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ABSTRACT

Phytostabilization offers a less expensive alternative to traditional cap and plant
methods for containing metalliferous mine tailings to prevent wind eresidn
contamination of nearby communities and the environment. However, plant
establishment during phytostabilization of pyritic legacy mine tailings in semiarid regions
is challenging due to particularly extreme conditions including low pH, low organic
caibon, low nutrients, and high toxic mKtaid) concentrations. Microorganisnasive
major biogeochemical cycles iniky however, the roles microorganispiay at the root
T soil interface during phytostabilization, particularly in relation to plant headtl metal
immobilization, are not yet fully understood. The aims of this diggen are to focus on
bacterialcommunities associated with the roots of buffalo grass used in the
phytostabilization of pyritic metalliferous mine faigs to: i) charactere bacterial
diversity and communities of rhizosphere and bulk substrate, ii) delineate associations
between rhizoplane bacterial colonization patterns and environmental and plant status
parameters, and iii) develop amsitumethod to visually assesssasiations between
roots, bacteria, and metals. Key findings indicate that after addition of a compost
amendment to alleviate the plagrowth inhibiting characteristics of mine tailings,
rhizosphere and bulk substrate contain a diverse,-gtamith suppaing bacterial
community. As substrate-acidifies due to compbogrosion, an emergence of an iron
(Fe) andsulfur (S)-oxidizer and Feeducerdominated, less diverse community develops
in the bulk and rhizosphere substrate, thus posing a threat esstidglant
establishment. However, even at low pH, some giaoivth-promoting bacteria are still

evident in the rhizosphere. On the rhizoplane (root surface), the relative abundance of



metabolicdly active bacteria wagositively correlated with plantdalth, verifying the
strong association between plant healtid bacteria. Furthermore, pH showed a strong
association with the relative abundancélghaproteobacteriand
Gammaproteobacterian the rhizoplane. In relation to micrebeetal interactionsrothe
root surface, results showed thatinobacteriaandAlphaproteobacterizolocalized

with Feplaque andrsenic As) contaminant on the root surface, indicating their
potential role in adsorbing or cycling of these metal(loid)s. Developing a mocaigio
understanding of bacterraot-metal interactions in relation to plant health and metal

immobilization can help to improve phytostabilization efforts and success
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CHAPTER 1
INTRODUCTION

1. Literature Review
1.1 Introduction

Since plants appead on earth as early as 700 million years ago (Kenrick and
Crane, 1997) they have beenreov ol vi ng wi th microbes in the
This has led to muHiaceted, diverse, and complex raoicrobe interactions that still
leave much mystg as to what is taking place at the microscopic scale. Research
addressing this topic has begun to uncover both the tsgaie mechanisms behind these
interactions as well as how this influences microbial dynamics ofassxiciated
compartments, includg the inside the root (endosphere), on the root surface
(rhizoplane), and in the immediate zone surrounding the root that is influenced by root
exudates (rhizosphere) (Fig. 1). The influences of the root on these compartments make
them unique compared the surrounding bulk soil in terms of microbial communities,
diversity, and activity. The plasmhicrobe interactions that occur here are important to
understand for a multitude of reasons including how they affect plant health and survival
in not only typcal conditions, but also in stressful or extreme environments caused by
both biotic (e.g., pathogens) and abiotic (e.g., drought, flooding, fire, salinity, metal
contamination, nutrient deficiency) stressors. Stressed or extreme environments can
induce clanges in roemicrobe interactions. For example, conditions such as drought and
nutrient deficiencies have been shown to affect root exudation (Badri et al., 2009) which
in turn can alter rhizosphere microbial community (Haichar et al., 2008; DoornHlgs et a

2012; Huang et al., 2014). Understanding the feedbacks between the plant health and
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rhizosphereassociated microbial communities will allow identification of indicator
microbial populations that correlate with plant health (or plant stress) as wedtlsds
for improving plant health which is applicable to phytoremediation efforts, revegetation

of disturbed lands, and even agriculture.

This review will focus on metatontaminated environments and how this affects
rhizosphere microbial dynamics andupl health. Metatontamination of soils can be
caused by anthropogenic activities such as farming, smelting, and urban runoff. Another
major source of metadlontamination is mining, particularly from metals left behind after
the mining process resulting metaticontaminated mine tailings, or waste. Pyritic mine
tailings also create an added stressor of acidic pH. Plants and their rhizosphere microbial
communities growing in metalontaminated environments from soils to mine tailings

will be discussed inis review.
1.2. Background: Root-microbe interactions and plant health

Before delving into planmicrobe interactions in specific mew@bntaminated
conditions, it is important to have an understanding of the general relationships between
microbes angblant health. Also, to understand the patterns of microbial communities and
diversity in the rhizosphere, it is necessary to first examine the plamticrobedriven
mechanisms that drive these patterns. Rlanen mechanisms include the production of
root exudates and border cells each of which impacts the behavior of microorganisms in
the surrounding rhizosphere. Microbiattyiven mechanisms can include interactions
that improve plant health by plagtowth promoting microbes and that are detrimieiota

plant health by microbial pathogens.
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1.2.1 Plant-driven influences on microbial diversity
1.2.1.1Plant root exudates

Root exudation provides not only a food source, but these molecules also
participate in a system of communication with surroundifmgabes in the soil via
chemoattraction. Exudates are comprised of organic compounds including
polysaccharides, sugars, amino acids, and fatty acids (Somers and Vanderleyden, 2004;
Bais et al., 2006; Uren, 2007; Neumann and Rémheld, 2007; Badri et &, Byi and
Vivanco, 2009). Evidence for the assimilation of organic compounds originating from the
plant exudates by bacteria was found by following the incorporation of isotopic carbon
originating from carbon compounds produced by plants grown in gsepece of*CO;
into bacterial biomass (Haichar et al., 2008). As conducers of chemoattraction, specific
exudates, such as malic acid, flavonoids, and strigolactones signal for and attract
beneficial bacteria and fungi (Somers and Vanderleyden, 2004; A&igh al., 2005;
Rudrappa et al. 2008) (Fig. 2). More specifically, flavonoids are often produced by
legume species to attract nitrogiexing rhizobia (Hassan and Mathesius, 2012) which
produce nodules in the plant roots, forming a mutual symbiotic oitena Some plants
exude strigolactones, such as sesquiterpenes, to attract arbuscular mycorrhizal fungi
(Akiyama et al., 2005). Such exudates are one means for plants to participate in creating
an individualized fAmicr obewenmetdo nficBobiomeasd s e n
the rhizospher@associated microbes, genetic elements, and their interactions, similar to
the microbiome within the guts of humans (Dove, 2013). In both cases, human and plant,

the metagenome of the microbiome acts in addibainé host genomes, effectively
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expanding the hostodés functional capacity

maximizes plant health.

Research has shown that exudates differentially select for bacterial communities
depending on molecular structyierendsen et al., 2012). This is supported by evidence
showing that there is a difference in root colonizers between species of plants, each of
which produced a different array of exudates (Haichar et al., 2008; Berendsen et al.,
2012). This suggests thplant species distribution is a major driver for development of
the rhizospherassociated microbiome (Berg and Smalla, 2009). Not only do rhizosphere
communities differ between plant species, but there is also variation within a species.
Specifically, \ariation among plant genotypes, including wild type vs. transgenic, can
result in different exudation patterns which in turn selects for different rhizobacterial
populations. For example, Micallef et al., (2009) examisebidobsis thaliana
rhizosphere baterial communities using-RFLP analysis and found different patterns
between eight accessions. HPLC analysis also revealed that exudates produced by each
accession were significantly different. In examining transgenic vs. wild type Eucalyptus,
Andreote éal., (2009) found differences iAlphaproteobacterisommunities in both the
rhizosphere and rhizoplane. This shows how important plant exudates are in shaping the

rhizosphere microbiome.
1.2.1.2Plant root border cells

Located on the root tip, borderlisein a moist environment can detach from the
root while maintaining metabolic activity (Hawes et al., 2000). These active border cells
excrete a matrix containing polysaccharides, prot@nd nucleic acids th&tap

pathogens to protect the plant anditiract beneficial microbes to promote plant health

t



14

(Hawes et a).2012). Extracellular DNA plays a particularly important role in trapping
bacteria as evidenced by DAPI (nucleic acid stain taken into live cells) staining of root
border cells and trapdemicrobial cells being associated with SYTOX green (nucleic
acid stain not taken into live cells) stained extracellular DNA (Hawes et al., 2012).
Proteins excreted by border cells can include antimicrobial enzymes that help to protect
the root tip from pdnogenic infection (Wen et al., 2007; Haichar et al., 2014). Wen et al.,
(2007 identified over 100 extracellular proteins excreted by pea plant root border cells
which protected the plant from infection by the soilborne pea pathdegetnia
haematococcaBorder cell trapping of microbes is so effective that root tips are often
free of microbial colonization (Hawes et al., 2012). Therefore, plants have a strong
influence on the microbial communities surrounding their roots, creating a means for

correspondig feedback from the microbial components of the soil.
1.2.2 Microbially-driven influences on plant health
1.2.2.1Plant growth promoting bacteria

The corresponding microbiaHlgriven interactions with plants range from
beneficial to harmful. The benefitigelationship between roots and microbes will be
focused on here. Bacteria that have a beneficial role in plant growth and health are termed
Apl ant growth promoting bacteriad or PGPB.
and on the root surface, serRGPB are endophytic, living inside the root itself, the
endosphere (Fig. 1) (Szderics ef 2007; Dimpka et al2009). Weltstudied general
services offered by a wide variety of PGPB include (TiZl05; Hayat et al2010;

Dobbelaere et 3l2003; Qiveira et al, 2009):
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1 solubilizing phosphorous for plant uptake

1 providing phytohormones to increase plant growth

1 nitrogenfixation either by diazotrophic free living organisms or in a symbiosis
that occurs between specific bacteria and plants (eggimlerhizobium)

1 production of irorchelating siderophores

1 decreasing effects of toxic heavy metals

1 providing protection from pathogens.
1.2.2.2Plant growth promoting fungi

APl ant growth promoting fungi o (RGPF)
health. General benefits conferred by fungal association with plants include a more
immediate activation of host plant stress response (Redman et al., 1999) and by fungal
production of antstress biochemicals (Bacon and Hill, 1996; Rodriguez €2@14).

While the only known antstress biochemicafound to be produced by endophytic fungi

are alkaloids that decrease plant herbivory in response to stress (Siegel and Bush, 1997),
it is assumed that more examples like this exist due to the leagatdionary lineage of
plantfungi symbioses and the ability of fungi to activate plant host stress responses
(Rodriguez et al., 2004). The endophytic fungiurgformospora indicas an example of a
fungus that I mproves it scslrassors $ushas deosightp n's e
salinity, and pathogens by colonizing the root surface and entering into the root tissue via
root hairs (Singh et al2011). Furthermore, some fungi themselves have bacteria or virus
symbionts that aid in the symbiosis witlapts (Rodriguez et aR008). For example,
Dichanthelium lanuginosuna tropical panic grass from geothermal soils, has a

symbiotic relationship with the endophytic fundgbisrvularia protuberatehat allows the

t
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organisms to grow at high soil temperature¥ellowstone National PariC.
protuberatecan only confer heat tolerance to the host plant when it is infected with the

Curvulariavirus (CThTV)(Marquez et al., 2007)

In addition to these more general benefits, there are two types of fungi that
participate in widespread mutualistic funggllant interactions; ectomycorrhizal and
endomycorrhizal fungi. In both cases, the fungus benefits from access to plant
photosynthates while the plant receives protection from desiccation and increased access
to limiting nutrients. These fungi form extensive associations with the plant roots.
Ectomycorrhizal fungi do not invade the plant cells of the root tissue itself, but can
invade root tissue in the extracellular region with the formagfanhartig net system
(Hou et al, 2012). In contrast, endomycorrhizal fungi extend hyphae into the plant root
cells, thus directly connecting the root with the extensive hyphal system in the soil. This
allows for increased water and nutrient (especjaligsphorousH] andnitrogen N])
uptake (Altomare et al1999). One type of endomycorrhiza are the arbuscular
mycorrhizal fungi (AMF) which form arbuscules within plant root cells and also aid in

water and nutrient uptake as well as improved soil structure (Mira26a0).
1.2.3 Patterns of microbial communities and diversity

Plant and microbedriven forces, as described above, influence microbial
communities and diversity. In relating this to plant health, these patterns can change
depending on if the plant is healthy, undgessed conditions, or dying. It has been
suggested, that certain bacterial phyla could be classified overall as representing
primarily r-strategists or {strategistgSmit et al, 2001; Torsvik et a].2002; Fierer et al

2007; Bulgerri et a).2012),which typically are associated with copiotrophic and
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oligotrphic lifestyles, respectivelfopiotrophic bacteria have higher growth rates and
shorter generation times, thriving in environments with readily available and easily
metabolized sugars, suchthsse present in exudates, whereas oligotrophic bacteria
predominate in environments with low nutrient availability, have slower growth rates,

and longer generation times (Torsvik et al., 2002). From hence forward, the pairs of terms
r-strategist and copimph as well as Ktrategist and oligotroph will be used
interchangeablelylThe bacteria phylroteobacterieandBacteroidetesepresent

primarily r-strategists and being found to predominate in soils with a high C content. On
the other handctinobactera andAcidobacteria representing primarily ¥strategists, are

more predominant in soils with low organic C and nutrient content (Torsvik 20aR).
Therefore, it can be hypothesized that the rhizosphere of a healthy plant, which should be
rich in sugrs and other organic carbon, should have a rhizosphere community dominated
by copiotrophic bacteria. This is exemplified by Bulgarelli et(@012) who found that
colonization of roots bBetaproteobacteriawhich tend to be copiotrophic soil bacteria,
signify their ability to proliferate in the presence of polysacchesa#aining exudates.
Additionally, the presence of specific types of microbes can be associated with stressed
roots. For example, Yu et a{2012) found a distinctive difference betwebe

compositions of roeaissociated fungi associated with healthy versus stressed plants, with
the AMF fungusGlomus caledoniurprevalent in healthy plant roots compared to the

pathogenic funguBhoma sojicolahat was associated with stressed roots.

Another evident pattern is the shift in bacterial communities across the different
rootassociated compartments (endosphere, rhizoplane, and rhizosphere) (Fig. 1). One

major observation is that diversity decreases from the bulk soil (regionfluatriced by
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plant) to the rhizoplan@Marilley and Aragno1999; Thirup et al.2003; Ehrenfeld et al.

2005; Buée et gl2009; Bulgarelli et a).2012; Lundberg et al., 2012; Edwards et al.,

2015). As bacterial diversity decreases from the bulk to the rhizosphepadment,

bacterial biomass increases (Ehrenfeld eR80D5), presumably due to root exudates
attracting and providing a food source for bacteria. This pattern suggests that the plant
(exudates) are selecting for the growth of certain types of baotexiathers, in effect
creating a selective media. Another pattern discovered in the differerassmtiated
compartments is a difference in community composition (Tilak g2@05; Bulgarelli et

al., 2012; Lundberg et al., 2012; Edwards et al., 20E8).example, beta diversity

analysis of the bulk, rhizosphere, rhizoplane, and endosphere compartments of
Arabidopsis thaliangrown in the field shows that plaassociated compartment is the
biggest driver of microbial composition (Lundberg et al., 3G a similar pattern was
found for rice (Edwards et al., 2015). Edwards et al., (2015) found an increase in
Proteobacterisand decrease iacidobacteriafrom the bulk to the endosphere of rice.
Lundberg et al., (2012) found an increas@iateobacterigrom the bulk to the

rhizosphere, then a decrease from the rhizosphere to the endosphere compartments while
Actinobacteriahad a significant increase from the rhizosphere to the endosphere.
Bulgarelli et al., (2012) also found an increas@Aatinobactera from the rhizosphere to

the endosphere @. thalinana This emphasizes that microbial communities shift from

the rhizosphere to bulk compartments, and also that this pattern can be different between

plant species.

A stressed or dying plant can poiaty have a community composition in the

root zone different than a healthy plant, due its changing exudates in response to stress
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and possible presence of pathogens. A dead or dying plant with roots not actively
exudating, or older parts of roots whexei@ation has decreased or stopped, would likely
have a predominant oligotrophic community (Nacamulli et al., 2004; Buée et al., 2009).
Oligotrophic bacteria have slower growth rates and longer generation times,
predominating in environments with more redaant carbon sources, such as the
sloughed cells from plant roots, which would be the primary food source provided by a
root that is not exudatind\ctinobacteriacommunities, which are primarily oligotrophic,

are found to be associated with older rgomtsducing less exudates (Thirup et al., 2001,
Watt et al., 2006). Not only akctinobacteriaconsidered primarily oligotrophic, they

are also considered to be saprophytic, in that they obtain their nutrients from dead organic
matter (SimaeBeaunoir, 2008 similar to saprophytic fungi, which may also be more
closely associated with dying roots. Alternatively, a plant experiencing stress but not yet
dying may respond by changing its exudates, rather than stopping exudation, thus
attracting different bactex to the rhizosphere. Additionally, pathogenic microbes can be
associated with stressed or dying plant roots. Bais et al., (2006) reviews ways in which
exudates can vary and mentions physiological state of the plant and nutrient availability
to be two mar factors, both related to the health of the plant, which is affected by

environmental stresses, such as metal contamination.
1.3 Influence of metal contamination on microbial diversity and plant health

Metal contamination is an abiotic stressor on phagalth that can result from
naturally high levels of metals in a soil or, most commonly, from human activities such
as mining. Many metals are essential nutrients, however, when in excess can be toxic.

The most widespread and problematic metal contansraastead Pb), mercury(Hg),
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cadmium(Cd), chromium Cr), copper Cu), nickel (Ni), zinc (Zn) and a common
metalloid contammant isarsenic As) (Purves et al., 1985 he extent of toxity is
determined by a combination thfe bioavailability of the ntal and the specific dose
response between a microbial species and given metal. The bioavailability ofimetals
dependent on factors that govern metal speciation such as pH, redox potential, cation
exchange, and metal adsorption and complexation withrestiganic ligands or other

functional groups such as (oxyhydr)oxides (Rieuwerts et al., 1998).

Negative effects of metals on plants are largely due to direct effects, such as
nutritional imbalances and oxidative stress, and indirect effects, suchasimgp
microbial diversity. Nutritional imbalances occur when a contaminant metal replaces an
essential nutrient in important enzymes, proteins, and even DNA. Metals can cause
oxidative stress in plants by eliciting a dramatic increase in reactive oxygeies
(ROS). The normal metabolism of oxygen results in the production of ROS, however, the
overproduction of ROS caused by metal toxicity can lead to lipid peroxidation, depletion
of sulfhydryls, altered calcium homeostasis, and even DNA damage (k&uold et
al., 2008). In addition, plants can respond to metal stress by producing ethylene
(Gamalero et al., 2009), which as discussed previously, can inhibit cell growth and
increase cell wall rigidity. In summary, both direct and indirect effects of metal
contamination affects the growth of plants and importantly, in some cases, limits the

species of plants that are able to grow in the presence of toxic metals.

Recent studies have shown that heavy metal contamination in soil can cause a
decrease in microdi diversity (Bennisse et al., 2004; Shentu et al., 2008; Zhan et al.,

2012; Xie et al., 2016), presumably due to the toxic effects of the metals on
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microorganisms. Therefore, microbes that are able to persist inimettted soils are

those that are resgant to their toxic effects. Metagsistance genes are often located on
plasmids which can be shared between bacteria via horizontal gene transfer (Bruins et al.,
1999; SBrenesen et al., 2005; Roosay et al
to sustain plant growth and perform essential functions, and can be partly assessed by
measuring microbial species diversity (Alkorta et al., 2003). Therefore, a decrease in

microbial diversity can have an indirect negative impact on plant health.
1.31 Microbial mediation of metal toxicity

Microbes able to survive in metal contaminated conditions, or those introduced
via addition of amendments, can mediate the toxic effects of metals and promote growth
in plants. Because metals are persistent contartsrand cannot be eliminated from the
environment biologically, microbes have developed detoxification mechanisms that in

effect decrease metal bioavailability, which in turn can decrease metal uptake by plants.

Bacteria are capable of several mechanifemmetal detoxification. First,
bacteria can immobilize metals by adsorbing metals to their outer cell membrane (Gadd
et al., 1990; Bennisse et al., 2004; Fein, 2016) and/or extracellular polysaccharides (EPS)
(Ernst, 1996). Bennisse et al., (2004) fotimak the degree of heavy metal toxicity in the
rhizosphere is lower than in the bulk soil, which he attributed to the complexation of
heavy metals with the cell wall of rhizobacteria. Bacteria in the rhizosphere can also
change the speciation of metalsgB et al., 1993; Khan et al., 2009; Oves et al., 2010).
Toxic hexavalent chromium can be reduced to a less toxic trivalent form by several
species of bacteria includifRseudomonasp. (Oves et al., 2013 acillussp. (Wani et

al., 2010), and/esorhionbium(Wani et al., 2008). Additionally, Fexidizing bacteria
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can play a role in Fplaque formation on plant roots {Syr et al, 1993; Emerson et al.,
1999), which in turn can adsorb metals (Seyfferth et al., 2011), thereby preventing them

from being t&en in by the plant.

