
 
 
 

ANALYSIS OF THE PHYLOGENETIC AND FUNCTIONAL DYNAMICS OF 
MICROBIAL COMMUNITIES IN METALLIFEROUS, ACID-GENERATING MINE 

TAILINGS SUBJECT TO A PHYTOSTABILIZATION TREATMENT 
 
 
 

By 
 
 

Alexis Valentín-Vargas 
 

____________________________ 
 
 
 

A Dissertation Submitted to the Faculty of the 
 
 

DEPARTMENT OF SOIL, WATER, AND ENVIRONMENTAL SCIENCE 
 
 

In Partial Fulfillment of the Requirements 
For the Degree of 

 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 
 

2013 
 
 
 
 
 



	   2	  

 
THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 
 
 

As members of the Dissertation Committee, we certify that we have read the dissertation 
prepared by Alexis Valentín-Vargas, titled “Analysis of the phylogenetic and functional 
dynamics of microbial communities in metalliferous, acid-generating mine tailings 
subject to a phytostabilization treatment”, and recommend that it be accepted as fulfilling 
the dissertation requirement for the Degree of Doctor of Philosophy. 
 
 
 
_______________________________________________________________________________ Date: October 11, 2013 
Raina M. Maier, Ph.D. 
 
 
_______________________________________________________________________________ Date: October 11, 2013 
Jonathan D. Chorover, Ph.D. 
 
     
_______________________________________________________________________________ Date: October 11, 2013 
Virginia I. Rich, Ph.D.    
 
 
_______________________________________________________________________________ Date: October 11, 2013 
Gayatri Vedantam, Ph.D.    
       
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s 
submission of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and 
recommend that it be accepted as fulfilling the dissertation requirement. 
 
 
 
_______________________________________________________________________________ Date: October 11, 2013 
Dissertation Director: Raina M. Maier, Ph.D. 
   

 
 
 
 
 



	   3	  

 
 
 
 
 
 

STATEMENT BY AUTHOR 
 

 
This dissertation has been submitted in partial fulfillment of the requirements for 

an advanced degree at the University of Arizona and is deposited in the University 
Library to be made available to borrowers under rules of the Library. 
 

Brief quotations from this dissertation are allowable without special permission, 
provided that an accurate acknowledgement of the source is made. Requests for 
permission for extended quotation from or reproduction of this manuscript in whole or in 
part may be granted by the head of the Department of Soil, Water, and Environmental 
Science or the Dean of the Graduate College when in his or her judgment the proposed 
use of the material is in the interests of scholarship. In all other instances, however, 
permission must be obtained from the author. 
 
 
 

SIGNED: Alexis Valentín-Vargas 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



	   4	  

AKNOWLEDGEMENTS  

Written in a book edited by one of my biggest motivators for completing this 

dissertation, I once read that “it takes a village” when it comes to acknowledging the 

people that kept one going is such a challenging journey. Well, it literally takes a village! 

I would never have been able to finish this dissertation without the support of numerous 

individuals that in one-way or another contributed to the completion of my journey.  

 First, I would like to express my deepest appreciation and gratitude for my 

advisor, Dr. Raina M Maier, an outstanding mentor who guided me with endless patience 

and dedication for the last 5 years. Thank you for giving me the opportunity of working 

in your laboratory and for never stop believing in me, not even during my darkest hours 

when I pondered quitting. I like that you always looked at the positive side of things and 

always found a way to encourage me and teach me valuable lessons that go well beyond 

the lab walls. Not only you helped to sharpen my skills as a scientist and communicator, 

but also you helped me discover and understand many of my strengths and weaknesses, 

providing me with tools that will certainly help me succeed in my future endeavors.  

 I would like to thank the members of my graduate committee, Dr. Chorover, Dr. 

Rich and Dr. Vedantam, for their willingness to take the additional responsibility of being 

part of my committee despite their busy schedules and for their guidance and valuable 

advices and help throughout this process. I would also like to thank Dr. Julie Neilson, the 

best lab manager ever! Thank you for many hours of valuable discussion and editing of 

my manuscripts. Your meticulousness and dedication for doing and communicating 

meaningful science is key to the success of the lab and all the people who works in it.  

 My research project would have been impossible without the dedication and hard 



	   5	  

work of all the people who were involve in the planning and execution of the fieldwork 

(at the Iron King Mine) and the setup of the mesocosm experiment at the greenhouse.  

Specifically, I would like to thank Dr. Robert Root, the mastermind behind the 

mesocosms experiment and who provided virtually all the environmental data used in this 

dissertation, and Karis Nelson, who helped in the labor-intensive process of collecting 

and processing the samples for microbiological analysis. I would also like to thank 

Steven Schuchardt, the owner of the Iron King Mine site for allowing the collection of 

samples from his property, and Scott White for coordinating most of the fieldwork. 

I would like to thank Dr. Fernando Solís-Domínguez, a great friend and lab 

partner. Your advice, guidance and friendship made me feel welcomed in the group and 

helped me get used to the day-to-day life in the lab right from the very beginning. I also 

thank Dr. Marianyoly Ortiz-Ortiz, my compatriot, because without her kindness and 

friendship my transition from Puerto Rico to Tucson and from the UPR to the UA would 

have been much more challenging.  

I would like to thank all of my friends, family members, and lab mates that were 

always there for me, that encouraged me to stay on track, helped me keep my sanity, and 

contributed to the completion, as well as the enjoyment, of this journey. I will eternally 

be grateful for having you all in my life and for being an integral part of this process. 

 Finally, I would like to acknowledge all the agencies and organizations that 

funded my stay at the SWES department, including: the University of Arizona, the 

Superfund Research Program from the National Institute of Environmental Health 

Sciences, the Alfred P. Sloan Foundation, the National Action Council for Minorities in 

Engineering, and the American Society for Microbiology.  



	   6	  

DEDICATION  

 First, I dedicate this work to my loving parents, Luis R. Valentín-Rodríguez and 

Minerva Vargas-Soto. From a very young age they taught me the value and importance 

of hard work, education, responsibility, perseverance, and good citizenship. With very 

limited resources, they had to make all kind of sacrifices in order for me to achieve my 

personal goals. All those sacrifices were essential for me to become part of the first 

generation of my family to obtain a college degree. Their unconditional support and my 

continuous wish for making them proud as a way to thank them for everything they have 

given me, were my greatest motivations for never giving-up throughout this journey. 

 Finally, I dedicate this dissertation to my loving and supportive wife, Eneida C. 

Villanueva-Feliciano. Without your support, patience, encouragement, and willingness to 

virtually put our marriage on hold while I completed my degree, it would have been 

impossible for me to finish this dissertation. Thank God I have the rest of my life to pay 

you back with interests for all the selflessly sacrifices you made for me. 

 

 

 

 

 

 

 

 

 



	   7	  

TABLE OF CONTENTS 

 

ABSTRACT .....................................................................................................................12 

CHAPTER 1: INTRODUCTION.....................................................................................14 

1. Literature Review .............................................................................................14 

2. Introduction to the Present Study .....................................................................39 

3. References.........................................................................................................47 

4. Figure Legend...................................................................................................64 

5. Figures ..............................................................................................................65 

CHAPTER 2: TAXONOMIC COMPOSITION AND FUNCTIONAL POTENTIAL OF 

MICROBIAL COMMUNITIES DRIVING THE ACIDIFICATION OF 

METALLIFEROUS MINE TAILINGS UNDERGOING 

PHYTOSTABILIZATION.......................................................................66 

1. Introduction.......................................................................................................66 

2. Materials and Methods .....................................................................................70 

3. Results...............................................................................................................78 

4. Discussion.........................................................................................................92 

5. References.......................................................................................................115 

6. Tables..............................................................................................................133 

7. Figure Legend.................................................................................................144 

8. Figures ............................................................................................................148 

APPENDIX A: ENVIRONMENTAL FACTORS INFLUENCING THE STRUCTURAL 

DYNAMICS OF ROOT-ASSOCIATED MICROBIAL 



	   8	  

COMMUNITIES DURING THE PHYTOSTABILIZATION OF 

METALLIFEROUS, ACIDIC MINE TAILINGS: A MESOCOSM 

EXPERIMENT....................................................................................161 

APPENDIX B: A NEW STANDARD-BASED POLYNOMIAL INTERPOLATION 

(SBPIN) METHOD TO ADDRESS GEL-TO-GEL VARIABILITY FOR 

THE COMPARISON OF MULTIPLE DENATURING GRADIENT 

GEL ELECTROPHORESIS PROFILE MATRICES...........................221 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   9	  

LIST OF TABLES 

TABLE 1. Summary of environmental parameters measured from pore water samples

......................................................................................................................133 

TABLE 2. Summary of iTag results, OTU assignment, and diversity indexes..............134 

TABLE 3. Nonparametric test of pairwise dissimilarity of the overall functional potential 

and taxonomical composition of the microbial communities.......................135 

TABLE 4. Overall most abundant taxa (3 different taxonomic ranks) detected in all 

treatments combined.....................................................................................136 

TABLE 5. Taxonomic classification and percentage of contribution of the 4 most 

abundant prokaryotic taxa per sample..........................................................137 

TABLE 6. Similarity Percentage analysis (SIMPER) of the contribution (~50% of total) 

of OTUs to the average dissimilarity between treatments in terms of 

taxonomical community composition ..........................................................138 

TABLE 7. The number of functional genes detected per sample using GeoChip 4.0 ...139 

TABLE 8. Gene overlap, uniqueness (italicized and bolded), and diversity indexes ....140 

TABLE 9. Comparative analysis of GeoChip 4.0 results from different studies ...........141 

TABLE 10. Analysis of correlation between selected functional gene categories and 

relevant environmental parameters ............................................................142 

TABLE 11. Average concentrations of metagenomic DNA extracted from the mesocosm 

core samples ...............................................................................................143 



	   10	  

LIST OF FIGURES 

Chapter 1. 

FIGURE 1. Overview of the metal mining industry and its environmental impact in the 

United States ................................................................................................. 65 

Chapter 2. 

FIGURE 1. Analysis of the taxonomic assignment of OTUs and the rarefaction of OTU 

diversity.......................................................................................................148 

FIGURE 2. Non-Metric Multidimensional Scaling (NMDS) ordination diagrams of 

temporal variations in (A) taxonomic community composition and (B) 

community functional potential ..................................................................149 

FIGURE 3. Relative distribution of all OTUs in the samples by prokaryotic phyla......150 

FIGURE 4. Taxonomic classification by percentage of contribution of the 4 most 

abundant prokaryotic taxa (family level) per sample..................................151 

FIGURE 5. Cladogram indicating the phylogenetic distribution of microbial lineages 

associated with the three mesocosm treatments; lineages with LDA values of 

2 or higher determined by LEfSe are displayed..........................................152 

FIGURE 6. Cladogram indicating the phylogenetic distribution of microbial lineages 

associated with the three mesocosm treatments; lineages with LDA values of 

3 or higher determined by LEfSe are displayed..........................................153 

FIGURE 7. Distribution of functional gene categories by sample.................................154 

FIGURE 8. Two-way hierarchical cluster analysis of selected genes detected by GeoChip 

4.0................................................................................................................155 

FIGURE 9. Comparison of changes in environmental parameters and changes in 



	   11	  

microbial community functional and taxonomic composition ...................156 

FIGURE 10. Correlation analysis of the relationship between the changes in pH and the 

total number (richness, R) of functional genes detected in the samples by 

means of GeoChip 4.0 analysis.................................................................157 

FIGURE 11. Proposed model of diverse microbial-mediated processes during the 

phytostabilization of pyritic mine tailings actively generating acid .........158 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



	   12	  

ABSTRACT 

Extensive research conducted over the last decade has demonstrated the great 

potential of phytostabilization for the reclamation of abandoned mine tailing piles. The 

right combination of plant species and soil amendments can facilitate the growth of a 

permanent vegetative cover on the tailings that will help minimize the mobilization of 

metal-bearing particles by means of wind dispersion and water erosion. Despite previous 

research efforts, the diversity and potential role of microbial populations inhabiting the 

root zone of the plants on the stabilization of the metal(loid) contaminants remains 

mostly unresolved. The study presented in this dissertation represents one of the first 

comprehensive efforts aimed to understand the ecology and dynamics of microbial 

communities colonizing both bulk and rhizosphere tailings during phytostabilization as 

an initial step towards elucidating the role of microbes in the stabilization of metal(loid) 

contaminants during the remediation treatment. This study was divided into two main 

projects: (1) the first aimed to monitor the temporal variations in functional and 

taxonomic diversity of prokaryotic populations in acid-generating metalliferous mine 

tailings during phytostabilization to determine how they respond to and/or influence 

changes in environmental parameters and to identify key patterns in their composition 

that may serve as bioindicators of soil health and the success of the remediation 

treatment; and (2) the second aimed to expand our understanding of the dynamics of root-

associated bacterial, fungal and archaeal communities during mine tailing 

phytostabilization and how the dynamic behavior of the communities correspond to the 

growth of plants, the addition of soil amendments, and fluctuations in environmental 

conditions. The results presented here demonstrate that different microbial groups 
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respond differently to changes in environmental conditions during phytostabilization, 

suggesting that by monitoring the behavior of specific microbial groups in the systems 

(as bioindicators) we may be able to assess the effectiveness of the remediation treatment. 

Furthermore, the results from the taxonomic and functional analysis of the microbial 

communities served as the basis for the development of a model that explains the ecology 

and distribution of dominant microbial groups in the tailings that may significantly 

contribute to the oxidation of iron-sulfides, the production of acid mine drainage, and to 

facilitate plant establishment and survival during phytostabilization. 
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CHAPTER 1 

INTRODUCTION 

1. Literature Review 

1.1. Mine tailings as a major point source of environmental pollution 

One of the major environmental impacts of the metal mining industry is the 

production of mine wastes (Dudka and Adriano, 1997; Lottermoser, 2003). Mine wastes 

are, by weight, the number one toxic waste produced in the United States (Figure 1). In 

the 2011 EPA’s Toxic Release Inventory, out of 26 industries reported as toxic waste 

producers, the metal mining industry was, by far, the largest producer of toxic waste with 

over 860 metric tones (a 28% increment from 2010), or 46%, of all the national toxic 

releases (EPA, 2013-B). In contrast, the second largest toxic waste producers for the 

same period were industries dedicated to the production of electric energy with only 15% 

of the total (EPA, 2013-B) (Figure 1).  

Mine tailings are the primary component of mine wastes produced during ore 

processing for metal(loid)s extraction (Lottermoser, 2003). In fact, up to 99% of the 

mined material may finally become tailings when low-grade metal ores are utilized 

(Lottermoser, 2003). Mine tailings are also a major source of environmental 

contamination. This is especially true in legacy or abandoned mine tailings deposits due 

to the inefficient mining technologies used in the past, which have left relatively high 

concentrations of “non-extractable” metal(loid) contaminants in the tailings (Dybowska 

et al., 2006). Due to the small size of the tailings particles, the often extreme pH values, 

high metal(loid) content, low concentrations of nutrients and organic matter, and the lack 

of a three-dimensional structure, abandoned mine tailing piles are often deprived of a 
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vegetative cover and cannot support a healthy microbial community (Mendez and Maier, 

2008). The poor capacity of mine tailings to support plant and microbial growth is 

exacerbated in arid environments due to climatic conditions and high levels of salinity 

(Mendez and Maier, 2008). Therefore, mine tailings in arid environments are generally 

more susceptible to wind dispersion and water erosion.  

As of 2013 there are 679 abandoned hard rock mines and processing sites listed 

on the federal Comprehensive Environmental Response, Compensation and Liability 

Information System (CERCLIS) (EPA, 2013-A). Due to higher levels of contamination 

and health risk, 132 abandoned mine sites out of those listed in CERCLIS are also listed 

on the EPA’s National Priority List (NPL). Among the mine sites included on the NPL 

(also known as Superfund sites) the most common metal(loid) contaminants found are 

lead, arsenic, zinc and cadmium (EPA, 2013-A). Arsenic, lead, and cadmium are also 

listed among the 10 most hazardous substances identified by the EPA under the 

CERCLIS Priority List of Hazardous Materials (EPA, 2013-A). Arsenic and lead, which 

occupy the first and second spots on the list respectively, pose major health risks due to 

their extremely toxic properties associated with a plethora of chronic diseases (e.g. 

cardiovascular and neurologic disorders, diabetes) and for being plausible precursors of 

elevated incidence of mutations and cancer on exposed populations near abandoned or 

active mining sites (Diaware et al., 2006; Ferreira-da-Silva et al., 2004; Jasso-Pineda et 

al., 2007; Tchounwou et al., 2004; Zhang et al., 2012). Arsenic, in particular, is regarded 

as one of the top global environmental and public health issues (Mandal and Suzuki, 

2002; Reimann et al., 2009), and is generally considered one of the most common 

contaminants associated with the metal mining industry around the world (Smith et al., 
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1998). Thus, natural ecosystems and human communities exposed to this toxic metalloid 

pose serious health risks (Bhattacharya et al., 2007; Khan et al., 2009; Naidu and 

Bhattacharya, 2009).  

In brief, the elevated levels of metal(loid) contaminants in abandoned mine 

tailings represent a critical environmental hazard in mining areas (Licskó et al, 1999) due 

to the dispersion of metal-bearing particles from the point source that may impact nearby 

human populations (Meza-Figueroa et al., 2009; Zhang et al., 2012) as well as a variety 

of environmental resources, including: groundwater and surface water (Azcue and 

Nriagu, 1995; Razo et al., 2004, Rösner, 1998), soils and sediments (Razo et al., 2004; 

Ferreira-da-Silva et al., 2005), and agricultural land (Ramirez-Andreotta et al., 2013; 

Sastre et al., 2004).  

1.2. The case of the Iron King Mine and Humboldt Smelter Superfund site 

One of the newest additions to the NPL from the state of Arizona is the Iron King 

Mine and Humboldt Smelter site (34˚30’02.11”N, 112˚15’08.75”W), located in the town 

of Dewey-Humboldt (EPA, 2012). This site was included on the NPL in 2008. The site 

encompasses areas of contamination from two separate facilities: the Iron King Mine and 

the Humboldt Smelter. The Iron King Mine (IKM) is the main focus of contamination 

from the site. It covers approximately 153 acres of land and includes a large tailings pile 

with a volume of approximately 6.4 million cubic yards. The IKM was an active 

underground mine from 1904 until 1969, period during which several metals of interest 

were extracted from the ore, including: lead, gold, silver, zinc, and copper (EPA, 2012).  

The IKM tailings are highly acidic (pH ~2.5), contain high concentrations of 

metal(loid)s (especially arsenic and lead), contain low concentrations of nutrients and 
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organic carbon, high salinity (EC ~6.5-9 ds m–1), and have a microbial community poor 

in heterotrophic microbial biomass needed for carbon a nutrient cycling (Solís-

Dominguez et al., 2012). The site poses risk to the neighboring Dewey-Humboldt 

community through both wind- and water-borne exposure routes. Analysis of field 

samples show that the tailings pile is stratified in two main layers: a shallow oxidized 

horizon (<35cm) and a deeper reduced horizon (>35cm). Also, preliminary geochemical 

analyses have shown that the weathering of the IKM tailings, coupled to sulfur 

speciation, controls the speciation and mobility of arsenic and other metals in the system, 

depending on the redox state of the soil layer.  

One of the main environmental and public health concerns associated with the 

IKM tailings are the high levels of arsenic (As) and lead (Pb) in the surface tailings 

(Solís-Dominguez et al., 2012). The IKM Superfund remedial report shows that the 

average concentrations of As and Pb in the surface tailings are around 3100 mg/kg and 

2300 mg/kg respectively (EA-EST, 2010). These concentrations contrast with the EPA’s 

Residential Regional Screening Levels for the state of Arizona (As- 0.39 mg/kg; Pb- 400 

mg/kg) and the Arizona Department of Environmental Quality Residential Soil 

Remediation Levels (As- 10 mg/kg; Pb- 400 mg/kg), which are significantly lower. 

Despite the high levels of toxic metals, the most likely explanation for the lack of 

plant grow on the IKM tailings, even 40 years after being abandoned, is the extremely 

acidic pH of the tailings, which is promoted by their pyritic composition (Akcil and 

Koldas, 2006). When the pyrite is oxidized in the presence of oxygen, sulfuric acid is 

produced as a byproduct of the oxidation reactions, which results in a gradual 

acidification of the mine tailings (Evangelou and Zhang, 1995). The acid generated can 
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promote the dissolution of metal(loid)s from the tailings, creating a highly acidic, 

metalliferous leachate commonly known as acid mine drainage (AMD) (Akcil and 

Koldas, 2006).  

The pyrite oxidation reactions occur spontaneously (i.e. abiotically) at 

circumneutral pH values, but as the acid generated drives that pH below a certain level 

(pH ~5), the kinetics of these abiotic reactions become increasingly disfavored (Kirby 

and Brady, 1998). This creates a niche for chemolithoautotrophic, acidophilic 

microorganisms which can oxidize iron sulfides as electron donors to be able to fix CO2 

into organic matter without having to compete with abiotic processes (Kirby and Brady, 

1998). Thus, the extremely acidic pH of the IKM tailings (pH ~2.5) is to a great extent 

due to the metabolic activity of iron- and sulfur-oxidizing microbial populations that 

typically dominate the microbial communities in these tailings (Mendez et al., 2007; 

Solís-Dominguez et al., 2012). These chemolithoautotrophic microbial communities that 

dominate the surface tailings are usually very different from microbial communities 

found in healthy soil ecosystems, which are dominated by heterotrophic microbial 

populations (Mendez et al., 2007). 

1.3. Phytostabilization of metalliferous mine tailings 

Abandoned mine sites and mine impacted soil around the world, especially in arid 

environments, are often treated with various phytotechnologies aimed at in situ 

stabilization of the metal(loid) contaminants, including arsenic (Mendez and Maier, 2008; 

Wong, 2003). One such phytotechnology that has gained notoriety in recent years is 

phytostabilization (Mendez and Maier, 2008). The main goal of a phytostabilization 

treatment is to create a permanent vegetative cover on the tailings to (1) minimize eolian 
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dispersion and water erosion, (2) and promote the stabilization of the metal contaminants 

in the rhizosphere by means of adsorption or precipitation (Mendez and Maier, 2008). An 

important aspect of this process is that metals are stabilized in the root-zone, rather than 

being translocated into the shoot tissues, which minimizes the bioaccessibility of the 

metal contaminants and, hence, the exposure risks associated with the tailings (Mendez 

and Maier, 2008; Soilís-Dominguez et al., 2012; Wong, 2003).  

While it is known that the right combination of plants and soil amendments can 

potentially restore metal(loid) contaminated soils and abandoned mine tailings (Mendez 

et al., 2007; Mendez and Maier, 2008; Solis-Dominguez et al., 2010), the molecular-scale 

interactions between plants roots, tailings, amendments and microbes, which ultimately 

determine the fate and bioaccessibility of arsenic and other metals in these systems 

remain mostly unresolved (Epelde et al., 2010; Solís-Dominguez et al., 2010). This 

knowledge gap in the specific processes that rhizosphere microbes may use to mediate 

the speciation and stabilization (or mobilization) of metal(loid) contaminants is a crucial 

aspect of a successful phytoremediation process that must be elucidated (Wenzel, 2009).  

1.4. Possible ecological aspects of microbial communities in the IKM tailings and 

their implications for phytostabilization  

1.4.1. Biogeochemical transformation of iron and sulfur species 

 The microbially-mediated transformations of iron and sulfur compounds are 

known to heavily influence the characteristics of metalliferous mine tailings and other 

metal-contaminated environments (Fortin et al., 2002; Johnson and Hallberg, 2009). For 

both iron and sulfur, microbial populations in the tailings (especially bacteria and 
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archaea) can mediate a variety of redox transformations under both aerobic and anaerobic 

conditions (Johnson and Hallberg, 2009).  

1.4.1.1. Biochemical redox transformation of sulfur (S) compounds 

Sulfur is a macronutrient for living organisms that is relative abundant in soils and 

geological formations. Most sulfur in the soil is in the form of metal sulfides (e.g. pyrite) 

and metal sulfates (e.g. gypsum) (Maier et al., 2009). Microbes can transform the sulfur 

compounds in the environment in three main ways: assimilatory sulfate reduction for 

biomass production, dissimilatory sulfate reduction, and sulfur oxidation (Johnson and 

Hallberg, 2009). Also, sulfur compounds can be biologically mineralized, but this process 

is not very relevant in the transformation of sulfur compounds in acidic environments 

(Johnson and Hallberg, 2009). Through the process of assimilatory sulfate reduction, the 

microbes in mine tailings can consume a small portion of the sulfate present in the 

environment for biosynthesis. However, most of the transformations of sulfur compounds 

in these environments are dominated by sulfur oxidation and dissimilatory sulfur 

reducing processes, depending on the conditions of the system (e.g. mineral species, pH, 

redox potential) (Johnson and Hallberg, 2009; Küsel, 2003).  

Dissimilatory sulfur reduction involves the use of a form of inorganic sulfur 

(either elemental sulfur or sulfate) as a terminal electron acceptor under anaerobic 

conditions (Maier et al., 2009). The main product of this redox reaction is hydrogen 

sulfide that, under those anaerobic conditions, is usually volatilized or reacts with metals 

in the environment to form metal sulfides (e.g. orpiment) (Foster et al., 1998).  

The relevance of sulfate reduction in acidic mine tailings is questionable given 

that the reduction of sulfate compounds is not very efficient at low pH. Although, there 
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are no thermodynamic reasons for why sulfate cannot be used as a terminal electron 

acceptor at low pH, all described dissimilatory sulfate reducers grow at pH values higher 

than 5 (Johnson and Hallberg, 2009). Additionally, the lack of organic matter in the 

tailings is a major limiting factor for sulfur reducers given that they are mostly 

chemoheterotrophs. However, with the addition of compost and the growth of plants in 

the system during a phytostabilization process, the activity of sulfur reducers could 

potentially be enhanced (Castro et al., 1999).  

Perhaps the most important and dominant microbially mediate sulfur 

transformation process in acidic mine tailings is sulfur oxidation (Liu et al., 2008; 

Shippers et al., 2000). Reduced sulfur compounds can be oxidized either under aerobic 

conditions (by chemoautotrophic bacteria) or under anaerobic conditions (mainly by 

photoautotrophic bacteria) (Johnson and Hallberg, 2009). Some heterotrophic 

microorganisms are known to aerobically oxidize sulfur compounds, although the 

evolutionary advantage and specific pathway for this process are not fully understood 

(Maier et al., 2009). Further, given the lack of organic carbon in mine tailings, this 

pathway may not be relevant in this ecosystem. With the addition of compost to the 

system, the activity of heterotrophic sulfur oxidizers could be stimulated. However, under 

the acidic conditions that dominates acidic mine tailings environments, the 

chemoautotrophic pathway is expected to be the dominant process. This is due to the fact 

that chemoautotrophic sulfur oxidizers are generally acidophilic (Johnson and Hallberg, 

2009; Rawlings, 2004). During this process, sulfides are oxidized to elemental sulfur and 

the energy derived from it is used to fix carbon dioxide and promote cell growth. A major 

variation of this sulfur oxidizing pathway that dominates in acidic mine tailings 
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environments involves the oxidation of elemental sulfur (Johnson and Hallberg, 2009; 

Rawlings, 2004). The main consequence of this pathway is the production of sulfuric 

acid, which coupled with iron oxidation, represents the main precursor of AMD 

formation (Akcil et al., 2006). Hence, the fact that the IKM tailings are acidic is a 

cumulative result mostly attributed to the activity of iron and sulfur oxidizers over an 

extended period of time. This acidic condition poses a great challenge for the 

phytostabilization process, given that a decrease in pH is usually accompanied by the 

solubilization of toxic metal(loid) contaminants. In fact, the capacity of iron and sulfur 

oxidizers to mobilize metals contained in mine tailings by means of pH reduction is the 

key factor behind the process of biomining (Rawlings et al., 2003; Rawlings, 2005). 

