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Abstract 
Soil microorganisms surviving in mining sites have developed metal-

resistance mechanisms to biotransfrm metals. Their use as biofertilizers 

can improve phytoremediation effciency in contaminated soils by reducing 

metal toxicity while promoting plant growth. We analysed through whole-

metagenome shotgun sequencing the composition, diversity and function of 

microbial communities present in a contaminated mine soil along a gradi

ent of metals (As, Cu, Fe, Mn, Pb, Zn) to ident i f tolerant species carrying 

metal-resistance functional genes that can be used in association with 

plants f r phytoremediation. Soil samples were collected f o m an aban

doned copper mine, across three areas with different levels of metal 

contamination (unafected, moderately contaminated and highly contami

nated). The relative abundance of Proteobacteria, especially genus 

Bradyrhizobium, increased in the highly contaminated area, whereas 

Actinobacteria dominated in the unafected area. Archaea (Euryarchaeota) 

predominated in the moderately contaminated area, Haloarcula, 

Halobacterium and Halorubrum being the most abundant genera. The fungi 

Basidiomycota did not exhibit diferences among the areas, whereas 

Ascomycota, especially the genus Aspergillus, increased in areas with low 

metal concentrations. Metal-resistance genes associated with Fe (acn, fur A, 

dpsA), Cu (cop-unnamed, copF, actP, copA, mmco, cutO) and As (arsT, arsC, 
aioA/aoxB) metabolism were the most abundant and were affected by the 

gradient of soil contamination. Those associated with Cu predominated in 

the most contaminated area, whereas As and Fe genes were more abundant 

in the least contaminated. Among the carriers of these metal-resistance 

genes, Bradyrhizobium diazoefficiens, Pseudomonas aeruginosa, Halorubrum 
trapanicum, Aspergillus fumigatus and A. fischeri were dominant in the 

most contaminated area. These species could give rise to promising 

biofertilizers to be used in association with suitable plants f r the 

phytoremediation of contaminated mining sites. 



1 I INTRODUCTION 

Past mining activities have left large amounts of uncon-
fned material wi th a high heavy metal(loid) content. In 
these scenarios there is a high risk of wind- and water-
driven erosion events that can spread contamination to 
natural environments and agricultural felds. 

Phytoremediation techniques, such as phytoextrac-
tion and phytostabilization, are a cost-efective and envi
ronmentally f iendly strategy to decontaminate these 
mine soils using metal-accumulating plants (Ma, Prasad, 
Rajkumar, & Freitas, 2011). However, the high metal tox
icity and the poor conditions of these soils l imit the 
growth of plants used f r phytoremediation (Mendez & 
Maier, 2008). Inoculation with plant growth-promoting 
bacteria (PGPB) as biofertilizers can signifcantly improve 
the phytoremediation efciency, as these microorganisms 
promote plant growth and reduce the plant stress pro
duced by metal toxicity, thus enhancing metal uptake 
(Abbaszadeh-Dahaji, Omidvari, & Ghorbanpour, 2016; 
Ma et al., 2011). 

Depending on the soil physicochemical conditions, 
metals may become bioavailable and toxic to microbes, 
which in turn may establish resistance/tolerance mecha
nisms (Epelde, Lanzen, Blanco, Urich, & Garbisu, 2015; 
Jacquiod et al., 2018; Nunes et al., 2016; Prabhakaran, 
Ashraf, & Aqma, 2016). Soil microbial communities sur
viving long-term metal exposure in abandoned mines 
have developed mechanisms to mobilize, immobilize or 
t rans f rm metals, thus reducing their toxicity 
(Ayangbenro & Babalola, 2017; Diels et al., 2003; Hou 
et al., 2013). These mechanisms include extrusion of 
metal species outside the microbial cell surfce, active or 
passive bioaccumulation inside subcellular compart
ments, adsorption onto the cell wall, and biotransfrma
tion of toxic metals into less toxic f r m s (Ahemad, 2012; 
Azarbad et al., 2016; Gupta & Diwan, 2017). Only certain 

microorganisms, with specifc features f r adaptation to 
the pollutants, have the ability to establish these resis
tance mechanisms. Thus, bacterial strains isolated f om 
polluted environments were shown to be more tolerant 
of higher concentrations of metals than those isolated 
f o m unpolluted areas (Rajkumar, Ae, Prasad, & 
Freitas, 2010). Therefre, the infuence of toxic metals 
and metalloids greatly compromises biodiversity (Puglisi, 
Hamon, Vasileiadis, Coppolecchia, & Trevisan, 2012; Sil
ver & Phung, 1996), in particular decreasing the genetic 
population of the microbiome (Desai, Pathak, & 
Madamwar, 2010), and alters the ecological balance 
(Desai, Parikh, Vaishnav, Shouche, & Madamwar, 2009). 
Screening f r metal-resistant bacteria that can be used as 
biofertilizers should be taken into account f r the remedi
ation of contaminated soils (Abbaszadeh-Dahaji 
et al., 2016). 

Most soil microorganisms are currently uncultured, 
meaning that in spite of the fact that they may display 
singular activities in their own environment, they cannot 
be reproduced in laboratory conditions. Recently devel
oped, culture-independent approaches allow the exhaus
tive identifcation of microorganisms present in complex 
samples and the assessment of their activity, function, 
diversity and evolution (Epelde et al., 2015; Hemmat-Jou, 
Safri-Sinegani, Mirzaie-Asl, & Tahmourespour, 2018; 
Thies, 2015). In polymerase chain reaction (PCR)-based 
approaches, the selection of the primers dictates the tar
get f r amplifcation of genes encoding proteins that have 
a fnct ion of ecological interest (Thies, 2015). Despite the 
diffculties of identifing universal primers, sequencing 
of 16S rRNA gene fagments is commonly used to deter
mine the structure of microbial communities 
(Imhof, 2016). Nowadays, more sophisticated DNA-
sequencing techniques, such as whole-metagenome shot
gun sequencing, enable the study of microbial communi
ties at a much larger scale, assessing the composition and 