Fungi can also decrease metal uptake by plants in several ways (Jeffries et al.,
2003). The mycelium of fungi have metal binding capacities similar to those described
for bacteria (Joner et al., 2000; Christie et al., 2004). Most AMEuce copious
amounts of glomalin, a glycoprotein that can form complexations with heavy metals such
as Cu, Pb, and Cd (Gonz&€havez et al., 2004). AMF can also translocate metals to
their cell wall and vesicles, thus sequestering metals from theoament (Hildebrandt
et al, 2004; Miransari2010). The mycelium of fungi have metal binding capacities as
well (Joner et a).2000; Christie et al12004). Fungi can also mediate toxic effects of
heavy metals by inducing the expression of specific genteeir hosts that confer metal
stress tolerance (Gamalero et al., 20R®QeraBeccerril et al.2005) For example, AMF
colonization ofMedicago truncatulaoots induces a downregulation of the Zn transporter
gene (Burleigh et al., 2003) Therefore, fupgly important roles in metal immobilization

thereby decreasing metal uptake into plants.
1.3.2 Microbial plant growth promoting activities

General plant growth promoting qualities of microbes can improve plant survival
in heavy metal stressed environneeint several ways. The plant growth promoting
activities of bacteria and fungi described above become very important in stressed, metal
contaminated environments. In fact, Epelde ¢(2010) found that in metalliferous
soils, microbial parameters (biosg soil enzyme activities, and functional diversity) had

a stronger effect on plant biomass than the other way around. This was attributed to the
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necessity of microbial activity to aid in plant survival in such harsh conditions. As
Ehrenfeld etal.,, (2005 put s it , PGPB and PGPF really
extreme environments where plant feedback with the microbial component of the soil is
most pronounced. These examples suggest that the role of microbes in stressful
environments are evenore vital to plant health than in undisturbed environments,
because their services are often essential for plant survival. Below are some specific
examples of how bacteria and fungi promote the growth of plants in metal contaminated

soils and mine tailing
1.3.2.1Heavymetal contaminated soils

Ethylene is produced by plants as a response to plant stress, such metal toxicity,
and has the effect of inhibiting plant growth (Gli@kW04). Bacteria can produce ACC
deaminase which breaks down planbduced thylene in order to obtain ammonia, a
nitrogen source for the bacteria (Belimov ef2001; Glick 2004; Arshad et 312007).

A decrease in ethylene results in decreased growth inhibition to the plant. Also, bacterial
ferri-siderophores bind and delivieon to the plant, which is important because often

plants growing in high metal concentrations experiencededitiency symptoms in the

often ironlimiting environment of metal contaminated soils (Dimpka et al., 2008, 2009).
As mentioned previouslyuhgi can increase P availability, a phenomenon that has also
been linked to increased heavy metal tolerance by improving plant growth inmetaty

contaminated soils (Christie et,&004).

1.3.2.2Heavymetal contaminated mine tailings
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Studies in mindailings, which are an extreme example of a metataminated
system, have shown the importance of plgnowth-promoting microbes in mitigating
the stress of the tailings environment (Petrisor.e2804; Glick 2003; Grandlic et a
2008; DeBasharet al.,2010a and b; Tak et.aP013). Heavy metatontaminated mine
tailings can be either neutral to alkaline depending on the pyrite vs. carbonate mineral
content, with low pyrite and high carbonate content resulting in alkaline conditions and
high pyite and low to no carbonate resulting in acidic conditions (Balistrieri et al., 1999).
Other characteristics include high metal content, lack of soil structure, low carbon
content, hypersalinity, and minimal nutrients (Mendez and Maier, 2008; Mendez et al.
2008a,b; Hayes et al., 2014; Valertlargas et al., 2014) Grandlic et al (2008) found
increased growth in plants inoculated with isolates chosen for their ability to solubilize
phosphate, strains which includ€thvibacter, Microbacterium, and Streptooegfrom
the phylumActinobacteria andAzospirillumfrom the clas#lphaproteobacteria.
Similarly, the presence of the PGPF AMF has also been shown to increase plant growth.
Inoculation of mesquite roots with AMF in Zsontaminated mindailings (Sélis
Dominguez 2011) anBisum sativunmoots withGlomus intraradicegn Cd stressed soils

both resulted in increased plant growth (RivBegerril et al., 2005)
1.3.3 Patterrs of microbial communities andidersity
1.3.3.1Establishing vegetation

There are searal interesting patterns in rhizosphere and bulk microbial
communities in metal contaminated soils and mine tailings in relation to plant health.
This can be looked at from a couple viewpoints. First, in order for plant life to be

sustained, there is a mimum requirement of the microbial communities in the heavy
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metal contaminated soils. As Griffiths et al. (1997) puts it, there is a critical level of
species richness necessary that if not attained, impairs function. In this case, bacteria and
fungimaymt be able to fistep up to the plateo
Plant health and/or establishment in phytostabilization studies in-neatay

contaminated mine tailings was positively correlated with heterotrophic bacteria counts in
alkaline (Rosario et al 2007) and acidic (Moynahan et al., 2002; Mendez et al
2007,2008a; SoliBominguez et al., 2012; Glloaiza et al., 2016) conditions. Mendez et

al., (2008) suggests that the bacterial community composition of metal contaminated
mine tailings is an indicator of how successful revegetation will be: a predominance of
heterotrophs indicating successful and a predominance of autotrophs, such as iron and
sulfur-oxidizers, indicating unsuccessful future plant establishment. The predominance of
heterotrophs vs. autotrophs in this case was also related to the pH of the conditions with
the most acidic mingailings (pH 2.7) having the highest number of autotrophic iron and
sulfur-oxidizers and the lowest number of neutrophilic heterotrophic counts.

Furthermore, in acidic conditions, metal bioavailability increases (Rieuwerts et al., 1998;
Jurjovec et al., 2002), thus also affecting the outcome of plant establishment. Therefore, it
is likely a combination of multiple factors influencing plastablisiment anchealth

(microbes, pH, metal bioavailability, organic carbon, salinity, moisture, etc.). In order to
achieve successful plant cover in heavy metal impacted soils or waste, such as mine
tailings, adding an amendment such as compost or biosolidbenagcessary (Mendez

et al., 2008b,c) as an inoculum of heterotrophic microbes, source of nutrients, and a

buffer to neutralize acidity (if present).

1.3.3.2Maintaining vegetation
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Once plants have been introduced and/or established in metal impacted area
other patterns relating microbial communities to plant health develop. These patterns are
often related to whether the metal impacted areas are otherwise typical soils or mine
tailings, which are characterized by very different conditions. During réstege of
alkaline heavy metal impacted mine tailings, after 13 months the community structures of
four-wing saltbush rhizosphetafluenced tailings were more similar to each other than
to that of an unplanted control (Rosario et al 2007). This signifeashe plants are
affecting and changing the microbial community of the soil around them. As the plants
drive changes in the microbial communities of the rhizosphere, changes in communities
between the rhizosphere and bulk soil are created (Gremio2@23| Bennisse et al.

2004; NavarreNoya et al. 2010).

Although some studies showed a predominané¢&rateobacterian the
rhizosphere, one study showed tAatinobacteriamade up a majority of the active
population. In a study conducted by Navalkoya (2010), rRNA gene clone library
results showed that the rhizospheres of two pioneer @i xylopodandViguiera
linearis growing in heavy metal contaminated tailings from a Ag mine contained
BetaproteobacterigAcidobacteriaandAlphaproteobactea, in proportions of 57, 18,
and 9% respectively. In contrast, the community in the bulk soil consisted of primarily
AcidobacteriaandActinobacteriain proportions of 20 and 25%. These results provide
evidence that the copiotrophdphaproteobacteriand Betaproteobacteriare thriving
in the rhizosphere environment rich in exudates whereas the oligotAgtimobacteria
are more prominent in the bulk tailings environment with less carbon and nutrients, a

pattern hypothesized to occur with healthy @an a typical sojlas discussed above. |
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a bacterial community analysi$ the hyperaccumulatohlaspi caerulescergrowing in

a heavy metal contaminated soil, Gremion et al. (2003) found that although 16s rRNA
gene clone libraries indicated a rhipbsre community ofAlphaproteobacteriaand
Actinobacteriaat about 30% and 3%, rRNA clone libraries indicated levels at < 10 and
60% repectively. These results could indic#itat theActinobacteriacommunity were
themost metabolically active phylumssuming that the rRNA clone library represents
metabolically active populations, however, this is not always the case (Blazewicz et al.,
2013). If theActinobacteriaare more metabolically active,abuld be due to several
reasons such as the plargspanding to heavy metal sreby decreasig exudation or an

increased heavy metal resistancécfinobacteriacompared tdAlphaproteobacteria

From a species diversity standpoint, other interesting patterns have been observed.
Several researchers haveridithat species diversity is lower in the rhizosphere versus
nonplant influenced soil, as was the case in heavy metal contaminated soils examined by
Navarro et al., (2010). Additionally, this pattern was observed when assessing the
diversity of freeliving nitrogen fixers in copper mine tailings (Zhan et2012). Similar
to a typical soil, the species diversity may be lower in the rhizosphere due to selecting
effect of exudates, which presumably select for certaimategists that are higher in
abundnce in the carbon rich rhizosphere of healthy plants. For instance, Kozdrgj et al
(2000) found a decrease in diversity in the rhizosphere with an increased predominance
of copiotrophic (rstrategist) bacteria in metal contaminated soils. Interestingly, th
decreased diversity in the rhizosphere was more pronounced in high vs. low metal
contaminated soils. Other researchers have found the opposite trend. Li et al. (2011)

found that species richness is higher in samples taken from the rhizosphere than from
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non-rhizosphere soil in leadinc mine tailings. Similarly, Callender et al., (2016) found

that the alpha diversity was higher in the rhizosphere than the bulk of alkaline gold mine
waste rock. However, species richness can also be affected by root agdiessgof the

health of the plant. As mentioned previously, aging roots can also produce less exudates
(Thirup et al, 2001, Bais et al2006). Therefore, patterns in diversity froine

rhizosphere to the bulk calepend on multiple factors including tlegree of metal
contamination, whether the plants are growing in soil or tailings, health of the plant, and

age of the plant.

Examining microbial colonization of the root surface itself in metal contaminated
environments can also provide clues into héanphealth relates to microbial ecology. In
focusing on bacterial coverage of the root, Iverson and Maier (2008) sBulthtbe
dactyloidegBuffalo grass) roots from compost amended heavy metal impacted mine
tailings and uncontaminated Vinton soils. tugfluorescence in situ hybridization
(FISH), it was found that roots grown in 0, 5, and 10% compost amended tailings had
about 3.6, 12.8, and 18.9% coverage by bacteria compared to roots grown in Vinton soil
which had 57% coverage at all compost ratidsis indicates that the roots in the more
stressful metatontaminated soils may be producing more exudates in order to attract
more bacteria, or that in the inhospitable environment, the bacteria are attracted to the
root surface as a more hospitable plaxlive. In a study looking at AMF colonization of
Fragaria vescaoots growing in Zn, Pb, Cd, and As contaminated soils using a
combination of trypan blue staining of roots to detect AMF colonization and PCR for

species identifications, naturally ocdag AMF populations could be identified (Turnau
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et al. 2001). A total of fivé&slomusspecies were detected at differing colonization rates,

with Glomussp. HMCL4 being the most abundant.

Overall, patterns of microbial diversity and abundance in thespiere of plants
growing in metal(loid) contaminated sites is correlated with plant health and successful
plant establishment. This trend has strong implications for revegetation of areas devoid of
plant cover which is especially important during phytoreiawgon, which is the use of a

plant cover to remediate metal contamination.
1.4. Limits of Our Current Knowledge

Despite much research into planicrobe interactions and stressed environments,
there are still several areas where there are gaps in éagevin this interesting topic. As
described above, there are numerous studies describing the specific benefits that microbes
can confer to plants in general and in stressful conditions, like metal contamination.
However, while some general trends of miad ecology in contaminated environments
have been researched, studies examining the correlation between microbial communities
and plant health are lacking. Specifically, there are several areas which need to be further
studied, including looking at plénat varying degrees of health in metal contaminated
studies and their associated microbial communities, including the rhizoplane,

rhizosphere, and bulk soils, in comparison to a typical, uncontaminated soil.

Yu et al. (2012) touched on this idea whercompared the fungal communities from
stressed versus healthy seedlings in an uncontaminated soil. Similar studies in metal
contaminated soils are lacking. Also, whereas some studies looked at the effects of

adding PGPB or PGPF to seeds on plant growtmeagioned above, actual studies
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looking at the natural populations of bacteria and fungi are sparse, particularly when
examining the continuum from the rhizosphere to the bulk. Information regarding
microbial communities and their relation to plant heaéth provide a lot of useful
information such as identifying potential biadicators of plant health and stress, specific
microbial species that may improve plant health, and faleastciated microbial
populations that may help in bremediation of metaldnformation such as this can be
extremely useful and applicable to phytoremediation and the-aoleah metal

contaminated sites.

Regarding microbial colonization and species composition on root surfaces of
plants growing in metal contaminated soilsréhis also a gap in information. There are
several studies regarding bacteria colonization of plant roots in metal contaminated soils
with regard to bacterial root coverage of the entire doBaoteria(lverson and Maier,
2009), presence of specific inthaced PGPB (d8ashan et al., 2010a and b) and
presence of AMF (Turnau et al., 2001) in relation to plant health. However, these do not
look at the specific groups of naturally occurring microbial communities, which would
also be important to know to idéiytoverall trends in relation to geochemistry and plant
condition. Additionally, because of the close interactions between microbes, plants, and
metals in metatontaminated environments, viewing the root colonizing bacteria and
fungi that may be accumuiag or associated with metals may help us to really
understand the patterns of planicrobemetal interactions and how this affects plant

health.
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2. Explanation of Dissertation Format

This goals of this dissertation were to address some of thefjkpswledge
presented above in order to improve our understanding of how rhizossse@ated
bacterial communities relate to pldmalth and metal immobilization during
phytostabilization of pyritic metalliferous mine tailings. Samples analyzedfwene
buffalo grass roeassociatedhizoplane, rhizosphere, and bulk comtpgents from a
phytostabilization study being carried out at the Iron King Mine and Humboldt Smelter
Superfund Site (IKMHSS) located in Dewelumboldt, AZ. The research studies ogdri
out are presented in this dissertation as 2 chapters and an appendix consisting of a

published article.

To begin, Appendix A presents a novel method for assessing the colocalization of
bacteria and metal(loid)s on the root surface (rhizoplane) adlbujfass. This method
combined fluorescence in situ hybridization (FISH) for the detection of bacteria and
multiple energy micrdocusedxr ay f |l uorescence (ME ¢ XRF) fo
metals(loids) (Fe and As) on the same region of a root. Using tinliaan analysis,
Manders coefficients representing the percentage of bacteria overlapping with metals and
the percentage of metals overlapping with bacteria were calculated. This method can be a
helpful tool in the development of hypotheses regardingdieeof bacteria in metal(loid)
immobilization or mobilization which can be studied further. This paper was recently
published: Honeker, L. K., Root, R., Chorover, J., Maier, R. M. (2016) Resolving

Colocalization of Bacteria and Metal(loid)s on Plant Reorfaces by Combining
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Fluorescence in Situ Hybridization (FISH) with Multigigergy MicreFocused XRay

FI uor es c e n c dgurfaMEMicoKiddgi¢al Methodsl31:2233.

Chapter 3 presents the next study which examines patterns of bacterial
colonization on the rhizoplane of buffalo grass in relation to plant condition and
geochemical parameters. Rhizopl#&iphaproteobacteria, Gammaproteobacteaad
Actinobacteriawere analyzed using FISKdditionally, iTag 16S rRNA gene
sequencing analysis dfizosphere bacterial communities was included to determine the
bacterial pool available for colonization on the root surface. The findings of this study
help us to better understand the relationship between rhizoplane bacteria and plant health
in stressfukonditions. This paper was recently submitteMtorobial Ecologyand is

under consideration for publication after minor revisions.

Finally, Chapter 2 presents a study that builds upon the previous study by
examining the microbial communities and dsity in the rhizosphere and bulk
compartments of buffalo graasross a pH gradiedDNA and RNA extractions of
rhizosphere and bulk samples were analyzed using iTag 16S rRNA gene sequencing to
characterize the abundance and activity of bacterial comiesiritindings suggest that
re-acidification drives significant microbial community and diversity changes,
particularly in relation to plargrowth-promoting bacteria (PGPB) and Fe/€dizing
and Fe reducinbacteriain the rhizosphere armilk compartmets. These results have

strong implications for the management of gitting phytostabilization efforts.



33

3. References

Akiyama, K., Matsuzaki, K., & Hayashi, H. (2005). Plant sesquiterpenes induce hyphal

branching in arbuscular mycorrhizal fungi. Naturé5®), 824827.

Alkorta, I., Amezaga, I., Albizu, I., Aizpurua, A., Onaindia, M., Buchner, V., & Garbisu,
C. (2003). Molecular microbial biodiversity assessment: A biological indicator of

soil health. Reviews on Environmental Health, 18(2)-131.

Altomare, C., Norvell, W. A., Bjérkman, T., & Harman, G. E. (1999). Solubilization of
phosphates and micronutrients by the plgnotwth-promoting and biocontrol
fungusTrichoderma harzianumifai 129522. Applied and Environmental

Microbiology, 65(7), 2926933

Andreote, F. D., Carneiro, R. T., Salles, J. F., Marcon, J., Labate, C. A., Azevedo, J. L.,
& Araujo, W. L. (2009). Culturéendependent assessmen®Rifizobialesrelated
Alphaproteobacteriand the diversity oMethylobacteriumn the rhizosphere of

trarsgenic eucalyptus. Microbial Ecology, 57 -82.

Arshad, M., Saleem, M., & Hussain, S. (2007). Perspectives of bacterial ACC deaminase

in phytoremediation. Trends in Biotechnology, 25(8),-36&.

Bacon, C. W., & Hill, N. S. (1996). Symptomless grass ehgitgs: Products of
coevolutionary symbioses and their role in the ecological adaptations of grassess.
In S. C. Redkin, & L. M. Carris (Eds.), Endophytic fungi in grasses and woody

plants (pp. 158.78). St. Paul: APS Press.



34

Badri, D. V., & Vivanco, J. M. (@09). Regulation and function of root exudates. Plant,

Cell and Environment, 32, 66881.

Badri, D. V., Weir, T. L., van der Lelie, D., & Vivanco, J. M. (2009). Rhizosphere
chemical dialogues: Plamiicrobe interactions. Current Opinion in

Biotechnology 20, 642650.

Bais, H. P., Weir, T. L., Perry, L. G., Gilroy, S., & Vivanco, J. M. (2006). The role of
root exudates in rhizosphere interactions with plants and other organisms. Annual

Review of Plant Biology, 57, 23266.

Balistrieri, L. S., Box, S. E., @kstrom, A. A., & Ikramuddin, M. (1999). Assessing the
influence of reacting pyrite and carbonate minerals on the geochemistry of
drainage in the Coeur d'alene mining district. Environmental Science &

Technology, 33(19), 3343353.

Belimov, A. A., Safroova, V. |., Sergeyeva, T. A., Egorova, T. N., Matveyeva, V. A,
Tsyganov, V. E., . .. Stepanok, V. V. (2001). Characterization of plant growth
promoting rhizobacteria isolated from polluted soils and containing 1
aminocyclopropané-carboxylate deaminas€anadian Journal of Microbiology,

47, 642652.

Bennisse, R., Labat, M., ElAsli, A., Brhada, F., Chanded, F., Lorquin, J., . .. Qatibi, A.
(2004). Rhizosphere bacterial populations of metallophyte plants in heavy metal
contaminated soils from mining ardassemiarid climate. World Journal of

Microbiology and Biotechnology, 20, 75556.



35

Berendsen, R. L., Pieterse, C. M. J., & Bakker, Peter A H M. (2012). The rhizosphere

microbiome and plant health. Trends in Plant Science, 17(8}4868

Berg, G., & Smba, K. (2009). Plant species and soil type cooperatively shape the
structure and function of microbial communities in the rhizosphere. Federation of

European Microbiological Societies, 6813.

Blake, R. C., Choate, D. M., Bardhan, S., Revis, N., Battoh,, & Zocco, T. G.
(1993). Chemical transformation of toxic metals lse@udomonastrain from a

toxic waste site. Environmental Toxicology and Chemistry, 12(8), 1365.

Blazewicz, S. J., Barnard, R. L., Daly, R. A., & Firestone, M. K. (2013). Evalyati
rRNA as an indicator of microbial activity in environmental communities:

Limitations and uses. The ISME Journal, 7(11), 20648.

Bruins, M. R., Kapil, S., & Oehme, F. W. (2000). Microbial resistance to metals in the

environment. Ecotoxicology and Emenmental Safety, 45(3), 198)7.

Buée, M., Boer, W. D., Matrtin, F., Overbeek, L. v., & Jurkevitch, E. (2009). The
rhizosphere zoo: An overview of plaassociated communities of
microorganisms, including phages, bacteria, archaea, and fungi, and sithvme of

structuring factors. Plant and Soil, 321, 18.

Bulgarelli, D., Rott, M., Schlaeppi, K., Ver Loren van Themaat, Emiel, Ahmadinejad, N.,
Assenza, F., . .. Schukzefert, P. (2012). Revealing structure and assembly cues

for Arabidopsisroot - inhabting bacterial microbiota. Nature, 488,-95.