Ferric iron and sulfuric acid (the products of the oxidation process) convert the insoluble 

metal sulfides into soluble metal sulfates, which make the metal contaminants more 

bioaccessible (Rawlings et al., 2003; Rawlings, 2005).  

1.4.1.2. Biochemical redox transformation of iron (Fe) compounds 

Iron is a micronutrient that is essential for the growth and metabolic activity of 

microbial cells. Iron is an important ionic cofactor of metalloenzymes (Lindley, 1996). 

The process of incorporating iron ions to facilitate enzymatic activity in the cell involves 

a minuscule portion of the iron that is present in a typical acidic mine tailing 

environment. Most iron in soils is biologically and actively cycled between ferrous and 

ferric states, depending on the dominant environmental conditions (Johnson and 

Hallberg, 2009; Maier et al., 2009). Under aerobic conditions, ferric iron tends to be the 

dominant fraction of the iron species (which is generally not bioaccessible), while under 

anaerobic conditions ferrous iron becomes dominant as a result of the rapid reduction of 
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ferric iron (resulting in more mobile species of iron) (Maier et al., 2009). The microbes in 

the tailings will employ a variety of strategies to gain access to the insoluble mineral 

forms of iron (e.g. iron oxides and iron oxyhydroxides). These strategies include the 

production of extracellular siderophores that have the capacity to attach iron compounds 

such as ferric hydroxides and facilitate their reduction and incorporation into the 

microbial cell (Maier et al., 2009).  

Iron metabolism in mine tailing environments is dominated by redox 

transformations. Microbially mediated iron reduction in the environment involves either 

an assimilatory or a dissimilatory pathway (Johnson and Hallber, 2009). Basically, all 

known microorganisms have some kind of mechanism for conducting assimilatory iron 

reduction (primarily those mediated by the transportation of iron attached to 

siderophores) because, as mentioned above, iron is a micronutrient essential for the 

activity of many enzymes, including some mediators of aerobic respiration (Kappler and 

Straub, 2005; Krewulak and Vogel, 2008). This process can be carried out under both 

aerobic and anaerobic conditions (Pronk and Johnson, 1992). This mechanism, as well as 

assimilatory sulfur reduction, does not represent a major source of iron transformation in 

mine tailing environments given the limited production of cell biomass and the small 

amount of iron used by the cell (only around 0.2% of the biomass is iron [Maier et al., 

2009]). What could be more relevant, especially in the deeper reduced layers of a mine 

tailings pile, is microbial dissimilatory iron reduction, also known as iron respiration 

(Fortin et al., 2002; Kappler and Straub, 2005; Johnson and Hallberg, 2009; Pronk and 

Johnson, 1992). In this process the microbes use ferric iron (generally found as iron 

oxides and oxyhydroxides) as a terminal electron acceptor to generate energy under 
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anaerobic conditions (Leirmann et al., 2007; Maier et al., 2009). However, most 

dissimilatory iron reducers have heterotrophic metabolisms, which activity will be greatly 

limited by the lack of organic carbon in unamended acidic mine tailings (Mendez and 

Maier, 2008). With the addition of compost in the shallow oxidized layers of the tailings, 

organic lixiviates could be form and organic compounds be transported to the reduced 

layers of the tailings where heterotrophic iron reducers could be favored. Additionally, 

the mobilization of humic acids as part of those lixiviates could also enhance the activity 

of dissimilatory iron reducers as humic acids may serve as exogenous electron shuttles to 

mediate the transfer of electrons from the cell to the surface of iron oxides (Kappler et al., 

2004; Lovley and Blunt-Harris, 1999; Maier et al., 2009).  

As for sulfur, the most relevant microbially mediated pathway for the 

transformation of iron in mine tailing environments is the dissimilatory oxidation of 

ferrous iron (Akcil and Koldas, 2006; Mendez and Maier, 2009). Indeed, iron and sulfur 

oxidizers are by far the dominant populations in abandoned acidic mine tailings piles 

before the addition of amendments or the growth of plants for phytostabilization (Mendez 

et al., 2008; Mendez and Maier, 2009). As discussed above, the oxidation of ferrous iron 

usually occurs by abiotic means at circumneutral pH (Maier et al., 2009), although 

microbially mediated oxidation of iron at near neutral pH has been described for both 

autotrophic and heterotrophic species (Straub et al., 2001). At lower pH values (pH <5), 

however, the oxidation of ferrous iron is widely dominated by biological transformations 

involving chemoautotrophic prokaryotes that oxidize these compounds as their major 

source of energy (with O2 as terminal electron acceptor), even though iron oxidation by 

itself is not a very energy efficient reaction (Akcil and Koldas, 2006; Kappler and Straub, 



	   25	  

2005; Maier et al., 2009). Most of these microorganisms fix CO2 from the atmosphere as 

their sole source of carbon, so they can proliferate in carbon-poor mine tailings 

(Rawlings, 2004). Some can even utilize ferric iron as sole electron acceptor in place of 

oxygen, being able to survive under both aerobic and anaerobic conditions (Rawlings, 

2004). This acidophilic oxidation of iron (along with sulfur oxidation) is widely 

recognized as the dominant mechanism of iron transformation, acidification and 

subsequent metal(loid) mobilization in pyritic mining environments (Akcil and Koldas, 

2006). Given their usual high abundance, some of the most studied chemoautotrophic 

iron oxidizers in mining environments include Acidithiobacillus spp. and Leptospirillum 

spp. (Schrenk et al., 1998). These are known to be major players in the formation of 

AMD, especially in humid environments (Baker and Banfield, 2003; Akcil and Koldas, 

2006). There are also well-known groups of bacteria (commonly named as purple and 

green sulfur bacteria) that can catalyze the oxidation of ferrous iron under anaerobic 

conditions to sustain their photoautotrophic metabolism (Imhoff, 1995). However, little 

attention has been given to the potential contribution of these groups to functioning of 

mine tailing ecosystems (Schippers et al., 2010; Tang et al., 2009). 

1.4.1.3. Metabolism of iron and sulfur, and the formation of Acid Mine Drainage 

It is evident that the metabolic activities of iron and sulfur oxidizers in mining 

environments are intricately related (Akcil and Koldas, 2006; Johnson and Hallberg, 

2009). In fact, these two processes can even be evolutionarily linked (Lane et al., 1992). 

During the process of mine tailings acidification, the primary acidophiles that colonize 

the metalliferous mine tailings are iron-oxidizing prokaryotes that generate ferric iron, 

which drives a decrease in the pH of the system and accelerates metal dissolution rates 
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(Johnson and Hallberg, 2009). With time the environment becomes increasingly more 

suitable for the colonization of secondary acidophiles (i.e. sulfur oxidizers) that generate 

sulfuric acid from the reduced sulfur generated during the dissolution of minerals, which 

reduces even more the pH of the system, stimulating further bio-oxidation of sulfide 

compounds (Johnson and Hallberg, 2009).  

As mentioned above, microbially-mediated sulfur and iron oxidation processes in 

environments contaminated with heavy metals are known to cause one the most notorious 

environmental issues associated with the mining industry: AMD (Akcil and Koldas, 

2006). Usually, sulfur-reducing microbes are preferred in systems impacted by AMD 

because their sulfidogenesis activity reduces the presence of sulfuric acid and promote 

the precipitation and/or sequestration of soluble metal(loid) species (Baker and Banfield, 

2003; Hallberg, 2010). However, sulfur reducers are usually quite susceptible to high 

metal(loid) concentrations (Martins et al., 2009). Thus, their capacity to precipitate 

metals and prevent the formation of AMD can be limited if the concentration of toxic 

metals (e.g. arsenic, lead) in the tailings are too high for them to tolerate. During a 

phytoremediation process the production of AMD may not be very significant given that 

the addition of compost promotes an increase in the pH of the system, thus limiting the 

activity of sulfur oxidizers. Indeed, it has been shown that the addition of organic matter 

(e.g. compost) or another neutralizing agent and the subsequent increase in pH promotes 

abiotic processes that reduce the formation of AMD and mitigate acidic effluents from 

mine impacted environments (Gilbert et al., 2003; Gilbert et al., 2005; Jin et al., 2007; 

Johnson and Hallberg, 2005). The increase in pH as a result of the addition of compost in 

these systems will have a series of possible effects that prevent and/or mitigate the 
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negative effects of AMD: (1) acceleration of the rate of chemical oxidation and a 

decrease in the rate of microbially-mediated oxidation of ferrous iron; (2) removal of 

sulfur species by precipitation, coprecipitation, absorption and degassing processes; and 

(3) the sequestration of metal(loid) contaminants (e.g. Pb, Fe, Zn, Cu, As) by direct 

precipitation as- and coprecipitation with carbonate, oxide and hydroxide minerals (and 

other potential mineral species depending on the geochemical properties of the mine 

tailings) and/or absorption to biotic and abiotic surfaces (Johnson and Hallberg, 2005; 

McCauley et al., 2009). Metals can precipitate in the system either as solid phases or as 

mixed compounds (Gadd, 2005).  

1.4.2. Biogeochemical transformation of metal(loid) species in pyritic mine tailings: 

the case of arsenic (As) 

One major consequence of the biological redox transformation of iron-sulfide 

minerals and the acidification of mine tailings is the solubilization and subsequent 

mobilization of toxic metal(loid)s. As an example, here we discuss how microbial-

mediated processes affect the speciation and mobilization of the toxic metalloid, arsenic 

(As), in mining environments. At low pH values, adsorbed As species (especially 

arsenates adsorbed to sulfide and iron (hydr)oxyde minerals) will tend to solubilize, thus 

increasing their bioaccessibility and toxicity in the environment (Cheng et al., 2009; Liu 

et al., 2008). However, the processes controlling the absorption or desorption and the 

overall transformation and mobilization of arsenic species in mine tailing environments 

are very complex and not limited to only chances in pH (Cheng et al., 2009).  

The transformation and mobilization of arsenic species in mine tailings depend on 

several factors that include: the species of minerals present, the pH, the redox potential, 
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and, the microbially-mediated redox transformations of species of iron, sulfur and arsenic 

itself (Cheng et al., 2009; Liu et al., 2008; Rawlings, 2004).  

Redox reactions can control the dissolution of arsenic by their effects on arsenic 

speciation, and hence, arsenic adsorption and desorption. Through the inter-conversion 

between arsenate (As [V]) and arsenite (As [III]), redox reactions involving either 

aqueous or adsorbed arsenic can affect arsenic mobility (Cheng et al., 2009). The 

microbial transformation of arsenic usually involves its cycling between As (V) and As 

(III) (Oremland and Stolz, 2003). Arsenite is usually more bioaccessible and toxic to 

prokaryotes than arsenate (Muller et al., 2007; Rawlings, 2004).  

Microbially-mediated redox transformation reactions of As species include 

dissimilatory arsenic reduction and oxidation, as well as a series of redox reactions 

associated with resistance mechanism that many microbes employ in order to survive in 

arsenic-rich environments (Bhattacharya et al., 2007; Oremland and Stolz, 2003). Some 

groups of bacteria, including both autotrophic and heterotrophic species, have the 

capacity to oxidize As (III) to As (V) (Oremland and Stolz, 2003). Given that arsenite is 

more soluble and toxic than arsenate, most bacteria carry out the oxidation reaction as a 

detoxification mechanism (Bhattacharjee and Rosen, 2007; Silver et al., 2002; Tsai et al., 

2009). Thus, the main purpose of this oxidation pathway is the precipitation of the arsenic 

as As (V) (Heinrich-Salmeron et al., 2011). This mechanism usually involves a group of 

enzymes known as arsenite oxidases (Chang et al., 2010).  

On the other hand, the reduction of As(V) to As(III) occurs as part of a strictly 

anaerobic dissimilatory arsenic reduction or arsenic respiration process, where As(V) 

serves as terminal electron acceptor (Macur et al., 2001; Oremland and Stolz, 2003; 
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Saltikov et al., 2005; Tsai et al., 2009). Microorganisms can harvest energy from this 

process and, despite the minimal energy gain, some microbes are even chemotactically 

attracted to arsenate in the environment (Muller et al., 2007). This mechanism of arsenate 

reduction is mediated by arsenate reductases (know as the Arr family of enzymes) (Stolz 

and Oremland, 1999). Paradoxically, one of the best know pathways for biological 

reduction of arsenate is also detoxification mechanisms employed by a wide variety of 

microorganisms and mediated by intracellular arsenate reductases (know as the Ars 

family of enzymes) (Oremland and Stolz, 2003, Páez-Espino et al., 2009; Rosen, 2002). 

This mechanism (which can occur under both aerobic and anaerobic conditions) uses 

active transport to move soluble arsenate through the cell membrane and into the 

cytoplasm where the arsenate is reduced and the arsenite product is then extruded from 

the cell (Muller et al., 2007; Rosen, 2002). Muller et al. (2007) showed that the ability of 

dissimilatory arsenate reducers to colonize arsenic-rich environments extends beyond 

their capacity to detoxify this metalloid from the cell. These microbes may actually 

scavenge for arsenic containing substrates in the environment, which may be an 

evolutionary adaptation of the microbes to survive and colonize arsenic-contaminated 

ecosystems (Muller et al., 2007).  

Recently, Qin et al. (2005) proposed a novel mechanism for arsenic resistance 

that, although is assumed to be less common than the ones already discussed, it is still a 

plausible pathway for arsenic detoxification in arsenic-rich environments. The 

mechanism involves the use of enzymes from the Ars family to mediate the methylation 

of arsenite and subsequent volatilization of the metalloid contaminant into the 

atmosphere. This pathway is not desirable under a remediation scenario due to the 
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increase in the mobilization of this highly toxic metalloid. Similar methylation pathways 

that enhance the volatilization of arsenic have been previously reported (Edvantoro et al., 

2004).  

Arsenic mobilization by dissimilatory reduction is enhanced under anaerobic 

conditions, presence of organic mater or organic molecules (humic acids, biosurfactants) 

and high pH (Lee et al., 2009; Tsai et al, 2009; Wang and Mulligan, 2009ab). The main 

factor limiting arsenic dispersion in mine tailings is the adsorption and/or co-precipitation 

of arsenic with hydrous ferric oxides (Duquense et al., 2003; Movin and Calas, 2006). 

Sulfide minerals and organic matter have also been shown to be important As adsorbents 

in the environment (Wang and Mulligan, 2006). Metal bearing sulfides usually have very 

low solubility, which could result in a decrease in the bioaccessibility of As (White and 

Gadd, 1998). Anionic species of As can sorb to positively charged surfaces on insoluble 

organic matter as well as iron oxides and carbonates where the density of positive charges 

increase with decreasing pH (Gadd, 2005). An increase in As mobilization by the 

addition of compost during a phytostabilization process could be in part due to the As 

reduction pathway some heterotrophic microbes use as a resistance or detoxification 

mechanisms (Tsai et al., 2009). Under aerobic conditions near the surface of the mine 

tailings pile the precipitation and immobilization of As species due to microbial oxidation 

processes, absorption into clay particles and other minerals (ferric hydroxides, 

hydroxysulfates), and co-precipitation with other metals (e.g. Fe, Mn) and even 

absorption into iron plaques formed on root surfaces (Blute et al., 2004; Kumpiene et al., 

2007; Moreno-Jimenez et al., 2010; Vamerali et al., 2009), may facilitate the successful 

stabilization (i.e. immobilization) of arsenic in a plant-compost-tailings system. Thus, it 
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could be expected that during the phytostabilization of mine tailings, under increasing pH 

and decreasing redox potential (promoted by the enhanced rhizosphere metabolic 

activity) following compost amendment and plant growth, the coupled microbially 

mediated transformation of arsenic and sulfur minerals could significantly influence the 

speciation and bioaccessibility of arsenic in the system by two primary mechanisms: (1) 

microbially catalyzed reduction of ferryhydrate-adsorbed As (V) to As (III) without 

desorption or increasing the bioaccessibility of arsenic in the system; and (2) microbially 

catalyzed reduction of sulfates to sulfide minerals, which may facilitate further 

precipitation of free As ions as arsenic sulfide minerals (e.g. realgar, orpiment). The 

enhanced microbial sulfate reducing activity will also significantly decrease the risk of 

AMD production (Akcil and Kolda, 2006). 

Under aerobic conditions and with an increase in pH associate to the addition of 

compost, significant increase in the activity of microbially mediated oxidation of arsenic-

sulfide species could be promoted in reduced arsenic rich mine tailings (Lengke and 

Tempel, 2004). A switch between sulfur-reducing and sulfur-oxidizing microbial activity 

in mine tailings where the speciation of As is tightly associated to the speciation of sulfur, 

the dominance of less-toxic As (V) species in the tailings could be promoted (Tsai et al., 

2009). As (V) species could be further coprecipitated with or absorbed into oxidized 

mineral (specially sulfate and ferric minerals; e.g. Jarosite) species (Savage et al., 2005). 

Also, given the effect that compost addition will have on increasing the pH of the system, 

the potential production of arsenic-rich AMD could be significantly mitigated or reduced 

(Johnson and Hallberg, 2005). Additionally, the microbially-mediated formation of metal 

plaques in the surface of plant roots could further enhance the stabilization of arsenic 
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contaminants in the rhizosphere by absorption and coprecipitation processes (Blute et al., 

2004, Liu et al., 2005).  

As already mentioned, the mobilization of As in mine tailing systems is closely 

related to the biologically mediated redox transformation of iron and sulfur, especially 

the oxidation of reduced species of these elements. Many of these indirect mechanisms 

involve a chemical attack by ferric iron and protons on arsenic bearing mineral sulfide 

that result in the dissolution of the mineral and the formation of ferrous iron and various 

species of sulfur (Rawlings, 2004). Then, iron-oxidizing microbes will reoxidize the 

ferrous iron as an electron donor, which results in the regeneration of the ferric iron 

(Rawlings, 2004). For instance, a thiosulfate mechanism involves the solubilization of 

arsenate through a ferric iron attack on the acid-insoluble metal sulfides, where 

thiosulfate is the main intermediate and sulfate the main end-product (Rawlings, 2004). 

The microbes utilize exopolysacarides to attach to the mineral surface and create a cell-

mineral interface where the rates of metal solubilization are increased (Rawlings, 2004). 

Given that iron and sulfur oxidizer are expected to be much more common in mine 

tailings than microbes with the enzymatic capacity for the direct transformation of 

arsenic, it could be expected that the dissolution and mobilization of arsenic in mine 

tailings will be mainly dominated by indirect chemical attacks and not by direct redox 

bio-transformations (Cheng et al., 2009; Rawlings, 2004).  

It has been shown that the strong association between iron and arsenate during the 

nucleation of solid materials leads to As retention in the oxidized iron minerals produced 

during weathering of arsenian pyrite and other As-rich sulfide minerals (Savage et al., 

2005). At acidic pH the presence of sulfate in the system has a negative effect on arsenic 
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precipitation since sulfate competes with arsenate for surface sorption sites in ferric 

minerals, like jarosite. Moreover, the mobilization of arsenic can also increase because at 

these low pH conditions the capacity of ferric minerals to adsorb arsenic is substantially 

lower than at circumneutral pH (Asta et al., 2009). 

1.4.3. Possible effect of phytoremediation treatment and plant-microbe interactions 

on metal(loid) speciation 

Besides the general reactions mediate by microbes that could significantly 

influence the speciation and mobilization of arsenic, iron, and sulfur compounds in mine 

tailing environments; plants employed for the phytostabilization of the tailings have 

important interactions with the microbes and minerals that could also influence 

significantly the fate of the contaminants and the successful reclamation of a 

contaminated site (Epelde et al., 2010; Grandlic et al., 2009; Mendez and Maier, 2008; 

Solis-Dominguez et al., 2011; Wenzel, 2009). Many studies on the phytostabilization of 

metalliferous, acidic mine tailings have shown important aspects of this process that 

could ultimately determine the success of a phytostabilization treatment, including: (1) 

the use of optimal rates of compost as a soil amendment and plant growth facilitator; (2) 

the empirical selection of plant species capable of growing and surviving in these kind of 

environments; (3) the significant effect of rhizosphere microbes on plant growth and 

biomass production; and (4) that biomarker changes in microbial community structure 

can indicate soil health improvement (Grandlic et al., 2009; Iverson and Maier, 2009; 

Mendez et al., 2007; Rosario et al., 2007; Solis-Dominguez et al., 2011).  

The main challenge for designing an applying a phytostabilization system lies in 

the combination of different approaches to compensate for multiple environmental 
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constrains (i.e. nutrients and water deficiency, low pH, and toxicity of the metal 

contaminants) and to control their efficiency in field conditions. Thus, the key to a 

successful phytoremediation process resided on a deep understanding of the complex 

interactions carried out in the rhizosphere (Wenzel, 2009). Understanding the rhizosphere 

processes could facilitate the translation of simplified laboratory and greenhouse 

experiments for the exploration of phytoremediation potential to the full complexity and 

heterogeneity of field applications (Wenzel, 2009). The right selection of tolerant plants 

and soil amendments is important in the short term to revegetate the contaminated soils, 

but understanding the rhizosphere processes and managing them properly could be 

crucial for the long term success of phytoremediation (Wenzel, 2009).  

The interactions between plants and microbial cells in the rhizosphere can 

significantly improve plant establishment and biomass production primarily by 

microbially-mediated reduction of metal toxicity in the tailings (Solis-Dominguez, 2011; 

Wenzel, 2009). Epelde et al. (2010b) made a very intriguing statement about the 

relationship of microbes with plants growing in metal contaminated soils: “soil microbial 

properties have a stronger effect on plant biomass rather than the other way round”. In 

other words, the effect of plants on the microbial communities developing in their 

rhizosphere during mine tailings phytostabilization processes could be less significant 

than the effect the microbes themselves have on the development and successful 

establishment of the plants. For instance, some studies have shown that the presence of 

metal resistant microbes in the rhizosphere can significantly enhance root elongation 

(Solís-Domínguez, 2011; Wenzel, 2009). In turn, a bigger root system will enhance the 
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structure of the soil and provide valuable exudates that will facilitate the proliferation of a 

more diverse microbial community (Epelde et al., 2010).  

Plants can also significantly influence the bioaccessibility of metals(oids) in the 

mine tailings. During the application of a phytostabilization procedure, two major aspects 

of the presence of plants in the system are involved in the mobilizatio (or sequestration) 

of the metal contaminants: (1) properties of the root system and (2) root activities 

(Hisinger and Couchesne, 2008; Wensel, 2009). Plants activities that can potentially 

influence metal(loid)s availability and speciation include: (1) acidification/alkalinization 

of the rhizosphere; (2) modification of the redox potential; (3) desorption/sorption 

processes on root surfaces; and (3) the exudation of metal chelants and organic ligands 

(Solis-Dominguez, 2012; Wensel, 2009).  

As mentioned previously, the formation of metal plaques (e.g. iron plaques) on 

the root surface and their interaction with metal contaminants is an important property of 

a root system during a phytostabilization process because metals and metalloids, such as 

As and Mn, can be adsorbed and immobilized on the root surface (Blute et al., 2004). 

Zhao et al. (2009) explains that iron plaques, consisting mainly of ferrihydrite, formed on 

the root surfaces have a strong adsorptive capacity for arsenate. They highlight that As 

concentrations on root iron plaques could be up to 5 time higher than those in bare root 

tissues. They also mention that most (70–80%) of the As sorbed by iron plaques on the 

roots of several different plants is in the form of arsenate, with the remaining As (20–

30%) being in the form of arsenite. Given that this iron formations serve as strong As 

sink in the root zone of the plants, As concentrations in the rhizosphere soils have been 

found to be 5–9 times higher than those in the bulk soils (Voegelin et. al., 2007). The iron 
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plaque may sequester As and form a barrier that could decrease the uptake of As by plant 

shoots (Liu et al., 2004); which could be a major advantage for the application of a 

phytostabilization treatment (Mendez and Maier, 2008). 

The microbes in the rhizosphre that interact with the plants could either increase 

or decrease the mobility of the metal(loid) contaminants by a variety of direct and 

indirect mechanisms (Gadd, 2004). For instance, microbes can increase the availability of 

metal(loid)s by the production of organic ligands via the decomposition of organic 

matter, exudation of metabolites, and microbial siderophores that can complex cationic 

metal(loid)s or desorb anionic species (e.g. arsenate) by ligand exchange (Gadd, 2004; 

Wenzel, 2009). Siderophores could also help immobilize certain metal(loid)s depending 

on the pH of the system (Wenzel, 2009). Another example is the addition of plant growth 

promoting microbes, which can significantly increase the production of plant biomass 

and their tolerance to harsh conditions, such as high concentration of metal(loid)s and 

high salinity (Grandlic et al., 2009; Solis-Dominguez et al., 2011). Other microbial 

mediated processes that can influence the mobilization of metal(oids)s in the rhizosphre 

of the plants include: (1) the heterotrophic modification of the soil redox potential that 

can affect the pH of the system; (2) the production of biomass and exopolymers that can 

adsorb ions; (3) extracellular and intracellular sequestration of the metal(loid)s; and (4) 

methylation reactions (Fein et al., 2001; Wenzel, 2009). Perhaps, the most important 

processes that can affect the speciation of metal(loid)s in the rhizosphere are the redox 

processes discussed above. Even when the solubility of a particular metal(loid) may not 

be influenced by changes in redox potential, they can be subject to mobilization by means 

of co-dissolution when absorbed to certain compounds (Wenzel, 2009). 
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Besides the plants influence and the interactions between plants-microbes-metals, 

other factors could also be critical during the establishment of plants on abandoned mine 

tailings. Carrasco et al. (2008) reposted that the original pH (before organic amendment) 

of the mine tailings will significantly influence the effectiveness of an organic 

amendment on the structural stabilization of the tailings pile: the higher the original pH, 

the more effective the stabilization of the mine tailings. Thus, for highly acidic mine 

tailings, the addition of a secondary amendment (such as lime [Mendez and Maier, 

2008]) to specifically increase the pH of the system may significantly improve the 

effectiveness of the organic amendment on enhancing the structure of the tailings.  

1.4.4. Microbes as bioindicators of successful reclamation of mine tailings 

As already suggested, extremely impacted or stressed ecosystems, like mine 

tailings (e.g high metals concentrations, low pH, low concentrations of nutrients and 

organic carbon) usually harbor distinctive microbial communities that significantly differ 

from less impacted or pristine reference ecosystems (e.g. mine tailings are usually 

dominated by iron and sulfur oxidizers) (Kissling et al., 2009; Philippot et al., 2009). As 

we would expect, this ecological trait of stressed environments have been observed in 

ecosystems impacted by mining activity and heavy metal contamination (Anderson et al., 

2009; Mendez et al., 2008). Considering the dynamic nature of soil microbial 

communities, which respond much faster to changes in the ecosystem that do physical 

and chemical properties of the soil, and the proved relationship between community 

structure and level of stress in the ecosystem; the measurement of specific chances in 

microbial community structure may serve as a sensitive bioindicator to assess the levels 

of stress in the soil, the success of restoration practices and, potentially, predict long term 
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changes in the properties of the contaminated ecosystem (Crowley, 2008). In restoration 

ecology the establishment of a reference point for the comparison of restoration outcomes 

is absolutely necessary (Mendez et al., 2008), thus, the development of a microbiological 

reference tool to evaluate a highly impacted ecosystem (e.g. mine tailings) undergoing 

remediation treatment will be both critical and very useful. Many authors have already 

proposed the changes in microbial community structure as a tool to assess the healthiness 

of soil systems (Epelde et al., 2008a; Epelde et al., 2008b; Hernández-Allica et al., 2006; 

Mendez and Maier, 2008) and other ecosystems (Lear et al., 2009; Stein et al., 2010). 

Also, it had been previously shown that the structure of microbial communities (mainly 

dominated by chemoautotrophic/acidophilic populations) in unamended mine tailing 

systems greatly differ from the structure in reference soils and amended mine tailings 

subject to a phytoremediation treatment (i.e. mainly dominated by heterotrophic 

populations)(Mendez et al., 2008; Rosario et al., 2007). 
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2. Introduction to the present study 

 Details of the methods, results, and conclusions for this research project are 

presented in Chapter 2 and the papers appended (Appendixes 1 and 2) to this dissertation. 