structure of uncultivated microbial populations and 
reconstructing the complex relationships between com
munity members and their dynamics in response to envi
ronmental pressures (Handelsman, 2005; Tringe 
et al., 2005). On the other hand, the fnctional meta-
genomic approaches allow the identifcation of genes 
encoding functions of interest in the soil microbiological 
processes. Diferent studies have identifed specifc genes 
responsible f r resistance to heavy metals and metalloids 
and the species of microorganisms harbouring these 
genetic systems (Abdelatey, Wagdy, Khalil, Ali, & 
Mahrous, 2011; Chen, Li, Zhang, Shi, & Liu, 2019; Hu 
et al., 2016; Xiao et al., 2019), an appreciated resource f r 
bioremediation purposes (Zheng, Chen, Chen, Chen, & 
Li, 2019). For instance, in the case of resistance to As, 
these systems include the arsenic resistance (ars) operon 
(arsB, arsH, arsA,arsR, arsD), which encodes an arsenic-
translocating ATPase and is widely distributed in bacte
rial and archaeal species (Costa et al., 2015; Fekih 
et al., 2018). Related to Cu resistance in bacteria, copA 
and pcoA encode multi-copper oxidases that control the 
entry of copper into the cells of microorganisms (Chen 
et al., 2019). 

Most studies on the microbial communities of con
taminated mine soils have fcused primarily on taxo-
nomic analysis and diversity, pointing out diferences 
in abundance among large groups such as phyla and 
classes (Hemmat-Jou et al., 2018; Rastogi et al., 2010; 
Xiao et al., 2019). These works have been carried out 
mainly by amplicon sequencing, the resolution of 
which does not allow one to classif with sufcient 
accuracy the microorganisms at the genus and species 
level, studies on mine soil microorganisms carried out 
with whole-metagenome shotgun sequencing still being 
scarce due to the high cost (Ghosh & Das, 2018; Luo, 
Bai, Liang, & Qu, 2014). In order to ident i f particular 
species that are tolerant of metal contamination and 
have the potential to be used as biofertilizers with 
phytoremediation plants in mining sites, studies based 
on these whole-metagenome shotgun sequencing tech
niques are required, including comprehensive taxo-
nomic and functional analyses even at low taxonomic 
ranks. 

The objective of this study was to provide a deeper 
insight into the composition and structure of soil micro-
bial communities thriving within a heavy metal contami
nation gradient in an abandoned copper mine. We payed 
special attention to the identifcation of metal-resistant 
species and fnctional genes involved in tolerance and 
detoxifcation, aiming to generate a database that will 
allow future studies related to the isolation and charac
terization of microorganism strains, with the potential to 

be used as biofertilizers in the remediation processes of 
mining sites. 

2 I MATERIALS AND METHODS 

2.1 I Study area 

This study was performed at a site ("Antigua Pilar") located 
at Colmenarejo, in the northwest of Madrid (central Spain), 
where there is an abandoned copper mine (mainly chalco-
pyrite) that was exploited until 1909 (Chamorro, Gonzalez-
Amezua, & Jorda, 2014). This area is located at an altitude 
between 780 and 815 m a.s.l., and has a mean temperature 
of 13.4°C and mean annual ra in f l l of 637 mm. Soils f o m 
Colmenarejo have been classifed as cambisols (FAO, 1990) 
developed f o m acid lithologies, such as granites, gneisses, 
shales, slates, mica schists and quartzites (Proyecto Verde 
de Colmenarejo, 2003). 

2.2 I Soil sampling 

In a previous study carred out in 2015 (non-published 
data), we collected soil samples f o m 60 points in the 
Colmenarejo mine site. The results obtained f o m the ana
lyses of these soil samples allowed us to study the variabil
ity in the metal concentrations and other soil properties 
across the mine site and to identif areas with diferent 
levels of metal contamination. The identifcation of these 
areas was conducted using the Spatial Analyst tools of 
ArcGIS vl0.3 (Environmental Systems Research Institute, 
Redlands, C a l i f r i a ) . The inverse distance weighted 
(IDW) interpolation method was used to obtain a raster 
surface with data on the total Cd, Cu, Pb, Zn and As con
centrations f o m the points sampled in the 2015 study and 
the Iso Cluster unsupervised classifcation tool was applied 
to classif these rasters into three diferent areas. These 
areas were delimited as: an upstream and vegetated area 
adjacent to the mine site (unafected area, A); a down
stream area close to the mining site (moderately contami
nated area, B); and an area located over and around the 
mine dumps (highly contaminated area, C) (Figure Sl). 

For the current study, in the spring of 2018 we col
lected 15 samples wi th in the top 20 cm of soil, using a 
stainless-steel scoop f o m each of the three delimited 
areas. In the laboratory, the soil samples were homoge
nized and separated into two portions. One portion was 
air-dried and sieved to <2 mm f r physical and chemical 
analyses. The other portions of the feld-moist samples 
were mixed to provide one composite sample f r each 
area that was stored at -20° C f r DNA extraction. 



2.3 I Physical and chemical analyses 

Soil samples were analysed f r total organic matter content 
(TOM) by loss-on ignition (16 hr at 400° C; Ball, 1964). 
Electrical conductivity (EC; Rhoades, 1996) and pH were 
analysed in deionized water extracts (1:2.5 w/v; 
Jackson, 1967). Particle size distribution was determined 
using the Bouyoucos hydrometer method (Day, 1965). 

Total metal (Cd, Cu, Fe, Mn, Pb, Zn) and As concen
trations were determined f l l o w i n g microwave-assisted 
acid digestion wi th aqua regia (Berghof Speedwave Four, 
Berghof. The digestion method employed wi th this 
microwave instrument yielded the f l l ow ing recovery 
values f r the certifed reference material LGC 6181: 
105% of Cd, 94% of Cu, 105% of Fe, 99% of Mn, 92% of 
Pb, 95% of Zn and 120% of As. The bioavailable fact ion 
of metals was determined by the f rs t stage of the proce
dure recommended by the Bureau Community of Refer
ence (BCR; Ure & Davidson, 2002), weighing 0.5 g of 
each sample in a centrifuge tube and adding 20 ml of 
0.11 M acetic acid, shaking f r 16 hr at room tempera
ture, centrifuging at 2155 g f r 40 minutes, and f l ter ing 
the extract. Metals were measured by inductively coupled 
plasma optical emission spectrometry (ICP-OES), using a 
PerkinElmer Optima 4300DV spectrometer. In most cases 
the concentrations of Cd in the extracts were below the 
l imit of detection and therefre were not included in the 
study. The limits of detection (LOD) and limits of quanti
fcation (LOQ, in parentheses), in mg/1-1, were: 0.002 
(0.006) f r Cd, 0.001 (0.004) f r Cu, 0.01 (0.03) f r Fe, 
0.0002 (0.0006) f r Mn, 0.005 (0.015) f r Pb, 0.01 (0.04) 
f r Zn and 0.1 (0.4) f r As. 