36

Burleigh, S., Kristensen, B., & Bechmann, I. (2003). A plasma membrane zinc
transporter fronMedicagotruncatulais up-regulated in roots by Zn fertilization,
yet downregulated by arbuscular mycorrhizal caloation. Plant Molecular

Biology, 52(5), 10771088.

Christie, P., Li, X., & Chen, B. (2004). Arbuscular mycorrhiza can depress translocation
of zinc to shoots of host plants in soils moderately polluted with zinc. Plant and

Soil, 261, 209217.

de-Bashanl. E., Hernandez, J., Bashan, Y., & Maier, R. M. (20B@killus pumilus
ES4: Candidate plant growgiromoting bacterium to enhance establishment of
plants in mine tailings. Environmental and Experimental Botany, 69(2010), 343

352.

de-Bashan, L. E., Heandez, J., Nelson, K. N., Bashan, Y., & Maier, R. M. (2010).
Growth of quailbush in acidic, metalliferous desert mine tailings: Effect of
AzospirillumbrasilenseSp6 on biomass production and rhizosphere community

structure. Microbial Ecology, 60(2010)18927.

Dimkpa, C., Svatos, A., Merten, D., Buchel, G., & Kothe, E. (2008). Hydroxamate
siderophores produced Bgreptomyceacidiscabie€13 bind nickel and promote
growth in cowpea\{ignaunguiculatal.) under nickel stress. Canadian Journal of

Microbiology, 54(3), 163172.

Dimpka, C., Weinand, T., & Asch, F. (2009). Pkahizobacteria interactions alleviate

abotic stress conditions. Plant, Cell, and Environment, 32,-1692.



37

Dobbelaere, S., Vanderleyden, J., & Okon, Y. (2003). Plant grpratmotirg effects of

diazotrops in the rhizosphere. Critical Reviews in Plant Sciences, 224807

Doornbos, R., van Loon, L., & Bakker, P. (2012). Impact of root exudates and plant
defense signaling on bacterial communities in the rhizosphere. A review.

Agronony for Sustainable Development, 32(1), 2243.

Dove, A. (2013). Microbiomics: The germ theory of everything. Science, 340/6%3

Edwards, J., Johnson, C., Sarktedellin, C., Lurie, E., Podishetty, N. K., Bhatnagar, S.,
... Sundaresan, V. (2015). &tture, variation, and assembly of the root
associated microbiomes of rice. Proceedings of the National Academy of Sciences

of the United States of America, , E920. doi:10.1073/pnas.1414592112

Ehrenfeld, J. G., Ravit, B., & Elgersma, K. (2005). Feedbatharmplantsoil system.

Annual Review of Environmental Resources, 36175.

Emerson, D., Weiss, J. V., & Megonigal, J. P. (1999).-bridizing bacteria are
associated with ferric hydroxide precipitatesfaque) on the roots of wetland

plants. Appliel and Environmental Microbiology, 65(6), 273861.

Epelde, L., Becerril, J. M., Barrutia, O., Gonzélez, J. A., & Garbisu, C. (2010).
Interactions between plant and rhizosphere microbial communities in a

metalliferous soil. Environmental Pollution, 158,7651583.

Ernst, W. H. O. (1996). Bioavailability of heavy metals and decontamination of soils by

plants. Applied Geochemistry, 11(1), 1687.



38

Fein, J. B. (2016). Advanced biotic ligand models: Using surface complexation modeling
to quantify metal bioavéability to bacteria in geologic systems. Chemical

Geology,in press.

Fierer, N., Bradford, M. A., & Jackson, R. B. (2007). Toward an ecological classification

of soil bacteria. Ecology, 88(6), 133864.

Gadd, G. M. (1990). Heavy metal accumulation bytéxga and other microorganisms.

Experientia, 46(8), 83840.

Gamalero, E., Lingua, G., Berta, G., & Glick, B. R. (2009). Beneficial role of plant
growth promoting bacteria and arbuscular mycorrhizal fungi on plant responses to

heavy metal stress. Canadizmurnal of Microbiology, 55, 50%14.

Gil-Loazia, J., White, S. A., Root, R. A., Se®minguez, F. A., Hammond, C. M.,
Chorover, J., & Maier, R. M. (2016). Phytostabilization of mine tailings using
compostassisted direct planting: Translating greenleaesults to the field.

Science of the Total Environment, 565, 4511.

Glick, B. (2003). Phytoremediation: Synergistic use of plants and bacteria to clean up the

environment. Biotechnology, 21, 3&%3.

Glick, B. R. (2004). Bacterial ACC deamninase dmeldlleviation of plant stress.

Advances in Applied Microbiology, 56, 29811.



39

GonzalezChéavez, M. C. (2004). The role of glomalin, a protein produced by arbuscular
mycorrhizal fungi, in sequestering potentially toxic elements. Environmental

Pollution, 130 317323.

Grandlic, C. J., Mendez, M. O., Chrorover, J., Machado, B., & Maier, R. M. (2008). Plant
growth-promoting bacteria for phytostabilization of mine tailings. Environmental

Science and Technology, 42, 262984.

Gremion, F., Chatzinotas, A., & HagnH. (2003). Comparative 16S rDNA and 16S
rRNA sequence analysis indicates that Actinobacteria might be a dominant part of
the metabolically active bacteria in heavy metahtaminated bulk and

rhizosphere soil. Environmental Microbiology, 5(10), &k .

Griffiths, B. S., Ritz, K., & Wheatley, R. E. (1997). Relationship between functional
diversity and genetic diversity in complex microbial communities. In H. Insam, &
A. Rangger (Eds.), Microbial communities: Functiomaisus structural

approachesNew York: Springer.

Hacquard, S., Garrid®ter, R., Gonzélez, A., Spaepen, S., Ackermann, G., Lebeis, S., ..
. SchulzeLefert, P. (2015). Microbiota and host nutrition across plant and animal

kingdoms. Cell Host & Microbe, 17(5), 6€53.6.

Haichar, F. e. Z., Mrol, C., Berge, O., Rang€lastro J Ignacio, Prosser, J. |., Balesdent,
J., ... Achouak, W. (2008). Plant host habitat and root exudates shape soil
bacterial community structure. The International Society for Microbial Ecology

Journal, 2, 1221230.



40

Haichar, F. e. Z., Santaella, C., Heulin, T., & Achouak, W. (2014). Root exudates

mediated interactions belowground. Soil Biology and Biochemistry, 78069

Hassan, S., & Mathesius, U. (2012). The role of flavonoids in roiabsphere signaling:
Opporturities and challenges for improving planticrobe interactions. Journal of

Experimental Botany, 63, 3423144.

Hawes, M. C., Curlang®ivera, G., Xiong, Z., & Kessler, J. O. (2012). Roles of root
border cells in plant defense and regulation of rhizosphem@lbmal populations

by extracellular DNA 'trapping'. Plant and Soil, 3556

Hawes, M. C., Gunawardena, U., Miyasaka, S., & Zhao, X. (2000). The role of root

border cells in plant defense. Trends in Plant Science, 5(3)1328

Hayat, R., Ali, S., Amara, U., Khalid, R., & Ahmed, I. (2010). Soil beneficial bacteria
and their role in plant growth promotion: A review. Annals of Microbiology, 60,

579-598.

Hayes, S. M., O'Day, P. A., Webb, S. M., Maier, R. M., & Chrorover, J. Changes in zinc
speciation wih mine tailings acidification in a semiarid weathering environment.

Environmental Science and Technology, 45, 716672.

Hildebrandt, U., Regvar, M., & Bothe, H. (2007). Arbuscular mycorrhiza and heavy

metal tolerance. Phytochemistry, 68, 113%5.



41

Hou, W., Lian, B., Dong, H., Jiang, H., & Wu, X. (2012). Distinguishing ectomycorrhizal
and saprophytic fungi using carbon and nitrogen isotopic compositions.

Geoscience Frontiers, 3(3), 33%6.

Huang, X., Chaparro, J. M., Reardon, K. F., Zhang, R., Sheg, Qvanco, J. M.
(2014). Rhizosphere interactions: Root exudates, microbes and microbial

communities. Botany, 92(4), 267.

Ilverson, S. L., & Maier, R. M. (2009). Effects of compost on colonization of roots of
plants grown in metalliferous mine tailings,easamined by fluorescence in situ

hybridization. Applied and Environmental Microbiology, 75(3), &1 .

Jeffries, P., Gianinazzi, S., Perotto, S., Turnau, K., & Barea, J. (2003). The contribution
of arbuscular mycorrhizal fungi in sustainable maintenafgdant health and

soil fertility. Biol. Fertil. Soils, 37, 116.

Shentu, J., He, Z., HE, Yang, X., Li, T.. (2008). Microbial activity and community
diversity in a variable charge soil as affected by cadmium exposure levels and

time. Journal of Zhejiangniversity Science B, 9(3), 25860.

Joner, E. J., Briones, R., & Ceyval, C. (2000). Méialling capacity of arbuscular

mycorrhizal mycelium. Plant and Soil, 226, 2234.

Jurjovec, J., Ptacek, C. J., & Blowes, D. W. (2002). Acid neutralization mschsuiand
metal release in mine tailings: A laboratory column experiment. Geochimica Et

Cosmochimica Acta, 66(9), 1511523.



42

KanounBoulé, M., de Albuquerque, M. B., Nabais, C., & Freitas, H. (2008). Copper as
an environmental contaminant: Phytotoxicity dmonan health implications. In
M. N. V. Prasad (Ed.), Trace elements as contaminants and nutrients:

Consequences in ecosystems and human health (1st ed., {§7.838. J. Wiley.

Callender, K. L., Roy, S., Khasa, D. P., Whyte, L. G., & Greer, C. W. (2016)
Actinorhizal alder phytostabilization alters microbial community dynamics in
gold mine waste rock from northern Quebec: A greenhouse study. PLoS One,

11(2),e0150181.

Kenrick, P., & Crane, P. R. (1997). The origin and early evolution of plants on land.

Nature, 389, 339.

Khan, M., Zaidi, A., Wani, P., & Oves, M. (2009). Role of plant growth promoting
rhizobacteria in the remediation of metal contaminated soils. Environmental

Chemistry Letters, 7(1),-19.

Kozdréj, J., & van Elsas, J. K. (2000). Respoofsthe bacterial community to root
exudates in soil polluted with heavy metals assessed by molecular and cultural

approaches. Soil Biology and Biochemistry, 32, 148%7.

Kroer, N., Hansen, L. H., Sgrensen, S. J., Bailey, M., & Wuertz, S. (2005). Sfudyin
plasmid horizontal transfer in situ: A critical review. Nature Reviews

Microbiology, 3(9), 700710.



43

Li, J., Jin, Z., & Gu, Q. (2011). Effect of plant species on the function and structure of the
bacterial community in the rhizosphere of leadlc mine &ilings in Zhejiang,

china. Canadian Journal of Microbiology, 57, S&57.

Lundberg, D. S., Lebeis, S. L., Paredes, S. H., Yourstone, S., Gehring, J., Malfatti, S., . . .
Dangl, J. L. (2012). Defining the cofeabidopsisthalianaroot microbiome.

Nature,488, 8690.

Marilley, L., & Aragno, M. (1999). Phylogenetic diversity of bacterial communities
differing in degree of proximity dfolium perenneandTrifolium repensroots.

Applied Soil Ecology, 13, 127136.

Marquez, L. M., Redman, R. S., Rodriguez, R&JRoossinck, M. J. (2007). A virus in a
fungus in a plant: Threeay symbiosis required for thermal tolerance. Science,

315(5811), 51%515.

Mendez, M. O., Glenn, E. P., & Maier, R. M. (2007). Phytostabilization potential of
guailbush for mine tailings: ®wth, metal accumulation, and microbial

community changes. Journal of Environmental Quality, 36;25%

Mendez, M. O., Neilson, J. W., & Maier, R. M. (2008). Characterization of a bacterial
community in an abandoned semiarid leatt mine tailing siteApplied and

Environmental Microbiology, 74, 3898907.



44

Mendez, M. O., & Maier, R. M. (2008a). Phytoremediation of mine tailings in temperate
and arid environments. Review of Environmental Science and Biotechnology, 7,

47-59.

Mendez, M. O., & Maier, R. M(2008b). Phytostabilization of mine tailings in arid and
semiarid environmentsan emerging remediation technology. Environmental

Health Perspectives, 116(3), 2Z283.

Micallef, S. A., Shiaris, M. P., & Colé€armona, A. (2009). Influence afabidopss
thalianaaccessions on rhizobacterial communities and natural variation in root

exudates. Journal of Experimental Botany, 60(6), 1724P.

Miransari, M. (2010). Contribution of arbuscular mycorrhizal symbiosis to plant growth

under different types of dtress. Plant Biology, 12, 5&369.

Moynahan, O. S., Zabinski, C. A., & Gannon, J. E. (2002). Microbial community
structure and carbeutilization diversity in a mine tailings revegetation study.

Restoration Ecology, 10(1), /7.

Nacamulli, C., Bevivio, A., Dalmastri, C., Tabacchioni, S., & Chiarini, L. (2004).
Perturbation of maize rhizosphere microflora following seed bacterization with

BurkholderiacepaciaMC17. FEMS Microbiology Ecology, 42, 24370.

NavarreNoya, Y. E., JarRoblero, J., Gonzale€havez, M. d. C., Hernand€zama, R.,

& HernandezRodriguez, C. (2010). Bacterial communities associated with the



45

rhizosphere of pioneer planBghia xylopodandViguiera linearig growing on

heavy metalsontaminated soils. Antonie Van Leeuwenhoek, 36;349.

Neumann, G., & Rémheld, V. (2007). The release of root exudates as affected by the
plant physiological status. In R. Pinton, Z. Varanini & P. Nannipieri (Eds.), The
rhizosphere: Biochemistry and organic substances at thplaotlinterface (2nd

ed., pp. 2372) CRC Press.

Oliveira, A. L. M., Stoffels, M., Schmid, M., Reis, V. M., Baldani, J. I., & Hartmann, A.
(2009). Colonization of sugarcane plantlets by mixed inoculations with

diazotrophic bacteria. European Journal of Soil Biology, 45;11((8%

Oves, M., Khan, M. S., & Zaidi, A. (2013). Chromium reducing and plant growth
promoting novel strain pseudomonas aeruginosa OSG41 enhance chickpea

growth in chromium amended soils. European Journal of Soil Biology, 583.72

Oves, M., Zaidi, A., & KhanM. (2010). Role of metal tolerant microbes in legume
improvement. Microbes for legume improvement (pp.-382). Vienna: Springer

Vienna.

Petrisor, I. G., Dobrota, S., Komnitsas, K., Lazar, I., Kuperberg, J. M., & Serban, M.
(2004). Artificial inoculatia - perspectives in tailings phytostabilization.

International Journal of Phytoremediation, 6(1),5L

Purves, D. (1985). Trace element contamination of the environment (Rev. ed.).

Amsterdam: Elsevier.



46

Redman, R. S., Freeman, S., Clifton, D. R., ModelBrown, G., & Rodriguez, R. J.
(1999). Biochemical analysis of plant protection afforded by a nonpathogenic

endophytic mutant aolletotrichummagna Plant Physiology, 119(2), 79804.

Rieuwerts, J. S., Thornton, 1., Farago, M. E., & Ashmore, M. 89&). Factors
influencing metal bioavailability in soils: Preliminary investigations for the
development of a critical loads approach for metals. Chemical Speciation and

Bioavailability, 10(2), 6175.

RiveraBecerril, F., van Tuinen, D., Martibaurent, F, Metwally, A., Dietz, K.,
Gianinazzi, S., & Gianinaz#?earson, V. (2005). Molecular change®isum
sativumL. roots during arbuscular mycorrhiza buffering of cadmium stress.

Mycorrhiza, 16, 5360.

Rodriguez, R., Redman, R. S., & Henson, J. M. (20D48.role of fungal symbioses in
the adaptation of plants to high stress environments. Mitigation and Adaptation

Strategies for Global Change, 9, 2B42.

Rodriguez, R., & Redman, R. (2008). More than 400 million years of evolution and some
plants still catt make it on their own: Plant stress tolerance via fungal symbiosis.

Journal of Experimental Botany, 59(5), 110914.

Roosa, S., Wattiez, R., Prygiel, E., Lesven, L., Billon, G., & Gillan, D. C. (2014).
Bacterial metal resistance genes and metal bigdvhiy in contaminated

sediments. Environmental Pollution, 189, 1¥=l.



47

Rosario, K., Iverson, S. L., Henderson, D. A., & Chartrand, S. (2007). Bacterial

community changes during plant establishment at the San Pedro river mine

tailings site. Journal ofivironmental Quality, 36, 1249259.

Rudrappa, T., Czymmek, K. J., Paré, P. W., & Bais, H. P. (2008)-9®cotted malic

acid recruits beneficial soil bacteria. Plant Physiology, 148, -1555.

Schmidt, A., Haferburg, G., Sineriz, M., Merten, D., Bu¢ieKothe, E. (2005). Heavy

metal resistance mechanisms in Actinobacteria for survival in AMD contaminated

soils. Chemie der Erde, 65, +344.

Seyfferth, A. L., Webb, S. M., Andrews, J. C., & Fendorf, S. (2011). Defining the
distribution of arsenic spe@eand plant nutrients in ric®©(yzasativeL.) from

the root to the grain. Geochemica Et Cosmochimica Acta, 75;&&Bb.

Siegel, M. R., & Bush, L. P. (1997). Toxin production in grass/endophyte associations. In

G. C. Carroll, & P. Tudzyynski (Eds.), €mycota (pp. 18207). Heidelberg:
SpringerVerlag.

SimaceBeaunoir, A., Roy, S., & Beaulieu, C. (2009). Microbial traits associated with
Actinobacteria interacting with plants. In K. Bouarab, N. Brisson & F. Daayf

(Eds.), Molecular planmicrobe interactins (1st ed., pp. 28818). Wallingford,
UK: CAB I.

Singh, L. P, Gill, S. S., & Tuteja, N. (2011). Unraveling the role of fungal symbionts in

plant abiotic stress tolerance. Plant Signaling & Behavior, 6(2}1915



48

Smit, E., Leeflang, P., Gommans, SarVDer Broek, J., Van Mil, S., & and Wernars, K.
(2001). Diversity and seasonal fluctuations of the dominant members of the
bacterial soil community in a wheat field as determined by cultivation and

molecular methods. Applied and Environmental Microbio|ld@(5), 22842291.

SolisDominguez, F. A., White, S. A., Hutter, T. B., Amistadi, M. K., Root, R. A,,
Chorover, J., & Maier, R. M. (2011). Response of key soil parameters during
compostassisted phytostabilization in extremely acidic tailings: Effectaritp

species. Environmental Science and Technology, 46(2)-102%.

Somers, E., & Vanderleyden, J. (2004). Rhizosphere bacterial signaling: A love parade

beneath our feet. Critical Reviews in Microbiology, 30,-2d9.

StCyr, L., Fortin, D., & CampbglP. G. C. (1993). Microscopic observations of the iron
plaque of a submerged aquatic plaral{isneriaamericanamichx). Aquatic

Botany, 46, 158.67.

Sziderics, A. H., Rasche, F., Trognitz, F., Sessitsch, A., & Wilhelm, E. (2007). Bacterial
endophytesantribute to abiotic stress adaptation in pepper pl&@dapgicum

annuumL.). Canadian Journal of Microbiology, 53(11), 11B%02.

Tak, H. I., Ahamad, F., & Babalola, O. O. (2013). Advances in the application of plant
growth-promoting rhizobacteria in phyremediation of heavy metals. Reviews of

Environmental Contamination and Toxicology, 223,523



49

Thirup, L., Johansen, A., & Winding, A. (2003). Microbial succession in the rhizosphere
of live and decomposing barley roots as affected by the antagatisiit
PseudomonaBuorescen®©R54-BN14 or the funigcide imazalil FEMS

Microbiology Ecology, 43, 38392.

Tilak, KV B R, Ranganayaki, N., Pal, K. K., De, R., Saxena, A. K., Nautiyal, C. S., . ..
Johri, B. N. (2005). Diversity of plant growth and soiahle supporting bacteria.

Current Science, 89(1), 136&0.

Torsvik, V., & @vreas, L. (2002). Microbial diversity and function in soil: From genes to

ecosystems. Current Opinion in Microbiology, 5, 245.

Turnau, K., Ryszka, P., Gianinazzearson, V., &an Tuinen, D. (2001). Identification
of arbuscular mycorrhizal fungi in soils and roots of plants colonizing zinc wastes

in southern Poland. Mycorrhiza, 10, 1694.

Uren, N. C. (2007). Types, amounts, and possible functions of compounds released into
therhizosphere by sefjrown plants. In R. Pinton, Z. Varanini & P. Nannipieri
(Eds.), The rhizosphere: Biochemistry and organic substances at th&asoil

interface (2nd ed., pp-21) CRC Press.

ValentinVargas, A., Root, R. A., Neilson, J. W., Choroukr,& Maier, R. M. (2014).
Environmental factors influencing the structural dynamics of soil microbial
communities during assisted phytostabilization of @gderating mine tailings:

A mesocosm experiment. Science of the Total Environment5800314324.



50

Wani, P. A., & Khan, M. S. (2010Bacillusspecies enhance growth parameters of
chickpea Cicer arietinumL.) in chromium stressed soils. Food and Chemical

Toxicology, 48(11), 3263267.

Wani, P., Khan, M., & Zaidi, A. (2008). Chromiuraducing angblant growthpromoting
mesorhizobium improves chickpea growth in chromiammended soil.