The following is a summary of the motivations for this research project, and the 

experimental conditions and methods employed to explore scientific concerns and 

questions that arise from the limitations of previous studies.  

2.1. Description of previous work and motivation for the present study 

Previous greenhouse and field studies conducted by our research group on the 

phytostabilization of metalliferous mine tailings in arid environments (Grandlic et al., 

2009; Iverson and Maier, 2009; Mendez et al., 2007; Rosario et al., 2007; Solís-

Dominguez et al., 2011, 2012) has taught us important lessons, including: the 

effectiveness of compost as a soil amendment and plant growth facilitator; identification 

of native plant species capable of growing and surviving in these kind of environments; 

the effect of rhizosphere microbes on plant growth and biomass production; and that 

biomarker changes in microbial community structure can indicate soil health 

improvement. The ultimate goal of these previous studies was to develop an expertise on 

the best practices and applications than could maximize the success and minimize the 

cost of establishing a field-scale phytostabilization treatment. However, many of these 

previous studies shared two important limitations: scale (e.g. 1 gallon pots), and duration 

(e.g. 2-3 month experiments); both of which may potentially limit the practical 

application and translation of their results into the field.  

In an early study, Solís-Domínguez et al. (2011) demonstrated that the inoculation 

of seeds with arbuscular mycorrhizal fungi could significantly enhance biomass 
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production and root length of the plants when grown on compost-amended mine tailings. 

I contributed to this study by analyzing the root-associated microbial communities (i.e. 

bacteria, fungi) at the end of the experiment by means of Denaturing Gradient Gel 

Electrophoresis (DGGE) fingerprinting analysis. The results clearly showed that the 

selection of mycorrhiza fungi used to inoculate the seeds significantly influenced both the 

bacterial and fungal communities that evolved in the root-zone of the plants during the 

experiment. While insightful, this DGGE analysis did not consider the effect of plant 

growth and compost addition on the overall structure of the microbial communities, given 

that no unamended or unplanted controls were evaluated, nor we analyzed the microbial 

communities in the tailings before plant growth. Moreover, this study only considered 

bacteria and fungi, leaving out of the analysis potentially relevant archaeal communities. 

In general, from this study we learned that future experiments have to (1) monitor the 

presence of archaeal communities to get a more complete picture of the microbial 

communities, (2) account for the effect of both plants and compost-amendment 

individually, and (3) evaluate temporal changes to determine how the structure of the 

communities evolve over time. Also, future experiments should not be limited to analyze 

the general structure of the communities but must consider the actual taxonomic 

classification and functional capabilities of the microbial populations forming those 

communities.  

The motivation of the present study was to take a first step towards addressing the 

knowledge gap discussed previously by developing a deeper understanding of the 

microbial communities present in the tailings during revegetation in terms of their 

taxonomic composition, temporal dynamics and functional potential. The evaluation of 
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these microbiological parameters has to be done while accounting as much as possible for 

the limitations of the previous work discussed above. Thus, the overall aim of the 

research project presented in this dissertation was to utilize mine tailings collected from 

the IKM site to conduct a highly-instrumented, large-scale, long-term greenhouse 

experiment to try to elucidate the structural dynamics and the potential metabolic role of 

root-associated microbes on the establishment of native plants and the speciation of 

metal(loid) contaminants during the phytostabilization of the tailings.  

2.2. Description of greenhouse experiment 

Preliminary pot-scale greenhouse experiments showed that Buffalo grass 

(Bouteloua dactyloides) and Quail bush (Atriplex lentiformis) growing on a mixture of 

mine tailings and 15% w/w of compost were the best prospects to revegetate the IKM 

tailings. Thus, we selected these plants as principal species for two parallel IKM tailing 

phytostabilization projects: a field-scale experiment and a mesocosm-scale greenhouse 

experiment. In May 2010 we established a 5-year field trial at the IKM site that ran in 

parallel with the highly instrumented greenhouse mesocosm study that started in 

December 2010. This dissertation research project focused on the greenhouse study given 

that it provided a more controlled environment with a very detailed time-series of geo- 

and physicochemical parameters affecting the systems that could be used to assess the 

interaction of biotic and abiotic processes during the process of phytostabilization.  

In the greenhouse, 12 large, acid-washed polypropylene containers, measuring 1 

m in diameter and 0.5 m in depth, were used for setting up the mesocosm experiment. 

Each mesocosms was equipped with porewater samplers that operated under constant 

tension (5-15 kPa) with a pore size of 2 um and a sampling area of 33 cm2 and were 
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located at 10 cm intervals along the mesocosm profile ranging from 5 cm to 35 cm. The 

mesocosms were filled in triplicate with 4 treatment types in a spatially randomized 

pattern in the greenhouse. The treatment types included: (1) tailings only (TO); (2) 

tailings mixed with 15% w/w compost (TC); (3) tailings mixed with 15% compost w/w 

and seeded with Buchloe dactyloides (Buffalo Grass, BG); and (3) tailings mixed with 

15% compost w/w and seeded with Atriplex lentiformis (Quailbush, QB). These native 

plant species were selected based on their salinity tolerance and their ability to grow in 

15% w/w compost amended mine tailings without accumulating elevated levels of metals 

in their shoots (Solis-Dominguez et al., 2012).  

A total of about 5500 kg of both oxidized tailings (0-20 cm depth) and reduced 

subsurface tailings (> 35 cm depth) were collected from the IKM tailings pile in 5-gallon 

buckets and transported to a greenhouse facility at the Controlled Environment 

Agriculture Center (CEAC) at The University of Arizona, in Tucson, Arizona. Once in 

the greenhouse the tailings were homogenized using a cement mixer in a 3:1 ratio of 

oxidized to reduced tailings in order to create a substrate representative of the variable 

top 40 cm of the Iron King tailings pile. For the amended treatments, the tailings mixture 

was further homogenized with 15% dry-weight/dry-weight of compost made from a 

mixture of cattle manure and green waste. The homogenized tailings were then sieved to 

0.5 cm and packed into the mesocosms to a total depth of 40 cm. The BG treatment was 

seeded at 8.8 g/m2 (7 g/mesocosm) and the QB treatment at 5.5 g/m2 (9 g/mesocosm) 

with approximately 123 and 63 seeds/g, respectively. 

The mesocosms were monitored for changes in pH, electrical conductivity, 

temperature, water content, pore water chemistry, and total dissolved solid in the pore 
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water. On December of 2011 the first year of the experiment was completed. During that 

first year we collected core samples every 3 months from each mesocosm. 

2.3. General description of microbial analysis 

From each core sample collected, we separated the top 15 cm of the core profile 

for the microbial analysis base on the assumption that in the seeded treatment this should 

be the region most influenced by the presence of plant roots.  

For the microbial community analysis, total DNA was extracted from the core 

samples and some of it was subject to Whole Genome Amplification to increase the 

concentration of DNA from the original samples. Three main molecular techniques were 

used to explore different aspects of the microbial communities over time and across 

treatments: (1) Denaturing Gradient Gel Electrophoresis (DGGE, for analysis of 

microbial community structure and dynamics), (2) Functional Gene Microarrays 

(GeoChip 4.0, for the analysis of community metabolic potential) (He et al., 2010), and 

(3) Next Generation Sequencing (NGS) (Illumina iTags, for analysis of the community 

phylogenetic composition).  

For DGGE, all the samples collected were analyzed using PCR-amplified 

ribosomal DNA for three microbial groups: bacteria, archaea and fungi. Only the 

bacterial ribosomal DNA was subject to NGS. For the GeoChip 4.0 analysis I used the 

amplified and purified metagenomic DNA extracted from the samples. The GeoChip and 

NGS analysis were limited to a selected group of samples that, based on preliminary 

observations, may provide the most informative and interesting results (11 groups of 

samples in triplicate): TO for times 0, 3, 6, and 12; TC for times 0, 3, 6, and 12; and QB 

for times 3, 6, and 12. All the results obtained from the molecular methods were 
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compared with the measurements of the environmental parameters corresponding to the 

same days the core samples were collected.  

2.4. Study expectations 

Monitoring shifts in functional potential by means of GeoChip analysis and 

microbial community composition by means of DGGE and NGS could be very useful for 

tracking microbial community structure and dynamics during the bioremediation of 

metals-contaminated sites. Profiling the functional and phylogenetic diversity of the 

microbial communities during the remediation treatment of mine tailings may help 

elucidate the specific role that microbes play in these ecosystems, especially on the 

speciation of metal contaminants like As. The application of GeoChip and NGS in this 

study could also highlight key characteristics of the enriched populations that may serve 

as bio-indicators of a successful remediation treatment. Since the speciation of metals 

usually controls their mobilization and toxicity, being able to directly correlate metal 

transformations and microbial communities metabolic potential and taxonomic 

composition could radically change our understanding of how these systems works and 

the leading role microbes have in the phytostabilization of metalliferous mine tailings. 

2.5. Format of dissertation 

 The research presented in this dissertation was divided in two main projects. The 

objective of the first project, presented in Chapter 2, was to evaluate the temporal 

variations in functional and taxonomic diversity of prokaryotic populations in acid-

generating metalliferous mine tailings subject to a phytostabilization treatment to 

determine how they respond to and/or influence changes in environmental parameters 

and to identify key patterns in their composition that may serve as bioindicators of soil 
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health and the effectiveness of the phytostabilization treatment. The analysis done for this 

first project is a major step towards elucidating the possible role of microbes in the 

stabilization of metal contaminants during plant growth. The main results from the 

project are based on Next Generation Sequencing (lllumina- iTags) data for taxonomic 

analysis, and Functional Gene Microarray (GeoChips 4.0) data for functional potential 

analysis. 

The second research project is presented in Appendix A. This research project had 

the general objective of expanding our understanding of mine tailings community 

dynamics during phytostabilization. The project consisted in analyzing the dynamic 

behavior of the main microbial groups (i.e. bacteria, fungi and archaea) in mine tailings 

subject to a phytostabilization treatment, to determine how the microbial groups respond 

to changes in environmental factors, plant growth, and the amendment of the tailings with 

compost. This project was based mainly on a combination of DGGE fingerprinting data 

and environmental data (physical and elemental parameters).  

 A third research project is presented in Appendix B. This project emerged from 

the need of a cost-effective, simple, and reliable method for making across-gel 

comparisons to be able to statistically compare fingerprinting profiles from several 

DGGE gels. To that end, I developed a new methodology, named the Standard-Based 

Polynomial Interpolation (SBPIn) Method, to address gel-to-gel variability for the 

reliable comparison of multiple DGGE gel profile matrices. The results from this project 

were published in a peer-review journal: Valentín-Vargas, A., J. Chorover, R. M. Maier. 

(2012). A New Standard-Based Polynomial Interpolation (SBPIn) Method to Address 
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Gel-to-Gel Variability for the Comparison of Multiple PCR-Denaturing Gradient Gel 

Electrophoresis Profile Matrices. Journal of Microbiological Methods. 92(2): 173-177. 
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4. Figure Legend 

Figure 1. Overview of the metal mining industry and its environmental impact in the 

United States. Figure (A) shows the locations of active mining operations by commodity 

in the US. Different symbols and colors represent different commodities, including: 296 

metal mines, 1,945 coal mines, 654 nonmetal mines, 4,525 stone mines, and 6,863 sand 

& gravel mines. This map was obtained from the Office of Mine Safety and Health 

Research (OMSHR) from the National Institute for Occupational Safety and Health 

(NIOSH) mining program (http://www.cdc.gov/niosh/mining/statistics/allmining.html). 

Figure (B) shows only the location of those active metal mining facilities (n= 87) that 

reported toxic releases to the EPA’s Toxic Release Inventory (TRI) in 2011 

(http://www2.epa.gov/toxics-release-inventory-tri-program). This include mainly: copper, 

lead, zinc, silver and gold mines. Figure (C) shows the contribution of individual industry 

sectors to the total national toxic releases reported in 2011. It shows that in 2011, 92% of 

all disposal or other releases of TRI chemicals originated from just seven of the 26 TRI 

industry sectors. More than half originated from just two industry sectors: metal mining 

(46%) and electric utilities (15%) (http://www2.epa.gov/toxics-release-inventory-tri-

program). 
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Figure 1. 
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CHAPTER 2 

TAXONOMIC COMPOSITION AND FUNCTIONAL POTENTIAL OF 

MICROBIAL COMMUNITIES DRIVING THE ACIDIFICATION OF 

METALLIFEROUS MINE TAILINGS UNDERGOING PHYTOSTABILIZATION 

 

1. Introduction 

Abandoned pyritic mine tailings are regarded as one of the major environmental 

sources of acid mine drainage (AMD); an extremely acidic leachate with elevated 

concentrations of ferric iron and sulfate species, and a variety of heavy metals and 

metalloids (Akcil and Koldas, 2006; Johnson and Hallberg, 2005). The generation of acid 

(mainly in the form of sulfuric acid) is a direct consequence of the oxidation of pyrite 

(FeS2) and other iron sulfides in the tailings (Schippers et al., 2010). However, the 

established model for FeS2 oxidation demonstrates that the initial oxidation reaction is 

not the main precursor of acid, but rather a subsequent reaction where ferric iron and not 

oxygen serves as the main oxidant for the FeS2 (Ma and Lin, 2013): 

(1) 2FeS2 + 7O2 + 2H2O ➝ 2Fe2+ + 4SO4
2– + 4H+ 

(2) 4Fe2+ + O2 + 4H+ ➝ 4Fe3+ + 2H2O 

(3) FeS2 + 14Fe3+ + 8H2O ➝ 15Fe2+ + 2SO4
2− + 16H+ 

Hence, the initial oxidation of pyrite in the tailings (the source) will drive a chain 

of reactions that will significantly accelerate the acidification of the tailing leachates, 

which will enhance the environmental impact of the AMD (Johnson and Hallberg, 2005). 

The first two reactions will occur spontaneously (abiotically) at circumneutral pH, but the 

abiotic re-oxidation of the ferrous iron generated from the reaction depicted in equation 
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(1) is kinetically disfavored under acidic conditions (Kirby and Brady, 1998; Ziegler et 

al., 2013). Thus, as the oxidation of FeS2 in the tailings drive the pH below a certain level 

(pH ~5), the oxidation rates will become increasingly dominated by microbial-mediated 

catalysis (Kirby and Brady, 1998; Ziegler et al., 2013). The oxidation of pyrite by ferric 

iron (equation [3]) will only be favored at pH levels below 4, where ferric iron becomes 

soluble and serves as oxidant in this microbial-catalyzed, acid-generating reaction (Kirby 

and Brady, 1998; Ziegler et al., 2013).  

 The taxonomic diversity and functional capabilities of iron- and sulfur-oxidizing 

microbial populations colonizing AMD have been a matter of extensive research for the 

past decades (Hallberg, 2010; Xie et al., 2011). However, little attention has been given 

to the microbiology of pyritic mine tailings with elevated acid generating potential as the 

source of that AMD (Chen et al., 2013, Kock and Schippers, 2008). Hence, we currently 

have an excellent understanding of the microbial ecology of the product (i.e. AMD), but 

know little about the microbes that catalyze the production of the acid at the source (i.e. 

mine tailings). Recently, Chen et al. (2013) reported one of the most comprehensive 

studies to date to specifically aim to link shifts in microbial taxonomic diversity and 

function in mine tailings to the generation of AMD. They analyzed six different tailing 

samples at different levels of acidification and determined that microbes related to several 

acidophilic microbial taxa, such as Thiobacillus, Ferroplasma, Acidithiobacillus and 

Leptospirillum, were largely involved in acid generation at the source.  

Although Chen et al. (2013) give us important insight into the microbial ecology 

of AMD at the source, the relevance of their study is limited by two main aspects: (1) 

they assumed, based on pH and the concentration of iron-sulfide compounds, that the 
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tailings were in sequential stages of the acidification process, even though the tailings 

were not directly related; and (2) they did not consider the impact of reclamation efforts 

on the microbiology and acid generating capacity of the tailings. The former point is 

important because the influence of environmental factors that differed greatly between 

the tailing samples (i.e. TOC, moisture content) on microbial communities was 

overlooked, greatly limiting the empirical comparability of the samples. The importance 

of the latter point lies in the fact that mine tailings are quite often subject to reclamation 

efforts, such a the establishment of a vegetative cover on the tailings to minimize 

contaminant dispersion (Mendez and Maier, 2008), that could potentially influence the 

microbial communities that drive the acidification of the tailings and, therefore, the 

generation of AMD. Thus, it is crucial to consider such reclamation efforts as a 

potentially important factor shaping the functional and taxonomic structure of the 

microbial communities in mine tailings that are actively producing acid.  

In the present study we analyzed the functional potential and taxonomic 

succession of microbial communities associated with pyritic mine tailings generating 

acid, while accounting for the limitations of previous studies: (1) we used the same mine 

tailings mixture for all the treatments and monitored the acidification process in the 

tailings over time, and (2) we considered both the effect of plant growth and the addition 

of soil amendments (i.e. compost) as a bioremediation treatment on the microbiology and 

progressive acidification of the tailings. The main goals of the study were: (1) to 

elucidate the structure and diversity of the dominant microbial taxa in the tailings, (2) to 

determine how these populations might contribute to the acidification process, and (3) to 

determine how the remediation treatment affected phylogenetic and functional aspects of 
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the microbial communities in the system. Our approach was to use a combination of Next 

Generation Sequencing (Illumina MiSeq) of prokaryotic 16S rRNA amplicons (iTags) to 

determine the phylogenetic classification of the dominant microbial populations, and 

Functional Gene Microarray analysis (GeoChip 4.0) to determine the diversity of 

functional genes and overall functional potential of the microbial communities in the 

tailings. The results from this study revealed unexpected taxonomic and ecological 

aspects of mine tailings microbial communities that suggest a complex ecosystem where 

dominant populations may have a more prominent role in the oxidation of iron sulfides at 

circumneutral pH and anoxic/microoxic conditions than previously considered.  
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2. Materials and Methods 

2.1. Collection of mine tailings and setup of greenhouse, mesocosm experiment 

The mine tailings used in the present study originate from the Iron King Mine 

(IKM); an highly-contaminated abandoned mine site that is part of the Iron King Mine 

and Humboldt Smelter Superfund site located in the town of Dewey-Humboldt, Arizona 

(34˚30’02.11”N, 112˚15’08.75”W). The main exposure risks associated with the IKM 

tailings are the high levels of arsenic (average of 3100 mg kg–1) and lead (average of 

2300 mg kg–1) in the surface layer of the tailings pile (EA-EST, 2010). The IKM tailings 

pile has an oxidized surface layer (0-20 cm depth) rich in sulfate minerals (e.g. jarosite, 

gypsum), and a reduced subsurface layer (> 35 cm depth) rich in iron sulfides (e.g. 

pyrite). For this study, oxidized surface tailings from 3 locations on the tailings pile were 

collected and stored in five-gallon buckets. Reduced subsurface tailings were also 

collected from one area of the tailings pile in five-gallon buckets. Each tailings sample 

location was screened and homogenized in the field by passing through 2 cm mesh 

grating and mixing several times on tarps prior to packing in buckets. All the buckets 

collected were then transported to the Controlled Environment Agricultural Center 

(CEAC) at The University of Arizona (Tucson, AZ). At the greenhouse facility a cement 

mixer was used to homogenize the tailings in a 3:1 ratio of oxidized tailings to reduced 

tailings. The homogenized tailings were then sieved to 0.5 cm. 

These tailings were used to setup a 12-month mesocosm experiment in the 

greenhouse. Briefly, twelve large polypropylene containers (ProPlastics, Chandler, AZ, 

USA), measuring 1 m in diameter and 0.5 m in depth, were custom-built to serve as 

mesocosms. Each mesocosm was equipped with pore water samplers that operated under 
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constant tension (5-15 kPa), with a pore size of 2 µm and a sampling area of 33 cm2, and 

were placed at 10 cm depth intervals from 5 cm to 35 cm. The following three treatments 

were examined in triplicate and arranged in a spatially randomized design: (i) Tailings 

only (TO); (ii) Tailings mixed with 15% dry-weight/dry-weight (w/w) of compost (TC); 

and (iii) Tailings mixed with 15% (w/w) compost and seeded with Atriplex lentiformis 

(quail bush) (QB). This native plant species was selected based on salinity tolerance and 

ability to grow in IKM tailings amended with compost without accumulating elevated 

levels of metals in their shoots (Solís-Domínguez et al., 2012).  

For the amended treatments, a portion of the tailings mixture was further 

homogenized with 15% (w/w) compost made from a mixture of composted cattle manure 

and green waste (Arizona Dairy Compost LLC, Anthem, AZ) and composted steer 

manure (El Toro De-Odorized Steer Manure, Tempe, AZ) before being packed into the 

mesocosm containers. The QB treatment was seeded at 5.5 g m–2 (9 g/mesocosm) with 

approximately 63 seeds g–1. The mesocosms were irrigated immediately following 

seeding and thereafter at a rate of between 5 and 10 L per week.  

2.2. Mesocosms sampling and processing 

Core samples (measuring 3 cm in diameter) from the soil profiles were collected 

from the mesocosms at: 3 (t3), 6 (t6), and 12 months (t12). Time 0 (t0) analyses were 

performed on triplicate samples of TO and TC materials collected immediately following 

homogenization. Assuming all amended mesocosms were fairly similar at t0, the TC t0 

samples were used as representative for both amended treatments at the beginning of the 

study. The QB treatment was sampled at t3 through t12 by harvesting a single plant of 

average health and height from the mesocosm by cutting the shoot at the surface of the 
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soil. The core sampler was then centered over the trimmed stalk to maximize the retrieval 

of rhizosphere-influenced soil. All cores were stored on ice after collection and 

transported to the laboratory for further processing. The top 15 cm of the core samples 

were aseptically removed and homogenized in sterile bags before being stored at -20°C 

for future microbial analysis.  

The pore water collected from the 5 cm and 15 cm pore water samplers was used 

for chemical and physical analysis in the present study. Water samples were filtered (0.45 

µm) then analyzed for pH, electrical conductivity (EC), total organic carbon (TOC), total 

nitrogen (TN), sulfate (SO4), and dissolved elements (i.e. Fe, As). The elemental analysis 

was conducted by means of ion chromatography and inductively coupled plasma mass 

spectrometry. The values of the measured parameters were averaged (5 cm and 15 cm) 

for further statistical analysis.  

2.3. Analysis of microbial communities  

2.3.1. Community DNA extraction, purification and quantification 

Community DNA was extracted from 0.5 g core subsamples using the FastDNA 

SPIN Kit for Soil (MP Biomedicals, Solon OH, USA) with some modifications to the 

manufacturer’s protocol to enhance DNA yield. Both vortexing and centrifugation of the 

Lysing Matrix tube was increased to 15 min, the spin filters containing the binding matrix 

were air-dried under a laminar flow hood for 1 hour prior to DNA elution, and preheated 

(60°C) ultrapure water was used to elute the DNA from the binding matrix. The DNA 

extracts were purified with the Wizard DNA Clean-Up System (Promega, Madison WI, 

USA) and then quantified using a TBS-380 Fluorometer (Turner BioSystems, Sunnyvale 



	   73	  

CA, USA) with PicoGreen dye (Invitrogen, Carlsbad CA, USA) according to the 

manufacturers’ directions. 

2.3.2. Illumina-based sequencing of 16S rRNA genes (iTags)  

 The PCR amplification, purification, and sequencing of 16S rRNA genes were 

performed following protocols described previously (Caporaso et al., 2011; Caporaso et 

al., 2012), adapted for the Illumina HiSeq platform (Illumina, San Diego CA, USA). 

Detailed protocols can be found at the Earth Microbiome Project website 

(www.earthmicrobiome.org). The PCR amplification of the V4 region of 16S rRNA 

genes was performed in triplicate using the following universal primers: forward primer 

515f (5’– AAT GAT ACG GCG ACC ACC GAG ATC TAC AC–TAT GGT AAT T–

GT–gt gcc agc mgc cgc ggt aa) and reverse primer 806r (5’– CAA GCA GAA GAC 

GGC ATA CGA GAT–NNNNNNNNNNNN–AGT CAG TCA G–CC–gga cta chv ggg 

twt cta at). Each primer (3’ end, lower case) was attached to the corresponding Illumina 

flowcell adapter sequence, primer pad, and primer linker, in that order from 5’–3’. The 

reverse primers were identified with a sample-specific 12-nucleotide Golay barcode 

sequence (denoted by N’s), situated in between the adapter sequence and the 808r primer 

pad. The barcodes allow for multiplexing of all samples into a single Illumina flowcell 

and the subsequent demultiplexing of the raw sequence data in order to group the 

sequences by sample. Demultiplexing, quality filtering, and OTU picking of the iTag 

reads were performed in the Quantitative Insights Into Microbial Ecology (QIIME 1.7) 

pipeline, using default parameters (Caporaso et al., 2011; Kuczynski et al., 2011). The 

assignment of sequences into OTUs (97% identity cutoff value) was based on a closed-

reference OTU picking protocol, where the UCLUST algorithm (Edgar, 2010) was 
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applied to search for homologous sequences in a subset of the Greengenes 13_5 database 

(DeSantis et al., 2006). Raw sequence data are available from NCBI’s Sequence Read 

Archive under accession number: SRP032419. 

2.3.3. Whole-genome amplification of DNA and microarray analysis of functional 

genes 

 Prior to microarray analysis, the DNA extracts were subjected to whole genome 

amplification using the REPLI-g Mini Kit (QIAGEN, Hilden NRW, DE) according to the 

manufacturer’s directions, in order to obtain sufficient DNA for microarray hybridization 

with minimal bias (Wang et al., 2011). The amplified DNA was then analyzed using the 

fourth generation (4.0) of the GeoChip functional gene microarray platform (He et al., 

2007, He et al., 2012) to assess the functional potential of the microbial communities in 

the samples. The GeoChip-based analysis of the samples (i.e. DNA template labeling, 

DNA hybridization, imaging processing) was performed as previously described (Bai et 

al., 2013; Xue et al., 2013). The raw GeoChip data was log transformed and scaled by 

mean ratio transformations. Probes that emitted signal in only one of the three replicates 

were eliminated from the data set. Finally, the transformed data was normalized by signal 

intensity. The final data set was processed using tools available from the Microarray Data 

Manager System (http://ieg.ou.edu/microarray/). Raw GeoChip hybridization data are 

available for download at the Institute for Environmental Genomics website 

(http://ieg.ou.edu/4download/). 

2.4. Statistical Analysis  

For the statistical analysis of the biological and environmental data, the values 

corresponding to replicates from the same treatment at a single time point were averaged 
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into single data points. Sample alpha-diversity was calculated using Simpson’s evenness 

(1-D), Shannon-Weiner’s diversity (H) indexes. Alpha-diversity rarefaction curves for 

the taxonomic data were calculated based on an algorithm described by Krebs (1999), 

which uses a log Gamma function for computing combinatorial terms. Standard errors for 

each sample were calculated along with the rarefaction analysis and illustrated as 95% 

confidence intervals in the plots. In the rarefaction analysis the iTag reads for all the 

samples were normalized to 5,700 sequences.  

Changes in beta-diversity between samples were evaluated using Non-Metric 

Multidimensional Scaling (NMDS), based on Bray-Curtis distance matrices calculated 

from the relative abundance data of OTUs and functional genes obtained from the iTag 

and Geochip 4.0 analyses, respectively. The statistical significance of differences 

between treatments depicted on the NMDS ordination diagrams was evaluated by means 

of nonparametric tests of pairwise dissimilarity (i.e. Analysis of Similarities, NMDS; 

Nonparametric Multivariate Analysis of Variance, NP-MANOVA), also based on Bray-

Curtis distance matrices. Similarity Percentage Analysis (SIMPER) was conducted to 

determine which OTUs (iTag data) contributed the most to the average dissimilarity in 

microbial community structure observed between mesocosm treatments. Only OTUs 

contributing to the top 50% of the total average dissimilarity measured by SIMPER are 

reported. A Linear Discriminant Analysis (LDA) Effect Size (LEfSe) method (Segata et 

al., 2011) was used to find statistically significant microbial indicators (e.g. OTUs) 

enriched in the different treatments.  