The values were adjusted f r the oven-dry (overnight 
at 105°C) weight of each sample. A l l reagents used f r 
this work were of analytical grade or better. Standard 
solutions used f r calibration were prepared f o m 
1,000 mg/1-1 stock standards (CertiPUR standards, 
Merck, Darmstadt, Germany). A l l dilutions were pre
pared wi th deionized water. The plastic and glassware 
used were soaked in 5% HNO3 solution over ight and 
rinsed wi th distilled water prior to use. 

2.4 I DNA extraction, sequencing and 
bioinfrmatics analysis 

A whole-metagenome shotgun sequencing approach was 
used to study the structure, diversity and f n c t i o n of the 
bacterial, fungal and archaeal communities f u n d in the 
soil across the three areas wi th diferent levels of 
metal(loid) contamination. 

The DNA was extracted in triplicate f o m each soil 
sample (1 g fesh weight per extraction) using the Ultra 

Clean Soil DNA Isolation Kit (MoBio, Cal i f rnia), 
according to the manufacturer's instructions, and was 
further puri fed wi th the QIAquick PCR Purifcation Kit 
(Qiagen). 

Stranded library preparations were made f r the DNA 
samples and then they were sequenced f r l x50 single-
end reads wi th an (Illumina, San Diego) HiSeq 2500 
sequencer. 

The quality of the reads was assessed wi th FastQC 
v0.11.8 (Andrews, 2010). Reads were trimmed where the 
average sequence quality fell below 20 within a sliding 
window of fve bases, using KneadData v0.5.1 
(Huttenhower Lab, 2019). Also, short reads ( < 40 bp) and 
those reads aligning wi th human and phiX174 genomes 
(contaminants) were removed wi th KneadData. 

Taxonomic classifcation of metagenomic samples 
was per f rmed wi th CLARK vl.2.5.1 (Ounit, Wanama-
ker, Close, & Lonardi, 2015) in light mode (CLARK-I) 
against the NCBI/Refeq database (Pruitt, Brown, 
Tatusova, & Maglott, 2002), at the species level, wi th a k-
mer length of 27 and f l ter ing assignments wi th conf
dence score <0.5 and gamma score <0.03. 

Taxonomic data f o m the CLARK output were 
exported to BIOM tables using clark-biom (Dabdoub, 2019) 
and then processed with QIIME vl.9 (Caporaso 
et al., 2010). Singletons were discarded and samples were 
rarefed to the lowest sample depth to calculate several 
richness and diversit metrics (number of observed species, 
Chaol index, Shannon index, Inverse Simpson index and 
Pielou evenness). A fe r rarefction of the metagenomic 
data, each sampled area (A, B and C) comprised 171,230 
reads and a total of 3,248 identifed OTUs (operational tax
onomic units). The number of reads obtained f o m each 
step of the bioinfrmatics analysis is shown in Table SL 

Functional analysis was performed by comparing all 
reads against a metal-resistance genes database (BacMet, 
Predicted Resistance Genes database v2.0; Pal, Bengtsson-
Palme, Rensing, Kristiansson, & Larsson, 2014) using Dia
mond v0.8.36.98 (Buchfnk, Xie, & Huson, 2015), wi th an 
e-value cut-of of 0.001 and sequence identit >80%. Func
tional diversity metrics were calculated f o m these data as 
described above. 

2.5 I Statistical analyses 

Statistical analyses of the data were conducted using 
SPSS v23.0 (IBM, New York). The normal distribution of 
the data was checked using the Shapiro-Wilk test and 
the homogeneity of variance by the Levene's test. Values 
were log t ransfrmed when necessary. The data were 
tested by one-way analysis of variance (ANOVA) and the 
means of the metal concentrations and soil properties in 



T A B L E 1 Total and bioavailable (first stage of BCR procedure) concentrations of metal(loid)s and other soil properties in the three delimited areas of the mine site 

Soil properties" 

As B C R l / m g k g - 1 

As total /mg k g - 1 

Cu B C R l / m g k g - 1 

Cu tota l /mg k g - 1 

Pb B C R l / m g k g - 1 

Pb tota l /mg k g - 1 

Zn B C R l m g k g - 1 

Zn tota l /mg k g - 1 

Fe B C R l m g k g - 1 

Fe total /mg k g - 1 

M n B C R l / m g k g - 1 

M n to ta l /mg k g - 1 

p H H 2 0 

EC/dS m - 1 

TOM/% 

Clay/% 

Silt/% 

Sand/% 

Texture USDA 

A - unaffected 

dl 

dl 

3.2 (0.58) 

70 (1.85) 

dl 

13 (1.13) 

0.5 (0.16) 

89 (1.95) 

5.3 (0.78) 

18,997 (4.27) 

48 (1.67) 

385 (2.58) 

6.9 

0.13 (0.05) 

2.7 

6.3 

19.2 

74.6 

Sandy loam 

±0.6 

±3.3 

±1.0 

±0.3 

±3.6 

±1.3 

±899 

±4.0 

±17 

±0.2 

±0.02 

±0.3 

±1.0 

±1.5 

±1.6 

B - moderately contaminated 

2.4 (0.49) 

30 (1.42) 

362 (2.50) 

1,003 (2.99) 

dl 

32 (1.48) 

7.5 (0.89) 

108 (2.03) 

8.5 (0.93) 

23,811 (4.37) 

41 (1.59) 

431 (2.63) 

6.5 

0.06 (0.02) 

2.3 

8.4 

13.4 

78.2 

Sandy loam 

±0.8 

±7.6 

±63 

±82 

±4.8 

±2.3 

±6.4 

±1.8 

±1,169 

±5.0 

±9.3 

±0.1 

±0.01 

±0.3 

±0.9 

±1.4 

±1.6 

C - h ighly contaminated 

25 (1.35) 