Biotechnology Letters, 30(1), 15853.

Watt, M., Hugenholtz, P., White, R., & Vinall, K. (2006). Numbers and locations of
native bacteria on fieldrown wheat roots @ntified by fluorescence in situ

hybridization (FISH). Environmental Microbiology, 8(5), 83&4.

Wen, F., VanEtten, H. D., Tsaprailis, G., & Hawes, M. C. (2007). Extracellular proteins

in pea root tip and border cell exudates. Plant Physiology, 143@),83.

Xie, Y., Fan, J., Zhu, W., Amombo, E., Lou, Y., Chen, L., & Fu, J. (2016). Effect of
heavy metals pollution on soil microbial diversity and bermudagrass genetic

variation. Frontiers in Plant Science, 7, 755.

Yu, L., Nicolaisen, M., Larsen, J., Ravnskov, S. (2012). Molecular characterization of
root-associated fungal communities in relation to health statBssamsativum

using barcoded pyrosequencing. Plant and Soil, 357(1)4395

Zhan, J., & Sun, Q. (2012). Diversity of fréeing nitrogen-fixing microorganisms in the
rhizosphere and nerhizosphere of pioneer plants growing on wastelands of

copper mine tailings. Microbiological Research, 167,-163.



51

4, Figure Legend

Figure 1. Rootassociated compartments include the endosphere dioa reithin the

root; the rhizoplane, the root surface; and the rhizosphere, the region surrounding the root
influenced by root exudates (including but not limited to sugars, fatty acids, amino acids,
chemoattractants, and polysaccharides). The bulk regmesents soil that is minimally

or nontinfluenced by plant root exudates. Within the continuum from the bulk to the

rhizosphere, microbial biomass increases while diversity decreases, in a typical soil.

Figure 2. Examples of chemoattractants that barconstituents of plant root exudates.
A) Malic acid can attract beneficial rhizosphere bacteria su&aeaifius subtilis B)
Flavonoids are often produced by legume species to attract nifiegenrhizobia. C)

Strigolactones can attract arbuscutaycorrhizal fungi (AMF).
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APPENDIX A

EFFECT OF RE-ACIDIFICATION ON BUFFALO GRASS RHIZOSPHERE AND

BULK MICROBIAL COMMUNITIES DURING PHYTOSTABILIZATION OF

METALLIFEROUS MINE TAILINGS
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1. Introduction

Effective remediation strategies are needed to mitigatbimarnduced metal
contamination of the environment. One particular area of concern are legacy mine wastes
which are often contaminated with high levels of metal(loid)s, left behind as a byproduct
of the mining process. Phytostabilization is one poss#iinediation strategy that
involves direct planting into the mine tailings. Due to the often inhospitable conditions of
mine tailings such as acidic pH, low carbon and nutrient content, poor soil structure, and
autotrophic dominated microbial community éhtdez et al., 2008), successful
establishment of a plant cover can be challenging. To encourage plant growth, an organic
amendment, such as compost or biosolids, is often added to provide a heterotrophic
bacterial inoculum, carbon and nutrients, and aragzing effect on the acidic mine
tailings (Mendez and Maier, 2008). Once a vegetative cover is established, the plants can
further promote neutralization of tailings and development of a heterotrophic dominated
bacterial community, which can replace #wid-generating autotrophic resident
community of pyritic tailings, thus inhibiting bacterialediated pyrite oxidation
(Mendez et al., 2007; Mendez et al., 2008; Mendez and Maier, 2008 ®alimguez et
al., 2011; Li et al., 2016). As primary driverslbgeochemical cycles, microbes can
have a direct effect on plant health, which is of key importance particularly in stressed

conditions like those present during phytostabilization of metalliferous mine tailings.

The resident microbial community of ptyci mine tailings is dominated by
autotrophic iron (Fe) and sulfur (S) oxidizers that promote acidic conditions inhibitory to
plant growth (Mendez et al., 2008, Schippers et al., 2010) via oxidation of sulfidic pyrite

which produces acidity (Schippers &t 2004) . The addition of organic amendments,



57

like compost, not only provides an inoculum of cardogaling heterotrophs, but it also
facilitates positive planinicrobe feedbacks by providing a source of plant growth
promoting bacteria (PGPB). PGPB entaplant growth by 1) increasing nutrient
availability through phosphorous solubilization, production of-cbelating

siderophores, and nitrogen fixation; 2) decreasing the-ptegts hormone ethylene
through production of ethylengeaving ACC (2aminocyclopropanel-carboxylate)
deaminase; 3) providing protection from pathogens; and 4) decreasing metal
bioavailability to plants (Bennisse et al., 2004; Tilak et al., 2005; Hayat et al., 2010).
Specifically, inoculation with the PGP&rthrobacterspp.,Bacillus pumilus

Azospirillum brasienseandAzotobacter chroococcyrhas been shown to improve plant
growth in metal(loid) contaminated tailings (Petrisor et al., 2004; Grandlic et al., 2008,
2009; deBashan et al., 2010a and b; Tak et al., 2013), thu$ying the importance of
PGPB to plant growth and establishment under extreme conditions of the mine tailings

environment.

In characterizing plant ro@ssociated bacteria, it is helpful to consider the
rhizoplane and the rhizosphere compartments in eoisgn to the bulk soil. The
rhizoplane is the root surface, and the rhizosphere is the soil immediately surrounding the
root that is directly influenced by root exudates, causing an increase in microbial
biomass. In a typical soil, the rhizosphere represan enrichment of species found in
the bulk (Edwards et al., 2015; van der Heijden and Schlaeppi, 2015) and, in general, the
species diversity decreases from the bulk to the rhizosphere (Thirup et al., 2003; Buée et
al., 2009; Garcidalamanca et al.022; Edwards et al., 2015; Hacquard et al., 2015).

While the rhizosphere microbial community has direct interactions with the plant,
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understanding who is colonizing the bulk soil can also have strong implications for better
understanding the current andeatial future rhizosphere microbial communities,

because the bulk soil is the source of the enriched rhizosphere microorganisms.
Characterizing both the bulk and rhizosphere microbial communities is key in
determining whether a community conducive to ptowth is present with 1) sufficient
PGPB and 2) low occurrence of agdnerating microorganisms. In an extreme
environment, such as during phytostabilization of @gderating mine tailings, this is

especially informative in assessing the capabilityuzcessful plant establishment.

As previous research has shown, establishing a plant cover on pyritic mine
tailings can cause a shift in microbial populations (Moynahan, et al., 2002; Mendez et al.,
2007; Li et al., 2015, Li et al., 2016), however, thsrigmited data on how a shift back to
acidic conditions in turn shapes plagsociated microbial communities. Honeker et al.
(submittedl examined bacteria communities on the rhizoplane compartment of buffalo
grass growing in pyritic metalliferous miralings and found that pH was strongly
associated with the relative abundancélphaproteobacteriand
Gammaproteobacterian the root surfaces. The current study will focus on the bulk and
rhizosphere compartments of buffalo grass growing in metallifenoine tailings across
a range of pH (2.3b 7.76). Specifically, the objectives are to 1) compare microbial
communities and diversity between rhizosphere and bulk compartments and 2) to
characterize how racidification affects the abundance and agtieitthe most abundant
putative PGPB/Mfixing and Fe/S oxidizing and Fe reduci®J Us, as representative of
the plantgrowth supporting and acid generatcgmmunities, respectively. Thesults of

this study will tell us whether a plant supporting comityunas developed and how-re
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acidification affects microbial communities, which will have implications for the

management of phytostabilization sites.

2. Methods
2.1 IKHMSS field site and study description

The Iron King Mine and Humboldt Smelter SupedyiKMHSS) site is located
adjacent to the town of Dewdyumboldt, AZ. Mining operations were carried out
between the late 1800s until 1969 egtirag Cu, Ag, Au, Pb, and Z{Creasey, 1952). A
64 ha residual tailings pile was left behind after the mipiagess containing high
concentrations of toxic metal(loid)s including As and Pb, at 3.1 and 2.2 takiggs
respectively (Root et al., 2015). Oxidation of the pyritic tailings in the top 25 cm has
produced extremely acidic conditions (pH of 2.3.7) (Hayes et al., 2014). Additionally,
the tailings are characterized by low organic carbon content (0.14) ghkgpersalinity
(EC 6.59.0 ds m"), and poor substrate structure (Hayes et al., 2014; Val¥atiyas, et

al., 2014) contributing to the compgetibsence of vegetation.

The IKHMSS field trial consists of three phases implemented in consecutive
years starting in 2010 to evaluate multiple direct planting strategies for native plant
species in compostmended tailings. Phase 1, described in det&dikLoazia, et al.

(2016), was initiated in May 2010 to study different compost amendment rates and was
seeded with six native plant species in seandom plots. For the current study,
rhizosphere and bulk samples associated with buffalo grass grake 1%% compost

(w/w in the top 20 cm) treatment were examined. Phase 3, initiated in June 2012, was
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designed to study the effectiveness of buffalo grass or quailbush monocultures situated in
rows. The entire area was amended with 15% compost (w/w iogHdtcm with lime

(2.0622 kg rf). For this study, rhizosphere and bulk samples associated with buffalo
grass plants from the 3 replicates of the buffalo grass treatment were examined. For
Phase 1, the acid generating potential (AGP) of the tailings wakg CaCQ@ton? at

time of implementation (2010) and 23.4 kg Ca@@ in the year of sample collection

(2013) @ata not published This indicates that 15% compost amended tailings had the

potential to produce acid. AGP was not calculated for Phase 3

2.2  Sample collection and processing

Rhizosphere and bulk samples were collected from eight buffalo grass plants from
Phase 1 (Plot 5a and b, Plot 10a and b, Plot 19a and b, and Plot 24a and b) and eight from
Phase 3 (Row 2a and b; Row 4a, b, and @¢;Row 6a, b, and c) in 2013. Briefly, the top
of the plant was cut off at the surface of the substrate, and a corer measuring 10 cm in
length and 2 cm in diameter was inserted directly over a truncated root and the substrate
core was placed into a steridag for rhizosphere DNA and RNA analysis. An additional
substrate core was collected-15 cm from the plant, in a direction with no plant cover,
for bulk DNA and RNA analysis. For substrate geochemical analysis, a surface tailings
sample from the top 2€m was collected for each plant between the rhizosphere and bulk
sampling locations. Samples were stored on ice for the duration of sampling and for the
trip back to the lab @5 hours). Immediately upon arrival to the lab, 0.5 g and 0.25 g
subsamples éim the cores were placed into lysis tubes for DNA and RNA extractions,
respectively. For RNA preservation, 0.5 mL of Life Guard Soil Preservation Solution

(MO BIO Laboratories, Inc., Carlsbad, CA, USA) was added to the lysis tubes for RNA
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extraction. Unfetunately, a subsample for Row2b.R for RNA extraction was missed.

Lysis tubes with substrate material were store@@t’C until extraction.

2.3 Evaluation of plant condition and establishment

The following field measurements were used to quantify glandition and
establishment. First, leaf chlorophyll levels were measured for each plant as an indication
of individual plant stress (Lichtenthaler et al., 1988; Baker et al., 2008; Pavlovic et al.,
2014) at the time of root and rhizosphere collectisimg a handheld portable chlorophyll
meter (atLEAF; Wilmington, DE) which measures light transmittance. Higher measured
values correspond to healthier plants within the same species. Sasanaeasure of
plant establishment, plant canopy cover was estidhasing transect and quadrat
sampling in October 2013, 2 months after buffalo grass root and rhizosphere collections,
for each Phase 1 field plot and Phase 3 row section from which a plant was harvested

(Lutes et al., 2006; Swanson et al., 2000 )Gil-Loaiza et al. (2016).

2.4  Geochemical analysis

Rhizosphere tailings were analyzed for pbtal organic carbonf©OC), total
nitrogen(TN), andelectrical conductivit{EC). Each rhizosphere sample was sieved at 2
mm and dried at 65 ° for 72 h. The pH &@ were measured from a 1:2 mass ratio
extract of tailings to -Qfthatwaspmxedéor3D! wat er
minutes prior to measurement. The pH was measured in the homogenized extract and the

EC was determined from the supernatant aftestistrate was allowed to settle for 10
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15 minutes. Analyses ofdC and TN were performed on milled subsamples of the dried
rhizosphere material (Shmiadzu TOC analyzer, Columbia, MD) using a solid state
module (SSM), which utilizes a dry combustion underg®n with detection by a nen

dispersive infrared (NDIR) for total carbon and chemoluminescence for TN.

2.5 Extraction of Nucleic Acids

DNA extractions were performed using the FastDNA Spin Kit for Soil (MP
Biomedicals; Santa Ana, CA, USA) followingthemm u f act ur er 6s pr ot oco
modifications to enhance DNA vyield, as outlined in Valenargas et al. (2014).
Substrate samples were thawed on ice prior to extraction, and all tubes, pipettes, and
pipette tips were UV sterilized for 30 minutes. DNA concains were measured using
the Qubit 3.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA). To maximize
success of downstream sequencing, we found a combination ofugdegsing the ZR
Genomic Clean and Concentratidy kit (ZymoResearch Corporatioinvine, CA, USA)

and dilution, i f needed, to a concentratio

RNA extractions were preformed using the E&l/FecalRNA MicroPrep kit
(ZymoResearch Corporation, Irvine, CA, USA) following modifications outlined in
Nelson et al. (2015). Prior to RNA extraction, all surfaces and pipettes weneatred
with RNaseZap Wipes (Ambion, Grand Island, NY, USA). Substrate samples were
thawed on ice prior to extraction and centrifuged to remove the LifeGuard Soil
Preservatiorsolution. Residual DNA was removed with a 35 minute DNase treatment at
37 °C, as described in Neilson et al., 2010. RNA quality was checked with gel
electrophoresis and quantified using the TE&® Fluorometer (Turner BioSystems,

Sunnyvale, CA, USA) in agunction with the Quanitt RNA RiboGreen quantification
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kit (Invitrogen, Carlsbad, CA, USA) foll ow
undetectable concentrations, RNA samples for Plot24b.R (rhizosphere), Plot24b.B (bulk),

Row2c.R, and Row2c.B wer@nincluded in further analysis.

2.6  Reverse transcriptase PCR (RACR)

First strand cDNA synthesis was performed on extracted RNA using the
SuperScript 11l First Strand Synthesis System forFROR (InvitrogeAThermoFisher
Scientific, Waltham, MA, USAj ol | owi ng t he manufacturero6s
random hexamer primers. Second strand synthesis was performed using the NEB mRNA
Second Strand Synthesis Module (New England BioLabs, Ipswich, MA, USA), following
t he manuf act ur e-strénded ¢DNA was dearled up smgithel Qeagen
Mini Elute PCR Purification Kit (Qiagen, Hamburge, Germany), following the
manufactur er 6 s pstramdedadNA was guantifiedlusing heiQuibie
3.0 Fluorometer (ThermoScientific, Waltham, MA, USAudXo overall low

concentrations ofdoublet r anded c¢DNA (< 10ng/elL), no di

2.7 16S rRNA gene amplicon sequencing (iTag)

Final DNA and doublestranded cDNA samples were sent to Argonne National
Laboratory (Chicago, IL) where librapreparation was performed. Library preparation
followed a singlestep PCR protocol presented by Caporaso et al., (2012) using primers
505f and 806r to amplify the V4 region of the 16S rRNA gene. Sequencing was carried
out in a single lane on an Illluminaiddeq using v2 chemistry and bidirectional amplicon

sequencing (2 x 151bp).
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Raw sequence reads were processed using the open source software package

QIIME v1.9 (Quantitative Insights into Microbial Ecologyww.giime.oig). Forward

and reverse reads were joined, using a minimum overlap of 30 bp followed by quality
filtering using default QIIME parameters and demulitplexing. Default QIIME quality
filtering parameters include: removal of the primer/barcode from the sesjueT®

removal of all sequences 1) with a Phred quality score <4, 2) containing any ambiguous
(N) base calls, and 3) having a length of < 0.75 of original length post quality filtering.
After quality filtering, a total of 7,150,517 sequences reads reghanith an average of
121,195 £ 27,274 sequence reads per sample and a median sequence length of 253 bp.
Using a sequence cutoff of 30,000 reads, one sample (Row4b.R RNA) was removed from
further analysis. Sequences were clustered into 553,627 opergdm@bmic units

(OTUs) at 97% or greater sequence similarity using UCLUST (Edgar, 2010).
Representative sequences from each OTU were aligned using PyNAST (Caporaso et al.,
2010) and assigned taxonomy using the UCLUST classifier and Greengenes 16S rRNA
genedatabase (DeSantis et al., 2006). During DNA extraction, blanks that contained no
tailings sample were extracted alongside each batch of samples for quality control and
subsequently sequenced. For DNA samples, OTUs contained in the sequenced blanks
were emoved from the associated samples extracted in the same batch to minimize
influence of contamination. For RNA samples, due to high contamination in the blanks,
OTUs present in the blanks were individually assessed and if they were not present in the
asso@ted DNA samples (posiontaminant screening), then they were removed from the
associated samples extracted in the same batch. It was assumed that if the DNA

extraction step isolated the same OTUs, then they must really be present in the


http://www.qiime.org/
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community and nabe a contaminant. It was also concluded that the high contamination
present in the RNA blanks were acquired from nearby samples during either the
extraction or cDNA library construction steps, and not due to contaminants present in any
of the reagents ithe extraction kit. Low abundant (less than 0.001% of total) OTUs were
removed and OTU tables were rarefied to 50,000 sequences, prior to downstream

analyses.

2.8  rRNA:rRNA gene ratios

The 16S rRNA and 16S rRNA gene datasets were used to calculate RRMA:r
gene ratios for specific OTUs that represented the most abundant (out of the top 100
OTUs) putative PGPB (Nfixing and general PGPB) and Fe/S oxidizers anddericers
(Fe-reducing, Feoxidizing, Fe/Soxidizing, and Soxidizing). Putative function was
assessed by BLAST (National Institute of Health; https://blast.ncbi.nlm.nih.gov/Blast.cgi)
searches of the OTU sequences to determine the taxonomy of the closest match and a
subsequent literature search for functional capabilities of the closest match.
Determination of functional capacity includes experimental verification of the function

and/or the presence of the gene capable of the function, as published in the literature.

rRNA:rRNA gene ratios have been used as a proxy for activity or growth rate in
prior studies (Kerkoh and Ward, 1993; Muttray and Mohn, 2000; Ka et al., 2001: Pérez
Osorio et al., 2010; Campbell et al., 2011; Gaidos et al., 2011; Brettar et al., 2012; Hunt
et al., 2012; Campbell and Kirchman, 2013; Got8évan et al., 2014; Mei et ak016)
with the assumption that the rRNA in a cell is proportional to how active it is and that the

number of rRNA genes are consistent across taxa being compared. Because these
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assumptions are more accurately applied to a single taxon, rRNA:rRNA gesenate
used to assess activity for a single OTU across different samples. rRNA:rRNA gene
ratios were caldated by dividing the rarefied number of sequemaslsof each OTU

from theDNA dataseby number of sequences of the same OTU fronRiINA dataset

2.9 nifH gene gPCR

BacterialnifH gene was quantified to assess the nitrefgeng potential of the
bacterial communities. The bactendH gene, encoding the Fibunit of the
nitrogenase enzyme, was amplified using primers PolF/PoIR (Poly 20@1.). These
primers were designed to target diazotrophic soil bacteria (Poly et al., 2001) and have
been shown to successful targéH from adiverserange of diazotrophic bacteria
(Wartianinen et al., 2008rurthermore, this primer pair has been shoovbe effective
in conjunction with gPCR (Nelson et al., 2015; Bouffaud et al., 20Répresentative
sequences for qPCR calibration curves were previously determined using clone libraries,
by selecting clones from the most abundant taxonomic groupdbrgeme and
preserving the plasmids (Nelson et al., 2015). Calibration curves were prepared by 10
fold serial dilutions of plasmids. Triplic
CFX96 RealTime Detection System (BiRad Laboratories, Hercules, CA, AB
containing: 1 €L templ at e, -BadtEtabora®ses,Fast EvV
Hercul es, CA, USA), and 0.4 €M of each pri
°C for 1 min followed by 50 cycles of 95 °C for 6 s and 59 °C for 6 s. Following
ampification, a melt curve was created under the following conditions: 95 °C for 10 s, 5
s cycles increasing from 6590 °C in 0.5 °C increments, and a final extension at 72 °C

for 5 min. The melt curve was performed to confirm product specificity and eided
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determination of detection limit in conjunction with standard curve. Minimum and
maximum detection thresholds were set based on the cycle numbers (Cq) of the highest
and lowest reproducible standard curve, the Cq of the DNA extraction blanks processed
with respective samples, the of the gPCR negative controls, and deviations from a melt
curve representingifH amplification. Samples below the detection limit were assigned a
Cq value equal to the average of the Cq for the DNA extraction blank to ac€ount o

extraction error

2.10 Statistical analysis

For correlation analysis between microbial communities and geochemical
conditions, the spear manvaloes wereecdlcalateadasng c oe f f
the program PAST (Hammer et al., 2001) with a subsequent false discovery rate (FDR)

analysisusig an U of 0.05. A Linear Discriminant

(Segata et al, 2010itps://huttenhower.sph.harvard.edu/ga)axgthod was performed

to determine significant enrichmenitsrhizosphere versus bulk microbial communities at
high pH (> 4) and low pH (< 4). Beta diversity was evaluated using principal coordinate
analysis (PCoA) based on the unweighted UniFrac distance matrices, and analysis was
done in QIIME. Significant diffeences between high and low pH bulk and rhizosphere
samples was determined using a-@ray analysis of variance (ANOVA) followed by a

Tukey test for means comparisons, using the program OriginPro 2016.