Canonical Correspondence Analysis (CCA) was used to assess the relationship 

between the structure of the microbial communities and the environmental parameters 
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(log transformed) measured during the experiment. The CCA scaling focuses on inter-

sample distances to optimize the position of the samples in the ordination diagram. 

Presence of plants and compost were used as nominal variables to evaluate the impact of 

the treatments on microbial community structure. The statistical significance of CCA 

ordinations was tested by Monte Carlo permutation test (1000 unrestricted random 

permutations; p < 0.05) of residuals from a reduced model against the null hypothesis that 

microbial community composition was unrelated to the measured environmental 

parameters (ter Braak and Wiertz, 1994).  

A Variation Partitioning Analysis (VPA) was calculated to illustrate the relative 

importance of selected groups of parameters in the overall variability of the microbial 

communities. The proportion of overlapped genes from the GeoChip data was calculated 

by dividing the number of overlapped genes between samples by the number of all genes 

detected in both samples. The proportion of unique genes in each sample was calculated 

by dividing the number of genes that were not detected in any other sample by the 

number of all genes detected in that particular sample. Two-way hierarchical clustering 

analysis of the GeoChip data was performed with CLUSTER 3.0 using uncentered 

correlations and the complete average linkage method for both genes and samples, and 

visualized in Java TreeView 1.1. The correlation between selected gene groups from the 

GeoChip data and environmental parameters was estimated by calculating coefficients of 

determination (R2) based on Pearson’s product-moment lineal correlations. NMDS, 

NPMANOVA, ANOSIM, SIMPER, and alpha-diversity analyses were calculated using 

PAST 2.16 (Hammer et al., 2001). CCA and VPA were calculated using CANOCO 5.0 

(ter Braak and Šmilauer, 2002). The LEfSe analysis was conducted using a web tool 
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available from the Galaxy web application 

(http://huttenhower.sph.harvard.edu/galaxy/root). 
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3. Results 

3.1. Overview of mesocosm experiment and analysis of environmental parameters 

 The greenhouse mesocosm experiment ran for 12 months, between Dec 2010 and 

Dec 2011. Core samples from the soil profile were collected at 0, 3, 6, and 12 months for 

microbial analysis and pore water samples were collected concurrently with the core 

samples for physicochemical analysis. The plants in the QB treatment started to 

germinate within the first week of the study, and, even though most plants survived for 

the duration of the experiment, they started to show signs of stress (in the form of leaf 

chlorosis) as early as t6.  

 The mixture of one part sub-surface reduced tailings to three parts of surface 

oxidized tailings effectively increased the acid generating potential of the tailings (AGP) 

from______ to ______, making these tailings more prone to acidification than the surface 

tailings at the IKM site. This increase in AGP facilitated a rapid decline in pH observed 

in the TO treatment (Table 1), from 4.98 (±0.95) to 2.51 (±0.24) over the first 6 months 

of the experiment. The amendment of the tailings with compost both helped to 

significantly increase the pH at t0 from 4.98 (±0.95) to 6.39 (±0.27) in the TC and QB 

treatments and also delayed the acidification process, as the pH in these treatments 

changed little between t0 and t6 (Table 1). The positive effect of compost on pH faded 

over time, allowing the pH to decline to 3.44 (±0.47) in TC and 4.74 (±0.57) in QB at t12. 

At t12, however, the pH values were statistically different (p < 0.05) between all three 

treatments, suggesting that the growth of plants in the QB treatment significantly 

mitigated the rapid acidification of the tailings. 
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 The addition of compost to the amended treatments also had a measurable effect 

on the EC and chemical composition of the pore water (Table 1). The addition of 

compost increased the EC in the amended treatments from 22.17 dS m-1 (±12.08) to 

59.77 dS m-1 (±25.30) at t0. The EC showed a general decline over time in all the 

treatments. The presence of compost also resulted in increased concentrations of TOC 

and TN in the pore water collected throughout the experiment (Table 1). The ratio of 

carbon to nitrogen (C/N) was significantly higher in QB than in the other two treatments, 

although it declined over time. The pore water concentrations of iron and arsenic over 

time was substantially higher in TO than in the compost-amended treatments (Table 1), 

suggesting a negative effect of compost on metal(loid) mobilization. The concentration of 

SO4 was similar in the TO and TC pore water samples, but it almost doubled in the QB 

pore water, as compared to the other two treatments, after t6. Nonetheless, it is important 

to note that the volumes of collected pore water were substantially lower in QB treatment 

than in the other two treatments, presumably due to high rates of evapotranspiration in 

the former treatment.  

3.2. Analysis of microbial community taxonomic composition and diversity 

 Temporal changes in taxonomic composition of prokaryotic communities in the 

mesocosms were evaluated using a next-generation sequencing platform (Illumina 

MiSeq) for 16S rRNA amplicon analysis (iTag). From 301,174 iTag reads obtained from 

the initial analysis of the samples, 148,043 (~49%) sequences remained after the quality 

filtering and OTU picking steps were performed. The final number of sequences per 

sample ranged from 6,125 (TO at t6) to 27,257 (TC at t6) (Table 2), with a median 
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sequence length of 151 bp. Significantly higher (p < 0.05) number of sequences were 

obtained from the compost-amended treatments than from the TO treatment.  

The sequences were classified into 2,364 OTUs based on a 97% sequence 

similarity cut-off. Approximately 97% of all the sequences forming these OTUs 

correspond to bacterial populations and only 3% to archaeal populations. The number of 

OTUs per sample ranged between 39 (TO at t6) and 642 (TC and QB at t6), while the 

number of genera per sample ranged between 33 (TO at t6) and 344 (TC at t6). The TO 

treatment showed a decline in the number of OTUs from t0 to t6, but at t12 the number of 

OTUs more than doubled from the initial community in the treatment. Roughly 25% of 

all genera detected in TO at t12 were not detected at previous time points. In the TC 

treatment the number of OTUs increased from t0 to t6, but at t12 it plummeted to about 

half the number of OTUs present during the first half of the study. In the QB treatment 

the number of OTUs increased slightly from the initial community and remained 

relatively stable until the end of the study. 

Differences in taxonomic diversity (i.e. OTU richness and evenness) between 

samples were evaluated using the Shannon-Weaver (H) and Simpson evenness (1-D) 

indexes of alpha-diversity. The indexes confirmed that the QB treatment had the most 

taxonomically diverse microbial community at the end of the experiment (Table 2). They 

also demonstrated that taxonomic diversity decreased in the TO treatment over the first 

six months of the study, but then increased significantly at t12. This contrasts with the TC 

treatment that experienced an overall decline in microbial diversity over time. To visually 

represent these differences in taxonomic diversity between the samples and also evaluate 

the scope of the iTag analysis, a rarefaction analysis (Figure 1A) was conducted. The 
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analysis showed that the QB treatment had the steepest rarefaction curves with the 

highest taxon richness, while TO had the lowest during the first half of the experiment. 

At t12, the TC and TO treatments had virtually equivalent rarefaction curves. The 

rarefaction curves of the TO OTUs between t0 and t6 reached a plateau, but the curves 

from the rest of the samples did not, suggesting that there were OTUs (possibly 

corresponding to very rare taxa) that remain to be sequenced in most of the samples.  

The differences in overall OTU diversity between treatments (beta-diversity) were 

evaluated by means of NMDS analysis (Figure 2A) and nonparametric tests of pairwise 

dissimilarity (Table 3). Both analyses suggest significant differences in beta-diversity 

between the TO treatment and the compost-amended treatments. Despite evident 

differences between the TC and QB treatments (Figure 2A), the overall diversity of 

OTUs in these two treatments was not statistically significant (Table 3).  

3.2.1. Phylum/Class- and Family-level taxonomic distribution 

 The overall diversity of OTUs in the samples reveals little about the potential 

contribution of the microbial communities to the function of the ecosystems in the 

different treatments. Thus, we further analyzed the phylogenetic classification of the most 

abundant taxa in the samples to indentify key differences in taxonomic distribution and 

community succession between treatments and potentially link the dominance of key taxa 

to the function of the systems.  

The OTUs identified in the samples were distributed among 21 phyla and 7 

candidate phyla (Figure 3). However, approximately 90% or more of all OTUs 

indentified in each sample can be classified under one of only 5 phyla: Proteobacteria 

(including only the Alpha, Beta and Gamma classes), Actinobacteria, Firmicutes, 
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Nitrospirae, and Euryarchaeota (Figure 1B). Members from the Alphaproteobacteria, 

Gammaproteobacteria and Actinobacteria are in general more abundant in the compost-

amended treatments than in the TO treatment, while members from the Nitrospirae 

phylum are more abundant in the TO treatment. Euryarchaeota was the overall least 

abundant of these phyla. At the family level, the overall most abundant taxon was the 

Xanthomonadaceae (10.18%) family, which is 93% composed of species from the Dyella 

genus (Table 4). Other overall abundant taxa at the family level include acidophilic 

species from the Hydrogenophilaceae, Comamonadaceae, Nitrospiraceae, 

Acidithiobacillaceae, and Thermoplasmatales families.  

 Table 5 (Figure 4) summarizes the taxonomic classification and relative 

abundance of the top 4 taxa in each sample at the family level. In the TO treatment, 

species from the Comamonadaceae (Thiomonas spp., 100%) and Hydrogenophilaceae 

(Thiobacillus spp., 100%) families dominated early during the study, but during the last 2 

time points the TO community became dominated by species from the Nitrospiraceae 

(Leptospirillum spp., 100%), Chromatiales (uncultured Chromatiales, 93% of which are 

most closely related to the Sinobacteraceae family) and Rhodospirillaceae (uncultured 

Rhodospirillaceae, 100%) taxa. The TC treatment started dominated by species from the 

Rhodospirillaceae (uncultured Rhodospirillaceae, 100%) family, but at t3 became 

dominated by species from the Hydrogenophilaceae (Thiobacillus spp., 100%) family. At 

t6 the dominant species were from the Xanthomonadaceae (Dyella spp., 92%) family, and 

at t12 species from the Acidithiobacillaceae (Acidithiobacillus spp., 100%) and 

Nitrospiraceae (Leptospirillum spp., 100%) families dominated the communities. 

Similarly, in the QB treatment, species from the Hydrogenophilaceae (Thiobacillus spp., 
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100%) and Xanthomonadaceae (Dyella spp., 94%) families were abundant in the 

communities at t3 and t6, while at t12 the community was dominated by species from the 

Acidithiobacillaceae (Acidithiobacillus spp., 100%) and Xanthomonadaceae (Dyella 

spp., 92%) families. At t6 the QB community was dominated by species from the 

Micrococcaceae (Arthrobacter spp., 94%) family, which was virtually absent in the other 

treatments (i.e. 0.8% Arthrobacter spp. in TC and TO combined). 

When comparing microbial communities, in addition to alpha and beta diversity, 

it is crucial to identify specific taxa within each sample that contribute most to the overall 

dissimilarity between the treatments evaluated. To that end, we conducted a series of 

statistical analyses to identify unique as well as dominant taxa in the treatments that had a 

greater contribution to the beta-diversity in the treatments. A similarity percentage 

analysis (SIMPER, Table 6) revealed that species from the Nitrospiraceae 

(Leptospirillum spp., 100%) family contributed the most to the differences between the 

TO treatment and the compost-amended treatments. The relatively high abundance of 

species from the Hydrogenophilaceae (Thiobacillus spp., 100%) family in the TC 

treatment contributed the most to differentiate this treatment from the others. In the case 

of the QB treatment, the relatively high abundance of species from the 

Xanthomonadaceae (Dyella spp., 94%) and Micrococcaceae (Arthrobacter spp., 94%) 

families contributed the most to differentiate this treatment from the rest.  

In addition to the SIMPER analysis, we conducted a linear discriminate analysis 

(LDA) effect size (LEfSe), a statistical tool designed to find biomarkers from 

metagenomic data by high dimensional treatment comparison. The LEfSe algorithm 

identifies the taxa most likely to explain differences between treatments by coupling 



	   84	  

standard tests for statistical significance with additional tests encoding biological 

consistency and effect relevance. Unlike SIMPER, LEfSe gives more weight to the taxon 

uniqueness than to its overall abundance. For the 5 most abundant phyla, the LEfSe 

analysis at the family level showed that there were 33 taxa distinguishing the three 

treatments with LDA scores greater than 2 (Figures 5A and 5B), 22 of which were 

significantly more abundant in the QB treatment. The Micrococcaceae family had the 

highest LDA score of all taxa, being most abundant in the QB treatment. In general, 

members from the Firmicutes phylum (e.g. Clostridia, Bacillales) were enriched in TO 

and TC treatments, while member from the Actinobacteria phylum were enriched in the 

QB treatment. A LEfSe analysis of all phyla at the genus level and LDA score greater 

than 3 (Figures 6A and 6B), revealed that Arthrobacter genus was the most significant 

taxa within the Micrococcaceae family for distinguishing the QB from the other 

treatments. In brief, the results from the SIMPER and LEfSe analyses suggest that 

members from the Arthrobacter genus were integral in distinguishing the microbial 

communities of the planted treatment from communities of the unplanted controls. These 

results also suggest that species belonging to the Actinobacteria contributed greatly to the 

beta-diversity observed in the NMDS (Figure 2A) between QB and the controls.  

3.3. Analysis of microbial community functional potential and diversity of 

functional genes 

 To supplement the analysis of taxonomic composition of the communities and to 

identify metabolic gene groups that may serve as bioindicators for mine tailing 

phytostabilization, a functional gene microarray (GeoChip 4.0) analysis was conducted to 

quantify temporal changes in microbial community functional potential. From 120,054 
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gene probes included in the GeoChip 4.0 array, a total of 24,919 probes emitted signals 

above background levels in at least 2 of the triplicate samples. These probes cover 644 

different functional genes, classified into 16 different functional categories (Figure 7). In 

the present study we focused mainly on 11 categories (i.e. C, N, P and S cycling, 

bioleaching, energy process, metal resistance, organic remediation, stress, soil benefits, 

soil borne pathogens) that included a total of 21,635 positive probe signals. Table 7 

provides a detailed enumeration of these gene categories and the main functions included 

in each major category for each sample. Approximately 97% of the probes included in 

the selected categories targeted bacterial genes and the remaining 3% targeted archaeal 

genes. Most gene probes detected in the samples correspond to genes involved in carbon 

cycling and degradation of organic compounds (7,612 probes), followed by stress genes 

(4,853 probes), metal resistance genes (2,756 probes), and nitrogen cycling genes (1,918 

probes).  

The alpha-diversity of these functional gene groups and the proportion of genes 

overlapping among samples are summarized in Table 8. The total number of detected 

genes ranged between 10,377 and 14,965 among the samples analyzed. At t0 the TO and 

TC samples showed surprisingly similar richness and diversity (as estimated by the 

Shannon-Weaver index) of functional genes. The number of genes in the TO treatment 

declined over time, and at t12 was significantly lower (p < 0.05) in richness of functional 

genes than the compost-amended treatments. The Simpson Evenness index showed that 

all the samples had high and rather similar evenness in terms of community functional 

potential. These results contrast sharply with the results from the iTag analysis, as the 

diversity of OTUs in the TO were significantly lower than in the compost-amended 
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treatments at t0 but at t12 the diversity increased substantially, reaching an OTU richness 

level not significantly different from the TC treatment. A correlation analysis confirmed 

that the richness of functional genes for all samples combined was not correlated (R2= 

0.358; p = 0.053) with the richness of OTUs in those samples.  

An analysis of gene overlap (Table 8) indicated that the functional composition of 

the communities changed substantially between treatments and time points. The 

proportion of overlapped genes between samples ranged between 54%-76%, with the 

highest values usually corresponding to samples from the same treatment. The overall 

uniqueness of functional genes per sample, on the other hand, was quite low; TO at t0 

showing the most unique genes (4.55% or 649 genes) and QB at t6 the fewest (0.68% or 

85 genes). 

Overall, the samples analyzed in the present study showed a relatively low 

richness and diversity of functional genes as compared to other natural and contaminated 

environments analyzed with GeoChip 4.0 (Table 9). Only deep seawater samples (Lu et 

al., 2012) showed a significantly lower functional diversity that the samples analyzed in 

this study.  

Similarly to the taxonomic analysis, a NMDS analysis (Figure 2B) was conducted 

to evaluate the beta-diversity of functional genes between the mesocosms treatments. The 

analysis showed that the functional structure of the microbial communities varied greatly 

between treatments. The two nonparametric tests of dissimilarity (i.e. ANOSIM, NP-

MANOVA) confirmed that these differences in community functional structure were 

statistically significant (p < 0.05) (Table 3). The NMDS suggests that the community 

functional structure in the TO treatment was more divergent that the ones from the 
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compost-amended treatments. The relatively low proportion of overlapped genes between 

TO samples from consecutive time points (Table 8) seems to validate this observation. 

However, the overall proportion of gene categories per sample in terms of overall signal 

intensity varied little between treatments (Figure 7). 

3.3.1. Analysis of the distribution of major functional genes groups by treatment  

A more detailed analysis of functional gene distribution was conducted with the 

goal of identifying key genes categories that may be linked to major changes in the 

systems and the potential function of the most abundant microbial taxa. To visualize the 

patterns of functional gene distribution among samples, a hierarchical cluster analysis 

was performed (Figure 8). The cluster analysis of gene distribution by sample (top of the 

heatmap) showed that the overall distribution of functional genes in the QB treatment 

was more similar to TO than to TC, as suggested by the NMDS analysis (Figure 2B). The 

cluster analysis of gene distribution by functional genes (left side of heatmap) revealed 

12 major gene clusters. The largest cluster of genes, group 5 (~63% of all genes), was 

subdivided into 6 smaller clusters (A-F) to facilitate interpretation. A detailed analysis of 

the average signal intensities per sample for each cluster revealed clusters of genes that 

were dominated by a single treatment (e.g. group 5E), clusters dominated by the 

compost-amended treatments (e.g. group 5C), clusters dominated by TO and QB (e.g. 

group 5D), and clusters of genes that were similarly distributed in all samples (e.g. group 

7). All gene categories included in the analysis were represented in most gene groups, but 

the proportion of the most abundant gene categories varied between groups. For instance, 

gene groups 1, 2 and 3, which were contributed mostly by samples from the TO 

treatment, were dominated (~23%) by genes involve in stress response (e.g. sigma 
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factors, oxygen stress, metal toxicity, N and P limitation). These clusters also had a 

relatively high proportion (~16%) of metal resistance genes (e.g. As, Cd, Zn). Gene 

groups 4 and 5F, mostly contributed by samples from the QB treatment, were dominated 

(~27%) by genes involve in degradation of organic compounds. Similarly, gene groups 

5F and 12, contributed mostly by the TC treatment, were dominated (~26%) by carbon 

degradation genes. Groups 5A, 5B, 5C, 9, and 11 were dominated by carbon degradation 

genes and carbon cycling genes (~36%) (e.g. degradation of aromatic compounds, carbon 

fixation). These groups also had relatively high proportion of N (~9%) and S (~6%) 

cycling genes. Gene group 5D had a similar proportion of carbon degradation (~25%) 

and stress response (~24%) genes. Gene groups that had similar average signal intensities 

across all the samples (e.g. 6, 7, 8) were characterized by similar proportions of carbon 

degradation (~24%) and stress response (~23%) genes, and relatively high proportion of 

metal resistance genes (~14%) and N cycling genes (~8%).  

3.4. Analysis of the relationship between microbial community composition and 

changes in environmental parameters 

 We conducted a series of statistical analyses to directly assess the relationship 

between the temporal changes in microbial community functional and taxonomic 

structure mentioned above and the variations in the environmental parameters measured 

in the mesocosms (Table 1). First, we employed Canonical Correspondence Analysis 

(CCA) (Figure 9) to discern possible linkages between the structure of the microbial 

communities and the measured environmental parameters. For this analysis we also 

included the treatments (e.g. presence of compost, presence of plants) as nominal 

variables to assess their impact on the structure of the communities. The CCA ordination 
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for the GeoChip data (Figure 9A) showed a strong treatment effect on the functional 

potential of the microbial communities, as the samples from the same treatment clustered 

closer together and away from the other treatments in the ordination space and the 

Compost and Plant vectors showed a greater contribution to the functional composition of 

the communities than the other parameters included in the analysis. The EC, pH, TN and 

TOC vectors showed similar levels of contribution, while the SO4, As and Fe vectors 

were the least significant. The compost-amended treatments showed a negative 

correlation with the concentration of Fe and As in the pore water, while the TO treatment 

samples showed negative correlations with the rest of the parameters. The TC and TO 

samples showed a negative correlation with the SO4 vector, which was highly correlated 

to the presence of plants in the QB treatment.  

The CCA ordination for the iTag data (Figure 9B), on the other hand, showed a 

weak plant effect on predicting the taxonomic composition of the microbial communities, 

but a very strong compost effect on differentiating the amended treatments from the TO 

treatment. This observation agrees with the tests of dissimilarity (Table 3) that suggest no 

significant differences between the QB and TC treatments in terms of taxonomic 

composition. This second CCA ordination differs from the previous one in that the Fe 

and As vectors showed a stronger effect on microbial taxonomic structure than other 

parameters, such as EC, TN and pH. However, both CCA analyses showed a negative 

correlation between the samples from the compost-amended treatments and the Fe and As 

vectors, and the negative correlation between the TO samples and the rest of the 

environmental variables.  
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A partitioning analysis (Figure 9C) revealed that, overall, a little over 50% of the 

total variability in the structure of the microbial communities can be explained by the 

parameters included in the CCA ordinations. Most of the variation (20%) can be 

explained by changes in the chemical composition of the pore water. The pH and EC 

combined explained 13.3%, while the treatments only explained 11.2% of the total 

variability. All parameters combined contributed to explain an additional 6% of the total 

variability.  

Given the strong relationship between pore water analytes and the structure of the 

microbial communities suggested by the CCA ordinations and the partitioning analysis, 

we hypothesized that the abundance of specific gene groups in the mesocosms could be 

correlated with the magnitude of those pore water analytes. To explore this hypothesis, 

we calculated coefficients of determination (R2) based on Pearson’s product-moment 

correlations between selected gene groups and pore water analytes that could potentially 

have links with the abundance of those genes in order to gain a deeper insight into the 

relationship between community functional potential and the magnitude of the 

environmental parameters.  

An initial correlation analysis revealed that the overall abundance of functional 

genes in TO was strongly and positively correlated with the changes in pH (Figure 10). 

Similarly, the correlation analysis for individual gene groups (Table 10) revealed a 

general trend for the TO samples, in that several pore water analytes (i.e. Fe, TOC, As) 

showed significant correlations with the pH in this treatment. This difficult the 

establishment of correlations between pore water analytes and gene groups because, 

based on these results alone, it is not possible to separate the pH effect from the microbial 
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contribution. This, however, was not the case for pore water SO4 concentrations. Sulfate 

showed no significant correlation with the pH in the TO treatment, but it was 

significantly negatively correlated with the abundance of sulfur oxidation genes in this 

treatment. This implies that lower concentrations of sulfate in the pore water 

corresponded to a higher abundance of sulfur oxidation genes in the TO samples. The TC 

treatment showed a significant, negative correlation between the As pore water 

concentrations and the abundance of As oxidation genes in the treatment. This suggests 

that microorganisms in the TC may have significantly contributed to the precipitation of 

As in the treatment, perhaps as a mechanism of resistance as the solubility of As, and 

therefore its toxicity, may have increased overtime as the pH decreased. Finally, the QB 

treatment only showed a significant negative correlation between the pore water TN 

concentrations and the abundance of nitrification genes in this treatment. This suggests 

that ammonia-oxidizing microbes in the QB treatment may have actively removed 

nitrogen from the pore water by means of ammonia oxidation (most likely sourced by the 

compost) into nitrites and nitrates, which most plants can readily assimilate as nitrogen 

source.  
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4. Discussion 

4.1. Unexpectedly high diversity of microbes driving the acidification of the mine 

tailings 

4.1.1. Acidophilic microbial populations in the tailings and their potential as 

bioindicators 

The gradual acidification of the mine tailings in the mesocosms was one of the 

most noticeable environmental changes observed during this study (Table 1). This 

acidification trend was, to some extent, expected given the incorporation of reduced 

tailings in the mixture used in the mesocosms. However, the rate at which the pH 

declined, especially in the TO treatment, was faster than expected. The current 

knowledge dictates that microbial mediated processes, as opposed to abiotic processes, 

will increasingly dominate the oxidation of iron-sulfides (e.g. pyrite) at pH below 5 

(Kirby and Brady, 1998, Ma and Lin, 2013). Thus we assume that towards the end of the 

experiment, iron and sulfur oxidation processes catalyzed by microbial populations 

contributed significantly to the generation of acid in the systems. 

The results from the taxonomic analysis showed that at the end of the experiment 

when the pH had decreased significantly in all the treatments, the microbial communities 

were dominated by bacterial species closely related to Acidithiobacillus and 

Leptospirillum (Figure 4), two groups commonly associated with acid mine drainage and 

acidic mine tailing environments (Goltsman et al., 2009; Baker and Banfield, 2003; 

Mahmoud et al., 2005). What is surprising about these results is that the dominance of 

each group(s) varied depending on the treatments (Figure 4). The Leptospirillum spp. 

dominated the community in the TO treatment (the most acidic), while the 
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Acidithiobacillus spp. accounted for less that 1% of that community. In the QB treatment 

(the least acidic) was quite the opposite; dominated by Acidithiobacillus spp., while 

Leptospirillum spp. accounted for less that 1% of that community. In the TC treatment 

(which had a intermediate pH value at t12), the community was almost equally 

represented by species from the Acidithiobacillus (30%) and Leptospirillum (25%) 

groups. In fact, the relative abundance of Leptospirillum spp. in the mesocosms was 

significantly and negatively correlated with the pH of the systems (R2= 0.529; p = 0.011).  

These results suggest that while both Acidithiobacillus and Leptospirillum groups 

contribute significantly to the acidification of the tailings, their relative abundance may 

reflect major differences in the environmental conditions between the treatments (e.g. 

differences in pH, presence of plants and compost). For instance, the inability of the 

Leptospirillum spp. to dominate in the TC and QB treatments may result from the higher 

pH values and the elevated concentrations of organic carbon and root exudates in these 

treatments, which creates an environment in which these acidophilic, chemolithotrophic 

microorganisms are less competitive (Johnson and Hallberg, 2009; Santofimia et al., 

2013). Although Acidithiobacillus spp. are also chemolithotrophs, Leptospirillum spp. are 

known to be more susceptible to elevated levels of soluble organic carbon that toxic for 

the cells (Johnson and Hallberg, 2009; Santofimia et al., 2013). In summary, these results 

suggest that the ratio of Acidithiobacillus spp. to Leptospirillum spp. in mine tailings 

environments could potentially serve as an indicator of the level of environmental stress 

in terms of pH and organic carbon content. This ratio could be the basis for developing a 

set of bioindicators to assess the potential success of a planned phytostabilization or the 

effectiveness of an ongoing phytostabilization treatment.  
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The taxonomic analysis of the samples also revealed a relatively high abundance 

of other well-know acidophilic, iron- and sulfur-oxidizing microbial groups often 

associated with acidic mining environments and AMD, including: Thiobacillus spp., 

Ferroplasma spp. and Thiomonas spp. (Hallberg, 2010; Hallberg and Johnson, 2001; 

Schippers et al., 2010). Depending on the metabolic capabilities of each group and the 

dominant environmental condition in any given mine tailing scenario, these other 

acidophilic microbial groups also could potentially serve as bioindicators under condition 

that differ significantly from those dominating in the mesocosms.  