647 (2.75) 

1824 (3.19) 

5,186 (3.68) 

6.6 

61 (1.77) 

39 (1.56) 

299 (2.45) 

46 (1.62) 

37,146 (4.54) 

33 (1.48) 

450 (2.65) 

6.1 

0.13 (0.05) 

2.1 

8.2 

16.3 

75.5 

Sandy loam 

±5.1 

±111 

±328 

±729 

±2.1 

±5.2 

±5.1 

±28 

±7.1 

±4,235 

±4.4 

±26 

±0.2 

±0.03 

±0.4 

±1.1 

±1.0 

±1.2 

F^ 

37.7 

117.8 

344.1 

592.0 

66.2 

52.8 

81.0 

19.6 

17.8 

3.7 

3.3 

4.3 

3.6 

0.8 

1.3 

4.5 

1.6 

p 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

<.001 

.033 

.047 

.020 

.038 

.441 

.295 

.019 

.224 

LSDo.os 

(0.202) 

(0.197) 

(0.177) 

(0.094) 

(0.109) 

(0.173) 

(0.083) 

(0.172) 

(0.087) 

(0.130) 

(0.055) 

0.538 

(0.022) 

0.825 

2.464 

3.255 

3.709 

BCR, Bureau Community of Reference; EC, electrical conductivity; TOM, total organic matter. 

"Values are means ± standard error, n = 15. Values in italics and given in parenthesis are log-transformed means and LSD005 (least significant difference at p < .05). 

hp ratio and p (significance level) in AN OVA tests. 

cdl, below detection limits. 



the distinct mmmg areas were compared by the LSD 
(least significant difference) test at a significance level of 
p < .05. Where only two means were compared, the sig
nificance of the difference was calculated with Student's 
t-test (p < .05). 

3 I RESULTS 

3.1 I Soil physical and chemical 
properties 

The soil samples collected from the mine site exhibited a 
significant gradient of metal(loid) contamination, wi th 
three different areas being clearly distinguished: A (unaf
fected), B (moderately contaminated) and C (highly con
taminated) (Table 1). 

The soils from the three areas had similar particle size 
distributions, wi th a sandy loam texture. Also, the soils of 
all three areas had a low EC and organic matter content. 
The soil pH values were slightly acidic, ranging from 6.1 
to 6.9, w i th a significantly higher pH in area A and a 
lower value in area C. 

The soil samples from area C, where the mine dumps 
were located, contained significantly higher total concen
trations of metals (Cu, Pb, Zn, Fe, Mn) and As, whereas 
those of the unaffected area (A) exhibited lower concen
trations. Area C contained total concentrations of As, Cu 
and Zn that exceeded the guideline values (50, 150 and 
250 mg/kg-1, respectively) suggested by Toth, Hermann, 
Da Silva, and Montanarella (2016) for potentially con
taminated soils in non-industrial areas. The Cu concen
tration in area B also exceeded this l imit. 

Regarding the bioavailable fraction of metals that 
may be accessible for microorganisms, plants and other 
living beings, the concentrations of bioavailable As, Cu, 
Pb, Zn and Fe were significantly higher in area C area 
than in area A, as happened wi th their total concentra
tions. Besides, the proportion of the bioavailable fraction 
of the metals wi th respect to the total concentration was 
also higher in area C, except for As and Mn. 

3.2 I Analysis of the microbial 
community structure 
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F I G U R E 1 Relative abundance of the most abundant phyla of 

bacteria (> 1%), Archaea (>0.01%) and fungi (all phyla) in the three 

delimited areas of the mine site. (A) unaffected area; 

(B) moderately contaminated area; (C) highly contaminated area 

Proteobacteria, Actinobacteria, Firmicutes and Bacte
roidetes were the bacterial phyla wi th the highest relative 
abundances in the samples across the three areas 
(Figure 1). Among these four phyla, Bacteroidetes and 
Firmicutes were the least abundant; their relative abun
dances did not exceed 2% and ranged from 0.8 to 1.1 % 
and from 0.9 to 1.7%, respectively. Both phyla were less 

abundant in the most contaminated soil (C). Bacte
roidetes had its highest value in the unaffected soil (A, 
1.1%), whereas Firmicutes exhibited its highest abun
dance in soil B (1.7%). On the other hand, Proteobacteria 
and Actinobacteria represented more than 90% of the 
total microbial population, and their relative abundances 
varied between 46 and 57% and 38 and 49%, respectively. 

o 



Proteobacteria ma in l y dominated i n the soil w i t h the 

highest concentrat ions of metal( loid)s (C, 57%), whereas 

Act inobacter ia dominated i n the unaffected soil (A, 49%). 

A t the genus level, the most representative were 

Bradyrhizobium (up to 11.8%, Proteobacteria), Streptomy-

ces (10.3%, Act inobacter ia), Mycobacterium (6.5%, 

Act inobacter ia), Burkholderia (4.6%, Proteobacteria) and 
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F I G U R E 2 Relative abundance of the top five genera of 

bacteria, Archaea and fungi in the three delimited areas of the 

mine site. (A) unaffected area; (B) moderately contaminated area; 

(C) highly contaminated area 

Pseudomonas (4.0%, Proteobacteria) (Figure 2). Strepto

myces and Mycobacterium were the predominant genera 

i n the unaffected soil (A) . Nevertheless, the genus 

Bradyrhizobium was the most abundant i n this study, 

being ma in l y present i n the more contaminated soils 

(11.8% i n B and 10.7% i n C). The predominant species of 

this genus were Bradyrhizobium diazoefficiens (up to 
3.6%), Bradyrhizobium sp. (up to 3.2%) and 

Bradyrhizobiumjaponicum (up to 2.0%) (Table S2). 
As far as the archaea domain is concerned, the most 

abundant phyla were Euryarchaeota and Thaumarchaeota 

(Figure 1). However, they d id not exceed 0.5% relative 

abundance i n the three soil areas (A, B and C). 