3. Results

3.1  Geochemical and plant cover/conditicanalysis


https://huttenhower.sph.harvard.edu/galaxy
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The pH, TOC, TN, EC, leaf chlorophyll, and plant cover data associated with
each buffalo grass plant is reported in Table 1. Recall that Phase 1 represents 3 years of
plant growth and Phase 3 represents 1 year of plant growth. For refererssel Rihéime
zero and after 1 year of growth (2011) had an average pH of 6.45 £ 1.11 (rande: 5.08
7.75) and 6.99 £ 0.72 (range: 5193.52), respectively (see 15% compost and seeds
treatment in GHLoaiza et al., 2016). In comparison, Phase 3 at tineeaed after 1 year
of growth had an average pH of 7.37 £ 0.27 (range:6:R262) unpublished dateand
6.17 £ 1.87 (range: 2.567.76) (Table 1), respectively. After 3 years of growth, Phase 1
had an average pH of 3.71 + 1.32 (Table 1). This illussrtdtree important patterns in
pH: 1) Phase 3 after one year of growth had a comparable pH to Phase 1 after one year of
growth; 2) Phase 3 had begun to undergo soraeidification after one year of growth
which is due to certain regions flooding caustognpost to erode away; and 3) Phase 1
had undergone extensiveaeidification after 3 years of growth. This is evidence of not
only the presence of a pH gradient, but also thacreification of the planted mine
tailings has occurred over time both inaBe 1 and Phase 3. For many of the analyses in
this paper, the samples are divided into two groups: high pH (>4) and low pH (<4),
between which pH is significantly different (t test; p < 0.001). Samples that fall into the
high pH category are Plot10a, BlI6b, Row2a, Row2c, Row4a, Row4c, Row6a, and
Row6b. Samples that fall into the low pH category are Plot5a, Plot5b, Plot19a, Plot19b,

Plot24a, Plot24b, and Row?2b.

The geochemical parameters TOC, TN, and EC (Table 1) also represented a range

of values (Tal®@ 1). TOC and TN were also both significantly greater from the high pH
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samples compared to low pH sampleteét; p < 0.05; p < 0.001, respectively). For the

rest of the paper, pH will be focused on.

Chlorophyll and plant cover, representing plant coadiand establishment, did
not show any associations with geochemical conditions (pH, TOC, TN, or EC). However,

pl ant cover was positively correlated with

3.2  Phylogenetic profiles

Rhizosphere and bulk samplessaciated with buffalo grass plants were collected
from the IKHMSS phytostabilization field trial from Phases 1 and 3 for 16S rRNA gene
amplicon sequencing. Phylogenetic profiles for Phases 1 and 3 are shown in Fig. 1a and
b, both ordered in ascending pHany of the phyla/subphyla were correlated with pH, as
is visible in the phylogenetic profiles, and statistically confirmed with Spearman
correlation coefficients shown in Fig. 2. In the rhizosphere and bulk, pH was significantly
positively correlated witlBacteroidetesChlamydia Chloroflexi Gemmatimondetes
DeltaproteobacteriaVerrucomicrobia and [Thermj and negatively correlated with
EuryarchaeotaandNitrospirae Additionally, in the bulk, pH was significantly positively
correlated withCyanobacteia, PlanctomycetedBetaproteobacterisgandTM6, and
negatively correlated witRirmicutes Alphaproteobacterialid not show any significant
changes across the pH spectrum, however, at the family level there was a large shift from
a dominance oAcetobacteaceae(primarily Acidiphilium) at low pH to a more diverse
community dominated bRhizobialesncludingHyphomicrobiaceae, Phyllobacteraceae,

Bradyrhizobiaceae, and Rhizobiacgaee Honeker et akubmittedl.
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Overall, differences in rhizosphere andkamicrobial communities were more
pronounced at low pH (pH < 4) than high pH (pH > 4) (Fig. 3).i4hIpH, there werao
significant differences between communities at the phylum/subphylum level, whereas at
low pH, BacteroidetesVerrumicrobig and [Themi] were significantly more abundant in
the rhizosphere compared to the bulke@t, p < 0.05). This same pattesrsupported by
LEfSeanalysis which revealed less phylogenetic groups at the order and family level
enriched in the rhizosphere of high pHd. 4) than low pH (Fig. 5). At high pH, top
groups that showed enrichment in the rhizosphere (p < 0.05) included several groups
within the subphylunAlphaproteobacteriaincludingSphingomonadales
RhodobacteraleRhizobialesandCaulobacteralesit theorder level and
Sphingomonadaeae, Rhodospirillaceae, Rhodobacteraard€aulobacteraceaat the
family level. Other groups that were enriched in the rhizosphereSpdnagobacteria
PseudomonadaleandMyxococcalegFig. 4a and b). Altogether, thispresenta 4
distinct phylogenetic lineag€big. 4b). A couple groups showed enrichment in the bulk,
thereby being excluded from the rhizosphere, including thexkbzing
Acidithiobacillaceaef the orderAcidithiobacillalesandEuryarchaeota (Fig. 4aand b).

At low pH, over 10Qohylogenetiggroups were significantly discriminative between the
rhizosphere and bulk, more than could be handled by the program. Again, this is an
example of the higher discrepancies between rhizosphere and bulk sampddew i
samples. To decrease the number of sicgnitly discriminative microbiajroups, the
analysis was repeated using a more gaim pvalue cutoff of 0.005At low pH,
phylogenetic groups that showed enrichment in the rhizosphere that were miisedceat

high pH wereRhizobialesandSphingobacterialesSpecificRhizobialegamilies that
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were enriched in the rhizosphere at low pH that werenothed at high pH were
HyphomicrobiaceagPhyllobacteraceaeandBradyrhizobiaceaeOther groups enriclde

in the rhizosphere at low pH weBaprospirae, Cytophagia, Intrasporangiaceae,
Opitutatae, Xanthomonadaceae, Burkholderiadéag]Pirellulales (Fig. 5a and b). In

total, 9 distinct phylogenetic lineagesere enriched in the rhizosphgfag 5b). At low

pH, there were no microbial groups that displayed exclusion from the rhizosphere. Even
using the more stringentyalue cutoff for the low pH rhizosphere and bulk samples,
there were still more groups that were enriched in the rhizosphere compared ginthe hi

pH.

Beta diversity analysis on rhizosphere and bulk samples from Phase 1 and Phase 3
confirmed that pH was a major driver of microbial communities and that there was higher
variation between rhizosphere and bulk samples at low pH vs. high pH (FQd.d?
beta diversity revealed that samples from low to high pH seplavatdrom left to right
across theJaxis, which explains 37.5% of variation. Samples from a lower pH exhibited
a higher variation than samples from a higher pH. Additionally, ajteehipH, the bulk
and rhizosphere samples were clustered together, whereas at a lower pH, the bulk and
rhizosphere samples were separated, showing the higher variability. Again, this
exemplified the higher variation between rhizosphere and bulk sampesoinopH as
comparedd those from high pH. It shuld be notiat the rhizosphere and bulk samples
from Phase 1 with a pH of 6.01 (Plot10a.R and B) clustered with the rhizosphere and
bulk samples from Phase 3 in th& ®H range. Likewise, the rhizosphemed bulk
samples from Phase 3 with a pH of 2.56 (Row2b.R and B) fell within the range of acidic

Phase 1 rhizosphere and bulk sampléss finding supports combining Phase 1 and
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Phase 3 within the low and high pH categories despite differences in tresatmdrplant

age (as described above).

Alpha diversity in rhizosphere and bulk samples from high and low pH showed a
distinct pattern. At high pH (< 4), the alpha diversity, as measured by the number of
observed species, was the same between the rhizespitebulk samples (ANOVA, p >
0.05) (Fig. 7). At low pH (>4), however, the alpha diversity was significantly higher in
the rhizosphere compared to the bulk (ANOVA, p < 0.05). Also, the alpha diversity in
both the rhizosphere and bulk at high pH were ficamtly higher than the rhizosphere
and bulk at low pH (p < 0.05).

3.3  Fe/Soxidizers and Fereducers
3.3.1 Abundance vs. activity

OTUs representing putative Fe/&idizers and Feeducersvere selected from
the top 100 most abundant OTUs (Table 2). Ascxy for activity, rRNA:rRNA gene
ratios were calculated for this subset of the most abundant OTUs, and the abundance and
activity of these OTUs are displayed in Fig. 8.

OTUs that are putative Fet&idizers and Feeducerswere almost all more
abundanin the rhizosphere and bulk at low pH. This is supported by a fagportion
of the Fe/Soxidizers and Feeducersthat exhibited a significant negative correlation
between their relative abundance and pH in the rhizosphere and bulk, however, more
OTUs showed a significant negative correlation in the rhizosphere compared to the bulk
(24 vs. 13, respectively) (Fig. 11). Some exceptions included OTUs that showed a
positive association with pH in the bulk and a negative association in the rhizosphere (the

S-oxidizing ThiomonasandDyella, and FereducingMetallibacterium[81089]) and
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OTUs that showed a positive association with pH in the bulk and rhizosphere (S
oxidizing Thioprofundurmand FereducingPaliudibaculum Acidobacte{1099090], and
Aciditerrimoras[741311]). Additionally, there were some OTUs that appeared to have
an optimal pH range of 36 (Metallibacterium[540036] and somAcidibacter[228030,
4301944, and 1110303]) in the bulk, yet were present in the rhizosphere of plants
growing in substite with a pH in the 2 range (Plot19b.R and Plot5a.R) (Fig. 8),
indicating that buffalo grass plants were creating a buffering effect in the rhizosphere, as
has been shown previously (Selleminguez et al., 2011). However, acidophilic metal
cyclers that wre also present in the rhizosphere of plants growing in acidic conditions
showed that despite the neutralizing effect of buffalo grass on the rhizosphere providing
neutral micreniches, this did not exclude acidophilic organisms from inhabiting the
rhizogphere.

There were no significant correlations between OTU activity and pH in the bulk,
however, there were several associations in the rhizosphere. In the rhizosphere, the
activity of Acidiphilium(227409) was significantly negatively correlated with By (

12). Two OTUs closely related feciditerrimonas(160500 and 741708) had activities
which were negatively associated with pH, however this was not significant. These
patterns correspond to the acidophilic lifestyle of these organisms. The OTU closely
related td_eptospirillum(251679), also acidophilic with an abundance that was
negatively correlated with pH, had an activity that was positively associated with pH (not
significant) (Fig. 12). Two other OTUs that were closely relatethioprofundumand
Acidibacterand had a positive correlation with pH had activities that were also positively

correlated with pH (not significant) (Fig. 12).
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3.4  No-fixing and general PGPB
3.4.1 Abundance vs activity

No-fixing bacteria and PGPB were present in thé&laglhigher pH and almost
absent in the bulk at low pH, however, in the rhizosphere, some OTUs were present at
both the higher and lower pH ranges (for example, OTU 10533&%0kid) (Fig. 8).
This indicated that these high abundant OTUs were neutrgpmiicthat they may be
inhabiting circumneutral microniches created by the buffering effect produced by
buffalo grass roots (SolSominguez et al., 2011). Overall, putative-fiking bacteria
and PGPB were more abundant at high pH. This is supportediggificant positive
correlation between all of the OTUs in this group, except for OTU 1061815

(Arthrobacte, and pH in the rhizosphere and the bulk (Fig. 9).

The activity of N-fixing bacteria and PGPB appeared to be similar between the
bulk and rhizoghere for each of the OTUs. Additionally, the activities did not show any
significant correlation with pH. The activity éfrthrobactershowed a positive
association with pH in the bulk and the activityRseudomonashowed a positive
association with phkh the rhizosphere, however, these trends were not significant.

Comparing the presence of PGPB/fiXers with Fe/Soxidizers and Feeducers
at high versus low pH also revealed a distinct pattern. At high pH, the rhizosphere had
more PGPB/Mixers than [e/Soxidizers and Feeducers while at low pH, both groups
were presentin the bulk at high pH there were more PGPBfiXers than Fe/S
oxidizers and Feeducershowever, at low pH, there were very few PGPB/fiXers and
a dominance of Fef8xiders and~e-reducers

3.4.2 nifH gene
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gPCR was performed to quantify thiéH gene as a measure of thefixing
potential of the microbial communities from the rhizosphere and bulk samples across a
pH gradientNifH gene abundance was significantly greatehenftigh pH vs. the low
pH bulk compartments (ANOVA p < 0.05), however, no significant difference was
observed between the high and low pH rhizosphere compartments (Fig. 13). Similarly,
there was a higher correlation betweenrtiild gene abundanceandptii t he b ul k
0. 64, p < 0.01) than the rhizosphere (}
The lower limit of detection was determined based on the averggfdai@
extraction blanks, which was 34.42. Two samples, Row2b.B and Row4a.B were below
this detection limit (awage G of 35.92 and 36.06 respectively). To account for
extraction error, they were assignedggeQuivalent to the lower detection limit (34.42).

This equated to 3.5 x ¥@ o p y #xtract, or 5.95 x 16 copy# gsoil™.

4. Discussion

Establishnent of a plant cover is vital to the success of phytostabilization, but can
be difficult in the extreme conditions of aay@nerating pyritic metalliferous mine
tailings. Microbial communities colonizing the rhizosphere and bulk compartments of the
plantsused during phytostabilization can be a large factor in plant survival and
establishment because of the large role they play in biogeochemical cycling and plant
health. In this study, bacterial communities were characterized with a focus on putative
N2-fixing/PGPB, Fe/Sxidizing, andFe-reducingbacteriafrom rhizospherand bulk

compartments of buffalo grass used to phytostabilize mine tagéixtybiting apH

()
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gradient, from 2.3% 7.76. The pH gradient was caused byacaification due to factors
such a: 1) the presence of acid generating potential after only a single compost
amendment was added at inception, and 2) regular (irrigation) and extreme (rain storm)
events lading to compost erosiomhe stark shift in rhizosphere and bulk microbial
communites, changindgrom aplantsupporting teanFe/Soxidizer and Feeducer
dominateccommunitywith decreasing pH, has strong implications for the ability of the

site to sustain lonterm plant growth.

The rhizosphere and bulk microbial communities shoveagling patterns in
composition andliversity between high and low pMith a transition zone at around pH
4. At high pH & 4), both alpha and beta diversity of the rhizosphere and bulk were very
similar, as was the community compositightypical soil @pable of supporting plant
growth is often characterized by a rhizosphere and bulk with similar alpha diversity
(Edwards et al., 2015) or an alpha diversity of the bulk greater than the rhizosphere
(GarciaSalamanca et al., 2012). Even in some mgaddlted soils the alpha diversity of
the bulk can be greater than the rhizosphere (NaWNuwi@ et al., 2010). Similarly, beta
diversity patterns of the rhizosphere and bulk in a typical soil reveal an overlapping of the
rhizosphee and bulk microbial communés(Lundberg et al., 2012; Edwards et al.,
2015). Therefore, the diversity patterns of the rhizosphere and bulk at high pH are more

similar to that of a typical soil capable of supporting plants.

In contrast, at low pH theommunity composition andiversty patterns differed
between the rhizosphere and butkst, the community composition of the rhizosphere
was different from the bulk, which could have several explanations. In the more stressed

conditions, the buffalo grass may be recruiting differpetcges by the production of



77

different exudates compared to at high ptant root exudates can have a large effect on
the rhizosphere microbial community (Berendsen et al., 2@I@ther explanation is

that the buffering effect of buffalo grass on thezosphergSolisDominguez et al.,
2011)hasdelayed acidification in that regioNext, the alpha diversity not only

significantly decreaseid both the rhizosphere and bulk in low pH compared to high pH,
but the alpha diversity the rhizosphere was sifioantly higher than in the bulk. If the

bulk is the source of microbes for the rhizosphere, and select species are enriched in the
rhizosphere (Smalla et al., 2001; Edwards et al., 2015), then it follows that a bulk soil that
has lost its species diverghas less of a diverse pool of microorganisms for the
rhizosphere to recruit fronT.his pattern suggests that the buffalo grass has created a
neutral micrenichevia its buffering capacitthat not only supports a higher sps

diversity, but also mayrptectsome species from the more acidic conditions of the
surrounding substrate. This is funtleipported by the LEfSe analysibich shaved that

at least phylogenetic linagewere significantly higher in the rhizosphere compared to

the bulk (Fig. 5b)compared to only 4 at high pH (Fig. 4By a follow up study, it

would be informative to measure the pH of the rhizosphere and bulk separately to assess
whether the species richness is tightly linked to the pH, or if there is a strong plant

(rhizospheregffect as well.

In order for phytostabilized mine tailings to support plant health like a typical,
healthy soil, one of the goals is to achieve ecosystem health (Epelde et al., 2009 Gomez
Sagasti et al., 2012) which can partly be assessed by measiciobiat species
diversity (Alkorta et al., 2003). The-gidification of the mine tailings has caused a

significant decrease in species diversity, which would indicate a decrease in ecosystem
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health.This decrease in species diversityacidic conditios can be due to the increase in
metal bioavailablity at acidic pFAluminum (Al) is particularly toxic to microorganisms
(Pifia and Cervantes, 1996) and is abundant in the mine tailings at IKMHSS (41 g kg
(Hayes et al., 201413+ is solubilized into tk soilsolution when the pH drops below 5

(Kochian et al., 2004), which is close to the transition zone found at pH 4 in this study.

The presence of microbess n6t t he only factor in plan
conditions.One of the mostletrimentakconstrainto f pl ant 6 s abcidici ty to
pH is Al andmanganeseMn) toxicity from the resulting increse in bioavailability of
metals (Foy et al., 1998Ylechanisra thatplants have developd&d withstand Al toxicity
include the exudation of oagic acids or other substances that chelate Al, and increasing
the pH of the rhizosphere to decreas# Attivity (Kochian et al., 2004Yhe latter of

which has been found to occur in buffalo grass (S2timinguez et al., 2011).
4.1 Fel/Soxidizers and-e-reducers

Across the pH gradient from high to low, the bacterial community shifts from a
diverse community containingMixing bacteria and other PGPB to one doated by
not only autotrophic Feand Soxidizers, but also heterotrophic-Feducers. Ths shift in
community is largely driven by a decrease in pH (Table 1), as illustrated by a primarily
negative caelation between dominant FedRidizers and Feeducers with pH (Fig. 11).
As mentioned previously, the decrease in pH is attributed to cam@plketion from
water erosion caused by flooding due to extreme rain events and regular irrigation. The
erosion of compost caused exposure of the bare tailings and a decrease of the buffering

capacity that the compost provided. This has led to a chartige microbial community,
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particularly of the bulk, to one domireat by putative autotrophic Fet&idizers and
heterotrophic Feeducers, many of which have been identified previously from acidic
pyritic mine tailings or acid mine drainage (AMD) (Bakeddanfield, 2003; Schippers

et al., 2004; Mendez et al., 2007; Méndgarcia et al., 2015; Chen et al.., 2016).

Fe and Soxidizers can accelerate pyrite oxidation in acidic pH (Evangelou and
Zhang, 1995), thus leading to further acidification. It hamlveported that acidophilic
heterotrophic Feeducers can also contribute to this acidification, as discussed below. As
illustrated in Fig 8, at lower pHFe/Soxidizers and Feeducersvere overall more
abundant and active in the bulk vs. the rhizosphgnerefore, this increase in abundance
and activity of Fe/Sxidizers and Feeducersn the bulk can promote further-re
acidification, and as these communities overtake the buffalo grass rhizosphere, the

decrease in pH can be detrimental to plant growthe longterm.

In this study, OTU 251679 was closely relatedléptospirillum ferriphiluman
Fe oxidizer that is ubiquitously found in acidic pyritic mine tailings and AMD with an
optimal growth range of pH 1 to 2 (Baker and Banfield, 2003; Mendaiz, @007; Chen
et al., 2016). OTU 251679 was significantly negatively correlated with pH in the
rhizosphere and bulk artbe activityshowed a positive trend with pH in the rhizosphere,
however, this correlatiowas not significant (Fig. 12T.his patten suggests that.
ferriphilum at low abundance can still be highly active, particularly in the rhizosphere
compartment. At high pH, buffalo grass can actually acidify the rhizosphere-(Solis
Dominguez, et al., 2011). This could make ferrous Fe more aleaftatl. ferriphilumto

oxidize, therefore, even at low abundance iyina actively oxidizing FeDverall,
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however, OTU 251679 was most abundant and active at the lowest pH %6j)in

the bulk substrate.

Abundant putative Feand Soxidizers thatvere present were closely related to
Acidiferrobacter tihooxydangHallberg et al., 2011) arfflulfobacillus acidophilugBaker
and Banfield, 2003; Chen et al., 2016). OTU 4484442, closely related to the
gammaproteobacterium. thiooxydanswas present arattive in the bulk and
rhizosphere at low pH (Fig. 8). Honeker et aykimittedl found that at low pH, a higher
relative abundance @ammaproteobacterieolonized the root surface. It is possible that
some of thes&ammaproteobacteriaompriseA. thiooxydansand oxidize Fe
contributing to Feplaque formation. Using the method for quantifying metal(loid) and
bacteria colocalization on root surfaces presented in Honeker et al. (2016), it was found
that 12.4- 47.9% ofGammaproteobacterieolocalized with E on roots from buffalo
grass grown in acidic conditions (Honeker etsallhmitted, which supports the

aforementioned hypothesis.