4.1.2. Unexpected microbial populations dominating in the tailings and their 

possible role in the generation of acid 

4.1.2.1. Undescribed family from the Chromatiales order 

A bacterial group detected in the mesocosms in relatively high abundance, 

especially in the TO and TC treatments, was classified under the Chromatiales order, but 

belong to a family and genus that are yet to be described. Members from this order, 

commonly known as the Purple Sulfur Bacteria (PSB), have previously been detected in 

mining environments (Edwards et al., 2006). However, little to no attention has been 

given to their potential contribution to the generation of AMD in these environments 

despite their well-known ability to oxidize sulfides and thiosulfates in the environment 

(Grimm et al., 2008; Meyer et al., 2007; Senko et al., 2008). Some species have even 

been shown to be capable of oxidizing ferrous iron (Hallberg et al., 2011). The PSB are 

mostly anaerobic and facultative anaerobic species that can carry out the oxidation of 

sulfur under anoxic and microoxic conditions either by means of phototrophic or 

chemolithotrophic metabolisms (Ghosh and Dam, 2009; Grimm et al., 2008). Perhaps, 
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the reason why little attention has been given to PSBs in acidic mine tailing environments 

is because this group is composed of mainly neutrophilic and alkalophilic species 

(Grimm et al., 2008; Sorokin et al., 2013). Nevertheless, some slightly acidophilic and 

acidophilic species from this order have been previously described (Hallberg and 

Johnson, 2005; Hallberg et al., 2011, Hensen et al., 2006). For instance, the acidophile 

Acidiferrobacter thiooxydans, which belongs to the Ectothiorhodospiraceae family of 

Chromatiales, was recently described as a facultative anaerobic, chemolitotrophic iron- 

and sulfur-oxidizer (Hallberg et al., 2011). Given the fact that members from the 

Chromatiales group were detected in the present study and appear to be enriched in all 

the treatments as the pH declined (Figure 4), we hypothesize that the species included in 

this group are most likely acidophiles that actively contributed to the oxidation of iron 

and sulfur compounds and the generation of acid in the mine tailings.  

4.1.2.2. Rhodospirillaceae family 

The Rhodospirillaceae group is another bacterial taxon mainly composed of 

anaerobes and facultative anaerobes that was detected in relatively high abundance in the 

mesocosms (Table 4, Figure 4) (Madigan and Jung, 2009; Zhang et al., 2008). Most 

facultative anaerobes within the group require microoxic conditions in order to use 

oxygen as terminal electron acceptor. The Rhodospirillaceae family is mainly composed 

of purple non-sulfur bacteria that can live by means of phototrophic, chemolithotrophic, 

and mixotrophic metabolisms (Madigan and Jung, 2009; Zhang et al., 2008). This family 

includes many species capable of oxidizing sulfur compounds (e.g. sulfide, thiosulfates), 

mainly by means of chemolithotrophic and phototrophic metabolism, generally using 

nitrates, nitrites, nitrous oxides, perchlorates or oxygen as terminal electron acceptors 
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(Sander and Dahl, 2009). Sulfur-oxidizing Rhodospirillaceae species are very diverse, 

distributed among several genera, including: Rhodospirillum (Zhang et al., 2008), 

Roseospira (Guyoneaud et al., 2002), Rhodospira (Zhang et al., 2008), Magnetovibrio 

(Bazylinski et al., 2013), Magnetospira (Williams et al., 2012), Magnetospirillum 

(Geelhoed et al., 2010), Azospirillum (Lavrinenko and Chernousova, 2010), and 

Phaeovibrio (Lakshmi et al., 2011). Moreover, Sorokina et al. (2012) recently described 

the first known iron-oxidizing Rhodospirillaceae species, Ferrovibrio denitrificans, 

which can oxidize iron under both anoxic and microoxic conditions. What all this species 

have in common, however, is that all of them are neutrophiles, with only a few of them 

having the capacity tolerate slightly acidic conditions not lower than pH 5.3 (Guyoneaud 

et al., 2002, Sorokina et al., 2012). In fact, no acidophilic species have ever been 

described within the Rhodospirillaceae family (Madigan and Jung, 2009). Thus, in order 

for these microbial groups to compete with abiotic process that dominate the oxidation of 

iron sulfides at circumneutral pH, it is critical for them to colonize microoxic or anoxic 

microenvironments in the tailings where the abiotic oxidation of these compounds in not 

kinetically favored (Ilbert and Bonnefoy, 2013; Roden et al., 2004, Weber et al., 2006). 

Overall, these observations suggest that the species of Rhodospirillaceae detected in the 

mesocosms are probably colonizing anoxic and microoxic niches within the tailings 

where the pH remains higher and where they can contribute to the oxidation of sulfur and 

iron compounds and, therefore, to the acidification of the systems. In contrast, the high 

abundance of the Rhodospirillaceae in the TO treatment at t12 suggest that this group may 

actually be composed of a novel acidophilic taxon of Rhodospirillaceae that is yet to be 

isolated and described.  
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4.1.2.3. Bacillaceae family 

One puzzling observation was the relatively high abundance of species from the 

Bacillaceae family (dominated by Bacillus spp. 39%) in the mesocosms (Table 4). Their 

relative abundance seemed to increase as the pH and EC declined in the treatments, and 

they were in general more abundant in the compost-amended treatments (Figure 4). Their 

high abundance in the compost-amended treatments could correspond to the fact that 

Bacillus spp. are usually the most abundant taxon in compost because of their capacity to 

produce endospores that can tolerate the thermophilic stages of the composting process 

(Partanen et al., 2010; Ryckeboer et al., 2003; Zhang et al., 2002). Most Bacillus spp. 

described to date, however, are either neutrophilic or alkalophilic in nature (Takami, 

2011). Relatively few acidophilic or acid tolerant species (e.g. produce enzymes that are 

acid stable) have been cultivated (Patel et al., 2005; Sharma and Satyanarayana, 2010; 

Sharma et al., 2012). The production of endospores as stress response mechanisms can 

help neutrophilic Bacillus spp. survive in acidic environments. Bacillus sp. TS03 is an 

example of an acid tolerant strain, as it was shown recently to have the metabolic 

capacity of oxidizing sulfur under acidic conditions (Ryu et al., 2009). However, all of 

these acidophilic Bacillus spp. are actually thermophilic, which makes it very unlikely for 

these species to colonize the mine tailings. In a recent study, Wakelin et al. (2012) were 

able to the detect Bacilli (6% of the microbial community) in pyritic, acidic mine tailings, 

but, in contrast with our results, they detected higher concentrations of this group in the 

less acidic tailing samples. They also showed that the abundance of Bacillus spp. was 

enhanced in samples with lower EC values, which does agree with our results. In general, 

we presume that the relatively high abundance of Bacilli in the mesocosms when the pH 
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was the lowest in the systems is most likely explained by cell survival (in the form of 

spores) rather than an actual enrichment of a population that is actively contributing to 

the functioning of the ecosystem.  

4.1.2.4. Xanthomonadaceae family 

What we consider the most intriguing and unexpected results from the taxonomic 

analysis of the microbial communities in the mesocosms was the relative high abundance 

of members from the Xanthomonadaceae family detected in all the treatments (Table 4, 

Figure 4). They were detected in TO treatment in relatively high abundance during the 

first two time points, but as the pH declined they became virtually undetectable. The 

compost-amended treatments showed a similar pattern, where this group became the most 

dominant taxon in the TC and QB treatments at t6 and t3, respectively, but then they 

declined in abundance as the pH declined in the treatments (Figure 4). The great majority 

(~93%) of the OTUs related to this family were phylogenetically related at a 97% 

confidence level to species from the Dyella genus. This genus was first described by Xie 

and Yokota (2005), and currently includes 9 described species 

(http://www.bacterio.net/d/dyella.html). Virtually all described species have been isolated 

from soil environments, most are strict heterotrophs, and all of them are aerobic 

neutrophiles. Some have been shown to tolerate slight to moderate acidic conditions, as 

low as pH 4 (Weon et al., 2009; Zhao et al., 2013). There is only one species, Dyella 

thiooxydans, that has been shown to be a facultative chemolithotroph capable of 

oxidizing reduced sulfur compounds at circumneutral pH (Anandham et al., 2011). 

However, several reports have linked other Dyella strains to the chemolithotrophic 

oxidation of iron and sulfur compounds at circumneutral pH (Anandham et al., 2008; 



	   99	  

Emerson et al., 2012; Lin et al., 2012a; Lin et al., 2012b; Roden et al., 2012; Uroz et al., 

2009). For instance, Lin et al. (2012b) recently reported the enrichment of Dyella spp. 

under neutrophilic, microaerophilic, iron-oxidizing conditions from samples collected 

from a coastal catchment, using an iron-sulfide medium. Their findings suggest that these 

aerobic organisms may actually colonize microoxic environments in order to oxidize iron 

and sulfur under neutrophilic conditions. In another report, Roden et al. (2012) detected 

Dyella spp. in samples collected from a groundwater seep with circumneutral pH (6.47) 

and elevated levels of Fe (III) oxides coming from the oxidation of pyrite deposits in the 

area. Their results suggest that microbial populations in the seep were mediating the 

anaerobic/microaerobic oxidation of iron sulfides at circumneutral pH. Taking these 

previous studies and the results from the present study together, we hypothesize that the 

Dyella spp. in the mesocosms are iron or sulfur oxidizers, or both, that colonized 

circumneutral or slightly acidic, microoxic niches in the tailings and actively contributed 

to the generation of acid in the systems.  

Xanthomonadaceae and Dyella spp. have previously been detected in mining 

environment (González-Toril et al., 2011; Lu et al., 2010; Ziegler et al., 2013), including 

sediments associated with AMD and high concentrations of iron and arsenic (Delavat et 

al., 2012). But, again, no attention has been given to their possible contribution to the 

oxidation of iron and sulfur and the generation of acid in these environments. For 

instance, Ziegler et al. (2013) studied microbial biofilms actively oxidizing pyrite in a 

mining environment and found that the fourth most abundant group in their samples 

could be classified within the Xanthomonadaceae family. However, they made no 

mention of this potentially important taxon in the discussion of their results. In contrast, 
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we believe that there may be an active involvement of Dyella spp. in the generation of 

acid in pyritic mine tailings by means of neutrophilic, microaerophilic oxidation of iron 

sulfides.  

The detection of anaerobic and microaerobic iron- and sulfur-oxidizing 

microorganisms (e.g. Dyella spp., Chromatiales spp., Rhodospirillaceae spp.) in the 

tailings is extremely significant for mine tailing environments undergoing remediation 

because not only do we have a much greater diversity of microorganisms contributing to 

the acidification of the tailings than previously considered, but now we have iron-sulfide-

oxidizers actively competing with sulfate-reducing microorganism for anoxic/microoxic 

niches in the tailings. This could potentially limit the ecological function of the latter 

microbial group, whose reducing activity has consistently been proposed as a robust 

biotechnological approach to mitigate the generation of AMD in mining environments 

(Luptakova and Kusnierova, 2005; Sánchez-Andrea et al., 2012).    

4.2. Plant-microbes interactions and the alkalinization of the tailings 

The growth of plants in the QB treatment had a measurable positive effect on the 

taxonomic diversity (Figure 1 and Table 2) and composition (Figures 4 and 5) of the 

microbial communities. These results correspond with another microbiological study 

conducted on the mesocosms in parallel with the present study, which showed that plant 

growth promoted higher and more stable levels of microbial biomass in the tailings 

(Nelson et al., 2012). A decline in the amount of DNA extracted from the mesocosm 

samples overtime (Table 11) suggest that the microbial biomass declined substantially in 

the TC treatment towards the end of the experiment when the pH was more acidic. But, in 

clear agreement with Nelson et al. (2012) study, the highest concentration of DNA at t12 
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was extracted from the QB treatment, suggesting that the plants sustained a higher 

microbial biomass in this treatment.  

The elevated concentrations of pore water sulfate in the QB treatment during the 

last two time points of the experiment (Table 1) suggest that the plants, besides 

promoting a greater taxonomic diversity and higher microbial biomass, could have also 

promoted the activity of iron- and sulfur-oxidizing microorganisms. The positive effect of 

plant growth on the diversity and activity of microbial communities in the tailings could 

be either an indirect effect attributed to the influence of plants on the environmental 

conditions (e.g. soil pH, enhanced diversity of niches), a direct effect of plants exudates 

on microbial populations in the rhizosphere, or a combination of both mechanisms (Bais 

et al., 2006; Bulgarelli et al., 2013; Solís-Domínguez et al., 2012).  

The analysis of the pore water also showed that the growth of the quail bush 

plants had a significant, positive effect on the pH of the tailings, as at t12 the pH in the QB 

treatment was significantly higher than in the unseeded controls (Table 1). As shown 

recently by Solís-Domínguez et al. (2012), quail bush plants have the capacity to 

alkalinize (increase of pH) their rhizosphere.  This alkalinization process occurs when the 

plants assimilate more anions than cations and the excess negative charge is released as 

hydroxide ions (OH–) through the roots, which will increase the pH of the rhizosphere 

(Solís-Domínguez et al., 2012). For instance, plant uptake of NO3
– as nitrogen source has 

been linked to such rhizosphere alkalinization processes (Blossfeld et al., 2010; 

Hinsinger et al., 2003). When plants assimilate nitrate from the soil and reduce it into 

ammonia for biosynthesis, OH– ions are produced in the shoots and the plants excrete 
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those ions into the soil through their roots in order to keep their internal pH balanced, 

therefore alkalinizing the rhizosphere (Blossfeld et al., 2010; Hinsinger et al., 2003).   

 Although it can be an energy intensive process, a variety of physiological and 

environmental conditions ensure the preference of NO3
– over NH4

+ for assimilation as N 

source by most plants growing in organic, aerobic soils (Boudsocq et al., 2012; 

Masclaux-Daubresse et al., 2010). In the mesocosms the most likely source of inorganic 

N was NO3–N derived from the compost, given that the usual process of composting 

manure and other organic wastes promotes the oxidation of NH4
+ to NO3

– (Cáceres et al., 

2006; Ko et al., 2008; Sánchez-Monedero et al., 2001). Mature compost usually also 

retains significant levels of NH4–N (Cáceres et al., 2006; Ko et al., 2008; Sánchez-

Monedero et al., 2001), which will make ammonium a secondary source of inorganic N 

in compost-amended systems. 

 The concentration of TN in the pore water (Table 1) suggests that nitrogen was 

leached from the compost in the amended mesocosms. However, at t3 and t6, when the 

plants in the QB treatment were growing well and apparently healthy, the concentrations 

of TN in the QB treatment were significantly lower (p < 0.05) than in the TC treatment. 

These results, along with the elevated values of C/N measured in the QB treatment at 

those same time points (Table 1), suggest that the plants may have assimilated significant 

amounts of nitrogen from the compost. This assimilation process could have driven the 

decline of TN in the pore water, especially at t3 when the plants were evidently thriving 

in the QB treatment.  

 These observations imply that the alkalinization of the rhizosphere of the plants 

in the QB treatment may have been promoted by the assimilation of compost-derived 
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NO3
– as N source. However, the measurements of NO3–N pore water concentrations for 

all the mesocosms, even for the compost-amended treatments, were below the detection 

limit of the analytical method (results not shown). This suggests that most of the 

compost-derived N in the amended treatments may have actually been in the form of 

organic nitrogen (ON) (e.g. Sánchez-Monedero et al., 2001). Although some studies have 

demonstrated that the uptake ON is a viable mechanisms for obtaining N from the 

environment for many plant species, it is still a matter of debate how significant is its 

contribution to plant nutrition as compared to inorganic forms of N (Näsholm et al., 

2009). Nevertheless, the alkalinization of the rhizosphere in the QB treatment may have 

been promoted by the uptake of an important anionic nutrient other than NO3
–, such as 

phosphate (i.e. H2PO4
−, HPO4

2−), sulfate (SO4
2−), or even chloride (Cl–) (Haynes, 1990).  

 Despite the apparently efficient removal of N from the pore water, the QB 

treatment may have also promoted the activity of ammonia-oxidizing and nitrogen-fixing 

microbes in the rhizosphere to allow the plants to supplement their N requirements. 

Ammonia is produced when ON compounds are degraded in the soil, providing a 

substrate for ammonia-oxidizing microbes to generate nitrite and nitrate. The significant, 

negative correlation between the abundance of nitrification genes and the concentration 

of TN in the QB treatment (Table 10) supports the assumption that these microbes may 

have supported the N requirements of the plants by oxidizing ammonia. Hence, the 

alkalinization of the tailings in the rhizosphere may have been enhanced by the 

interaction between the plants and ammonia-oxidizing and, possibly, nitrogen-fixing 

microbes that provided an additional source of NO3
– for the plants to assimilate.  

2.2.1. Possible role of plant-growth-promoting bacteria in the QB treatment  
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 The interaction between plants and microorganisms in the environment is often 

mediated by a diverse group of rhizobacteria known as plant growth promoting bacteria 

(PGPB). PGPBs can enhance plant growth by several mechanisms, including: (1) nutrient 

transfer (e.g. N, P), (2) production and degradation of phytohormones, (3) reduction of 

environmental stress (e.g. osmotic stress), and (4) production of siderophores that can 

provide the plants with trace elements (e.g. Fe), and protect them from pathogens and 

high levels of toxic metal(loid)s (Grandlic et al., 2009; Marschner, 2007). Moreover, 

numerous reports have demonstrated the important role of PGPB in enhancing the 

phytoremediation of metal-contaminated substrates (Grandlic et al., 2009; Khan et al., 

2010). Species from the Actinomycetales order are some of the most commonly found 

PGPB in the rhizosphere of plants (Beattie, 2006). Thus, it is not surprising that species 

from this order were among the most significant populations contributing to differentiate 

the microbial communities in the QB treatment from the communities in the other two 

treatments (Figure 5B). A group from the Arthrobacter genus (Micrococcaceae family) 

was by far the most abundant and relevant taxon of Actinomycetales contributing to that 

differentiation (Figure 5 and 6, Table 6). Figure 4 clearly shows how this Arthobacter 

group was enriched in the QB treatments during the first 6 months of the study in what 

seems an obvious response to plant growth. Figure 4 also suggests that this group 

declined in abundance at t12 in response to the acidification of the tailings and, perhaps, in 

response to the deterioration of the quail bush plants health observed after t6.  

Arthrobacter spp. are a well-known group of PGPB that include mostly 

neutrophilic, and some acid-tolerant, species (Bashan and de-Bashan, 2005; DeBoer and 

Kowalchuk, 2001). It has been shown that some Arthrobacter spp. can also tolerate 
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environments with high concentrations of heavy metals (Grandlic et al., 2008; Margesin 

and Schinner, 1996). Potential PGP mechanisms of Arthrobacter spp. include: ammonia 

oxidation (Kouki et al., 2011; Matsuno et al., 2013), nitrogen fixation (Gtari et al., 2012; 

Yu et al., 2012), phosphorous solubilization (Grandlic et al., 2008; Saharan and Nehra, 

2011), phytohormone production and degradation (Dodd et al., 2010; Grandlic et al., 

2008; Grappelli and Rossi, 1981), management of environmental stress (Dimkpa et al., 

2009; Grandlic et al., 2008), biocontrol of plant pathogens (Dimkpa et al., 2009; Scavino 

and Pedraza, 2013), and biosynthesis of siderophores (Grandlic et al., 2008; Scavino and 

Pedraza, 2013). In a previous study, Grandlic et al. (2008) showed that a mix of 

Arthrobacter strains used to promote plant growth on mine tailings had the capacity 

produce significant amounts of iron-binding siderophores, 1-aminocyclopropane-1-

carboxylate deaminase (involve in the reduction of plant stress), and indoleacetic acid (a 

growth hormone). In a similar study, Grandlic et al. (2009) showed that by inoculating 

quail bush seeds with that same Arthrobacter mix they were able to significantly enhance 

the survival and biomass production of quail bush plants growing on mine tailings.  

In the present study, the Arthrobacter group was detected in the TC treatment in 

very low concentration during the first 2 time points of the experiment. This implies that 

the compost was the source of Arthrobacter spp. in the mesocosms, which in turn suggest 

that the independent inoculation of PGPB to enhance plant growth on mine tailings 

(which may increase significantly the costs of implementing a phytostabilization 

treatment) may not be necessary if plant-specific PGPBs are detected in the compost 

before implementing the treatment. Another presumed PGPB group that may have been 

enriched from the compost in the QB treatment (especially at t3) was taxonomically 
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classified under the Asticcacaulis genus (Caulobacteraceae family) (Figures 4 and 6B). 

Although it has been linked to plant-microbe interactions and PGP activity, there is still 

not much evidence of the specific PGP mechanisms Asticcacaulis spp. use to promote 

plant growth (Ambrosini et al., 2012; Kuklinsky-Sobral et al., 2004).  

4.3. A model to explain major plant-microbe-tailing interactions in the mesocosms 

Taking together the results discussed above, we propose a model for the major 

microbially-mediated processes that accompanied plant establishment, including: the 

acidification of the tailings mediated by a diverse group of iron and sulfur oxidizers, and 

the alkalinization of the rhizosphere (Figure 11). The model depicts the hypothetical 

organization of microbial populations (by physiologic characteristics) that may contribute 

to the acidification process by mediating the oxidation of iron sulfides (e.g. pyrite) and 

other ferrous and sulfide minerals, and PGPBs that may both enhance plant growth and 

survival, and indirectly contribute to the alkalinization of the root-influenced tailings. In 

this model, the community of iron and sulfur oxidizers is composed of three main 

physiological groups: (A) strictly acidophilic, aerobic iron/sulfur oxidizers (FeSO-A), (B) 

anaerobic iron/sulfur oxidizers (FeSO-B), and (C) neutrophilic, microaerobic iron/sulfur 

oxidizers (FeSO-C). The FeSO-A include the acidophilic species typically associated 

with acidic mining environments (e.g. Leptospirillum spp., Acidithiobacillus spp.). This 

group will colonize aerobic niches in the bulk tailings where the pH is more acidic and 

are not influenced by plant roots. The FeSO-B include anaerobes and facultative 

anaerobes that are able to oxidize iron and sulfur under anaerobic conditions, by means of 

either phototrophic or chemolithotrophic (usually dependent of NO3
– as terminal electron 

acceptor) metabolism. This group will include both acidophilic (e.g. Acidiferrobacter 
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spp.) and neutrophilic (e.g. Ferrovibrio spp., Azospirillum spp.) species that will colonize 

a variety of anoxic microenvironments in the tailings (e.g. anoxic water-saturated pores). 

The FeSO-C will be composed of neutrophilic, aerobic microbes that can oxidize iron 

and sulfur under microoxic conditions (e.g. Dyella spp.). These microorganisms will 

most likely be facultative chemolitotrophs or mixotrophs, which will colonize 

neutrophilic niches in the tailings where the concentrations of atmospheric oxygen are 

low enough to allow them to compete with abiotic processes for the oxidation of iron-

sulfides. One possible niche for this group will be the rhizosphere where the respiration 

of root cells and plant-enhanced microbial biomass will drive the oxygen concentrations 

to microoxic levels (Marschner, 2007).  

Finally, the growth and survival of the plants on the tailings will be enhanced by 

compost-derived PGPBs (e.g. Arthrobacter spp.). The PGP activity of Arthrobacter spp. 

could involve providing the plants with NO3
– as N source by means of nitrification of 

compost-derived ammonia, or by the coupling of ammonia oxidation and nitrogen 

fixation in the rhizosphere to generate the same NO3
– end product. Given the potential for 

Arthrobacter spp. to form biofilms in association with plants (Danhorn and Fuqua, 2007; 

Rodríguez-Navarro et al., 2007; Yotora and Marinkova, 2012), we hypothesize that this 

coupled mechanism could involve the formation of an Arthrobacter spp. biofilm on the 

rhizoplane, where the cells in the inner anaerobic layers of the biofilm fix atmospheric 

nitrogen into ammonia and the cells in the external aerobic layers of the biofilm oxidize 

that ammonia all the way to nitrates that the plants can readily assimilate. The overall 

assimilation of NO3
– and of other anions (i.e. SO4

2− produced during pyrite oxidation) by 

the plants will drive the alkalinization of the tailings in the rhizosphere by the 
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accompanying excretion of OH– ions through the roots. In return, the plants will exude a 

variety of carbon-containing primary and secondary metabolites for the PGPBs to 

biodegrade (Bais et al., 2006). 

4.4. Microbial functional potential and its ecological implication 

 The analysis of the diversity of functional genes in the mesocosms revealed some 

truly surprising patterns. Mainly, the results show an overall richness of functional genes 

in the TO treatment at t0 that was remarkably similar, and even slightly higher, than in the 

TC treatment (Table 8, Figure 7), even though they significantly differed in composition 

(Figure 2B). Although in general the richness of functional genes in the mesocosms was 

low compared to other ecosystems (Table 9), we hypothesized that there would be a 

significantly higher richness in the compost-amended treatments than in the TO treatment 

(which would have agreed with the differences observed between these treatments in the 

taxonomic analysis [Table 2]). The results, however, clearly showed that the richness of 

taxonomic groups and functional genes in the samples were not correlated (R2 = 0.358; p 

= 0.053). The correlation of functional gene composition and the environmental 

parameters measured from the mesocosms (Figures 9Aand 10) suggest that both the 

environmental pH and the concentration of metal(loid)s in the pore water played a big 

role on shaping the overall functional structure of the microbial communities (Figure 8).  

 Before discussing the relevance of these results we must define three important 

terms to facilitate understanding that dicussion. (1) “Functional diversity” refers to the 

overall diversity (i.e. richness and evenness) of functional genes attributed to a microbial 

communitiy in an environmental sample. (2) “Functional redundancy” exist when two or 

more species or populations in an ecosystem have the genetic and functional capabilities 
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to carry out the same ecological function; hence even if one of those species is lost the 

capacity of the community to maintain ecological function should not be affected. In 

contrast, (3) “Genetic redundancy” implies that a single microbial species or population 

have several different functional pathways encoded in its genome to carry out the same 

ecological or metabolic function (i.e. multiple genes encode different enzymes that 

catalyze the same function). This trait will not necessarily enhance the ability of the 

community as a whole to maintain ecological function, but will enhance the functional 

versatility of the microbial population.  

Now, the results presented above suggest that the elevated functional diversity 

associated to the microbial community native to the mine tailings may actually be an 

ecological trait that evolved in this particular community to help the populations survive 

the harsh environmental conditions (e.g. acidic pH, high metal(loid) content, low organic 

carbon and nutrient content). The elevated ratio of richness of functional genes to 

richness of OTUs in the tailings could represent a form of genetic redundancy. This 

genetic trait can enhance the versatility and adaptability of those populations in order to 

remain competitive in the face of extremely limited resources in a stressful environment. 

The absence of a correlation between function and phylogeny in this mine tailing 

environment also suggests that gene diversity can reveal important aspects of the ecology 

of these systems that taxonomic diversity alone cannot explain (Burket et al., 2011). 

Many studies have shown that functional redundancy could be a valuable tool for 

microbial communities to maintain ecological function in highly contaminated and 

extreme (e.g. oligotrophic, acidic) environments (Clements and Rohr, 2009; Lehours et 

al., 2010; van Straalen, 2002). However, high functional redundancy does not necessarily 
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imply low taxonomic diversity (Girvan et al., 2005; Wohl et al., 2004). Thus, the key to 

the high functional diversity observed in the TO treatment at t0 is not in the variety of 

microbial populations that have the same functional capabilities to maintain ecosystem 

function, but must be in the variety of functional pathways to carry out the same function 

encoded in the genome of single populations that confer them the functional versatility to 

survive in the mine tailings. In fact, ecological studies have shown that less taxonomic 

diversity is required to maintain ecosystem function if individual populations themselves 

have a high degree of genetic redundancy (Yachi and Loreau, 1999). But more 

importantly, multiple studies have suggested that genetic redundancy at the population-

level can serve as a powerful mechanism for cell survival, competition and adaptation in 

challenging ecosystems; including highly contaminated (i.e. metals, hydrocarbons) and 

extreme (i.e. oligotrophic, acidic) environments (Brooks et al, 2011; Gonzáles et al., 

2006; Larkin et al., 2005; Lorenzo et al., 2010; Mangold et al., 2011; Phillips et al., 

2012; Risso et al., 2008). Taking these observations together, we hypothesize that the 

relatively high diversity of functional genes in the mine tailings do not correspond to a 

community-level mechanism to maintain ecosystem function, but rather a population-

level trait to improve the competitive edge of these populations in this stressful 

environment. The evolution of such a high degree of genetic redundancy in this stressful 

environment could have been driven by the promotion of numerous events of lateral gene 

transfer over many generations (Hao and Golding, 2006; Treangen and Rocha, 2011). 