Euryarchaeota was the most abundant, vary ing between 

0.2 and 0.3%, w i t h the highest value being observed i n the 

soil w i t h the intermediate level o f contaminat ion (B). The 

abundance o f Thaumarchaeota d id not exceed 0.01% and 

i t was ma in l y found i n the unaffected soil (A) . The pre

dominant genera of the p h y l u m Euryarchaeota were Halo

arcula, Halobacterium and Halorubrum, m a i n l y found i n 

soil B (Figure 2). A m o n g them, the dominan t species were 

Haloarcula hispanica and Halorubrum trapanicum 
(Table S2). 

The on ly fungal phyla ident i f ied i n our study were 

Ascomycota and Basidiomycota. Basidiomycota was less 

abundant , not exceeding 0 .1% relat ive abundance, and 

d id no t va ry among the three soi l areas. Nevertheless, 

the abundance of Ascomycota var ied between 0. 7 and 

1.1 %, be ing highest i n the unaffected soil (A ) . A t the 

genus level, Fusarium, Aspergillus and Eremothecium 
were the most abundant (Figure 2). The genera Fusar

ium and Eremothecium showed thei r highest abundance 

i n soil A , whereas Aspergillus was more abundant i n the 

soils w i t h moderate and h i gh con tamina t ion (B and C). 

The p redominan t species of Aspergillus ident i f ied i n our 

study were A. fischeri, A. fumigatus and A. clavatus 
(Table S2). 

3.3 [ Diversity analysis of the 
metagenomes 

The Shannon index (alpha diversity) var ied f r o m 9.23 to 

9.50, the highest diversity being i n the unaffected soil 

(A) . However, there were no impor tan t differences 

between the moderately and h igh ly contaminated soils 

(9.23 i n B, 9.27 i n C) (Table 2). The number o f observed 

species, as w e l l as the Inverse Simpson and Pielou even

ness indices, showed a t rend s imi lar to that o f the Shan

non index, for bo th total d iversi ty and bacterial and 

fungal diversity. 

Regarding the C h a o l index (Table 2), i f al l domains 

are considered (total diversity), the moderately 
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T A B L E 2 Microbial diversity indices in t 

Area 

Total diversity 

A - unaffected 

B - moderately contaminated 

C - highly contaminated 

Bacterial diversity 

A - unaffected 

B - moderately contaminated 

C - highly contaminated 

Archaeal diversity 

A - unaffected 

B - moderately contaminated 

C - highly contaminated 

Fungal diversity 

A - unaffected 

B - moderately contaminated 

C - highly contaminated 

Obsei 

2,864 

2,844 

2,828 

2,725 

2,708 

2,704 

86 

88 

73 

53 

48 

51 

Chaol Shannon 

3,140 

3,165 

3,139 

3,001 

2,999 

3,000 

91 

121 

90 

53 

48 

51 

9.50 

9.23 

9.27 

9.45 

9.18 

9.23 

5.99 

5.80 

5.81 

4.53 

3.58 

4.28 

Inverse Simpson 

276 

171 

197 

269 

167 

193 

51 

4 
47 

11 

5 

9 

Pielou evenness 

0.828 

0.804 

0.808 

0.828 

0.805 

0.809 

0.932 

0.898 

0.939 

0.791 

0.642 

0.755 

F I G U R E 3 Venn diagrams showing over lap of operational 

taxonomic units (OTUs) between the three delimited areas of the 

mine site. Numbers in the overlapping zones indicate OTUs shared 

between the mine areas, and numbers in the non-overlapping 

zones indicate OTUs exclusively found in each mine area. 

(A) unaffected area; (B) moderately contaminated area; (C) highly 

contaminated area 

contaminated soil (B) displayed a significantly higher 

value, whereas soils A and C had similar values. This 

behaviour was not reflected in the bacterial domain, 

whose Chaol index was similar among the three soils. 

However, regarding the archaeal domain, the Chaol 
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F I G U R E 4 Relative abundance of metal-resistance genes 

arranged by metals in the three delimited areas of the mine site. 

(A) unaffected area; (B) moderately contaminated area; (C) highly 

contaminated area 

index had a considerably higher value in soil B, whereas 

f r fungi it showed a slightly lower value in soil B. 

A total of 3,248 different OTUs were identified in this 

study, of which 2,393 were shared by the three mine 

areas, as represented in the Venn diagram (Figure 3). 

There were 118, 132 and 103 OTUs found exclusively 

o 



TABLE 3 Relative abundance (%) of the most abundant metal-resistance genes (> 2%) in the three delimited areas of the mine site 

Gene function 

Iron-regulated aconitate hydratase can 

Copper oxidase 

Thioredoxin-disulphide reductase 

Arsenate reductase ArsC 

Copper-translocating P-type ATPase 

DsbA family oxidoreductase 

Copper-translocating P-type ATPase 

Superoxide dismutase 

Copper resistance system multicopper oxidase 

Multicopper oxidase family protein 

Fur family transcriptional regulator, ferric uptake 
regulator 

Arsenate reductase (azurin) large subunit 

Copper oxidase 

DNA starvation/stationary phase protection protein 

Arsenical resistance protein ArsH 

"A, unaffected area; B, moderately contaminated area; C, highly contaminated area. 

Gene name 

Acn 

Cop-unnamed 

arsT 

arsC 

copF 

fmE 

actP 

sodA 

copA 

Mmco 

furA 

aioA/aoxB 

cutO 

dpsA 

arsH 

Metal 

Fe 

Cu 

As 

As 

Cu 

Cd 

Cu 

Se 

Cu,Ag 

Cu 

Fe 

As 

Cu 

Fe 

As 

Aa 

15.9 

5.0 

11.4 

9.0 

5.5 

7.0 

6.0 

6.0 

4.5 

3.0 

6.5 

0.0 

1.0 

4.0 

2.0 

B 

15.6 

11.4 

11.7 

7.8 

7.2 

6.9 

4.2 

5.4 

2.7 

5.1 

2.1 

4.8 

3.6 

1.2 

1.2 

C 

8.5 

17.7 

7.2 

7.5 

9.2 

4.8 

5.8 

3.1 

5.5 

3.1 

2.4 

4.8 

4.1 

1.4 

2.0 

in A, B and C, respectively. Among the unique OTUs: 
106 different bacterial, 11 archaeal and one fungal species 
were present in the unaffected soil (A) (Table S3); 
119 bacterial and 13 archaeal species in the moderately 
contaminated soil (B) (Table S4); and 97 bacterial and six 
archaeal species in the most contaminated soil 
(C) (Table SS). No unique fungal species were identified 
in areas B and C, and only one in A. Most fungal species 
(47) were common to A, B and C. 