Putative Soxidizers in high abundance were all are neutrophilic, and included
Dyella thiooxglans(Anandham et al., 2008;fandhanet al., 2014)Thioprofundum
hispidum(Mori et al., 2011) andhiomonas arsenovirar{8attagliaBrunet et al., 2011).
Thp. hispidunhas not been characterized from acidic mine tailings previously, and was
originally isolated from a deep sea ventdiilet al., 2011). The OTUs closely matched to
Thp. hispidm (589587 and NROTU388) were absent from the bulk and rhizosphere at
low pH, while the OTUs closely matched@yellaandThiomonas842284 and
NROTU1193, respectivelyyere also present in the zioisphere of plants growing in the

acidic substrate (Fig. 8dyellahas previously been found associated with the



81

rhizosphere (Anandham et al., 2008, Anandham et al., 2011) and was even found to
promote the growth of crop plants by providing S in the fofrsulfate (Anandham et al.,
2008). In the current study, there was no indication that OTU 84Z3&:l4) promoted

plant growth, and there was even a negative correlation between the relative abundance

of OTU 842284 a+dl), hdwavertis wasonet significant. =

Putative Fereducers by far dominated the top 100 OTUs in the rhizosphere and
bulk. Ferric iron respiration is widespread among heterotrophic acidophiles because ferric
iron is more bieavailable at low pH and the redox potentsaiore positive compared to
more neutral pH (Coupland and Johnson, 2007). These OTUs were closely related to
Paludibaculum fermentan&glichevskaya et al., 2014Acidobacterium encapsulatum
(Kishimoto et al., 1991 Metallibacterium schefflerfZiegleret al., 2013)Acidibacter
ferrireducensAciditerrimonas ferrireducensandAcidiphilium sp All of these species
arefacultativeanaerobes and are capable ofr€@uction coupled with heterotrophic
growth in lowroxygen or anaerobic conditions. Therefarés important to note that
since the mine tailinglsave overalbxic conditions, Feeduction may be spatially

limited to anoxic niches or temporally limited to times of flooding (Tiedje et al., 1984).

Within the genug\cidiphilium,close matches inctie Acdp. angustupAcdp.
multivorum andAcdp. acidiphiliumAcdp. acidiphiliumalso been shown to grow
autotrophically and oxidize S as well (Hiraishi et al., 1998; Rohwerder and Sand, 2003).
Fereducers, likédcidiphiliumspp., can promote Fe oxidatiop &dutotrophic Fe
oxidizers by consuming organic compounds which are toxic to autotrophs (Schippers et
al, 2000; Méndetarcia et al., Baker and Banfield, 2003; Liu et al., 20At)diphilium

spp.can also cause rapid cycling of Fe in combination wittldothiobacillus
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ferrooxidans(also present at low abundance)igiél et al., 2003) and potentially with
other Feoxidizers such ak. ferriphilum This could further contribute to acidification by
contributing a constant source of ferrouddfe~e-oxidizers.The OTUs closely related to
Acidiphiliumare all negatively correlated with pH in the rhizosphere, and the activity of
the OTU closely related tAcdp. angusturt227409) was significantly positively
correlated with pH (Fig. 8; Fig. 12). This activity imetrhizosphere at lower pH could
facilitate further acidification. While overacidiphiliumspp. are more abundant in the
bulk, their presence in the rhizosphere at low pH indicates they are potential root
colonizers. Honeker et alsybmittedl found trat at low pH, there was an increase in
relative abundance dflphaproteobacterian the root surface, and it was hypothesized
thatAcidiphiliummay be key players in th&lphaproteobacterizommunity,

participating in Feeduction of the ferrinydrite caag the root surfaces (Honeker et al.,
2016). Previous research has confirmed Awdiphiliumspp. are capable of reductive

dissolution of ferric Fe minerals, such as ferrihydrite (Bridge and Johnson, 2000).

Five out of the top 100 OTUs match closelyhwAcdb. ferrireducensan obligate
heterotroph isolated from a pit lake at an abandoned metal mine in Southwest Spain
(Falagan and Johnson, 2014) (Fig. 8). In addition to beinplasant,Acdb.
ferrireducengeduces Fe in the mineral phase, particul@dwertmannite (Falagan and
Johnson, 2014) which is found as a secondary phase following oxidative dissolution of
pyrite at IKHMSS (Hayes et al., 2014). This could explain why this OTU was in high
abundance and activity in this system at lower pH (Fig\i8yeover, this
gammaproteobacterium, which was present in the rhizosphere at low pH, could be

colonizing the root surface. As mentioned previously, a higher relative abundance of
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Gammaproteobacteriazvas found on the root surface of buffalo grass growingaore
acidic conditions (Honeker et adubmitted. Gammaproteobacterige-oxidizers
(Acidiferrobacter thiooxydansand FereducersAcdb. ferrireducensmay both be

contributing to Fecycling and formation of and dissolution of-plaque minerals.

4.2  No-fixing and other PGPB

For longterm success of phytostabilization, it is desirable for a ygemwth
supporting microbial community containing-fixing bacteria and other PGPB to
develop, which play important roles in supporting plant survival irethassh
conditions. In this study, top most abundant OTUs that are putatifigihg and general
PGPB are all present in the high pH rhizosphere and bulk samples (Fig. 8). While this is
not an exhaustive list of all the PGPB in the system, it does stiipaifyresence of a
plantgrowth supporting community. Most of these OTUs also show presence in the
rhizosphere of the low pH samples, however, most are absent in the low pH bulk samples
(Fig. 8). This pattern is supported by a significant positive coiveléetween all of
these groups and pH in the bulk and rhizosphere, except for OTU closely related to
Arthrobacter globiformigFig. 9) and suggests that as pH decreases, some PGPB can
survive in the circurmeutral microniches created by the buffalo gressts (Solis
Dominguez, et al., 2011). However, the depletion of PGPB in the bulk at low pH indicate

that future plants may struggle with no PGPB to recruit from the bulk.

Putative PGPB OTUs closely matBseudomonas putid@®29851)and
Arthrobacter pasces(1081815)P. putidais welFknown PGPB that lowers the plant

stress hormone ethylene by producing A@€aminase which cleaves ACC, the
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precursor to ethylene (Glick et al., 2004). This species also produces indoleaceteic acid
(IAA) which is a plant phytbormone that improves plant growth (Patten and Glick,

2002; Glick et al., 2014). OTU 82985R.(putidg, is more abundant in the rhizosphere
than the bulk (Fig. 8). This pattern is supported by LEfSe analysis indicating that the
family Pseudomonadaceagenriched in the rhizosphere at high pH (Fig. 4). At low pH,
there is a very sharp decrease in OTU 829651 from the rhizosphere and a complete
depletion in the bulk. The activity and abundance of OTU 829651 is positively correlated
with pH in the rhizospherdowever, the correlation of activity and pH is not significant
trend (Fig. 10). The other PGB pascensot only has the ability to fix nitrogen, but it
also has other PGPB traits such as siderophore and IAA production (Langella et al.,
2014) and hasdzn shown to significantly increase plant height, shoot dry weight, and
root dry weight (Yu et al., 2012). Furthermore, Grandlic et al., (2008) found that buffalo
grass grown from seeds inoculated wAttthrobacterspp. significantly improved plant
biomassand also increased plant survival during the phytostabilization of mine tailings.
OTU 1081815A. pascens was the only one in the group o#-fixing bacteria and

PGPB that was rigositively correlated with pH in the rhizosphere or bulk, however, its

adivity was positively correlated with pH in the bulk, though not significantly.

A large proportion of the Nfixing/PGPB OTUs in the rhizosphere and bulk
closely matched species within the subphylilphaproteobacteriagincludingTistlia
consotensisSinothizobium medicae, Hyphomicrobium aestaurii, Pyllobacteriunmaludi
Devosia nepuniaesinorhizobium, Hyphomicrobium, Phyllobacterium, and Devakia
are genera within the ordBhizobialesLEfSe analysis finds th&hizobialesare

enriched in the rhizosre at high and low pH, and furthermore, that the specific
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familiesHyphomicrobiaceaandPhyllobacteriacea@are enriched in the rhizosphere at
low pH. This signifies that the OTUs that closely match these species were plant
associated and enriched in tihezosphere, particularly at low pH. Whiléstlia
consotensiss a freeliving No-fixing bacterium (DiazCardenas et al., 2010),
Sinorhizobium medicagpically form nodules on legumes (Rome et al., 1996) and
Devosia nepuniatorms a symbiotic relationghwith Neptuniaplants (Rivas et al.,
2002). HoweverSinorhizobiunspp. have been found to have a plant growth promoting
effect on noAeguminous plants as well (Galleguillos et al., 2000). Honeker et al.,
(submitted found a positive association betweba relative abundance of
Alphaproteobacterizolonizing the root surface of buffalo grass and pH in Phase 3,
which was hypothesized to be-fixing bacteria/PGPB. The results from this study

support this hypothesis, however, further studies are needed.

For a quantitative measure opixing capacity of the substrate, thé#H gene
was quantified. Huang et al., (2011) showed tiif&t gene copy number was
significantly correlated with actualoMixation, which supports the use of thigH gene
as an indiator of N-fixing potential of the microbial communities. Quantification of the
nifH gene showed a similar pattern as the abundapd&iNg bacteria and PGPB in the
bulk vs. the rhizosphere at high and low pH. In the bulknift¢ gene was significantly
more abundant at high pH than in low pH, showing that théxikhg capacity in the bulk
at high pH was greater than at lower pH. However, in the rhizosphere at high vs. low pH,
there was no significant differencenifH gene copy number. This shows thathe
rhizosphere at low pH has a buffering effect creating mmicbes supporting the growth

of neutrophilic N-fixing bacteria and 2) the capacity fog-fixation in the bulk decreases
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with re-acidification. This decrease irnpNixing capacity of théoulk substrate after re
acidification reiterates the decreased plgnawth promoting capabilities of microbial

communities that are present.

4.3 Implications for phytostabilization management

A sharp shift in microbial diversity and community compositi@ppened around
pH 4 in the current system both the bulk and rhizospheta the bulk, this is probably a
majority microbialy-driven processvith little plant influence. In the rhizosphere,
however, it is difficult to determinieased on the currentiusly how much of this shift is
microbially-driven or planidriven, but it is most likely a combination of both. For
instance, as the plant experiences stress in the acidic conditions, they can release different
exudates, thereby affecting the rhizospheiaabial community (Bais et al., 2006).
Counter to that, the micrad community can shift based on their own ability to
withstand acidic conditions and the associated metal toxicity. Alsaniiotbe
determined from this study whether this pattern seobed with all plants or just buffalo
grass.The overall pattern apparent in the bulk is most likely similar across most plant

species, however, a shift in rhizosphere microbial communities may be different.

Assuming similar overall trends in microb@mmunity dynamics during 1e
acidification there are several managemedrategies that could be explor&everal
approaches include 1)-epplying compost, 2) adding lime, 3) inoculating with a
probiotic (in addition to either 1 or 2), and 4) preventogpost erosion via erosion
control. Regarding the addition of compost or lime to increase the pH, application should

be done before the pH reaches 4 to prevent a transition in microbial communities. To
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possibly boost plant health, a probiotic consisbhthe PGPB identified in the buffalo

grass rhizosphere could be added along with compost or lime. Maintaining the pH above
4 will help in preserving a plasgrowth supporting microbial community and suppressing
the Fe/Soxidizing and Feeducing aciegeneating community, thus fostering continued

plant health and establishment.

4.3 Conclusions

A drastic change in microbial diversity and community composition of buffalo
grass rhizosphere and bulk substrate was observed across a pH gradient during
phytostaliization of metalliferous pyritic mine tailings. The microbial community shifted
from one characterized by higher diversity and an abundance of PGPB-&rdrlin
the rhizosphere and bulk at high pH to a less diverse community dominated by Fe/S
oxidizers and Feeducerspatrticularly in the bulk compartment, at low pH. This
combination of autotrophic Fe/S oxidizers and heterotrophic Fe reducers can promote the
continued acidification of the substrate, which would be detrimental forttony
phytostabiization. PGPB and Nixers are almost completely absent in the bulk at low
pH conditions, however, some are still present in the rhizosphere presumably due to the
buffering effect produced by buffalo grass roots. While this may be helpful to plant
survivalin the extreme conditions, as the plants die and the buffered-mares
disappear, eventually these regions may lose their ability to support plant growth due to

the lack of abundant PGPB ang-fiking populations in the bulk substrate.
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6. Tables

Table 1L Geochemical and plant condition parameters for tailings substrate collected nex
to each buffalo grass plant.

TOC TN EC Plant cover

Sample Phase pH 9kg) (gkg) (dSmy Chlorophyll (%)
Plot24b 1 2.35 47.6 3.60 10.20 10.5 3.5

Plot19b 1 2.47 51.1 3.46 4.46 114 49.3
Plot5a 1 2.88 35.2 3.07 3.42 35.5 46.6
Plot19a 1 3.46 44.6 3.66 2.97 38.6 49.3
Plot24a 1 3.49 57.1 3.76 2.93 49.3 3.5

Plot5b 1 3.66 39.6 3.29 3.17 12.8 46.6
Plot10b 1 5.38 49.4 4.50 5.47 154 37.9
Plotl0a 1 6.01 72.2 5.22 7.94 32.3 37.9
Row2b 3 2.56 47.7 4.52 14.56 7.5 29.4
Row4b 3 4.71 48.7 5.78 5.76 11.6 29.5
Row2c 3 5.22 51.9 5.62 4.30 8.7 29.4
Row6a 3 6.54 99.2 9.04 8.10 50.0 73.2
Row6b 3 7.11 68.4 7.13 9.46 8.3 29.5
Row4c 3 7.72 126.8 9.54 9.83 31.1 65.7
Row2a 3 7.73 153.6 9.53 4.10 40.5 48.4
Row4a 3 7.76 140.8 8.68 8.86 44.2 53.6

TOC = total orgaic carbon; TN = total nitrogen; EC = electrical conductivity
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Table 2 Identities of putative fixing, PGBP, Fe/S oxidizing, and Fe reducing within the top
100 most abundant OTUs

oo SIS T ewm e
829851 I(Dl\?lgi(iolgng; ?? putida 99 Gammaproteobacteric PGPB
1081815 ?Nrté‘i%g%‘fgi_qﬁscens 100  Actinobacteria PGPB
610753 Fﬁgﬂig%‘gigulr; lot 98 Alphaproteobacteria PGPB
NROTUG88 ;ﬁg'jfgg;gti;] sis 98 Alphaproteobacteria N Fixation
829523 (Sl\ilr'lgiiii()z;?i%q)medicae 99 Alphaproteobacteria N Fixation
1053775 ?@'ﬁg%@%@ﬁ?i% 97 Alphaproteobacteria N Fixation
1056070 ?ggiiggﬁf if)m aestuari 99 Alphaproteobacteria N Fixation
NROTU1193 mgﬂiggjirls)e nivorans 96 Betaproteobacteria (S)/;(Ai\jation
842284 ?dg!aligigggﬁ?ns 99 Gammaproteobacterie (S)xi dation
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soon NSO g e
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7. Figure Legend

Figure. 1. Phylogenetic profiles of (A) Phase 1 and (B) Phase 3 rhizosphere and bulk
samples collected from buffalo grass plants used to phytostabilize pyritic metalliferous

mine tailings. Samples are ordered in increasing pH. R = RhizosjgherBulk

Figure 2. Heatmap of Spearman correlation coefficients between relative abundance of
phyla/subphyla and geochemical/plant status parameters (A)thellk and(B)

rhizosphere of buffalo grass growing in pyritic metalliferous mine tailings bldek box
encompasses the correlations with pH, which is the focus of this paper. * p < 0.05 (raw);

** significant after FDR analysis (U = 0.0

nitrogen; EC = electrical conductivity

Figure 3. Average phylogenetigrofiles across low pH (4) and high pH ()
rhizosphere and bulk samples collected from buffalo grass used to phytostabilize pyritic

metalliferous mine tailings. R = Rhizosphere; B = Bulk

Figure 4. Microbial groups that show enrichment in the rhizospligreen) or in the
bulk (red) at high pH (#4) based on LEfSe results with a LDA threshold of 3.0 (p <
0.05). (A) Bar chart of enriched groups. (B) Cladogram depitéingnomic lineages of

enriched microbial groupshere concentric rings represent hreracal taxonomy levels
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Figure 5. Microbial groups that show enrichment in the rhizosphere (green) or in the
bulk (red) at low pH (#4) based on LEfSe results with a LDA threshold of 3.0 (p <
0.005). (A) Bar chart of enriched groups. (B) Cladogramatieyg taxonomic lineages of

enriched microbial groupshere concentric rings represent hierarchical taxonomy levels

Figure 6. PCoA plot of beta diversity of bacterial communities from buffalo grass bulk
and rhizosphere substrate collected from PhasellPhase 3. Beta diversity was based

on unweighted UniFrac distances.

Figure 7. Alpha diversity of microbial communities from buffalo grass buill a
rhizosphere samples from low pH (< 4) and high pH)substrate. Different letters

indicate significantlifference (ANOVA, p < 0.05). R = Rhizosphere; B = Bulk

Figure 8. Bubble plot showing the relative abundance (depicted by size) and activity
(depicted by color) of top abundant OTUs present in the bulk and rhizosphere of buffalo
grass that are putativéapmt-growth promoting, nitrogefixing, sulfur-oxidizing, iron
oxidizing, and irorreducing bacteria. Putative functiooisOTUsare based on known
functions of species that each OTUs rhakwith the closest based BbAST searcles
Samples are ordered ascending pH of bulk (on the left) and rhizosphere (on the right).

Activity values are only comparable within each OTU and not between OTUs.
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Figure 9. Heatmap of Spearman correlation coefficients between relative abundance of
putative N2fixing and PGPBOTUs and geochemical/plant status parameters in the (A)
bulk and (B) rhizosphere of buffalo grass growing in pyritic metalliferous mine tailings.
The black box encompasses the correlations with pH, which is the focus of this paper. * p

<0.05(raw); *sigmi fi cant after FDR analysis (U = 0

TN = total nitrogen; EC = electrical conductivity

Figure 10. Heatmap of Spearman correlation coefficients between activity (calculated

based on 6S rRNA:16S rRNA gene ratio) of putativefiXiag and PGPB OTUs and
geochemical/plant status parameters in(&)ebulk and(R) rhizosphere of buffalo grass

growing in pyritic metalliferous mine tailings. The black box encompasses the

correlations with pH, which is the focus of this paper. * pG5Qraw); ** significant

after FDR analysis (U = 0.05); TOC = total

electrical conductivity

Figure 11. Heatmap of Spearman correlation coefficients between relative abundance of
putative Fe/S oxidizing and Fe remng OTUs and geochemical/plant status parameters

in the(A) bulk and(B) rhizosphere of buffalo grass growing in pyritic metalliferous mine

tailings. The black box encompasses the correlations with pH, which is the focus of this
paper.*p<0.05(raw)f; * si gni ficant after FDR anal ysi ¢

carbon, TN = total nitrogen, EC = electrical conductivity
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Figure 12. Heatmap of Spearman correlation coefficients between activity (calculated

based on 16S rRNA:16S rRNA gene ratio) of pueaFe/S oxidizing and Fe reducing

OTUs and geochemical/plant status parameters in the bulk and rhizosphere of buffalo

grass growing in pyritic metalliferous mine tailings. Some OTUs are missing because of
multiple ratios being uncalculatable due to a tBSA abundance of zero. The black

box encompasses the correlations with pH, which is the focus of this paper. * p < 0.05
(raw); ** significant after FDR analysis (

total nitrogen; EC = electrical conductivity

Figure 13 nifH gene abundance in buffalo grass bulk and rhizosphere sample®iom
pH (< 4) and high pH (> 4) substrate. Different letters indicate significant difference

(ANOVA, p < 0.05). R = Rhizosphere; B = Bulk
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Figure 6.
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Figure 7.
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Figure 8
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Figure 9.
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Figure 10.
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Figure 11.
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Figure 12.
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Figure 13.
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APPENDIX B

BACTERIAL ROOT COLONIZATION PATTERNS OF BUCHLOE

DACTYLOIDES GROWING IN METALLIFEROUS MINE TAILINGS REFLECT

PLANT STATUS AND GEOCHEMICAL CONDITIONS
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Abstract