Recently, Langenheder et al. (2010) suggested through a combination of 

empirical and theoretical approaches that the relationship between microbial community 

taxonomic diversity and the functional activity in an ecosystem could be significantly 
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influenced by the complexity that ecosystem, which they defined based on the variety of 

resources available to the microbes. Compared to what could be considered a normal 

organic soil, mine tailings are substantially simpler, with poor three-dimensional structure 

(which limits the diversity of niches) and extremely limited resources of biological 

importance (e.g. organic compounds, essential inorganic nutrients) (Solís-Domínguez et 

al., 2012). Therefore, we suggest that the oligotrophic nature of the mine tailings could be 

a major driving force behind the weak correlation between functional potential and the 

taxonomic diversity of microorganisms in the mine tailings.  

4.5. Conclusions 

In conclusion, our results demonstrate that pyritic mine tailings can support a 

much greater diversity of iron- and sulfur-oxidizing microbes and pathways, all 

contributing to the acidification of the tailings, than previously thought. Past research 

efforts have focused on elucidating the contribution of the typical acidophilic, aerobic 

iron and sulfur oxidizers to the generation of AMD. Here we suggest that neutrophilic, 

microaerobic and anaerobic iron and sulfur oxidizers may also contribute significantly to 

that process. This is especially true for mine tailings undergoing a phytoremediation 

treatment because the addition of compost and the growth of plants promote a greater 

diversity of niches in the tailings that these anaerobic and neutrophilic groups can 

colonize. The present study is, to our knowledge, the first one to suggest the concurrent 

oxidation of iron sulfides by means of aerobic/anaerobic/microaerobic and 

acidophilic/neutrophilic microbial pathways in pyritic mine tailing. Additionally, the 

relative abundance of highly acidophilic groups, such as Leptospirillum spp. 

Acidithiobacillus spp., may serve as the basis for developing a bioindicator to assess the 
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status of pyritic mine tailing environments undergoing phytoremediation. The results also 

suggest that free-living PGPBs from the compost, such as Arthrobacter spp., may support 

plant growth on the mine tailings (e.g. providing the plants with inorganic N). Finally, the 

functional analysis demonstrates that the diversity of functional genes do not correlates 

with the taxonomic diversity, suggesting that genetic redundancy may be an important 

ecological trait for microbial populations to compete and survive in mine tailing 

environments.  

4.6. Future directions 

 The present study generated exciting results that can revolutionize our current 

understanding of the contribution of microorganisms to the generation of AMD in mine-

impacted environments and how can microorganisms influence the effective 

phytostabilization of mine tailings. The suggestion that the contribution of biotic 

processes to the generation of acid in pyritic mine tailings can go well beyond the 

boundaries of pH and atmospheric composition that were considered, until now, major 

environmental constraints to that process, is certainly a radical hypothesis compared to 

the current knowledge. However, the results presented here are only the tip of the iceberg 

and more detailed microbiological studies are required to develop a deeper understanding 

of the extent of the contribution of neutrophilic and anaerobic/microaerobic 

microorganisms to the generation of AMD in mining environments.  

 One important limitation of the present study was the scope of the sampling 

scheme. In a changing environment (e.g. fluctuating pH, plant growth), the structure of 

microbial communities (especially bacterial communities) can evolve relatively fast; 

hence frequent monitoring of the community structure is necessary to fallow its evolution 
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overtime in more detail. For instance, during the time period between t6 and t12 we 

measured significant changes in pH and microbial community structure in the TC and QB 

treatments, but we do not know what happened in between those sampling time points. 

To that end, a more frequent sampling and analysis of samples are necessary: we 

recommend sampling at least once a month for a year to generate a finer scale picture of 

the microbial community dynamics during the acidification of the tailings. Given that 

setting up another mesocosm experiment will prove difficult and costly, an initial step 

towards this goal will be to analyze additional samples that were collected during the 

original study, such as samples collected at t9.  

Another step will be to analyze the samples collected from a fourth treatment 

seeded with buffalo grass (BG). Results from this treatment were excluded from the 

present study because most of the buffalo grass plants did not survived the length of the 

experiment. Thus, samples from this treatment were considered virtually useless to 

evaluate plant effect on the microbial community structure and the stabilization of the 

mine tailings. However, valuable information can still be derived from these samples 

because they could represent an environmental scenario in between the TC and QB 

treatments. Hence, samples from the BG treatment should also be analyzed for taxonomic 

and functional composition of the microbial communities and compared to the results 

from the other treatments.  

 Another important limitation of the present study is that the original substrates 

(i.e. compost, raw tailing) used to setup the mesocosms were not characterized before the 

experiment. Analyzing the functional potential and taxonomic composition of the 

communities in the original substrates will help us understand better how the structure of 
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the communities developed, especially during the beginning of the experiment. Future 

studies should include an independent microbiological characterization of: (1) the 

compost alone, (2) the sub-surface reduced tailings, and (3) the oxidized tailings.  

 The microarray analysis conducted in the present study (i.e. GeoChip 4.0), 

although one of the most comprehensive functional gen microarrays ever developed, is 

limited by the number and scope of the probes included in the array. Thus, valuable 

information about the function and metabolic capabilities of the communities in the mine 

tailings during phytostabilization could be overlooked. To compensate for these 

limitations, future studies should include a metagnomic analysis of the samples through 

next generation sequencing technology. It could be more informative and reliable for 

cross-comparisons if both the taxonomic and functional structure of the microbial 

communities are evaluated using the same technology (e.g. next generation sequencing).  

 Finally, future studies should analyze more closely the actual contribution of 

atypical iron- and sulfur-oxidizing microbes to the generation of acid in the mine tailings. 

For instance, some of the populations can be selectively isolated or enriched under 

laboratory conditions to conduct controlled experiments where their capacity to oxidize 

iron and sulfur under anaerobic, microaerobic, or neutrophilic conditions can be 

thoroughly evaluated. Another possibility will be to evaluate the general oxidation and 

acidification of the tailings and tailings-compost mixtures under controlled anaerobic or 

microaerobic conditions, so that the influence of abiotic reactions can be minimized. 
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7. Figure legend 

Figure 1. Analysis of the taxonomic assignment of OTUs and the rarefaction of OTU 

diversity. OTU assignments are based on a 97% sequence similarity cut-off value. Figure 

(A) shows rarefaction curves for all the samples. iTag reads were normalized to 5,700 

sequences. Dashed lines (lighter color) around curves correspond to standard error (95% 

confidence intervals). Figure (B) shows the relative abundance of the 7 overall most 

abundant taxa (each taxon has multiple OTUs) for all the samples. These 7 taxa account 

for at least ~90% of all OTUs detected per samples.  

 

Figure 2. Non-Metric Multidimensional Scaling (NMDS) ordination diagrams of 

temporal variations in (A) taxonomic community composition and (B) community 

functional potential. The ordinations are based on Bray-Curtis distance matrices 

calculated from the relative abundance data of OTUs and functional genes obtained from 

the iTag and Geochip 4.0 analyses, respectively. Each scatter point in a plot represents 

the structure of a microbial community in a particular treatment at a particular time point. 

The spatial separation between points approximates the similarity between their 

communities in terms of OTU or functional gene composition. Stress ordination A: 

0.0599; stress ordination B: 0.0824.   

 

Figure 3. Relative distribution of all OTUs in the samples by prokaryotic phyla. OTU 

assignments to iTag reads are based on a 97% sequence similarity cut-off value.  

 

Figure 4. Taxonomic classification by percentage of contribution of the 4 most abundant 
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prokaryotic taxa (family level) per sample. Taxa at taxonomic rank other than family 

level (i.e. “unclt”, uncultured) indicates the closet relative (97%) of a family that have 

not been described yet. Cumulative percentages account only for the 4 most abundant 

taxa per sample. The diameter of circle is relative to the abundance of a taxon in a 

particular sample. Missing circles are taxa with relative abundance < 1%. 

 

Figure 5. Cladogram indicating the phylogenetic distribution of microbial lineages 

associated with the three mesocosm treatments; lineages with LDA values of 2 or higher 

determined by LEfSe are displayed. The taxonomic data correspond to the overall 5 most 

abundant phyla. Differences are represented in the color of the most abundant class (red 

indicating QB, green TC, blue TO, and yellow non-significant). Each circle’s diameter is 

proportional to the taxon’s abundance. The strategy of multiclass analysis is non-strict (at 

least one class differential). Circles represent taxonomic ranks from domain to family 

inside out. Labels are shown of the class, order and family levels. Figure B shows the 

LDA scores of all the taxa with a LDA score above LDA 2 threshold.   

 

Figure 6. Cladogram indicating the phylogenetic distribution of microbial lineages 

associated with the three mesocosm treatments; lineages with LDA values of 3 or higher 

determined by LEfSe are displayed. Differences are represented in the color of the most 

abundant class (red indicating QB, green TC, blue TO, and yellow non-significant). Each 

circle’s diameter is proportional to the taxon’s abundance. Circles represent taxonomic 

ranks from domain to phylum inside out. Labels are shown of the class, order, family, 

and phylum levels. Figure B shows the LDA scores of all the taxa with a LDA score 
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above LDA 3 threshold.  

 

Figure 7. Distribution of functional gene categories by sample. Figure (A) shows 

absolute abundance of all gene categories included in the GeoChip 4.0 results per sample. 

Figure (B) shows the relative abundance of only the gene categories selected for further 

analysis.   

 

Figure 8. Two-way hierarchical cluster analysis of selected genes detected by GeoChip 

4.0. Only genes that were detected in at least 2 of the 3 replicated samples are included in 

the analysis. The selected gene categories include: C, N, S and P cycling, metal 

resistance, bioleaching, organic remediation, stress, soil benefit, energy process, and soil-

borne pathogens. Results were generated in CLUSTER using the complete linkage 

method and visualized using TREEVIEW. Red coloring indicates signal intensities above 

background and black indicates signal intensities below background. Brighter red 

indicates higher signal intensities. Major gene clusters are marked with arrows and 

numbered from 1 to 12. Cluster 5 was subdivided into 6 additional groups (A-F) to 

facilitate interpretation. Graphs to right indicate the average signal intensities of each 

cluster. 

 

Figure 9. Comparison of changes in environmental parameters and changes in microbial 

community functional and taxonomic composition. Canonical Correspondence Analysis 

(CCA) of environmental parameters and and (A) functional gene composition and (B) 

taxonomic composition of the microbial communities. Figure (C) shows a variation 
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partitioning analysis of the relative importance of environmental parameter categories 

explaining changes in community composition.   

    

Figure 10. Correlation analysis of the relationship between the changes in pH and the 

total number (richness, R) of functional genes detected in the samples by means of 

GeoChip 4.0 analysis. Coefficients of determination (R2) are provided for each 

correlation.        

 

Figure 11. Proposed model of diverse microbial-mediated processes during the 

phytostabilization of pyritic mine tailings actively generating acid. The diagram shows 

the proposed organization of microbial populations that contribute to the acidification 

process by mediating the oxidation of iron sulfides (e.g. pyrite) and microbial populations 

that assist plant growth. FeSO-A (red), acidophilic, aerobic iron/sulfur oxidizers (e.g. 

Acidithiobacillus spp.); FeSO-B (green), anaerobic iron/sulfur oxidizers (e.g. 

Acidiferrobacter spp.); FeSO-C (purple), microaerobic iron/sulfur oxidizers (e.g. Dyella 

spp.); PGPB (yellow), plant-growth-promoting bacteria (e.g. Arthrobacter). 
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8. Figures 
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Figure 2. 
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Figure 4. 
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Figure 5A.  
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Figure 5B.  
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Figure 6A. 
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Figure 6B.  
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Figure 7. 
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Figure 8.  

 

 

 

 

 

 

 

 

 

 

 



	   158	  

Figure 9.  
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Figure 10.  
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Figure 11.  
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Abstract 

Phytostabilization has recently emerged as a robust alternative for the remediation 

of metalliferous mine tailings. Multiple studies have shown that the right combination of 

plants and soil amendments can successfully revegetate these contaminated 

environments. However, the effect of phytostabilization on the tailings microbial 

communities remains poorly understood. Understanding how revegetation affects the 

composition of the communities and how the microorganisms may, in turn, influence the 

stabilization of the contaminants is crucial to identify bioindicators that could facilitate 

assessing the effectiveness of the remediation treatment. Here we present the results of a 

12-month greenhouse study that analyzed the temporal dynamics of root-associated 

microbial communities (i.e. bacteria, fungi, archaea) in response to plant growth, the 

amendment of the tailings with compost, and changes in environmental parameters. The 

experiment included 4 mesocosm treatments: 2 unplanted controls and 2 planted 

treatments. The results suggest that bacterial, fungal and archaeal communities respond 

distinctively to the revegetation of mine tailings and the resulting changes in soluble pore 

water metal(loid) concentrations. The communities shared a strong response to compost 

addition and to the gradual acidification of the systems attributed to microbial-mediated 

oxidation of sulfide minerals in the tailings. The main difference between the 

communities was their response to plant growth; which was rapid for bacteria, slower for 

fungi and seemed to be absent for archaea. The overall effect of plant growth on 

community structure was weaker that the effects of compost and pH, which may have 

been exacerbated by a major plant die-off observed in one of the planted treatments. 

Furthermore, the elemental analysis suggests that changes in pore water chemical 
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composition may have played a critical role in the selection and survival of microbial 

populations during the revegetation process. This study constitutes the first step towards 

elucidating the microbiology of a successful phytostabilization treatment. 

 

1. Introduction 

One of the main environmental concerns associated with the metal mining 

industry is the production of mine wastes. Mine wastes are, by mass, the foremost toxic 

waste produced in the United States. In 2011 alone, the U. S. Environmental Protection 

Agency (EPA) reported that the metal mining industry generated over 860 metric tons of 

toxic wastes, which accounted for 46% of all the national toxic releases that year (EPA, 

2013).  

Mine tailings are the primary component of mine wastes produced during ore 

processing for metal extraction. Legacy mine tailings are a major source of 

environmental contamination due to inefficient mining technologies used in the past, 

which left relatively high concentrations of toxic metal(loid)s in the tailings (Dybowska 

et al., 2006). The EPA reports that arsenic (As), cadmium (Cd) and lead (Pb) are the most 

common toxic metal(loid)s found in abandoned mines listed on the National Priority List 

(NPL) (EPA, 2012). Due to small particle size, limited quantities of essential nutrients, 

often acidic pH values, high metal(loid) content, and the lack of a normal soil structure; 

abandoned mine tailings generally cannot support plant growth or a healthy microbial 

community and, therefore, are virtually devoid of organic matter (Alvarenga et al., 2008; 

Mendez and Maier, 2008). The poor capacity of mine tailings to support plant life is 

exacerbated in arid environments due to climatic conditions and high levels of salinity 
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(Mendez and Maier, 2008). Thus, mine tailings in arid environments are especially 

susceptible to wind dispersion and water erosion (Kabas et al., 2011; Meza-Figueroa and 

Maier, 2009).  

Abandoned mine sites and mine impacted soils around the world are often treated 

with various phytotechnologies aimed at in-situ stabilization of the metal(loid) 

contaminants to reduce the risks of exposure (Mendez and Maier, 2008; Tordoff et al., 

2000). Phytostabilization is an emerging type of phytotechnology that has gained 

notoriety in recent years (Mendez and Maier, 2008). The main goal of phytostabilization 

in remediation of mine tailing sites is to create a vegetative cap using native plants that 

will (i) minimize dispersion of the tailings, (ii) stabilize metal contaminants in the rooting 

zone, (iii) avoid shoot uptake of metal contaminants, and (iv) pioneer the development of 

a long-term sustainable plant cover (Solís-Domínguez et al., 2012). 

Previous studies have shown that the right combination of plants and amendments 

have the potential to revegetate metal(loid) contaminated soils and mine tailings 

(Alvarenga et al., 2008; Mendez et al., 2007; Solís-Domínguez et al., 2012). Similar 

studies have suggested that root-associated microbes can facilitate plant establishment, 

enhance plant biomass production, and potentially serve as bioindicators of a successful 

plant colonization of the tailings (Grandlic et al., 2008; Mendez et al., 2008; Solís-

Domínguez et al., 2011). However, little is known about the specific processes that 

rhizosphere microbes mediate during the stabilization of metal(loid) contaminants and the 

establishment of a permanent plant cover in these ecosystems, which is a crucial aspect of 

a successful phytoremediation process that must be elucidated (Wenzel, 2009).  

The scope of the aforementioned studies have been limited by 3 main factors: (i) 
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the scale of the experiments (i.e. use of 1 gallon pots under greenhouse conditions), (ii) 

the length of the experiment (usually 2-3 months), and (iii) the limited characterization of 

the soil microbial communities. Although previous studies have monitored changes in the 

structure of microbial communities during revegetation of mine impacted soil and mine 

tailings (Gremion et al., 2004; Pérez-de-Mora et al., 2005; Solís-Domínguez et al., 2011), 

those studies have failed to cover the 3 most important soil microbial groups (e.g. 

bacteria, fungi, archaea) simultaneously, as each group could potentially have significant 

roles aiding plant establishment and metal(loid) stabilization. With the goal of 

overcoming these limitations and developing a more comprehensive understanding of the 

relationship between the microbial communities and the effective phytostabilizations of 

the metal(loid) contaminants, we established a well instrumented, long-term, mesocosm 

experiment. The experiment consisted of 12 large mesocosms divided into 4 treatments 

(2 unplanted controls and 2 planted treatments), which were monitored for 1 year under 

controlled greenhouse conditions.  

For this experiment we used mine tailings collected from the Iron King Mine and 

Humboldt Smelter superfund site (IKMHSS), located in the town of Dewey-Humboldt, 

Arizona (34˚30’02.11”N, 112˚15’08.75”W). The mine site includes approximately 6.4 

million cubic yards of tailings. Due to its high levels of contamination and exposure risk, 

EPA added the IKMHSS to the NPL in 2008 (EA-EST, 2010). The main exposure risks 

associated with the IKMHSS tailings are the high levels of arsenic (3100 mg kg–1) and 

lead (2300 mg kg–1) in the surface layer of the tailings pile (EA-EST, 2010). The 

IKMHSS tailings are also highly acidic (pH ~2.5 in the oxidized surface layer), have high 

levels of salinity (EC 6.5-9 ds m–1), low organic matter and nitrogen content, and a 
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stressed microbial community dominated by chemolithoautotrophic microbial 

populations (Solís-Domínguez et al., 2012). These chemolithoautotrophic populations are 

primarily iron- and sulfur-oxidizers, which diverge substantially from the heterotrophic 

populations commonly found in healthy soil ecosystems (Mendez et al., 2007; Tan et al., 

2008). Moreover, the chemolithoautotrophic microbial activity, supported by the pyritic 

composition of the tailings, is the driving force behind the low pH values of the tailings, a 

condition that exacerbates the mobilization of the toxic metal(loid)s and limits plant 

growth on the tailings (Mendez et al., 2007; Solís-Domínguez et al., 2012).  

A first step towards understanding the potential role of root-associated microbial 

communities in the long-term phytosabilization of metalliferous mine tailings is to 

elucidate the flux in microbial community structure in response to plant growth and 

dynamic changes in key environmental conditions. We hypothesize that changes in key 

environmental parameters, the growth of plants and the addition of compost as a soil 

amendment during the revegetation of the IKMHSS tailings will drive group-specific 

changes in the structure of root-associated bacterial, fungal and archaeal communities. To 

test this hypothesis we employed DNA fingerprinting analysis in combination with 

multivariate statistical analyses to explore the relationship between changes in 

community structure and changes in environmental conditions. We also explored the 

effect of changes in environmental parameters on pore water chemistry. The 

identification of significant benchmarks in microbial community successional 

development will facilitate the future use of microbial community composition as 

bioindicator of successful phytostabilization. 
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2. Materials and Methods 

2.1. Iron King mine tailings and setup of greenhouse experiment 

A 12-month greenhouse mesocosm study was conducted at the Controlled 

Environment Agricultural Center (CEAC) at The University of Arizona (Tucson, AZ) to 

evaluate changes in physical, chemical and biological parameters during plant 

establishment in compost amended mine tailings. Twelve large polypropylene containers 

(ProPlastics, Chandler, AZ, USA), measuring 1 m in diameter and 0.5 m in depth, were 

custom-built to serve as mesocosms. Each mesocosm was equipped with pore water 

samplers that operated under constant tension (5-15 kPa), with a pore size of 2 µm and a 

sampling area of 33 cm2, and were placed at 10 cm depth intervals from 5 cm to 35 cm. 

The following treatments and controls were examined in triplicate and arranged in a 

spatially randomized design (Figure 1): (i) Tailings only (TO); (ii) Tailings mixed with 

15% dry-weight/dry-weight (w/w) of compost (TC); (iii) Tailings mixed with 15% (w/w) 

compost and seeded with Buchloe dactyloides (buffalo grass) (BG); and (iv) Tailings 

mixed with 15% (w/w) compost and seeded with Atriplex lentiformis (quail bush) (QB). 

These native plant species were selected based on their salinity tolerance and ability to 

grow in IKMHSS tailings amended with 15% (w/w) compost without accumulating 

elevated levels of metals in their shoots (Solís-Dominguez et al., 2012).  

Tailings were collected from the IKMHSS tailings pile and homogenized using a 

cement mixer in a 3:1 ratio of oxidized surface tailings (collected from 0-20 cm depth) to 

reduced subsurface tailings (collected from > 35 cm depth) in order to create a substrate 

representative of the variable top 40 cm of the IKMHSS tailings pile. For the amended 

treatments, a portion of the tailings mixture was further homogenized with 15% (w/w) 
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compost made from a mixture of composted cattle manure and green waste (Arizona 

Dairy Compost LLC, Anthem, AZ) and composted steer manure (El Toro De-Odorized 

Steer Manure, Tempe, AZ). The homogenized tailings mixtures were then sieved to 0.5 

cm. The unamended tailings were packed to a depth of 40 cm in the TO treatment and to 

20 cm in the TC, BG and QB treatments. The TC, QG and QB treatments were then 

topped with 20 cm of the compost-amended tailings mixture. The BG treatment was 

seeded at 8.8 g m–2 (7 g/mesocosm) and the QB treatment at 5.5 g m–2 (9 g/mesocosm) 

with approximately 123 and 63 seeds g–1, respectively. The mesocosms were irrigated 

immediately following seeding at a rate of 5-10 L per week.  

2.2. Mesocosms sampling and processing 

Core samples (measuring 3 cm in diameter) from the soil profiles were collected 

from the mesocosms at: 3 (t3), 6 (t6), 9 (t9), and 12 months (t12). Time 0 (t0) analyses were 

performed on triplicate samples of TO and TC materials collected immediately following 

homogenization. Assuming all amended mesocosms were fairly similar at t0, the TC t0 

samples were used as representative for all the amended treatments at the beginning of 

the study. Planted treatments at t3 through t12 were sampled by harvesting a single plant 

of average health and height from each planted mesocosm by cutting the shoot at the 

surface of the soil. The core sampler was then centered over the trimmed stalk to 

maximize the retrieval of roots and rhizosphere-influenced soil. All cores were stored on 

ice after collection and transported to the laboratory for further processing. The top 15 cm 

of the core samples was aseptically removed and homogenized in sterile bags before 

being stored at -20°C for future microbial analysis. Subsamples of the homogenized core 

samples were used to estimate the soil water content (moisture).  
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The pore water collected from the 5 cm and 15 cm pore water samplers was used 

for analysis in the present study. Water samples were filtered (0.45 µm) then analyzed for 

pH, electrical conductivity (EC), total organic carbon (TOC), total nitrogen (TN), sulfate 

(SO4), total dissolved solids (TDS) and 15 elements (i.e. K, Na, Mg, Ca, Mn, Se, Cd, Co, 

Cu, Ni, Al, Zn, Pb, As, Fe). The elemental analysis was conducted by means of ion 

chromatography and inductively coupled plasma mass spectrometry. The values of the 

parameters measured from the 5 cm and 15 cm pore water samples were averaged for 

further statistical analysis.  

2.3. Analysis of microbial communities  

2.3.1. DNA extraction and small subunit RNA gene PCR  

Community DNA was extracted from 0.5 g core subsamples using the 

FastDNATM SPIN Kit for Soil (MP Biomedicals, Solon OH, USA) with some 

modifications to the manufacturer’s protocol to enhance DNA yield. Both vortexing and 

centrifugation of the Lysing Matrix tube was increased to 15 min, the spin filters 

containing the binding matrix were air-dried under a laminar flow hood for 1 hour prior 

to DNA elution, and preheated (60°C) ultrapure water was used to elute the DNA from 

the binding matrix. The DNA extracts were quantified using a TBS-380 Fluorometer 

(Turner BioSystems, Sunnyvale, CA, USA) with PicoGreen dye (Invitrogen, Carlsbad, 

CA, USA) according to the manufacturer’s directions. 

The DNA extracts were amplified to analyze the root-associated bacterial, fungal 

and archaeal community structure using Denaturing Gradient Gel Electophresis (DGGE). 

A 40-bp GC clamp was added to the reverse primer of each reaction to enable DGGE 

analysis (Ferris et al., 1996; May et al., 2001). For bacteria, the V7/V8 variable region of 
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the 16S rRNA gene was amplified following a modified protocol described by Colores et 

al. (2000) using primers 1070(f) and 1406(r) (Ferris et al., 1996). The amplification 

protocol was 95 °C for 5 min followed by 30 cycles of 94 °C for 45 s, 55 °C for 45 s, and 

72 °C for 60 s followed by a 72 °C extension for 7 min. For fungi, approximately 350 bp 

of the 18S rRNA gene was amplified using primers GC-Fung-38(f) and NS1-368(r) (May 

et al., 2001). The amplification protocol was 95 °C for 5 min followed by 35 cycles of 94 

°C for 45 s, 50 °C for 45 s, and 72 °C for 90 s, followed by a 72 °C extension for 7 min. 

For archaea, approximately 571 bp of the 16S rRNA gene including the hypervariable 

regions V3, V4 and V5 (Casamayor et al. 2002) was amplified with the primers GC-

A344(f) and A915(r) (Casamayor et al., 2000). The amplification protocol was 95 °C for 

5 min followed by 40 cycles of 94 °C for 60 s, 55 °C for 60 s, and 72 °C for 90 s, 

followed by a 72 °C extension for 7 min. The master mix for each 25 µL PCR reaction 

contained 2.5 µL of 10X DreamTaqTM buffer containing 20 mM MgCl2 (Fermentas, 

Lithuania), 0.2 mM dNTP, 0.4 µM of each primer, 0.4 µg µL−1 unacetylated albumin 

bovine serum (Sigma, St. Louis,MO), 0.625 U DreamTaqTM DNA polymerase 

(Fermentas, Lithuania) and 200 pg of template DNA for bacteria and fungi and 300 pg of 

DNA for archaea.  

2.3.2. Community fingerprinting analysis  

Denaturing Gradient Gel Electrophoresis (DGGE) analysis was performed using 

the Dcode Universal Mutation Detection System (Bio-Rad Laboratories, Inc., Hercules, 

CA, USA). Acrylamide gels (7%) were prepared with 45 to 65% (for bacteria), 20 to 45% 

(for fungi) and 40 to 60% (for archaea) urea–formamide denaturing gradients according 

to the manufacturer’s protocol. Gel lanes were loaded with 5–15 µl PCR product 
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depending on the agarose electrophoresis band intensity. The parameters of the DGGE 

run and the analysis of the gel images are described elsewhere (Solís-Domínguez et al., 

2011). The Standard-Based Polynomial Interpolation (SBPIn) method (Valentín-Vargas 

et al., 2013) was used to align DGGE profiles from multiples gels in order to make 

reliable across-gels comparisons.  