3.4 I Analysis of metal-resistance genes 

The functional analysis using the BacMet database 
showed that the most abundant metal-resistance genes 
were associated wi th Cd, Se, Cr and, especially, Cu, As 
and Fe (Figure 4). A l l genes associated wi th Fe displayed 
lower abundance at sites wi th higher concentrations of 
metal(loid)s (Figure 4); among them, the abundances of 
acn, furA and dpsA ranged between 8.5 and 15.9%, 2.1 
and 6.5%, and 1.2 and 4.0%, respectively (Table 3). 

Genes related to Cu resistance were the most abun
dant in all soils (Figure 4). The main genes associated 
with this metal (cop-unnamed, copF, actP, copA, mmco, 
cutO) showed different patterns of abundance among the 
three soil areas (Table 3). The abundance of cop-

unnamed, copF and cutO increased wi th the metal con
tamination (A < B < C). However, the other Cu genes 
f l l owed other trends: actP and copA were more 

abundant in the unaffected soil (A) and the highly con
taminated soil (C), whereas mmco was more abundant in 
the soil w i th the intermediate level of contamination (B). 

Regarding As, four main genes were related to this met
alloid: arsT, arsC, aioA/aoxB and arsH. Among them, arsT 

and arsC were the most abundant genes, especially in the 
soils wi th lower metal(loid) concentrations (A and B) 
(Table 3). The other genes, aioA/aoxB and arsH, showed 
different trends: aioA/aoxB was only present in the more 
contaminated soils (B and C), whereas the abundance of 
arsH was similar in soils A and C and lowest in B. 

A gene associated with Cd (rE) was detected in this 
study. Its abundance varied between 4.8 and 7.0%, being 
mainly present in the soils with the lower contents of 
metal(loid)s (A and B) (Table 3). Also, a gene related to Se 
resistance (sodA) was detected in the soil samples, and its 
abundance decreased with increasing metal(loid)s concen
tration (Table 3). Although additional genes associated 
with other metal(loid)s (Cr, Co, Ni, Hg, Sb, Ag, Mn) were 
detected in this study, their relative abundances were lower 
than 2%, and therefore they were not considered further. 

4 I DISCUSSION 

4.1 [ Metal bioavailability in soils 

As expected, the highly contaminated area (soil C) 
exhibited higher total and bioavailable concentrations of 



metal(loid)s than the other areas. Also, this soil had a 
greater proportion of bioavailable metals wi th respect to 
the total concentration, except f r Mn and As, probably 
due to its lower pH. Soil properties such as texture, cation 
exchange capacity, organic matter, carbonates, and Fe 
and Mn oxides, as well as pH, afect metal dynamics in 
soils (Shaheen, Tsadilas, & Rinklebe, 2013). The occur
rence of As in anionic f r m s , which have a solubility that 
tends to decrease at lower pH (Fleming, Tai, Zhuang, & 
McBride, 2013; Violante, Cozzolino, Perelomov, Cap-
orale, & Pigna, 2010), may explain its lower proportion of 
bioavailability in area C. Thus, the variation in soil pH 
due to mining activities may have afected the bioavail
ability of metal(loid)s and indirectly infuenced the 
behaviour of microbial communities. 

4.2 I Structure of the microbial 
communi ty 

The results indicate f u r predominant phyla of bacteria: 
Proteobacteria, Actinobacteria, Firmicutes and Bacte-
roidetes. They all have a wide and global distribution in 
soils (Youssef & Elshahed, 2009). Among them, Prote
obacteria and Actinobacteria were the most abundant 
phyla in the bacterial community. The importance of 
Proteobacteria in the soil has been wel l recognized, 
because it provides some basic fnc t ions related to bio-
geochemical cycles, such as Nz-fixation, denitrifcation, 
ammonia oxidation and sulphur oxidation/reduction pro
cesses (Feng et al., 2018; Kersters et al., 2006). Several 
studies point to Proteobacteria as the most abundant bac
teria in mine soils (Navarro-Noya, Jan-Roblero, del 
Carmen Gonzalez-Chavez, Hernandez-Gama, & 
Herandez-Rodriguez, 2010). However, this phylum is 
also f u n d in non-contaminated soils (Hemmat-Jou 
et al., 2018; Rastogi et al., 2010). For instance, in this 
study Bordetella pertussis (Proteobacteria) dominated in 
soils with low (A) and high (C) levels of contamination 
(Table S2). In general, Proteobacteria prevailed in the 
soil w i th the highest concentrations of metal(loid)s (soil 
C), whereas Actinobacteria dominated in the soil w i th 
the lowest concentrations (A). These results are in tune 
wi th several studies that reported a high abundance of 
Proteobacteria and a low abundance of Actinobacteria 
in soils w i th elevated concentrations of metals and As 
(Epelde et al., 2015; Feng et al., 2018; Ghosh & 
Das, 2018; Luo et al., 2014). The greater abundance of 
Proteobacteria in the most contaminated soil could be 
related to the fact that they are Gram-negative bacteria, 
whose characteristic feature is the presence of an outer 
lipopolysaccharide (LPS) layer in their cell wal l . This 
layer has the ability to sequestrate metals 

extracellularly, conferring adaptation to harsh contami
nated environments (Pereira, Lima, & Figueira, 2006). 
On the other hand, the members of the Actinobacteria 
are Gram-positive and lack this LPS layer. 