Plant establishment during phytostabilization of legacy mine tailings in semiarid regions
is challenging due to extreme conditions including low pH, low organic carbon, low
nutrierts, and high toxic metal(loid) concentrations. Plasdociated bacterial

communities are particularly important in these harsh conditions because of their
beneficial services to the plant. We hypothesize that the bacterial colonization profiles on
root sufaces are not random. The aim of this study was to identify potential associations
between the bacteria colonizing surfaces of buffalo gesshioe dactyloidgsoots and

both plant status (leaf chlorophyll and plant cover) and substrate geochentistry (p
electrical conductivity, total organic carbon, and total nitrogen). Buffalo grass roots were
analyzed from mesocosrand fieldscale phytostabilization studies conducted with
tailings from the Iron King Mine and Humboldt Smelter Superfund Site in Dewey
Humboldt, Arizona. These tailings are extremely acidic and have total arsenic and lead
concentrations of 2 4 g kg substrate. Bacterial communities on root surfaces and
rhizosphereassociated substrate were characterized using fluoresoesite

hybridization and 16S rRNA gene amplicon sequencing, respectively. The results
indicate that the metabolic status of bacterial-amonizers is significantly related to

plant health. Principal component analysis revealed that root sétfasicaproteobacteria
relative abundance was associated most strongly with substrate pH and
Gammaproteobacterieelative abundance associated strongly with substrate pH and
plant cover. These factors also affected the phylogenetic profiles of the associated
rhizosphere communmgs. In summary, bacterial colonization patterns on the root
surfaces are plant specific and influenced by plant status and rhizosphere geochemical

conditions.
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1. Introduction

Metal(loid) contamination due to anthropogenic activities, such as miposgs a
threat to the surrounding environment and human health. In particular, legacy mine
tailing ponds or piles, which consist of the residual ore left behind after mining at historic
sites, are susceptible to wind and water erosion, facilitating roamat transport.
Revegetation can be exploited to reduce the spread of contaminants via wind and water
erosion, but technologies must be developed to facilitate plant growth in these harsh
materials. Typically a barrier such as a soil or plastic cap ¢ lsed to isolate mine
tailings from plants [1], however, phytostabilization provides an alternative method in
which a plant cover is established directly into the tailings without a soil cap to promote
the immobilization of metal(loid)s in the root zoj}. In addition to being less costly
[2,3], phytostabilization is less destructive because it does not necessitate soil excavation
from surrounding lands. However, plant establishment during phytostabilization can be
difficult, particularly in pyritic mne tailings that weather under semiarid conditions, due
to acidic pH, low organic carbon content, low nutrients, hypersalinity, low moisture, poor
substrate structure, and an autotrojpiminated, acidjenerating, microbial community
[2,4,5,6,7]. Often, thaddition of organic amendment is required, such as compost,
manure, or biosolids, which offers many benefits including a source of organic carbon
and nutrients, pH neutralization, increased water holding capacity, improved aggregate

structure, and the aditbn of a heterotrophic microbial inoculum [2,4,8,9]

Research concerning plaatsociated microbial communities present under
stressed conditions, such as those characteristic of pyritic mine tailings, is key to

understanding how plambicrobe interactinos can be exploited to help sustain plants in
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stressed environments. Direct interaction between plants, microorganisms, and tailings
materials occurs in the rhizosphere, which is defined as the root surface and-the root
exudate impacted area surrounding tbot. Root exudates consisting of organic
compounds such as polysaccharides, sugars, amino acids, and fatty acids [10,11,12,13]
create the Arhizospher e -e¢ofl®0bldgréatet hat i s
abundance of microbes in the rhizosphereamspared to the bulk soil [14]. Previous
research does indicate that rhizosphere bacteria, specifically plant growth promoting
bacteria (PGPB), are particularly important for plant growth and establishment under
extreme conditions of the mine tailings @owment [15,16,17,18,19,20,21]. PGPB
enhance plant growth by 1) increasing nutrient availability through phosphorous
solubilization, production of ircchelating siderophores, and nitrogen fixation; 2)
decreasing the plastress hormone ethylene throygieduction of ethyleneleaving

ACC (1-aminocyclopropané-carboxylate) deaminase; 3) providing protection from
pathogens; and 4) decreasing metal bioavailability to plants [22,23,24]. These services
are crucial in the nutriedimited, stressed conditioreg mine tailings and facilitate

positive plantmicrobe feedbacks.

We contend that understanding the factors controlling microbial colonization
patterns on the root surface will provide important insights into the significance of plant
microbe associatiorts plant survival in acidic mine tailings. Despite the importance of
rhizosphere bacteria to plant health and establishment, studies examining bacterial
colonization on the root surfaces of plants grown in mine tailings are lacking.
Fluorescence in situybridization (FISH) in combination with confocal scanning electron

microscopy (CLSM) has been used to study bacterialqolonization in typical soils
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[25,26,27] and has been adapted for roots grown in corapashded mine tailings
[18,19,28,29]. In a anparison oBuchloe dactyloidefuffalo grass) grown in

unamended vs compeaiended (10%) mine tailings, increases in bacterial root
coverage and plant biomass of 3.6 to 18.9% and 0.045'gg6t18 g pot, respectively,
were observed with compost andment [28]. These results show an association
between domanfevel bacterial root colonization and either external substrate or plant
condition. However, phylum/subphylutavel bacterial root colonization patterns by
bacteria during phytostabilizatiori mine tailings are poorly understood, especially at the

field scale.

In this study, we combined FISH and CLSM to analyze bacterial root colonization
of buffalo grass used in the phytostabilization of metalliferous, pyritic mine tailings, and
we found assciations between colonization patterns and geochemical and plant
conditions. We hypothesized that bacterial root colonization is not random, but reflects
both plant status and external geochemical parameters. We differentiate between the
rhizosphere micioial populations colonizing the root surface to be referred to as root
colonizers and those present in the iogbacted soil surrounding the root which are
labelled rhizosphere bacteria. Therefore, the aims of this study were to: i) quantify
bacterial rot colonization of buffalo grass at the domain and phylum/subphiguet;

i) identify associations between bacterial root colonization and both plant status (leaf
chlorophyll and plant cover) and geochemical parameters (pH, total organic carbon
[TOC], total nitrogen [TN], and electrical conductivity [EC]); and iii) evaluate
associations between rhizosphere microbial community composition, profiled by high

throughput sequencing of 16S rRNA gene amplicons, and root colonization patterns. We
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first examined Bcterial colonization patterns from buffalo grass roots grown in a
controlled 12 month mesocosm experiment, and then extended this analysis to a field
scale phytostabilization trial. This study provides new insights into associations between
bacteria coloizing the root surface and plant status in the stressful mine tailing

environment.

2. Methods
2.1  Iron King Mine and Humboldt Smelter Superfund (IKMHSS) site description

The Iron King Mine and Humboldt Smelter Superfund (IKMHSS) site is located
in thetown of DeweyHumboldt, AZ. Mining operations were carried out between 1906
and 1969 extracting Cu, Ag, and Au [30], but leaving high residual tailings
concentrations of toxic metal(loid)s including As and Pb, at 3.1 and 2.2 giiggs
respectively 31]. Oxidation of the pyritic tailings in the top 25 cm has produced acidic
conditions (pH of 2.3 2.7) [6]. The tailings are characterized by low organic carbon
content (0.14 g kg, hypersalinity (EC 68.0 ds m), poor substrate structure [6,7], and

the complete absence of vegetation.
2.2  Mesocosm Study
2.2.1 Controlled greenhouse experiment

A controlled greenhouse experiment conducted to evaluate phytostabilization of
mine tailings from IKHMSS was exploited for the current study to assess bacietial
colonization patterns in a controlled system undergoing defined acidification. As

described previously [7,32], the -h2onth greenhouse experiment was conducted at the
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Controlled Environment Agriculture Center at the University of Arizona in highly
instrumented polypropylene mesocosms that were 1 m in diameter and 0.5 m deep and
instrumented with pore water samplers at 10 cm intervals froi@5cm along the depth

of the mesocosm. For this bacterial root colonization study, buffalo grass grown in
tailings amended with 15% compost (w/w) was examined. Buffalo grass germination was
observed within the first week of the experiment and plants grew well for 3 months. After

3 months, plants showed signs of stress and sevebadkewas observed by 12 months.
2.2.2 Root sample collection

Roots from each of the three buffalo grass replicate mesocosms were collected at
3, 6, and 9 months following planting. To collect the roots, the top of the plant was cut
off at the surface of the substrate and then a coresuriag 2 cm in diameter and 10 cm
in length was inserted directly over the truncated plant to enable sampling of the root plus
rhizosphere substrate [7]. A small section of root sample was cut off and treated to fix
root-colonizing bacteria, as describeyiously [28,29]. Briefly, the root sections were
placed into 4 °C, sterile 4 % paraformaldehyde (PFA) in phosithdtered saline
solution (PBS; 7 mM NgdPQ;, 3 mM NaHPQ and 130 mM NacCl, pH 7.2) and
processed in the laboratory within 12 h of collects follows. Roots were rinsed twice
in phosphate buffered saline (PBS), then stored in a 1:1 mixture of PBS and 100 %

ethanol at20 °C until FISH analysis.
2.2.3 Mesocosm plant status (plant cover) and pore water geochemical parameters

Plant cover wasetermined for each of the buffalo grass mesocosms at each of

the collection times (3, 6, and 9 months). A photograph of each mesocosm at the
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specified time was imported into the program ImageJ [33] for digital analysis of percent

plant cover.

Pore watevas collected continuously at 5 and 15 cm depths and the depths were
consolidated for chemical analysis. Pore water subsamples collected at 0, 3, 6, and 9
months were analyzed for pH, dissolved organic carbon (DOC), dissolved nitrogen (DN),

and electricatonductively (EC) as described previously [7,34].
2.3  Field study
2.3.1 IKHMSS Phase 1 and Phase 3

The IKHMSS field trial, consisting of 3 individual experiments, or phases, was
designed to evaluate multiple direct planting strategies for native planese
compostamended tailings [35]. Phase 1, initiated in May 2010, was designed to study
different compost amendment rates and seeded with six native plant species in semi
random plots. For the current bacterial root colonization study, buffalo g@ssirom
the 15% compost (w/w in the top 20 cm) treatment were examined. Phase 3, initiated in
June 2012, was designed to study the effectiveness of buffalo grass or quailbush
monocultures situated in rows. The entire area was amended with 15% compast (w/
the top 20 cm) with lime (2.0622 kg#h For the current bacterial root colonization
study, buffalo grass plants from the 3 replicates of the buffalo grass treatment were

examined.
2.3.2 Sample collection

Eight buffalo grass plants were sampledrfrBhase 1 (Plot 5a and b, Plot 10a and

b, Plot 19a and b, and Plot 24a and b) and eight from Phase 3 (Row 2a and b; Row 4a, b,



133

and c; and Row 6a, b, and c) in August 2013. After collection, root samples were fixed
immediately, as described above. In additifollowing the removal of the root sample,

the entire core was placed in a sterile bag for rhizosphere DNA analysis. Corers were
sterilized with 95% ethanol before each sample collection. Additionally, a surface tailings
sample from the top 20 cm wadleated next to the root and stored in a plastic bag for

substrate chemical analysis.
2.3.3 Field study plant status and substrate geochemical analysis

The following field measurements were used to quantify plant establishment and
status. First, as a meas of plant establishment, plant canopy cover was estimated using
transect and quadrat sampling in October 2013, 2 months after buffalo grass root and
rhizosphere collections, for each Phase 1 field plot and Phase 3 row section from which a
plant was harested [36,37by Gil-Loaiza et al. [35]. Secontkaf chlorophyll levels
were measured for each plant as an indication of individual plant stress [38,39,40] at the
time of root and rhizosphere collectiasing a handheld portable chlorophyll meter
(atLEAF; Wilmington, DE) which measures light transmittance. Higher measured values

correspond to healthier plants within the same species.

Rhizosphere tailings were analyzed for pH, TOC, TN, and EC. Each rhizosphere
sample was sieved at 2 mm and dried at 86 72 h. The pH and EC were measured
from a 1:2 mass ratio extract ofQ)thai | i ngs
was mixed for 30 minutes prior to measurement. The pH was measured in the
homogenized extract and the EC was determined fronuffexsatant after the substrate
was allowed to settle for 105 minutes. Analyses ofC and TN were performed on

milled subsamples of the dried rhizosphere material (Shmiadzu TOC analyzer, Columbia,
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MD) using a solid state module (SSM), which utilizesyambustion under oxygen
with detection by a nedispersive infrared (NDIR) for total carbon and

chemoluminescence for TN.
2.4 Fluorescence in situ hybridization (FISH)

Bacterial colonization of buffalo grass roots was assessed with FISH using probes
chosen to target major phyla/subphyla present in the IKHMSS buffalo grass rhizosphere,
as presented in Honeker et al., [29]. The FISH protocol was adapted from Watt et al. [25]
and Iverson and Maier [28] and is described in detail in Honeker et al. [29]yBaie
fixed root was immobilized on a glass slide and incubated in hybridization buffer with
fluorescentlylabelled probes (Eub338Y5 mix to target the domain Bacteria plus one of
the following specific probes: HGC692lY 3 for Actinobacteria AIf968-CY 3 for
Alphaproteobacteriagr Gam42aCY 3 for Gammaproteobacterjgprobe sequences are
from ProbeBase [41]) for-2.5 h at 46 °C followed by incubation in wash buffer for 15
min at 48 °C. Slides with roots were rinsed inocéd DI water, dried using compress
air, and then placed in the dark at room temperature until completely dry. Slides were

stored in a dark slide box with desiccantZdi °C until viewing.
2.5 Confocal laser scanning microscopy (CLSM)

Prior to viewing, slides were allowed to equilibredeoom temperature. As a
counterstain, 40 OL of 500 &M SytoBC nucl e
e M THCIi a$ pH 8.0 was added to each root and incubated at room temperature for 20

min. SytoBC was r i fifladd exxdsquidwiagrémovedbye M Tr i s
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wicking with a Kimwipe and gently blowing with condensed air. The slides were then

placed in the dark at room temperature until completely dry.

Once dry, 1 drop of AF1 antifadent mountant (Citifluor Ltd., London) was added
to the rod and then a coverslip (size 1.5, VWR) was placed over the root. Slides were
viewed on a Zeiss 510 Meta Confocal Laser Scanning Microscope (CLSM) using a 63x
objective (Plan Apochromat, NA 1.3). For viewing SytoBC, CY3 labeled probes, and
CY5 labeled probs a 488nm Argon laser with a BP 5880 filter, 543nm HeNe laser
with an LP 560 filter, and 633 nm HeNe laser with an LP 650 filter were used,
respectively. The captured image consisted of three channels, each representing a
different wavelength, and hesca different probe or the nucleic acid stain (see Fig. 1 for
a representative set of images). Each probe has a specific excitation and emission
wavelength, and the three laser wavelengths and filters listed were optimally chosen to
ensure excitation andchage collection of the appropriate probe while avoiding any
overlap of probe excitation and emission wavelengths. Images were collected at 1 um

intervas from the surface of the root to a dep
2.6  Quantitative image analysis

Quantitative analysis of bacterial colonization was performed on FISH images
following a stepwise procedure using ImageJ software complete with the MBF
(McMaster Biophotaics Facility) plugin collection [42] specifically designed for
analysis of microscopy imageEor each of the three channels within the original file
representing the SytoBC lixagead stain, the domain Bacteria probe, and the specific
group probe, quaritii cat i on was performed at depths o

together after analysis. The SytoBC hdead stain channel, was used to differentiate
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fluorescence produced by bacterial cells from that of the background fluorescence or
autofluorescece. Bacterial cells and colonies were detected and outlined using the
nucleus counter pluop (a part of the MBF ImageJ plugin collection) with the following
settings: particle size set td 200, automatic subtraction of background, and application
ofthe watershed filter. The outlined Apartic
to the ROI (region of interest) manager. Each image was manually checked to confirm
that cells selected by the plugin were in fact bacterial cells and to add =séirby the
plugin. The root surface area covered by cells stained with the SytoB@elackstain

was then calculated. This cell coverage calculation represented both live and dead
bacterial cells. Second, channel 2, the bacteria probe channel, waednading the

library of stored cells identified based on the SytoBC stain and saved to the ROI
manager. Each cell was individually queried for detection with the domain Bacteria
probe. Cells not detected with the Bacteria probe were deleted. Remairrigpdat
channel 2 were used to calculate the total area of metabolically active bacteria cells.
Third, the same step was repeated with channel 3 images for the phylum/subphylum
specific probe. This stewise colocalization strategy decreased the chancehifding
autofluorescence into the analysis and ensured that specificAdplsproteobacteria
GammaproteobacterjaandActinobacterid were also stained with the Bacteria probe

and SytoBC nucleic acid stain.

Three quantitative measurements were tleeonded as follows. The relative
abundances dilphaproteobacteriagGammaproteobacterjaandActinobacteriawere
calculated by dividing the area of cells stained by each specific probe by the total area of

cells stained with Bacteria probe. The percentdgaetabolically active bacteria was
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calculated by dividing the area of cells stained by the Bacteria probe by the area of cells
stained by the SytoBC nucleic acid stdirshould be noted that this may be an ever
estimate of metabolically active cells was found to be the case[d$]. While active

cells can contain abundant rRNA, some species of dormant cells can also contain
abundant rRNA, as they prepare for conditions conducive for cellular a¢ti¢ityin this
study, we assume that the propantaf potentially dormant cells containing high rRNA
levels remain constant across samples, therefore, allowing comparison of metabolically
active cells between sample&nd finally, bacterial root coverage was calculated by
dividing the area of cells sta&d by the Bacteria probe by the area of the root surface,
thus this measurement represents the percent of the root surface colonized by

met abolically active bacteria. The above c

averaged to get a final value faaah root sample.
2.7  PCA of plants from IKMHSS field site

Principal component analysis (PCA) was performed on Phase 1 and Phase 3
samples, separately, in order to identify potential drivers of the species composition
colonizing the root surfaces undefferent field conditions. The PCA analyses were

performed using CANOCO 4.5 (Microcomputer Power, Ithaca, NY).

2.8 Microbial phylogenetic analysis (iTag) of plant rhizosphere substrates from

IKMHSS field site

Rhizosphere microbial phylogenetic analysis wsead to evaluate the influence of
rhizosphere populations on bacterial root colonization patterns of plants harvested from

the IKMHSS field site. Microbial community profiles were generated from 16S rRNA
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gene amplicons from rhizosphdardluenced materiatollected from each plant harvested
from Phase 1 and Phase 3, as described previously [29]. From the rhizesfiheneed
sample, a 0.5 g subsample was subjected to DNA extraction using the FastDNA Spin Kit
for Soil (MP Biomedicals; Santa Ana, CA)fold ng t he manufacturero6s
modifications to enhance DNA yield as outlined in [7]. Library preparation and
sequencing were performed at Argonne National Laboratory (Chicago, IL). Library
preparation followed a singltep PCR protocgiresented yp Caporaso et al. [4%using
primers 515f and 806r to amplify the V4 region of the 16S rRNA gene. Sequencing was
carried out in a single lane on an Illlumina-Bkq using v2 chemistry and bidirectional
amplicon sequencing (2 x 151bp).

Raw sequence reads negrocessed using the open source software package

QIIME v1.9 (Quantitative Insights into Microbial Ecologyww.qgiime.org. Forward

and reverse reads were joined, using a minimum overlap of 30 bp followed by quality
filtering using default QIIME parameters and demulitplexing. Default QIIME quality
filtering parameters include: removal of the primer/barcode from the sequence, and
removal of all sequences 1) with a Phred quality score <4, 2) containing any ambiguous
(N) base calls, and 3) having a length of < 0.75 of original length post quality filtering.
After quality filtering, a total of 1,863,169 high quality sequencet) am average

number of 116,44& 30,667 sequence reads per sample remained. Using a sequence
cutoff of 30,000 sequences, one sample (Row4b) from Phase 3 was removed from further
analysis. Sequences were clustered into operational taxonomic units (OTUS) of greater
than or equal t87% similarity using UCLUST [4)6 During DNA extraction, blanks that

contained no tailings sample were extracted alongside each batch of samples for quality
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control and subsequently sequenced. OTUs contained in the sequenced blanks were
removed from the associated samples extracted in the same batch to minimize influence
of contamination. Representative sequences from edthwre aligned using PyNAST

[47] and assigned taxonomy using the UCLUST classifier and Geeexs 16S rRNA

gene database [#&equence data have been deposited in the NCBI Sequence Read

Archive (SRA) daabase under the accession number SRR4462508.

3. Results
3.1 Mesocosm study

Buffalo grass plants grown in mesocosms during a highly controlled greenhouse
experiment were analyzed to examine bacterial root colonization during acidification of
metalliferots pyritic tailings. A significant temporal decrease in both the relative
abundance and root coverage of metabolically active bacteria was observed at 6 months
(p < 0.05) (Table 1). A concurrent increase in the relative abundance of
Gammaproteobacteriaccured at 6 months (p < 0.05) whildphaproteobacteriand
Actinobacteriarelative abundance did not change significantly with time (Table 1). These
observed temporal changes in bacterial root colonization were associated with significant
decreases in pengeplant cover at 6 months (p < 0.05) and pH at 9 months (p < 0.05)
(Table 1). Pore water DOC, DN, and EC showed no significant change with time (Table
1). These results reveal that temporal changes in relative abundance and root coverage of
metabolicallyactive bacteria, and the relative abundand8arhmaproteobacterian the

root surface were associated with changes in substrate pH and plant growth status.
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3.2  Root colonization of buffalo grass from the IKHMSS field trial

After using FISH to observe Halo grass root bacterial colonization patterns
during acidification of 15% compost amended (w/w) IKHMSS mine tailings in a
controlled meoscosm study, the bacterial colonization of buffalo grass roots from
IKHMSS Phase 1 and Phase 3 field trials (15% cahpmended [w/w]) was
characterized. At the time of sampling, the Phase 1 and Phase 3 field trials represented
three and one years of growth, respectively. Eight plants from each site were sampled,
but one Phase 3 root degraded during transport and cotitee ranalyzed (Row 2c).
Chlorophyll levels from each plant were used to separate the plants into two categories;
high chlorophyll with values of 32 50, and low chlorophyll with values ofi816.
Chlorophyll level was used as a proxy for plant stattiseatime of sampling with high
chlorophyll levels representing robust plants and low chlorophyll levels representing
stressed plants (Table 2). The relative abundance of metabolically active bacteria on the
root surface was significantly higher for themkawith high chlorophyll levels compared
to that of the plants with low chlorophyll levels (p < 0.05). This pattern is consistent with
the mesocosm observation that the relative abundance of metabolically active bacteria on
root surfaces is positively assated with plant cover. The average root coverage for
metabolically active bacteria was also higher on the roots from the plants with high
chlorophyll levels, however this trend was not significant. An examination of the specific
phyla colonizing the rdcsurfaces showed no significant trend associated with

chlorophyll level.