2.4. Statistical Analysis  

2.4.1. Non-Metric Multidimensional Scaling (NMDS) 

Non-Metric Multidimensional Scaling (NMDS) was used to analyze changes in 

microbial community structure over time. NMDS analysis was conducted as previously 

described (Valentín-Vargas et al., 2012). A non-parametric multivariate analysis of 

variance (NPMANOVA) was conducted to test the significance of the differences in 

overall microbial community structure between the treatments and confirm the results 

observed in the NMDS plot.	  Both the NMDS and NPMANOVA were based on similarity 

matrices calculated with the Jaccard similarity index selected based on its capacity to 

support binary data. 

2.4.2. Principal Component Analysis (PCA) 

Elemental and organic carbon profiles from the 4 mesocosms treatments were 

compared using Principal Component Analysis (PCA). The data was square root 

transformed before performing the PCA to minimize the effect of the different scales and 

to dampen the influence of outliers. The scaling for this indirect gradient analysis was 

focused on inter-sample distances and the ordination was centered by species (Lepš and 

Šmilauer, 2003).  

2.4.3. Canonical Correspondence Analysis (CCA) 
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Canonical Correspondence Analysis (CCA) was used to directly assess the 

relationship between the structure of the microbial communities and the environmental 

parameters measured during the mesocosm experiment. The CCA scaling focused on 

inter-sample distances to optimize the position of the samples in the ordination diagram, 

and was performed using binary microbial community data as biological variables against 

square-root transformed environmental parameters as explanatory variables. Also, the 

presence of plants and compost in the systems were used as nominal variables to evaluate 

the impact of the treatments on the structure of the microbial communities. CCA 

ordination diagrams were interpreted as described by ter Braak and Šmilauer (2002). The 

statistical significance of the CCA analyses was tested by a Monte Carlo permutation test 

(1000 unrestricted random permutations; p < 0.05) of residuals from a reduced model 

against the null hypothesis that microbial community composition was unrelated to the 

measured environmental parameters (ter Braak and Wiertz, 1994). To facilitate the 

interpretation of the CCA ordinations, the environmental data was divided into two 

groups: (i) physicochemical and nominal variables (pH, TOC, TDS, EC, moisture, plants, 

and compost), and (ii) elemental parameters (K, Na, Mg, Ca, Mn, Se, Cd, Co, Cu, Ni, Al, 

Zn, Pb, As, Fe, N [as TN], and S [as SO4]). NMDS and NPMANOVA were carried out 

using PAST V2.16 (Hammer et al., 2001), and PCA and CCA using CANOCO V4.5 (ter 

Braak and Šmilauer, 2002).  

 

3. Results 

3.1. Plant growth in the mesocosms  

Germination of seedlings was observed within the first week of the experiment in 
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all replicated mesocosms of the QB and BG treatments. The plants in both treatments 

grew slowly but well for the first 3 months of the experiment. By t3, the buffalo grass 

plants began to show signs of stress. By t12 all the plants in two of the triplicate BG 

treatments appeared to be dead, however a few live, but clearly stressed plants were still 

visible forming a small patch in the center of the third mesocosm. The quail bush plants 

survived the duration of the experiment, although they also showed signs of stress as 

early as t6. 

3.2. Treatment effect on the temporal dynamics of microbial community structure 

 We hypothesized that compost addition and plant growth would be the most 

important factors influencing root-associated microbial community structure during the 

phytostabilization of the mine tailings in this study. Therefore, the influence of these 

factors on the temporal composition of the communities in the four treatments was 

studied using NMDS analysis of the binary matrices generated from the DGGE profiles.  

The NMDS analysis for bacterial and fungal communities (Figure 2) shows a 

clear separation in the ordination space between the TC treatment and the TO treatment at 

time zero confirming that the addition of compost had an immediate and significant 

(NPMANOVA, p < 0.05) effect on the microbial composition in the mine tailings. This is 

also reflected in a doubling of the number of bands in the DGGE profiles for each 

microbial group immediately following compost addition (Table 1). The separation of the 

TO treatment from compost-amended treatments remained throughout the 12-month 

duration of the study (Figure 2). Compost also affected within-treatment variability of 

replicates; replicates in all compost-amended treatments diverged less from each other 

over time than replicates in the TO treatment (Figure 2). 
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The behavior of the bacterial and fungal communities was different in the planted 

treatments with the bacterial NMDS plots showing a separation between the communities 

from the planted treatments (BG, QB) and the TC treatment as early as t3, suggesting a 

relatively fast response of the bacterial communities to plant growth (Figure 2). This 

separation continued for the duration of the experiment (p < 0.05). In contrast, the fungal 

community NMDS revealed that the BG and QB treatments did not separate from the TC 

treatment until t9 (Figure 2).  

Further analysis of the NMDS plots shows a differential response of bacteria and 

fungi to the specific BG and QB plant growth patterns. The bacterial community 

structure, which responded quickly to the growth of plants, did not have a conspicuous 

response to the die-off of the buffalo grass plants that began at t3 and continued 

throughout the experiment. The BG and QB treatments continued to cluster closely 

together for the duration of the experiment. In contrast, the structure of the fungal 

community in the BG treatment started to separate from the QB treatment at t9 and by t12 

clustered closer to the communities from the TC treatment than to the communities from 

the QB treatment. This suggests that the fungal communities may have started to reflect 

the above ground condition of the plants in the BG treatment at t12, even though at this 

time point the differences in fungal community structure between compost-amended 

treatments were not statistically significant (p > 0.05).  

Archaeal DGGE profiles for all compost-amended treatments were identical from 

t0 to t6, but the structure of the communities began to diverge at t9 (Supplementary Figure 

1). At t9, the compost-amended treatments showed both an increase in the number of 

archaeal phylotypes (Table 1) and a differentiation in archaeal community composition 
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between treatment replicates (Supplementary Figure 1). However, it was not until t12 that 

a noticeable separation between the archaeal communities in the planted and the TC 

treatments emerged (Supplementary Figure 1). This may reflect the substantially higher 

number of phylotypes detected in the planted treatments at t12 as compared to the TC 

treatment (Table 1). No archaeal populations were detected in the TO treatment, except in 

one of the replicates at t12 (Table 1). 

3.3. Effect of declining pH on plant growth, microbial community structure, and 

metal(loid)s concentration in pore water 

Pore water pH was measured throughout the experiment revealing that compost 

addition caused an immediate increase in pH from 5.0 to 6.4 (Figure 3). The pore water 

pH of the TO treatment declined from 5.0 to 2.5 over the next six months. In contrast, the 

average pH in the compost-amended treatments remained relatively stable until t6, but as 

the experiment progressed further, the positive effect of compost on pH yielded to a rapid 

acidification of the tailings in the TC and BG treatments. The decline in pH corresponded 

with the increase in stress and eventual die-off of the buffalo grass plants. The QB 

treatment also showed a decline in pH between t6 and t9, but the pH then stabilized 

between t9 and t12, which corresponded to the healthier state of the quail bush plants at t12. 

A series of CCA ordinations were done to quantify the relative impact of 

environmental variables on the observed changes in microbial community structure. The 

first set of CCA ordinations (Figure 4) revealed that all three microbial groups examined 

in the present study responded strongly to changes in pH. The CCA plots (Figure 4) 

showed that pH ranked among the two most important parameters that explained changes 

in community structure for each microbial group. Specifically, the two main parameters 
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affecting the bacterial community structure were compost and pH. For the fungal and 

archaeal communities, the top two parameters were pH and moisture and EC and pH, 

respectively. In all cases, the changes in pH and the presence of compost in the systems 

were more important than the presence of plants in explaining changes in the composition 

of the microbial communities (Figure 4). 

The behavior of other pore water analytes was examined using PCA (Figure 5). 

Results show a separation between TO and compost-amended samples beginning at t3 

and increasing at later times. The results also show a strong positive correlation between 

TO samples at later times (i.e. t6, t9, t12) and higher pore water concentrations of most 

metal(loid)s, while the compost-amended treatments were negatively correlated with pore 

water metal(loid) concentrations for the majority of the study. This correlation began to 

disappear by t12 when higher pore water metal(loid) concentrations were measured.  

3.4. Relationship between pore water chemistry and microbial community structure 

Our final analysis evaluated the relationship of the chemical composition of the 

pore water and the dynamics of the root-associated microbial communities by means of 

CCA ordinations generated using the microbial community structure data as biological 

variable and the elemental data as explanatory variable (Figure 6). The elemental 

parameters included in these CCA ordinations (i.e. Na, Mg, Al, K, Ca, Mn, Fe, Co, Ni, 

Cu, Zn, As, Se, Cd, Pb, S [SO4], N [TN]) were selected based on 2 main criteria: 

biological importance and potential toxicity. An automatic forward selection procedure 

(ter Braak and Šmilauer, 2002) was used to select and plot only the 10 most relevant 

variables from the set for each microbial group.  

From a total of 14 elements that were included in all the CCA ordinations 
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combined (Figure 6), only six were shared by all three ordinations (i.e. Cd, As, Pb, Co, 

Na, Ca). All three CCA ordinations showed differences in terms of the relative 

importance of the parameters they shared. The two most important parameters explaining 

changes in bacterial, fungal and archaeal community structure were Ca and Co; Co and N 

(TN); and Ca and Co, respectively.  

 

4. Discussion 

A crucial aspect of mine tailings phytostabilization systems that remains poorly 

understood is the interaction between microbial community structure and dynamics in the 

tailings and the establishment of plants and metal(loid) stabilization during treatment 

(Mendez et al., 2008; Solís-Domínguez et al., 2011). With the objective of expanding our 

understanding of mine tailings community dynamics during phytostabilization, we 

conducted a 12-month greenhouse study to evaluate how root-associated communities 

from three major microbial groups (i.e. bacteria, fungi, archaea) respond to changes in 

environmental factors, plant growth, and the amendment of the tailings with compost.  

4.1. Treatment conditions influence the temporal structure of the microbial 

communities 

The observations derived from the NMDS analysis (Figure 2) confirm that both 

compost addition and plant growth had measurable effects on the composition and 

structure of the root-associated microbial community during phytostabilization. The 

amendment of the tailings with compost functioned both to inoculate the tailings with an 

entirely new microbial community and to exert a combination of direct and indirect 

effects on community structure through the addition of organic carbon and inorganic 
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nutrients and by influencing soil properties such as pH, salinity and water holding 

capacity (Green et al., 2006; Ros et al., 2006; Watts et al., 2010). The archaeal results 

(Table 1; Supplementary Figure 1) suggest that compost addition also inoculated the 

tailings with an archaeal community, but the results also imply that plant growth (the 

majority of which occurred from t0 to t6) had no apparent effect on archaeal community 

structure. This in turn suggests that changes in environmental parameters (other than 

plant growth) were the major drivers of archaeal community dynamics between t9 and t12. 

 Previous studies have shown that the addition of soil amendments and the growth 

of plants during the revegetation of mine impacted land and mine tailings have a 

significant impact on the composition, abundance and stability of the soil microbial 

communities (Pérez-de-Mora et al., 2006; Li et al., 2013; Mummey et al., 2002; Rosario 

et al., 2007). For instance, Li et al. (2013) monitored the structure of bacterial, fungal and 

archaeal communities during the revegetation of land impacted by coal mining activity 

and found that both the growth of plants and the selection of soil amendment (i.e. 

different combinations of organic and inorganic fertilizers) significantly influenced the 

abundance and composition of the microbial communities present. They suggest that a 

major driver of changes in the structure of the microbial community was competition 

between plants and microbes for soil nutrients, and also that plants were more important 

than the choice of amendments in determining the composition of the soil microbial 

communities. These observations contrast with our study, which suggests that, under the 

conditions of the greenhouse experiment, the composition of the microbial communities 

was not as influenced by plant growth as it was influenced by the addition of compost. 

This difference between the studies may be due to differences in the initial conditions of 
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the unamended substrate. The soil Li et al. (2013) analyzed in their study had 

circumneutral pH, higher levels of organic carbon and nutrients, and in most cases the 

abundance of the microbial populations in the unamended soil was not significantly 

different from the amended soils. In a similar study, Pérez-de-Mora et al. (2006) 

monitored the structure of the bacterial and fungal communities during the growth of 

plants on compost-amended soils contaminated with heavy metals. They also found that 

both the growth of plants and the addition of compost as soil amendment significantly 

affected the structure, function, and biomass of the soil microbial communities. Although 

several past studies have rigorously analyzed the dynamics of different microbial groups 

(including bacterial, fungal and archaeal communities) in unreclaimed mine tailing 

environments (Kock and Schippers, 2008; Londry and Sherriff, 2005; Schippers et al., 

2010) as well as in mine impacted land and mine tailings undergoing revegetation (Li et 

al., 2013; Gremion et al., 2004; Pérez-de-Mora et al., 2005; Solís-Domínguez et al., 

2011), the present study is, to the best of our knowledge, the first to simultaneously 

evaluate the community dynamics of bacteria, fungi and archaea during the revegetation 

of metalliferous mine tailings.  

The distinctive response of all three microbial groups evaluated in the present 

study is intriguing. These microbial groups are known to have different types of 

interactions with plants in natural ecosystems (Garbeva et al., 2004; Buée et al., 2009). 

Some of the main selective pressures plants exert on the composition of root-associated 

microbial communities include: the rhizodeposition of plant-specific metabolites, direct 

plant-microbes interactions (e.g. mycorrhiza), and the influence of plant growth on 

environmental parameters (e.g. pH, oxygen availability) and ecological interactions in the 
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soil (e.g. competition, amensalism) (Buée et al., 2009; Hartmann et al., 2009). The 

differential response of the bacterial and fungal communities to plant growth, in 

particular, is a pattern that may be explained by how these two microbial groups respond 

to root exudates in the rhizoshpehere. Previous studies have shown that simple root 

exudates are almost exclusively degraded by fast-growing heterotrophic bacteria that 

colonize the rhizosphere in high numbers (Buée et al., 2009; Buyer et al., 2002; de Boer 

et al., 2005). Moreover, some studies have revealed that fungal populations may gain a 

competitive advantage under acidic conditions and significantly contribute (their 

contribution increasing as the pH declines) to the degradation of these root exudates (de 

Boer et al., 2005). Thus, is likely that between t0 and t6 fast-growing bacterial populations 

virtually monopolized the degradation of root exudates, while saprotrophic fungal 

populations dominated the degradation of complex organic compounds derived from the 

compost (Buée et al., 2009). But, as the pH declined, the fungal populations increasingly 

contributed to the degradation of root exudates, therefore reflecting treatment differences 

in their community structure at t9 and t12. 

4.2. The acidification of the tailings as a major driver of changes in the systems  

From all 4 treatments evaluated, QB showed the strongest resistance to the 

acidification trend (Figure 3). The stabilization of pH in the QB treatment between t9 and 

t12 may be due to the ability of quail bush to alkalinize their environment as shown 

recently by Solís-Dominguez et al. (2012). In this previous study (Solís-Domínguez et 

al., 2012) buffalo grass plants showed an even stronger alkalinization capacity than the 

quail bush plants. However, in the present study the potential of buffalo grass to 

alkalinize the tailings was likely compromised by the relatively poor survival of the 
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plants. 

Previous studies suggest that pH is one of the strongest determinants of microbial 

community composition in soil (Fierer and Jackson, 2006; Högberg et al., 2007; Lauber 

et al., 2009) and that different microbial groups respond differently to changes in pH in 

the ecosystem (Högberg et al., 2007; Nicol et al., 2008; Rousk et al., 2009; 2010). In 

particular, the acidification of soil environments can have both direct (e.g. inhibition of 

enzymatic activity) and indirect (e.g. increase metal toxicity) effects on neutrophilic 

microbial populations (Fierer and Jackson, 2006). 

In the present study, all 3 microbial groups analyzed were heavily influenced by 

the changes in pH in the systems, but all of them showed a slightly different response to 

those changes. A Moving Window Analysis (MWA, Supplementary Figure 2), for 

instance, revealed that the average magnitude of change in bacterial community structure 

between consecutive time points in the amended treatments increased over time, while 

the average magnitude of change of the fungal communities was high until t9 and then 

showed a substantial decrease in variability between t9 and t12. This suggests that the 

fungal communities have higher tolerance than the bacterial communities for the lower 

pH values that developed over time in the mesocosms, thus showing a higher degree of 

community stability under more acidic conditions. Previous studies support the 

assumption that soil bacterial communities are usually more stable and diverse at 

circumneutral pH, while fungal communities usually tolerate a wider range of pH values 

and even thrive in more acidic environments (Högberg et al., 2007; Rousk et al., 2010).  

For archaea, EC and pH were the dominant factors influencing temporal 

community structure (Figure 4). We must recall that archaeal community structure in the 
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amended treatments did not show measurable variation until t9, which was the same time 

that both the pH and EC in these treatments showed a significant decline. Previous 

studies suggest that changes in pH may be major drivers of archaeal community 

dynamics in soil ecosystems (Görres et al., 2013; Pereira-e-Silva et al., 2012). 

Furthermore, other studies suggest that members from the Thaumarchaeota (e.g. 

ammonia oxidizers), Euryarchaeota (e.g. iron oxidizers) and Crenarchaeota (e.g. sulfur 

oxidizers) phyla are actually favored in acidic soils (Erguder et al., 2009; Kondrat'eva et 

al., 2012; Lehtovirta et al., 2009; Nicol et al., 2008). The dominance of EC as the major 

driver of archaeal community dynamics mirrors the gradual decline in EC observed in all 

the compost-amended treatments between t6 (39.63 ± 5.51 dS m-1), t9 (36.63 ± 7.99 dS m-

1) and t12 (18.54 ± 7.13 dS m-1). This observation suggests that some of the archaeal 

populations dominating in the compost-amended treatments at the beginning of the 

experiment may have been species of haloarchaeas (Soppa, 2006) that lost their 

competitive edge as the electrical conductivity of the systems declined (Walsh et al., 

2005). Moreover, the general increase in the number of phylotypes in the planted 

treatments as the pH declined suggest that a greater diversity of acidophilic, sulfur- and 

iron-oxidizing archaea was favored in these systems over time (Kondrat’eva et al., 2012). 

We hypothesize that the significant decline in pH observed in the mesocosms can 

be attributed to the composition of the tailings used in the study. As described in the 

methods, 25% of the tailings used in the mesocosms were reduced sub-surface tailings, 

known to be rich in sulfide minerals (e.g. pyrite, orpiment), while the other 75% were 

oxidized surface tailings.  The acid generating potential of pyritic mine tailings is thought 

to depend on the availability and concentration of sulfide minerals that provide a 
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substrate for the production of sulfuric acid by both abiotic and biotic means (Hiller et al., 

2013; Paktunc, 1999). By using reduced tailings we increased the acid generating 

potential of the tailings, which helped drive the observed decline in pH. At circumneutral 

pH, relatively slow abiotic processes are responsible for sulfide oxidation reactions, but at 

lower pH values (< 5 pH) rapid microbial-mediated processes dominate sulfide oxidation 

in mine-impacted environments (Akcil and Koldas, 2006). Thus, it is safe to assume that 

the changes in pH in the mesocosms were mostly driven by microbial-mediated 

processes. This assumption can by supported by the patterns shown in Figure 4A, where 

the bacterial communities at t0, t3 and t6 are positively correlated to the pH vector while 

the t9 and t12 samples are negative correlated to the same vector, suggesting that a shift in 

bacterial community structure (e.g. increase in iron- and sulfur-oxidizing bacteria) droved 

the decline in pH.  

Patters derived from the PCA (Figure 5) suggest correlations between the decline 

in pH and the concentration of metal(loid)s and other solutes in the pore water. In 

particular, the strong positive correlation between TO samples at t6, t9 and t12 and higher 

pore water concentrations of most metal(loid)s corresponds well to the observed decrease 

in pH in this treatment (Figure 3). In addition, declining pH was mirrored by increased 

concentration of SO4 in the pore water (e.g. in the TO treatment: 37.83 ± 22.38 g L-1 at t0; 

68.80 ± 10.18 g L-1 at t12) suggesting the participation of sulfide oxidation processes in 

the acidification of the tailings. In contrast, for the compost-amended treatments, there 

was a negative correlation with pore water metal(loid) concentrations for the majority of 

the study corresponding to the higher pH (Figure 3) and the fact that compost may have 

acted to sorb metal(loid)s. This correlation weakened by t12 when higher pore water 
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metal(loid) concentrations were measured presumably in response to acidification in the 

compost-amended treatments. 

It is interesting to note that from all compost-amended treatments some of the 

highest metal(loid) and SO4 concentration values were actually measured in the pore 

water of the QB treatment between t9 and t12. However, the volume of pore water 

collected was the lowest in this treatment suggesting higher rates of evapotranspiration. 

Given that one of the criteria used to select the plants species for the present study was 

their low rate of bioaccumulation of metal(loid)s in the shoots (Solís-Domínguez et al., 

2012), we suggest that the quail bush plants consumed most of the water rapidly after 

irrigation and effectively concentrated the solutes in the pore water. This concentration of 

metal(loid)s and other solutes in the pore water may have significant effects on the 

composition of the rhizosphere microbial communities.  

The general effect of pH on metal(loid) solubility is well known; in soil 

environments the solubility of toxic metal(loid)s (e.g. As, Cd, Pb, Zn, Cu) increase as the 

pH of the soil decreases (Chuan et al., 1996; Rieuwerts et al., 1998). The effect of 

compost on metal(loid) solubility is complex as it may involve one or more of the 

following mechanisms: (i) changing the pH which in turn controls the solubility of 

metal(loid)s (Madejón et al., 2006; Solís-Domínguez et al., 2012; Walker et al., 2004); 

(ii) limiting acid mine drainage generation by decreasing the rate of microbial-mediated 

oxidation of ferrous and sulfide minerals (Johnson and Hallberg, 2005; Kim et al., 1999); 

(iii) and promoting metal(loid) sequestration processes, such as direct precipitation or co-

precipitation of the metal(loid)s with various organic compounds and minerals (e.g. 

carbonates, oxides, hydroxides) or metal(loid) adsorption onto biotic and abiotic surfaces 
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(Bolan and Duraisamy, 2003; Guo et al., 2006; Kumpiene et al., 2008; Park et al., 2011). 

4.3. Pore water chemistry influences the survival of microbial populations in the 

tailings 

 The bioavailability of metal(loid)s and other trace elements in contaminated soils 

is known to have a significant effect on the composition of soil microbial communities, 

usually because of their biological importance or because of their toxicity (Gao et al., 

2010; Khan et al., 2010; Liao and Xie, 2007). Among the most important elements 

driving changes in the structure of the microbial communities in the mesocosms were 

elements with major biological importance, such as K, Na, Ca, Mg, and N, and also 

important transition metals and trace elements, such as Fe, Co, Zn and Se (Figure 6). 

These elements are involved in biosynthesis and a variety of metabolic activities in 

microbial cells (O'Halloran, 1993). From these elements, N stands out because it is only 

present in the fungal CCA ordination (Figure 6B) and was the second most important 

factor explaining changes in fungal community structure. This may be explained by the 

fact that saprotrophic fungal populations usually require higher C:N ratios to grow that 

prokaryotic populations (Wichen and Hafeel, 2004). While bacterial populations in soils 

are highly susceptible to changes in pH, fungal populations are usually more susceptible 

to the C:N of the substrate (Lauber et al., 2008). Thus, the high concentrations of N in the 

compost-amended treatments pore water (123.93 ± 94.20 mg L-1), compared to the TO 

(0.994 ± 1.45 mg L-1), may have had a significant effect on fungal populations that 

require relatively low concentrations of N in order to degrade complex organic 

compounds, such as lignin (Bittman et al., 2005; Toumela et al., 2000).  

Other important elements that emerged from the CCA ordinations, such as As, 
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Cd, and Pb, are metal(loid)s known for their toxicity (Hassen et al., 1998; Ishaque et al., 

2006). Besides Se being an essential trace element for microbial growth, it is also known 

for its toxicity (Hamilton, 2004). As, Cd and Pb were included among the six elemental 

parameters shared by all three ordinations. This suggests that metal toxicity played an 

important role on shaping the structure of the microbial communities as an indirect 

consequence of the pH decline.  

The one elemental parameter that excelled in all the CCA ordinations in terms of 

relative importance was cobalt (ranging from 1.52 ± 3.91 mg L-1 at t0 to 7.30 ± 3.10 mg 

L-1 at t12) (Figure 6). Cobalt has been reported to be toxic for microbial communities in 

the environment (Silver and Phung-le, 2005). It has also been reported that Co has the 

potential of inhibiting microbial-mediated reduction of sulfate in metal-contaminated 

environments by outcompeting iron during the synthesis of metalloproteins (Ranquet et 

al., 2007; Ram et al., 2000). This is crucial if we consider that sulfate reduction processes 

could mitigate the acidification of mine tailing systems and help prevent the generation of 

acid mine drainage (Johnson and Hallberg, 2005). What could be even more relevant in 

metal-contaminated environments, however, is the function of Co as an essential enzyme 

cofactor for microbial metabolism; even though its rarity in nature and the competition 

with other elements (e.g. Fe, Mg) makes it one of the less common transition metals in 

cells (Kobayashi and Shimizu, 1999; Okamoto and Eltis, 2011). Nonetheless, Co is the 

key transition metal involved in the synthesis of the important coenzyme cobalamin 

(better known as vitamin B12) in prokaryotic cells (Martens et al., 2002; Taylor and 

Sullivan, 2008). Cobalamin serves as an essential cofactor for the catalysis of 

transmethylation reactions that mediate important biosynthesis processes inside microbial 
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cells, such as the synthesis of the amino acid methionine (Taylor and Sullivan, 2008). 

The capacity of cobalamin to facilitate transmethylation reactions, could be crucial for 

the survival of prokaryotes in metalliferous mine tailing environments given that it can 

mediate the methylation and volatilization of many metal(loid)s as a cell detoxification 

pathway (Ekstrom and Morel, 2008; Mason, 2012; Meyer et al., 2008; Nies, 1999). Some 

metal(loid)s that can be methylated by means of cobalamin for detoxification are: As 

(Gebel, 2002), Se (Gadd, 2004), Mg (Meyer et al., 2008), Pb (Ehrlich, 1997), and Cd 

(Mason, 2012). Thus, the biological importance of Co in the mine tailings systems could 

be related to its importance as an integral component of detoxification mechanisms.  

Other elements that may facilitate the survival of microbial populations in 

metal(loid) contaminated environment are Ca and Fe. In most CCA plots, Ca and Fe 

appeared as significant elements driving changes in the structure of the microbial 

communities (Figure 6). These elements (in their mineral forms) are known to interact 

and adsorb toxic ions, including Cd, As, Pb and Se, in contaminated environments 

(Cravotta-Iii and Trahan, 1999; Bradl, 2004; Gadd, 2010; García-Sánchez et al., 1999; 

Sheoran and Sheoran, 2006). It is also important to note that in natural soil ecosystems 

the pH is tightly correlated to the concentration of Ca minerals (Warton and Matthiessen, 

2005). Thus, the importance of Ca and Fe to the microbial community structure in the 

mesocosms may be related to their capacity to complex toxic ions in the soil and mitigate 

the increase in toxicity promoted by the observed decline in pH.  

Calcium could also play an important biological role in the development of the 

microbial cells. While the importance of Ca in metabolic pathways in eukaryotic cells is 

well established, the role of Ca in prokaryotic cells remains poorly understood 
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(Dominguez, 2004). However, several studies have suggested that Ca ions could have an 

important role in a variety of metabolic processes in prokaryotic cells, such as: signal 

transduction, maintenance of cell structure, motility, and cell differentiation (de Vries, 

2004; Shemarova and Nesterov, 2005).  