The results point to the genera Brdyrhizobium, Bur-
kholderia and Pseudomonas as the most representative of 
the Proteobacteria. Among them, the genus 
Bradyrhizobium was the most abundant and stood out 
particularly in the moderately contaminated soil (B) and 
the highly contaminated soil (C), especially the species 
B. diazoeficiens, B. japonicum and B. sp. (Table S2). 
These species belong to the Rhizobiales order and they 
are microsymbionts of leguminous plants. Several works 
have reported that these microsymbionts have a key role 
in the adaptation of legumes to soils poor in nitrogen and 
with high contents of metals and As (Fagorzi 
et al., 2018). For example, species f o m the genus 
Brdyrhizobium are f u n d associated with the legume 
Glycine max growing in soils with a high content of As, 
and with the legume Lupinus luteus in soils with high 
concentrations of Cu, Cd and Pb (Fagorzi et al., 2018; 
Granada et al., 2018). The great abundance of 
Brdyrhizobium in the soil samples of our study may be 
related to the presence of Retama sphaerocarpa, a legu
minous plant observed across the three sampling areas 
(A, B and C). Other work reported that Brdyrhizobium is 
the most abundant microsymbiont associated with the 
leguminous species Spartoctisus supranubius (very simi
lar to the genus Retama) growing in volcanic areas in the 
Teide National Park (Canary Islands, Spain) (Pulido 
Suarez, 2017). 

The species Pseudomonas aeruginosa (Proteobacteria) 
showed a very similar relative abundance in the three 
soils studied (Table S2), which suggests that it has the 
capacity to adapt to pollution gradients. Indeed, 
P. aeruginosa has been f u n d in desert, agricultural, 
grassland and frest soils, water, sewage and hospitals 
(Drees, 2004; Green, Schroth, Cho, Kominos, & Vitanza-
J ack, 1974; Kapatral, Zago, Karath, & Chugani, 2000), as 
well as in river ecosystems (Pellet, Bigley, & 
Grimes, 1983) and sites contaminated with metals 
(Badour, Drees, & Maier, 2003). Furthermore, 
Chellaiah (2018) pointed out that this species can be used 
as a suitable biosorbent f r the removal of Cd and other 
heavy metals fom solution, contaminated waste, water 
and soil. Apart f om this characteristic, P. aeruginosa can 
be used as a potent bioinoculant expressing plant growth-
promoting rhizobacteria (PGPR) activity, or as a bioflm 
and biosurfctant producer, and plays a key role in metal 
phytoextraction processes (Zivkovic et al., 2018). In addi
tion, several species of the genus Pseudomonas are well 
known as eficient phosphate-solubilizing bacteria (PSB) 
(Parani & Saha, 2012). 



Regarding the most abundant archaeal phylum 
(Euryarchaeota), the predominant genera were Halo-

arcula, Halobacterium and Halorubrum, which were 
mainly f u n d in the moderately contaminated soil (B). 
These genera have been related to Mn and As meta-
bolization (Burguener et al., 2014). Thus, species of the 
genus Haloarcula can absorb high concentrations of Mn 
(Naik & Furtado, 2014). This may account f r the low 
bioavailable concentrations of Mn f u n d in soil B 
(Table 1). It has been reported that some species of the 
genus Halorubrum are able to oxidize As (Ordonez, 
Rasuk, Soria, Contreras, & Farias, 2018; Rascovan, 
Maldonado, Vazquez, & Farias, 2016). Arsenite (As(III)) 
is a toxic f r m of As, but it can be oxidized to the less 
toxic arsenate (As(V)) (Krzmarzick, Taylor, Fu, & 
Mccutchan, 2018). 

With respect to the f n g i , the only two phyla detected 
were Ascomycetes and Basidiomycetes. The Ascomycetes 
was the most abundant, particularly in the least contami
nated soil. The Ascomycetes is the largest phylum of the 
f n g a l kingdom and appears to be less susceptible to soil 
contamination by heavy metals than the Basidiomycetes. 
Elevated concentrations of heavy metals seem to afect 
negatively the reproductive processes of these f n g a l 
phyla (Sherameti & Varma 2010). Fusarium, Asperillus 

and Eremothecium were the predominant f n g a l genera, 
and the most abundant species of Aspergillus were 
A. fischeri, A. fumigatus and A. clavatus (Table S2). Our 
results agreed with those of several studies that associ
ated the presence of these species in contaminated soils 
wi th the bioabsorption of metals. I t has been reported 
that A. fscheri is related to bioabsorption of Cd (Babich & 
Stotzky, 1977), A. fumigatus to bioabsorption of several 
metals such as Cu, Cr and Pb (Shazia, Uzma, & 
Talat, 2013), and A. clavatus to bioabsorption of Pb 
(Bourzama, Ennaghra, Soumati, Benoune, & 
Atriche, 2019). The important role of these species in 
metal absorption may explain their high abundance in 
the most contaminated samples (B and C). In addition, 
the species Fusarium oxsporum, which dominated in 
soils A and B, has been used in association with hyper-
accumulating plants (Brassicaceae) to improve phyto-
elimination of Zn and Cd f o m soil (Zhang et al., 2012). 

4.3 I Diversity 

The highest alpha diversity was observed in the least con
taminated soil (A). The lower values of the diversity indi
ces shown in the most contaminated soils (B and C) 
imply that the high concentrations of metals and As pre
sent at these sites negatively afected the richness and 
evenness of species. These results agree wi th previous 

works that reported that the richness of species generally 
decreased wi th an increasing metal concentration in soils 
(Gohibiewski, Deja-Sikora, Cichosz, Tretyn, & 
Wrobel, 2014; Hemmat-Jou et al., 2018). 

On the other hand, there was a higher value of the 
Chaol index in the soil wi th an intermediate level of con
tamination (soil B), especially f r the archaeal domain. 
The Chaol index is an estimator of the species richness 
in a community based on the number of rare species 
within the sample (Lee & Chao, 1994). Therefre, soil 
f o m area B might contain a greater number of rare spe
cies of archaea than the other soils. These rare species 
were clearly refected in the number of OTUs per domain 
exclusively f u n d in each mine area and not shared 
between areas (Tables S3, S4, SS), wi th soil B showing a 
higher number of unique archaeal species than the other 
soils. The unique archaeal species f u n d exclusively in 
the more contaminated areas (B or C) could give rise to 
important biotechnological applications. One of these 
species, f u n d in soil C, is Methanosphaerula palustris 
(Table SS), which is a methanogen (methane producer) 
that utilizes hydrogen and carbon dioxide as electron donor 
and acceptor, respectively, along with acetate as a carbon 
source, thus being classifed as a chemolithoheterotroph 
(Cadillo-Quiroz, Yavitt, & Zinder, 2009). Another archaeal 
species only f u n d in soil B was Thermosphaer agregans 

(Table S4), which is considered as a thermophile because it 
can survive at high temperatures (above 45° C) (Huber & 
Stetter, 1998). 

