As are normally
<50 mg kg soil [26], but they reached 3,473 mg kg in
the mine tailings used in this study. In a previous study,
however, we found concentrations of 8,420 mg As kg in
mine tailings from San Luis Potosi [24].
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Plants can survive contaminated sites by excluding
heavy metals or by accumulating them. Some plants
accumulate actively metals and some are even called
hyper-accumulators, i.e., the concentration of the
metal in the shoot is higher than in the root and much
higher than in the soil [27]. Ricinus communis did not
accumulate heavy metals and excluded them all (i.e.,
As, Co, Cd, Cr, Cu, Ni, Pb, and Zn) from its roots and
aboveground parts. Only Mo was accumulated in
both the roots and aboveground plant parts and the
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Fig. 10. Principal component analysis of the concentrations of the different elements in the non-rhizosphere when Ricinus communis
L. was cultivated in soil (M), in a mixture of 50% soil and 50% mine tailings (M), in a mixture of 30% soil and 70% mine tailings (™),
and mine tailings (M). Samples were taken at the onset of the experiment (0) and after 3, 6, or 9 months. Principal component 1 (PC1)

explained 50% of the variation and PC2 16%.
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concentration was higher in the latter than in the first.
This indicated that R. communis was an accumulator of
Mo, but not yet a super-accumulator. Molybdenum was
presumanly accumulated as it is part of the enzyme
nitrate reductase that catalyzes the reduction of nitrates
and subsequent formation of amino acids (mainly
glutamic acid and glutamine).

Some metals are toxic to plants or plants need
them at only low concentrations (e.g., As, Cd, Cr, Cu,
Ni, Pb, and Zn) [28-29]. Mine tailings, even at 50%,
strongly reduced the number of leaves and reduced leaf
area. Toward the end of the experiment, the plants that
survived in the mine tailings had leaves, but they were
dwarfed severely presumably due to the oxidative stress
caused by the high concentration of the heavy metals
and lack of water [6]. The mine tailings reduced plant
growth, and root length was nearly halved compared to
plants cultivated in 30% soil. Large amounts of heavy
metals in soil can increase the concentration of heavy
metals in the root system, which inhibit normal plant
growth as plant physiology is altered [30-31]. Plants
might stimulate defensive mechanisms when they are
exposed to Cd, Cu, Zn, Pb, Ag, and As. They synthesize
enzymes that can bind to metal ions via sulfhydryl (-SH)
and carboxyl (-COOH) links. Plants also release root
exudates — primarily consisting of low molecular weight
organic acids — in response to these metal ions in soils.
These substances through chelation form complex metal
compounds (chelates) avoiding metal intoxification in
the plant. These compounds are transported and stored
in specialized compartments in the rhizosphere allowing
soluble Fe, P, and other micronutrients present in the
rhizosphere to be available for plant growth.

Nickel, Mo, Cu, Zn, Mn, Fe, and B are
micronutrients of plants and considered beneficial
for plant growth at low concentrations, i.e., as trace
elements [32]. These elements are essential for growth
and metabolic activity, and found mostly in proteins and
as activators of enzymatic reactions. Boron is involved
in reproductive growth and found in the membrane
and plasmatic wall, while Fe is associated with the
production of chlorophyll [33].

The heavy metal tolerance of plants depends not only
on the concentration of the contaminants, but also on
other factors. For instance, it has been reported that high
Ca concentrations reduces the toxicity of heavy metals.
The high Ca concentration in the mine tailings used in
this study might have helped R. communis survive in the
adverse conditions.

The mine tailings in this study did retain little water,
e.g., it was impossible to determine the WHC, and this
might have inhibited growth of R. communis in the mine
tailings. This suggests that mixing soil into the mine
tailings did not only reduce the negative effect of the
heavy metals, but it also increased water retention (e.g.,
the WHC was 520 g kg' in the mixture 30% soil and
70% mine tailings). Consequently, vegetating the mine
tailings would require some soil to be mixed in the mine

tailings, but wind erosion and runoff would be reduced
strongly from the vegetated mine tailings, although
metal leaching might also be stimulated.

Conclusions

Ricinus communis grew in 100% mine tailings
although it was strongly inhibited and not all plants
survived. Ricinus communis shoots were 19% smaller
and roots 8% in soil mixed with an equal amount of
mine tailings compared to plants cultivated in soil and
33% and 54%, respectively, when cultivated in mine
tailings. Ricinus communis did not accumulate metals,
but excluded them to survive with higher concentrations
found in the roots than in the aboveground parts. The
ratio of As, Cd, Cu, and Pb in the aboveground plant
parts to the concentration in soil remained <0.12, while
that of the roots <0.25. Concentrations of heavy metals
were generally lower in the rhizosphere than the non-
rhizosphere soil of R. communis. The As concentration
was 35% lower in the bulk soil than in the rhizosphere.
Cultivation of R. communis on mine tailings could
be used to reduce wind and runoff, but some soil will
have to be mixed into the top-layer of the mine tailings
to promote water retention (which might stimulate
infiltration), reduce metal concentrations, and improve
plant growth.
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