Potassium, which was relatively important driving changes in the structure of the 

bacterial and fungal communities (Figure 6), may have been another crucial factor in the 

survival of these microbial groups in the mesocosms, especially in the compost-amended 

treatments. A closer look at the elemental data reveals that K concentrations were 

significantly higher (p = 0.0295) in the amended treatments (10102.8 ± 6450.2 mg L-1) 

than in the TO treatments (331.9 ± 593.6 mg L-1). Thus, it is safe to assume that compost 

was a major source of K in the amended mesocosms. In the environment, K is one of the 

most important nutrients for plant biomass production and survival (Shabala and Cuin, 

2008). But what could be even more relevant is the fact that K monovalent cations are 

one of the most abundant ions in bacterial cells as they play a major role in maintaining 

pH and electrochemical gradients in neutrophilic and acidophilic microbial populations 

(Epstein, 2003). In the bacterial CCA plot most of t3, t6 and t9 samples showed a positive 

correlation with K, while most t12 samples showed a negative correlation with the same 

vector. A similar pattern is observed in the fungal CCA plot. This suggests that K uptake 

may have played a critical role in the survival of the bacterial populations, especially in 

the amended treatments, by mitigating the negative effect of the pH decline. But at t12, the 

buffering effect of the K ions may have been insufficient to mitigate the low pH 

measured in the samples. 
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5. Conclusion 

In summary, all three microbial groups (i.e. bacteria, fungi, archaea) exhibited 

distinctive community dynamics during this 12-month study. A key similarity for each 

group was a large increase in diversity (as suggested by DNA fingerprinting analysis) 

following addition of compost to the tailings. Each group also showed a strong response 

to pH changes in the systems, but in addition to pH, bacteria were most sensitive to 

compost, while fungi were more sensitive to moisture, and archaea to electrical 

conductivity. Another key difference was the response to plant growth, which was rapid 

for bacteria, slower for fungi and seemed to be absent for archaea. It was surprising that 

the presence of plants did not show a stronger effect on the structure and temporal 

dynamics of the bacterial and fungal communities in this study (Figure 3) despite the 

clear differentiation between the communities from different treatments observed in the 

NMDS analysis (Figure 2). However, the poor survival of the buffalo grass may have 

contributed to mask the overall importance of plants driving biological and chemical 

changes in the systems.  

In this study, the addition of compost and the gradual decline in pH in the 

mesocosm exerted antagonistic effects on the chemical composition of the pore water. 

The compost increased the pH, and helped immobilize metal(loid)s at the beginning of 

the experiment, while the acidification of the systems over time (attributed to the 

oxidation of sulfide minerals) enhanced the solubilization of the metal(loid) 

contaminants. Elemental analysis suggests that the pore water chemical composition may 

have played a critical role in the selection and survival of microbial populations during 

the revegetation of the mine tailings. Some elements (e.g. As, Pb, Cd) may have had a 
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toxic effect on the root-associated microbial populations, but others (e.g. Co, K, Ca) may 

have been crucial in reducing the toxicity of the metal(loid) contaminants by means of pH 

regulations, cell detoxification, and adsorption and coprecipitation of metal(loid) ions. 

For instance, cobalt, which excelled in importance affecting the composition of all three 

microbial groups (Figure 6), can be directly linked to transmethylation reactions 

mediating important metal(loid) detoxification pathways in microbial cells.  

Taken together, the results from this study suggest that bacteria, fungi and archaea 

respond differently to the remediation (revegetation) of mine tailings ecosystems and the 

resulting changes in soluble pore water metal(loid) concentrations. Considering that both 

the bacterial and fungal communities showed a clear response to changes in 

environmental parameters and the growth of plants in the mesocosms, we propose that 

changes in the composition of both microbial groups will potentially serve as the basis for 

developing sensitive bioindicators to use in assessing the potential and success of 

revegetating metalliferous, acidic mine tailings. Future studies should focus on 

elucidating the specific phylogenetic and metabolic composition of the microbial 

communities at different stages of the revegetation process to identify key changes in the 

communities that could serve as bioindicators. 
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Table 1. Mean number of bands detected in DGGE profiles per mesocosm treatment 

Mean number of bands per sampling time Microbial 
Group Treatment 

t0 t3 t6 t9 t12 

TO 21 ± 0 23 ± 2 18 ± 5 22 ± 2 18 ± 1 

TC 45 ± 3 43 ± 3 46 ± 1 45 ± 2 50 ± 1 

BG – 43 ± 1 58 ± 1 45 ± 2 43 ± 2 
Bacteria 

QB – 40 ± 3 55 ± 2 47 ± 1 46 ± 1 

TO 19 ± 0 18 ± 1 14 ± 1 20 ± 4 24 ± 5 

TC 37 ± 1 38 ± 1 34 ± 5 32 ± 2 36 ± 2 

BG – 41 ± 3 40 ± 3 32 ± 2 47 ± 2 
Fungi 

QB – 37 ± 2 37 ± 2 32 ± 1 38 ± 2 

TO 0 0 0 0 1 ± 1 

TC 15 ± 0 15 ± 0 15 ± 0 23 ± 1 14 ± 10 

BG – 15 ± 0 15 ± 0 21 ± 1 24 ± 9 
Archaea 

QB – 15 ± 0 15 ± 0 23 ± 2 30 ± 2 
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Figure Legend 

Figure 1. Greenhouse mesocosm experiment. (A) Schematic diagram showing the 

spatially randomized arrangement of the mesocosm treatments at the greenhouse. (B) 

Picture of mesocosm containers prior to the start of the experiment. (C) Buffalo grass 

plants at t3. (D) Quail bush plants at t3. 

 

Figure 2. Non-Metric Multidimensional Scaling (NMDS) ordination diagrams of 

temporal variations in bacterial (left column) and fungal (right column) community 

structure. The ordinations are based on Jaccard similarity matrices calculated from the 

presence/absence data obtained from the DNA fingerprinting analysis. Each scatter point 

in a plot represents the structure of a microbial community in a particular sample (i.e. 

mesocosm replicate). The spatial separation between points approximates the similarity 

between their communities in terms of phylotype composition. All NMDS ordinations 

showed stress values below the preferred threshold of 0.1.  

 

Figure 3. Temporal variations in pH of pore water samples collected at 5 cm and 15 cm 

deep along the mesocosms profile. Bars show standard deviation (n = 6). 

 

Figure 4. Canonical Correspondence Analysis (CCA) biplots of correlation between 

temporal changes in microbial community structure (symbols) and major environmental 

and nominal variables (arrows). (A) Bacteria; (B) fungi; (C) archaea. Environmental 

variables: pH, moisture, electrical conductivity (EC), total organic carbon (TOC), and 

total dissolved solids (TDS). Nominal variables: plants, and compost. Compost and TO 
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samples were omitted from the archaeal CCA ordination due to the absence of archaeal 

populations in the TO treatment. The value given on each axis label represents the 

percentage of the total variance explained by that axis. Unrestricted Monte-Carlo 

permutation tests were performed (1000 permutations) to determine the statistical 

significance of the relationship between the environmental variables and the canonical 

axes (all ordinations were statistically significant, p < 0.05).  

 

Figure 5. Principal Component Analysis (PCA) biplot showing the temporal variations in 

pore water chemical composition. Chemical parameters: K, Na, Mg, Ca, Mn, Se, Cd, Co, 

Cu, Ni, Al, Zn, Pb, As, Fe, C (as TOC), N (as TN), and S (as SO4). Arrows represent the 

relationship (direction and strength) of the chemical parameters with the samples. The 

direction of an arrow in PCA indicates an increase in that variable. The position of a 

sample along the length of an arrow indicates the concentration of the parameter 

represented by the arrow in that sample relative to the other samples. The value given on 

each axis label represents the percentage of the total variance explained by that axis.  

 

Figure 6. Canonical Correspondence Analysis (CCA) biplots of correlation between 

temporal changes in microbial community structure (symbols) and pore water elemental 

parameters (arrows). (A) Bacteria; (B) fungi; (C) archaea. Elemental variables: K, Na, 

Mg, Ca, Mn, Se, Cd, Co, Cu, Ni, Al, Zn, Pb, As, Fe, N (as TN), and S (as SO4). An 

automatic forward selection procedure was used to select and plot only the 10 most 

significant variables for each ordination. TO samples were omitted from the archaeal 

ordination. The value given on each axis label represents the percentage of the total 
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variance explained by that axis. Unrestricted Monte-Carlo permutation tests were 

performed (1000 permutations) to determine the statistical significance of the relationship 

between the elemental variables and the canonical axes (all ordinations were statistically 

significant, p < 0.05). 

 

Supplementary Figure 1. Non-Metric Multidimensional Scaling (NMDS) ordination 

diagrams of temporal variations in archaeal community structure. The ordinations are 

based on Jaccard similarity matrices calculated from the presence/absence data obtained 

from the DNA fingerprinting analysis. Each scatter point in a plot represents the structure 

of the archaeal community in a particular sample (i.e. mesocosm replicate). The spatial 

separation between points approximates the similarity between their communities in 

terms of phylotype composition. All NMDS ordinations showed stress values below the 

preferred threshold of 0.1.  

 

Supplementary Figure 2. Moving Window Analysis (MWA) was used to evaluate the 

degree of variation in the composition of the dominant fraction of the microbial 

communities between the mesocosm treatments. For this analysis we used a 

presence/absence matrix of microbial populations per treatment (each treatment 

represented by a combination of the replicates) for each time point to calculate a matrix 

of parametric Person’s Product-Movement Correlation coefficients (Pearson’s r) for all 

treatment-time combinations. The r-values used in the analysis were those corresponding 

to a single treatment for two consecutive time points. These Pearson’s r-values were then 

recalculated to percentage of change values (%change = [1 – r] 100) and used to perform 



	   211	  

the MWA by plotting the values between consecutive sampling times (e.g. month X and 

month X – 3). This analysis was not conducted for archea as this microbial group did not 

showed changes in community structure between t0 and t6. 
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Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4. 
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Figure 5.  
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Figure 6. 
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Supplementary Figure 1. 
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Supplementary Figure 2. 
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A NEW STANDARD-BASED POLYNOMIAL INTERPOLATION (SBPIN) 

METHOD TO ADDRESS GEL-TO-GEL VARIABILITY FOR THE 

COMPARISON OF MULTIPLE DENATURING GRADIENT GEL 

ELECTROPHORESIS PROFILE MATRICES 
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Abstract 

 The Standard-Based Polynomial Interpolation (SBPIn) method is a new simple 

three-step protocol proposed to address common gel-to-gel variations for the comparison 

of sample profiles across multiple DGGE gels. The advantages of this method include no 

requirement for additional software or modification of the standard DGGE protocol. 
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1Denaturing Gradient Gel Electrophoresis (DGGE) is a commonly used 

fingerprinting technique for rapidly assessing changes in the structure and dynamics of 

complex microbial communities. Since its invention (Muyzer et al., 1993), DGGE has 

been extensively applied in microbial ecology to study microbes in a wide variety of 

ecosystems, including: soils (Drees et al., 2006, Nakatsu, 2007), water (Schäfer and 

Muyzer, 2001), air (Li et al., 2010), caves (Legatzki et al., 2011), dust (Maier et al., 

2010), mine tailings (Rosario et al., 2007; Solis-Dominguez et al., 2011) extreme 

environments (Ferris et al., 1996), humans (Favier et al., 2002), and animals (Mrázek et 

al, 2008). The extensive use of DGGE can be attributed mainly to the fact that it is a 

relatively simple and affordable technique that has been shown to be highly reproducible 

and can be used to rapidly analyze large numbers of samples (Neufeld and Mohn, 2005).  

One of the drawbacks of DGGE is that a single gel can analyze only a limited 

number of samples (usually between 16-20 samples) and a straightforward and robust 

protocol for making meaningful DGGE gel-to-gel comparisons remains elusive. Well-

documented limitations include the inconsistency between the denaturing gradients in 

different gels, as well as differences in the brightness of bands between samples. These 

issues, particularly the former, pose a major hurdle for the proper alignment and 

comparison of multiple gels (Nakatsu, 2007; Neufeld and Mohn, 2005).  

Researchers have proposed the use of custom-made molecular standards to 

facilitate gel-to-gel comparisons (Gurtner et al., 2000). However, a detailed quantitative 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
1Abbreviations: Denaturing Gradient Gel Electrophoresis (DGGE); Standard-Based 
Polynomial Interpolation method (SBPIn); Non-Metric Multidimensional Scaling 
(NMDS); Relative Front (Rf) 
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method for normalizing and comparing multiple DGGE gels based on custom standards 

has yet to be established. In fact, often when the use of molecular standards for DGGE 

normalization is reported, the actual detailed procedure used to normalize the profiles 

across multiple gels based on those standards is incomplete or not disclosed at all.  

Recently, Tourlomousis et al. (2010) published a detailed and comprehensive 

approach to address gel-to-gel variation in the alignment and comparison of multiple 

DGGE gels. Their approach was underpinned by the use of several custom molecular 

standards in each DGGE gel. Using the software Phoretix 1-D (TotalLab, Ltd., 

Newcastele, UK), they corrected the within-gel distortions by manually calibrating band 

relative front (Rf) values for all the sample lanes based on a common Rf scale defined for 

the molecular standards. Rf is a measurement of band position along a lane, relative to 

the length of that lane (Tourlomousis et al., 2010). Thus, Rf values are calculated by 

dividing the distance a band has traveled down a lane by the length of the lane, which 

results on Rf values ranging from 0 to 1 (0 being the top of the lane and 1 the bottom of 

the lane). The calibrated Rf matrices, along with the band positions measured in pixels, 

were then used to align all the profiles onto common axes by piecewise linear 

interpolation of the raw data using a Mathlab (The Mathworks, Inc., Cambridge, MA) 

script. This resulted in a single normalized data matrix across multiple gels that was 

corrected for gel gradient distortion.  

The drawbacks to Tourlomousis’ et al. (2010) and other gel-to-gel alignment 

methods (e.g. Neufeld and Mohn, 2005) are the specific requirements for their 

application that can be difficult and significantly costly to implement. For instance, 

Tourlomousis’ method requires a pixels matrix output that is not available in the Quantity 
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One software, which comes with the D-Code Universal Mutation Detection System (Bio-

Rad Laboratories, Hercules, CA) that most laboratories use for DGGE analysis (Green et 

al., 2009). Thus, the average DGGE user will have to acquire additional software in order 

to implement the protocol. Another example is the Neufeld and Monh (2005) protocol 

that not only requires a technical modification of the standard DGGE protocol, but also 

an expensive piece of specialized equipment in order to implement it.  

The objective of this study was to build upon Tourlomousis et al. (2010) and 

develop an equally robust protocol that would allow comparison of multiple DGGE gels 

without the need for: (i) technical modification of the standard DGGE protocol; (ii) 

specialized equipment; or (iii) additional gel-analysis software other than Quantity One 

or any other software with the capacity of outputting basic Rf matrices. The standard-

based polynomial interpolation (SBPIn) method we propose can be divided into the three 

major steps described below. 

Step 1 – Creating multiple DGGE gel matrices with normalized Rf values The 

first step for SBPIn requires the matching and normalization of the Rf values for all the 

bands within a single gel (i.e within-gel normalization). This procedure relies on custom 

molecular standards run in triplicate (first, middle and last lanes) on each gel. These 

custom standards can be created by either mixing amplicons obtained from 

phylogenetically distinct pure cultures or by mixing amplicons obtained from bands 

excised directly from a DGGE gel (Legatski et al., 2012). Here, to illustrate the use of the 

SBPIn method we used the latter approach, a mix of DGGE amplicons which were 

chosen from the pool of samples to be analyzed by DGGE following the standard 

protocol. Random bands, covering as much as possible of the gradient range, were 
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excised from the DGGE gel. Then, the DNA was purified from the polyacrylamide 

matrix, and re-amplified using the same PCR protocol used for the original 

amplifications. These PCR products were then mixed to make the molecular ladder used 

as the reference standard. Each standard, as recommended by Tourlomousis et al. (2010), 

must consist of a minimum of 9 bands to allow good alignment of profiles within and 

between gels.  

Once the DGGE gel is run, an image of the gel is analyzed using Quantity One (or 

equivalent) software. The standard lanes are defined by the user and Rf values are 

assigned to each standard band using the Rf values of the middle standard lane as 

reference. Then, based on the horizontal distribution of the sample bands and the 

distortions observed, all equivalent sample bands in each lane of a single gel are 

automatically matched by the software (using a matching algorithm) to form groups 

known as band types. Each band type is then automatically assigned a normalized Rf 

value that results from modeling across the gel with respect to the Rf values of the 

molecular standards. This matching-normalization step requires user input to validate the 

matches suggested by the software and correct mismatches that arise as a result of 

intrinsic gel distortions (known as “smiling effect” [Huber and Peduzzi, 2004]) 

commonly observed across DGGE gels. The result of this first step is multiple 

presence/absence matrices (one for each gel in a “test group”) of Rf values normalized 

with respect to the same gel molecular standards (see Supplementary Figure 1). As 

pointed out by Tourlomousis et al. (2010), this matching step is the backbone for accurate 

within- and between-gel alignments. 

Step 2 – Interpolation of normalized Rf values: creating a single unified matrix
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 The second step involves setting a common normalized Rf scale to allow 

comparison among all the gel matrices in the test group using a piecewise polynomial 

interpolation (i.e. between-gels normalization). One of the gel matrices in the test group 

is randomly chosen to be the “reference” matrix. Then, pair-wise interpolations between 

the reference matrix and each of the other test group gel matrices are performed. For each 

interpolation, a two-column matrix is constructed with first column containing the Rf 

values for all of the sample and standard bands from one of the test group matrices and 

the second column containing the Rf values for the standard bands in the reference gel 

matrix (e.g., Table 1). By matching the Rf values of the common standard bands from the 

reference matrix (Table 1, column 2) and the test group matrix (Table 1, column 1), new 

sample values for the test group matrix can be estimated by interpolation (Table 1, 

column 3). In other words, the Rf values of the bands in the standard lanes of the 

reference matrix are used to interpolate the Rf values for all the sample bands in the test 

group gel matrices being compared. The result is that both matrices (i.e. the test group gel 

for which Rf values were interpolated and the one from which the “reference standard” 

was obtained) will now share a common Rf scale for all their band types (Table 1). At the 

end of the interpolation step all the test group profiles will share a common Rf scale and 

this allows the construction of a single unified matrix that contains all the interpolated Rf 

types from all of the gels in the test group. 

For the interpolation procedure we chose a polynomial approach given that a 

close examination of our profiles (Figure 1) showed a marked gel-to-gel variation and the 

distribution of the bands between the different profiles was not linear. For example, we 

compared the same molecular standard on 5 different gels and demonstrated that even 
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after aligning the top and bottom bands of the profiles, the distribution of the rest of the 

bands did not follow a linear distribution (Figure 1). Thus, we opted for a more complex 

polynomial interpolation to correct the Rf values of the sample profiles. A regression 

analysis further confirmed that a polynomial regression was indeed a better fit for the 

alignment of our data (see Supplementary Figure 2). From the various types of piecewise 

polynomial interpolations we chose the natural cubic spline method, mainly because of 

its lower degree of error as compared to other polynomial interpolations methods 

(Reinsch, 1967). For convenience, we performed this step using the CSIPOLATE module 

(Cox, 2009) for the STATA software (StataCorp LP, College Station, TX). However, 

several easy-to-use Excel-based macros and add-ins for conducting cubic spline 

interpolations are available free of charge on the Internet (e.g 

http://www.xlxtrfun.com/XlXtrFun/XlXtrFun.htm). 

Step 3 – Binning of Rf types to create common Rf groups The third step of 

SPBIn consists of binning the interpolated Rf types from all the gels into common Rf 

groups. This step is done manually and is time-consuming but is necessary because even 

after interpolating the Rf values of the profiles based on a common Rf standard, it was 

observed that slight variations persisted between the multiple gels. This observation was 

verified by selecting 20 random, but prominent, bands present on all the profiles and 

comparing their interpolated Rf values. Based on this screening procedure we determined 

that equivalent bands from different gels could vary by up to 0.004 Rf values.  

To carry out this third step, the unified matrix created in step 2 is used to 

manually generate bins (i.e. groups of Rf types) based on an adapted triple-criteria 

approach (Valentín-Vargas et al., 2012): (i) each bin may not surpass the maximum 
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allowed per-bin variation of Rf values (i.e. ± 0.004); (ii) a congruence criterion that 

prevents the formation of bins that cluster two or more Rf types from the same sample 

(i.e. only allow combination of Rf types that occur on different profiles); and (iii) a 

criterion to favor the selection of bins that include the most Rf types.  

Briefly, all possible band types are placed into a spreadsheet and each one of them 

is identified with the gel(s) in which they are present (e.g. band type Rf = 0.250 is present 

in gels 1, 3 and 4). Then, all possible combinations of bins are manually generated based 

on the first two criteria (Rf ± 0.004 and a single bin cannot have two bands from the same 

gel). Finally, the bins that have best fit with the third criterion are selected to represent 

that particular set of gels. This binning process is repeated twice, once creating bins in 

ascending order of Rf value and then creating bins in descending order of Rf value. The 

bins selected from both trials are used to create a final unified matrix of Rf types that can 

be subjected to statistical analysis. The Rf value assigned to each Rf type in a bin is an 

average of the Rf values of the bands within that bin. Note that anyone using the SBPIn 

method must determine the specific cutoff point for the formation of their bins based on 

the variability of their own profiles.  

Validation of SPBIn protocol The SBPIn protocol was validated using three 

independent trials from samples collected from an on-going experiment. Two trials 

examined bacterial communities and one examined fungal communities. More 

specifically, the DNA templates used in the validation experiment were extracted from 

mine tailings samples obtained from a mesocosm-scale (~1.25 m3) greenhouse 

phytostabilization study (data not published). Here we focus on the microbial community 

structure changes that occurred in two mesocosm treatments that were studied over the 
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first year of the experiment: 1) mine tailings amended with 15% (w/w) of composted 

dairy manure and seeded with buffalo grass; and 2) mine tailings amended with 15% 

compost and seeded with quailbush. Samples were taken at 3, 6, 9, and 12 months to 

compare the bacterial (buffalo grass and quailbush treatments) and fungal communities 

(quailbush treatment). For each independent SPBIn trial we used triplicate samples 

(corresponding to three different mesocosms) obtained at each time point. We performed 

standard DNA extractions, PCR amplifications and DGGE analysis following previously 

published protocols (Solís-Domínguez et al., 2011). 

To exemplify the SPBIn method, we present results primarily from one of the 

bacterial community trials, but all trials yielded comparable results even though the 

DGGE gradients used for the bacterial and fungal communities were different. To test the 

SPBIn method, triplicate samples from each of the four time points (3, 6, 9, and 12 

months) were first analyzed separately on four different DGGE gels. These same four 

time points were then analyzed together on a fifth DGGE gel. The first four gels were 

subjected to the SBPIn method and the resulting unified matrix was named the “Binned” 

matrix. For comparison purposes, a “Raw” matrix was generated by combining the 

profiles from these four gels but without subjecting them to the SBPIn method. The fifth 

gel was subjected to alignment and normalization using only its internal standards and the 

resulting matrix was named the “Validation” matrix.  

All three matrices (i.e. Binned, Raw and Validation) were subjected to statistical 

analysis to assess the effectiveness of the SBPIn method. First, a pairwise Monte Carlo 

Permutation test (Table 2) was performed to evaluate the differences in community 

composition between all four time points. As expected, the Validation matrix results 
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showed significant differences between all time points. However, the Raw matrix did not 

differentiate between treatments for three of the six possible pairs evaluated. After 

generating the Binned matrix by applying the SBPIn three-step protocol to the Raw data, 

the results again showed a significant difference among all time points analyzed.  

To visually confirm these results, Non-Metric Multi Dimensional Scaling 

(NMDS) plots were generated for each matrix based on Jaccard distances (Figure 2A). 

The NMDS plots verified the permutation test results; the Raw matrix did not show 

significant differences between the time points but both the Binned and Validation 

matrices clearly showed differences among the time points. Note that the ellipses 

surrounding the triplicate samples are not confidence intervals, but rather mark the area 

within which 95% of points sampled for each group are expected to fall. Thus, the 

overlap of some ellipses simply indicates that there could be overlapping of some bands 

(i.e. populations) between treatments observed for a particular ordinate dimension.  

Three additional NMDS plots were also generated to examine the relationship 

between the Raw, Binned and Validation matrices (Figure 2B). For each plot the same 

triplicate samples within a time point were obtained from the Raw, Binned and 

Validation matrices and then compared. As can be seen from the plots, the Validation and 

Binned matrix samples consistently and tightly overlap each other, while the samples 

from the Raw matrix always cluster apart from the others. 

In summary, the novel SBPIn method proposed in this report for the alignment 

and comparison of DGGE profiles run on multiple gels generates data comparable to that 

obtained from running the same profiles on a single gel.  The method is simple and does 
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not require any additional software (other than a basic gel-analysis software with the 

capacity to generate Rf value matrices) or any major technical modification of the 

standard DGGE protocol in order to be performed. Anyone with software capable of 

generating basic Rf matrices can potentially apply these methods to their study.  
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Table 1. Example of a basic polynomial interpolation of normalized Rf values base on a 
reference standard.  
 

 
 
1Test Group: All normalized Rf values from a single test group gel; 2Reference Standard: 
normalized Rf values of the standard bands obtained from the reference gel; 3Test Group- 
Interpolated: Rf values from the test group interpolated upon the Rf values of the 
reference standard (interpolation based on the Cubic-spline polynomial method). Bolded 
values indicate Rf values from common standard bands. 
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Table 2. Pairwise Monte Carlo permutation test to evaluate 
the differences in bacterial community composition before 
and after alignment of DGGE profiles.  
 

 

1 T1= Time #1 (i.e. 3 months); T2= Time #2 (i.e. 6 
months); T3= Time #3 (i.e. 9 months); T4= Time #4 (i.e. 
12 months); 2 P-values above the significance level of 0.05 
appear bolded and italicized.  
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Figure Legend: 

Figure 1. Aligned standard profiles obtained from 5 different DGGE gels showing the 

nonlinearity of the bands distribution. As can be seen in this figure, only the top and 

bottom bands of the profiles were well aligned. 

 

Figure 2. Non-Metric Multidimensional Scaling (NMDS) ordination plots base on 

Jaccard distances. (A) NMDS plots showing the differences between the bacterial 

community profiles corresponding to 4 distinctive time points (T1= Time #1 [i.e. 3 

months]; T2= Time #2 [i.e. 6 months]; T3= Time #3 [i.e. 9 months]; T4= Time #4 [i.e. 12 

months]). Each plot corresponds to a different experimental matrix (i.e. Raw, Binned and 

Validation). (B) NMDS plots showing the differences between the same bacterial 

community profile obtained from different matrices (i.e. Raw, Binned and Validation). 

Each plot corresponds to a different time point.  

 

Supplementary material: 

Supplementary Figure 1. (A) Image of a representative DGGE gel showing fungal 18S 

rRNA PCR products obtained from mine tailings DNA extracts. Lanes 1, 8 and 15 

correspond to the custom molecular standard constructed from individual fungal 

amplicons excised from a DGGE gel. Each lane in between the standard lanes 

corresponds to a replicate of a sample (shown as four triplicate samples groups). (B) 

Image of the gel with individual bands indentified with horizontal red marks. Vertical 
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blue lines denote the standard lanes and red lines denote the sample lanes. White arrows 

point the eleven standard bands. (C) Image of the gel showing the band types connected 

by modeling lines after the normalization of the Rf scale. 

 

Supplementary Figure 2. Regression analysis comparing the fit of a linear approach and 

a polynomial approach. For this analysis, the same molecular standard was run in the 

middle lane of 5 different DGGE gels. Then, the standard of the third gel was randomly 

selected to serve as reference standard for the interpolation of the Rf values of the other 4 

standards. A regression analysis was conducted to evaluate the type of relationship 

between the distributions of the Rf values of the standard bands of the third gel as 

independent variable and the Rf values of the standard bands form the other gels as 

dependent variables. A coefficient of determination (R2) in included for each plot to 

evaluate the goodness of fit of the regression.  
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Figure 1. 
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Figure 2.  
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Supplementary Figure 1. 
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Supplementary Figure 2. 

 