4.4 I Functional genes related to metal 
resistance 

The predominant genes involved in metal-resistance 
metabolism were associated with Fe (acn, ftrA, dpsA), 

Cu (cop-unnamed, copF, actP, copA, mmco, cutO), As 
(arsT, arsC, aioA/aox, arsH), Cd (frE) and Se (sodA), 
with acn being the most abundant of these. Several data
bases, such as the European Nucleotide Archive 
(ENA, 2019) and the European Bioinfrmatics Institute 
(EMBL-EBI, 2019), point out that acn is characteristic of 
Actinobacteria, specifcally of the Mycobacterium genus. 
The acn gene is a dominant regulator that afects bacte
rial physiology and intracellular survival of these micro
organisms (Zahrt, Song, Siple, & Deretic, 2001). The 
relative abundance of acn may be related to the abun
dance of two species f o m the genus Mycobacterium 

observed in the soils of our study: M. tuberculosis and 
M. avium (Table S2). The abundance of both species 
decreased wi th increasing concentrations of metal(loid)s 
in the soil, as did that of acn. The same pattern of abun
dance was observed f r the gene fur A, also carried by the 



genus Mycobacterium. This gene regulates the gene katG 
and others involved in the pathogenesis of the species of 
this genus (Pym et al., 2001). 

Genes associated with Cu were, all together, the most 
abundant metal-resistance genes in the three soils of this 
study. Most of these genes are involved in mechanisms 
that protect the cell against elevated Cu concentrations 
(Costa et al., 2015; Kazy, Sar, Singh, Sen, & 
D'souza, 2002). Previous work on the model bacterium 
Pseudomonas sringae suggested that its Cu-sequestering 
activity is determined by Cu-binding protein products of 
the Cu resistance operon (cop) (Cooksey, 1994). These 
genes, such as copA, belong to a superfamily of soft-
metal-transporting P-type ATPases, which is a ubiquitous 
group of proteins involved in the transport of charged 
substrates across biological membranes that can be 
divided into subgroups that contain Cu(I)/Ag(I)-
translocating and Zn(II)/Cd(II)/Pb(II)-translocating 
ATPases (Rensing, Ghosh, & Rosen, 1999). The variabil
ity observed in the pattern of abundance of these Cu 
genes could be related to their diferent functions, as well 
as to the abundance of the species that carry them in 
their genome. Thus, the species Bordetella pertussis and 
Ralstonia solanacearum, which contain the gene copA, 
and also Rhodopseudomonas palustris and Sinorhizobium 
meliloti, containing actP, were less abundant in soil B 
(Table S2). However, the abundance of Pseudomonas 
aeruginosa, known to include Cu-ATPases genes, such as 
actP and copA (Gonzalez-Guerrero, Raimunda, Cheng, & 
Arguello, 2010), did not correlate with their abundance. 
As well, the abundance of the species identifed in this 
study that contain copF and cop-unnamed in their 
genome did not coincide with the abundance of these 
genes; hence, other, unclassifed species may be the main 
contributors of these genes. 

Regarding As, arsT was the most abundant gene 
related to this metalloid. This gene plays a key role in 
the protection of cellular DNA against oxidative stress 
due to oxgen metabolism. Other, less abundant genes, 
arsC and aioA/aox, are specifcally involved in 
As-detoxifcation mechanisms, such as the reduction of 
arsenate (As(V)) to arsenite (As(III)) by arsC and the sub
sequent excretion of arsenite by the ArsAB e fux pump. 
Also, aioA/aox controls the oxidation of arsenite to the 
less toxic arsenate (Rensing et al., 1999), which could 
explain the higher abundance of this gene in the more 
contaminated soils (B and C). The abundances of the 
bacterial species Bradyrhizobium diazoefficiens and 
Burkholderia pseudomallei, as well as the archaea 
Halorubrum trapanicum, which contain this arsenite oxi-
dase gene (Ordonez et al., 2018; Rascovan et al., 2016; 
Sultana et al., 2012), were also higher in these soils. On 
the other hand, the gene ArsH, part of the As resistance 

operon, was the least abundant gene involved in As resis
tance detected in the soils studied. This gene is widely 
distributed, especially in Gammaproteobacteria, although 
it is absent in Gram-positive bacteria (Fekih et al., 2018; 
Paez-Espino, Durante-Rodriguez, & de Lorenzo, 2015). 
Several studies have highlighted Sinorhizobium meliloti 

and Rhodopseudomonas palustris, among others, as 
examples of bacterial species that carry in their genome 
the ars operon, wi th the presence of arsH (Fekih 
et al., 2018). Both these species were abundant in the 
soils of our study (Table S2) and f l l owed the same trend 
as the abundance of the arsH gene. 

5 I CONCLUSIONS 

Contaminated soils, especially those located at mining 
sites, are a reservoir of microorganisms wi th specifc 
functional characteristics related to the biotransfrma
tion of heavy metals or metalloids, as well as to the bio
availability of nutrients required f r the growth of 
plants used in phytoremediation. Our results suggest 
that two of the most promising species wi th regard to 
their use as biofertilizers are the Proteobacteria species 
Bradyrhizobium diazoefficiens and Pseudomonas 
aeruginosa, because they carry genes f r resistance to 
metal contamination and have the capacity to f x N2 and 
solubilize phosphate, respectively. Also of interest are 
the archaeal species Halorubrum trapanicum and the 
fungi Aspergillus fumigatus and A. fischeri, which are 
able to detoxif and bioabsorb metals. These three 
species could be useful as biofertilizers in remediation 
strategies f r contaminated mine soils, such as 
phytoextraction and phytostabilization. 

Further isolation and identifcation of microorgan
isms f u n d in the rhizosphere of plants living in mining 
sites should be conducted based on the results obtained 
f o m this study, as well as metatranscriptomic analyses of 
microbial communities and the study of their interaction 
networks, to gain insights into the potential expression of 
metal-resistance genes and the complex ecological 
dynamics of these contaminated ecosystems. 
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