A comparison was then made between Phase 1 and Phase 3 plants. Recall that

major differences between phases include: 1) difference in time of implementation, and
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therefore age of phts and compost amendment, with Phase 1 starting in May 2010 and
Phase 3 starting in June 2012; 2) addition of lime in Phase 3 versus no lime in Phase 1;
and 3) Phase 1 seeded with mixed plant species while Phase 3 seeded with a monoculture
of buffalo gras. Plants sampled from each phase included a broad range of chlorophyll
content (Table 3) indicating that a comparable range of plant health was sampled from
both field trials. Further results show that the relative abundanketiobbacteriawas
significantly higher on the roots of Phase 1 plants compared to Phase 3 (p < 0 .05). The
other bacterial root colonization measurements were not significantly different between
the two experiments. There was high variability in both the percent root coveragk as w
as the relative abundance of specific phyla/subphyla colonizing root surfaces within
Phase 1 and Phase 3 (CV = 0(®8). The percent of metabolically active bacteria varied
little between Phase 1 and 3 (CV = 0.1 for Phase 1 and Phase 3) (Tabl&i8htNtatus
(TOC and TN) and pH were significantly higher (p < 0.05), and more favorable, in Phase
3 than Phase 1 (Table 3). EC was also significantly higher in Phase 3 than phase 1 (p <
0.05) (Table 3), which can be attributed to the more recent additicompost in Phase

3. Plant cover was lower and more variable (coefficient of variation [CV] = 0.6) in Phase
1 than Phase 3 (CV = 0.4), but the difference was not significant (Table 3). This trend
may reflect the observed difference in geochemical patens between Phase 1 and

Phase 3.

Next, the impacts of rhizosphere geochemistry and plant condition were evaluated
as explanatory variables for the high within treatment variability in root colonization
patterns for different plants from Phases 1 arfd(GA was performed using the relative

abundances of the different phyla/subphyla on the root surfaces. In Phase 1,
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Alphaproteobacteriaelative abundance was negatively associated with TN, pH, and
plant cover along PC1 (x axis; explaining 72.9% of theatiam) (Figure 2a).
Gammaproteobacterieelative abundance was positively associated with EC and
negatively associated with plant covR&ctinobacteriawere not highly associated with

any of the plant status or geochemical parameters. Overall for Phthegg&pchemical

and plant status variables explained 97.7% of the total variation in bacterial composition
(Figure 2a) with plant cover followed by pH being the most significant explanatory
variables. In contrast, in PhaseA3phaproteobacteriaelative dundance on root

surfaces was positively associated with TN, TOC, pH, chlorophyll, and plant cover along
PC1 (83.3% of the variation)cammaproteobacteriandActinobacteriavere positively
associated with EC and negatively associated with pH. In Ph#s® gochemical and

plant status parameters explained 95.8% of the total variation in bacterial composition
(Figure 2b), with pH, TOC, and EC being the largest drivers. In summary,
Alphaproteobacteriaelative abundance on root surfaces was positivelycased with

pH, TN, and plant cover in Phase 3, but negatively associated with the same parameters
in Phase 1. Second, strong negative associations are obser@arforaproteobacteria
relative abundance with plant cover in Phase 1 and with pH in Pl{ggguBes 2a and

2b). These results suggest tEmmaproteobacterieoot colonization increases under
conditions of stress, a finding that is consistent with results from the mesocosm study
which showed a significant increase in relative abundanGaofmaroteobacteria

concurrent with a decrease in buffalo grass plant cover from 73% to 10%.

3.3  Associations between the rhizosphere microbial community and root surface

colonization
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Phylogenetic profiles of the rhizosphere bacterial communities were eXlsre
potential drivers of the observed root colonization patterns. The rhizosphere communities
represent the source from which the roolonizing bacteria might migrate or be
recruited by the plant to the root surface. In contrast to root surfaces veli¢hgh
variability in the relative abundance Alphaproteobacteri@olonizing the root surface,
the relative abundance of rhizosphAtphaproteobacterialid not vary significantly with
pH in Phase 1 or Phase 3; however, the phylogenetic profilesfantig level were
strikingly different between the two phases and varied significantly with pH (Figure 3).

In Phase 1, the buffalo grass rhizosphere was dominated by the Aar@ibbacteraceae

at low pH (Figure 3c). Overall, the Phase 3 buffalo grassspizeres had a significantly
lower relative abundance Bicetobacteraceag < 0.05) than Phase 1 and, at lower pH,
had the highest relative abundanc&phingomonadaceadt higher pH (> 6), there was

a consistent pattern in both Phase 1 and Phasen8refised relative abundance
Hyphomicrobiaceae, PhyllobacteraceaadRhizobialesas well as an unknown
Alphaproteobacterian the rhizosphere (Figures 3c and 3d). Taken together, these results
suggest thaf\cetobacteraceawas the dominant family influeimey Alphaproteobacteria

root colonization under low pH conditions, wherégghomicrobiaceae,

Phyllobacteraceae, Rhizobialesd the unknowAlphaproteobacteriavere the primary

groups potentially influencing root colonization at pH > 6.

Gammaproteobaetia relative abundance on root surfaces was influenced most
by plant cover in Phase 1 and pH in Phase 3 (Figures 2a and 2b). The greatest relative
abundance was observed in areas of low plant cover (Figure 4a) during Phase 1, and low

pH in Phase 3 (Figurga). Similar toAlphaproteobacteriathe high variability of
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Gammaproteobacterian the root surface does not parallel the relative abundance of
Gammaproteobacterie the rhizosphere microbial community (Figures 4b and 5b).
However, major differencesexe observed in the phylogenetic composition of the
rhizospheré&sammaproteobacterisommunities of Phase 1 and Phase 3 plants.
XanthomondaceaandSinobacteraceaeomprised between 711799.8% of total
Gammaproteobacteritor all Phase 1 plant rhizosphereith the exception of the plant
harvested from Plot 10a (30.4% relative abundance) (Figure 4b). In Phase 3, the
Gammaproteobacteriavere more diverse and also had large representation from the
AlteromonadaceaandPseudomonadacedamilies and th&€hromaialesorder (Figure
5b). Of interest is the uniqUu&@ammaproteobacteriehizosphere community profile for
the plant harvested from Row 2b that is associated with the lowest rhizosphere pH, the
highest relative abundance of root colonization, and the rigtlasive abundance of
Acidithiobacillaceaen the rhizosphere. The observed variation in rhizosphere
Gammaproteobacterisommunity phylogenetic profiles for Phase 1 and Phase 3
confirms that distinct groups @ammaproteobacterimfluence colonizationfathe root

surfaces of buffalo grass plants under the different conditions in these two field trials.
4. Discussion

This study provides the first evidence for a deterministic rather than random
pattern of bacterial root colonization of plants grown inatti&rous mine tailings. The
results show that the relative abundance and root coverage of metabolically active
bacteria and the relative abundance of specific subphyla reflect substrate geochemistry
and rhizosphere community composition. As will be dssed below, these findings

suggest key insights into potential roles that the bacteria colonizing the root surface play
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in plant adaptation and survival in the extreme conditions of the mine tailings.
Knowledge of these relationships can be exploited veldp novel technologies to

advance the lonterm success of miAgiling phytostabilization.
4.1  Metabolically active bacteria

It is a significant finding that the relative abundance of metabolically active
bacteria on the root surface correlates wiimphealth. In the mesocosm study, as plant
cover significantly decreased between 3 and 6 months, there was a coinciding decrease in
relative abundance of metabolically active bacteria colonizing the root surface (Table 1).
We hypothesize that the degi@&eplant cover is an indicator of plant health and
establishment, suggesting a possible link between plant health and presence of
metabolically active bacteria. To further test this hypothesis, plants harvested from the
field study were categorized accardito chlorophyll levels as a measure of plant status.
More vigorous plants, with high leaf chlorophyll levels, were found to have a
significantly higher relative abundance of metabolically active bacteria (p < 0.05),
supporting our hypothesis that theatele abundance of metabolically active bacteria on
the root surface correlates with plant health. This correlation is likely driven by a
combination of increased plant root exudation of healthy plants creating a more abundant
food source for bacteria, amlexchange, more active bacteria providing beneficial
services that improve plant fitness. In fact, previous studies have shown that plant health
and growth can lead to an increase in root exudation which has been found to positively

correlate with rizosphere microbial activity [49,581].

4.2  Subphyla
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The significant relationship observed between plant health andotmtizing
bacteria led to a more-itkepth interrogation into relationships between the relative
abundance of specific subphyla calong the root surface and geochemical and plant
status parameters. Most pronounced is the contrasting pati&lphajproteobacteria
which is negatively associated with pH and TN in Phase 1, and is positively associated
with pH, TOC, and TN in Phase 3hi§ interesting contrast in pattern reflects the
significantly different geochemical conditions of Phase 1 and Phase 3 (p < 0.05) (Table
3), most notable between pH, TOC, and TN. As mentioned previously, Phase 1 was
implemented in 2010 and Phase 3 in 20%Zhe time of sample collection in 2013, the
compost amendment in Phase 3 was still abundantly present helping to maintain a
buffering effect and source of organic matter. However, Phase 1 compost levels were
lower, leading to lower organic matter coritand a decrease in buffering capacity that
was associated with-&cidification of the tailings material (Table 3). A second key
pattern is the increase in relative abundandgafimaproteobacterian the root surface
under stressed conditions, as evidghby the negative association with plant cover in

Phase 1 and pH in Phase 3.

The phylogenetic composition of tiié¢phaproteobacteriand
Gammaproteobacteriwithin the rhizosphere substrate material reveals striking patterns
that correspond with root mmization patterns. The relative abundance of both subphyla
colonizing the root surface shows high variation; however, this variation is not explained
by differences in the respective abundances of these groups in the Phase 1 and Phase 3
rhizosphere matel. Despite this, the phylogenetic profiles of the rhizosphere

Alphaproteobacterimnd Gammaproteobacterism Phase 1 and 3 are quite distinct and
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vary with geochemical conditions suggesting that differential root colonization patterns
could be explainebly either selective recruitment from the distinct rhizosphere
communities by the plant or preferential colonization of the plant root by rhizosphere
bacteriaWhether differential bacterial root colonization is primarily pldntven or

microbially-drivenis difficult to determine based on this experimental study.
4.2.1 Alphaproteobacteria

The relative abundance Afphaproteobacteriaoot-colonization is negatively
associated with pH in Phase 1 and positively associated with pH in Phase 3.
Phylogeneticdy distinct rhizospherdlphaproteobacterizommunities were also
observed in Phase 1 vs. PhasgalBhaproteobactericommunities in the Phase 1
rhizosphere are increasingly dominated by acidopAitetobacteraceaas the pH
declines of which Acidiphiliumis the dominant genus (39.91.7%). Species within the
genusAcidiphiliumare known to reduce Fe, and at least one speaediphilum
mulitvorum is known to oxidize As(Ill) [52,58 Therefore, we hypothesize that
AcetobacteraceaéncludingAcidiphlium, are colonizing the root surface and
participating in Fe and/or As cycling, and possibly even immobilizing these metal(loid)s
on the root surface. In a previous study, up to 27.4%mfaproteobacteriavere co
localized with Fe/As plaques on buffajoass roots from Plot 24 in Phase 1 [29]. In
contrast Alphaproteobacterigphylogenetic communities in Phase 3 are dominated by
HyphomicrobiaceagPhyllobacteraceaeand otheRhizobialesat higher, more neutral,
pH, when the relative abundanceAdphaproteobacteriaon the root surface is high.
According to iTag sequencing results, the fariigpohomicrobiaceaprimarily consists

of the genu®evosia(43.01 92.6%), a known PGPB with the @agty for nitrogen
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fixation [52,54. The familyPhyllobacteraceaalso contains many PGPB species
capable of nitrogeffixation [52]. We hypothesize that these PGPB are the
Alphaproteobacteri@olonizing the root surfaces in Phase 3, which would explain the
positive association dilphaproteobacterian the root surfaceith the favorable

nutrient status, as indicated by TN and TOC, and more neutral conditions. The stark
difference inAlphaproteobacterigphylogenetic profiles in Phase 1 and Phase 3 coupled
with the opposing trend of roablonizingAlphaproteobacteriaelative abundance in
relation to pH suggest that plamicrobe associations fluctuate with changing

geochemical conditions.

4.2.2 Gammaproteobacteria

Phylogenetic profiles withiGammaproteobacteriehizosphere communities in
Phase 1 and Phase 3 also e interesting trend in relation @ammaproteobacteria
root colonization. In the more stressed conditions of low pH and low plant cover where
there is a higher relative abundancé&aimmaproteobacterieolonizing the root surface,
Acidithiobacilaceae(100% belonging to the genésidithiobacillug are present in the
rhizosphere at a higher relative abundance, indicating that these may be selectively
recruited by the plant or preferentially colonizing the root surface under these conditions.
Species witin the genugcidithiobacillus most notabhA. ferrrooxidansandA.
thiooxidang are known to oxlize Fe and S, respectively [52Ve hypothesize
Acidithiobacillusare colonizing the root surface and contributing to ferric Fe plaque
formation. Using thenethod for quantifying metal(loid) and bacteria colocalization on
root surfaces presented in Honeker et al. [29], we found that 4Z.9% of

Gammaproteobacterieolocalized with Fe on roots from the mesocosm study at 6
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months (Supplementary Figure 1)achcterized by low plant cover (11.9%), which
supports this hypothesis. It is interesting to point out that root sample Plot 24b, which
was associated with an acidic pH and low plant cover, had high abundance of
AlphaproteobacterimndGammaproteobacteriéd7.8 and 50.3%, respectively). Abiotic
Fe oxidation kinetically occurs relatively slowly at a low pH, whereas bacterially
mediated transformation is favored. Under these conditions, poorly crystalline Fe(lll)
oxides are created, such as ferrihydrite, Whie have previously shown to be the
mineral phase constituting the Fe plaque on roots from IKMHSS [29]. Together, these
bacteria groups can create a rapid cycling of Fe in the root zone, involving the
alphaproteobacteriucidiphiliumas the Fe reducarnd Gammaproteobacteria

Acidithiobacillusas the Fe oxidizer [35
4.3  Conclusions

The results of this study reveal that bacterial root colonization patterns are
variable within a single plant species in reflection of geochemical and plant status
parametersThe combined use of iTag bacterial community analysis of rhizosphere
substrate populations and FISH profiling of root surface bacteria enabled a
characterization of the bacterial taxa colonizing the root surface, with possible
explanations for influencdbat these plaamnicrobe associations may have on plant
health under harsh environmental conditions. Taken together, the results of this study
suggest a model in which buffalo grass roots from neutral coraposbded tailings
material are colonized predamantly by PGPB, whereas roots from plants surviving in a
more highly acidic, weathered tailings/compost mixture with significantly lower TOC

and TN levels have colonization patterns dominated by rogtdihg bacteria. The
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significance of these patterrsnot known, but we hypothesize that they influence plant
survival. The latter field conditions result over time following the erosion and
mineralization of compost amendments which leadacrdification and reduced
nutrient levelsBased on the currestudy, it is difficult to determine whether the
bacterial colonization patterns observed are piiaiven (i.e. due to changing exudates)
or are driven by changes in geochemical conditions which directly affect the bacterial
communities both on the roatirface and in the rhizosphere. Most likely, it is a

combination of both, as has been reported previously [56].

The characterization of specific plamicrobe associations during
phytostabilization provides cues for understanding plant survival in thenestr
environment of metalliferous mine tailings that can be exploited to develop bacterial
inoculumbased technologies to help boost plant health under various suboptimal field
conditions. Furthermore, these associations may provide insights for evathating
success and establishment of plants during phytostabilization of metalliferous mine

tailings.
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7. Tables

Table 1.Mesocosm study geochemical, plant status, and bacterial root colonization data. Values
represent averages of buffalo grass mesocosm replicates with standard deviations (n=3 at each
time point) and coefficients of variation in parergbe.
Parameters 3 months 6 months 9 months
pH 5.7+ 0.5 (0.1} 6.3+ 0.5 (0.1} 4.1+ 0.2 (0.0%
DOC (mg L) 1934.0+ 1635.0 (0.8) 844.0+ 305.0 (0.2) 252.0+57.0 (0.5)

Geochemicdl
! DN (mg LY 172.6+ 175.1 (1.0) 222.3+104.1 (0.5) 104.2+68.9(0.7)

EC (dS m) 30.4+ 23.8 (0.8) 34.3+6.5(0.2)  30.5+4.3(0.1)

Plant Status (Pognt Cover  7,8+162(02)  9.7+7.8(08)  17.7+23.4 (1.3)
MAB (%) 45.8% 4.0 (0.09) 252+8.1(0.3})  19.6% 7.6 (0.4}
_ RC® (%) 0.4+ .1 (0.3} 0.1+ 0.1 (0.7Y 0.1+ 0.1 (0.7Y

Baftef'a't_ro‘)t Alapha’ (%) 21.4+ 21.2 (0.8) 13.7+1.3(0.2)  20.9+ 10.1 (0.4)

colonization

Gamma® (%) 8.4+ 3.3 (0.4} 19.8+2.6 (0.1  16.9+1.7 (0.1}

Actino.” (%) 30.9+ 20.8 (0.8) 46.4+7.3(0.2) 43.7+ 155 (0.3

DOC = dissolved organic carbon, DN = dissolved nitrogen, EC = electrical conductivity

abpifferent letters represent significant differences between single variables at different time

points (ANOVA, p < 0.05; TukeXramer HSD test).

¢Geochemical pameters characterize pore water samples collected at depths of 5 and 15 cm

dMAB (metabolically active bacteria) % = area of Bacteria (probe Eub338 mix) / area of total
live and dead bacteria (StytoBC nucleic acid stain)

¢ RC (root coverage) % = ax®f Bacteria (probe Eub338 mix) / area of root surface

fAlpha. (Alphaproteobacterin% = area of Alpha. (probe Alf968) / area of Bacteria (probe
Eub338 mix)

g Gamma. Gammaproteobacter)d@o = area of Gamma. (probe Gam42a) / area of Bacteria
(probeEub338 mix)

"Actino. (Actinobacterid % = area of Actino. (probe HGC69a) / area of Bacteria
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Table 2.Field study root colonization data for plants with high-G82 and low (816)
chlorophyll levelsValues represent averages with standard deviatidncoefficient of variation

in parentheses.

Bacterial root colonization High chlorophyll Low chlorophyll
n=8 n=7

MAB? (%) 66.3+ 4.3 (0.1) 59.3+ 6.9 (0.1)

RC (%) 1.2+ 0.7 (0.6) 0.7+ 0.3 (0.5)

Alapha’ (%) 23.1+ 14.8 (0.6) 18.7+£ 18.0 (1.0)

Gamma? (%) 13.7+£10.7 (0.8) 20.1+£17.5(0.9)

Actino.® (%) 6.8+ 5.2 (0.8) 10.8+ 6.3 (0.6)

" Significant difference between high and low chlorophyll plantest, p < 0.05)

2MAB (metabolcally active bacteria) % = area of Bacteria (probe Eub338 mix) / area of total live
and dead bacteria (StytoBC nucleic acid stain)

® RC (root coverage) % = area of Bacteria (probe Eub338 mix) / area of root surface

¢ Alpha. (Alphaproteobacterin% = aea of Alpha. (probe Alf968) / area of Bacteria (probe
Eub338 mix)

dGamma. Gammaproteobacter)& = area of Gamma. (probe Gam42a) / area of Bacteria
(probe Eub338 mix)

€Actino. (Actinobacterid % = area of Actino. (probe HGC69a) / area of Bacigniabe Eub338
mix)
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Table 3.Field study 2013 geochemical, plant status, and bacterial root colonization data for
Phase 1 (initiated in 2010) and Phase 3 (initiated in 2012). Values represent averages with
standard deviation and coefigéent of variation in parentheses.

Parameters Phase 1 Phase 3
n=8 n=7
pH 3.7+ 1.3(0.4) 6.3+2.0(0.3)
. TOC (g/k 49.8+11.8 (0.2 97.9+44.0 (0.5
Geochemicdl (gﬁg)g) 3.8+ 0.7 (é.z)) 7.7+2.0 (5.3))
EC (dS m) 5.0+ 2.7 (0.5) 8.9+ 3.3 (0.4)
Plant status Plant Cover (%) 30.5+17.4 (0.6) 48.2+ 17.2 (0.4)
Leaf Chlorophyll 25.7+ 15.0 (0.6) 26.3+ 16.6 (0.6)
MABP® (%) 62.1+ 5.3 (0.1) 64.1+ 8.0 (0.1)
RC® (%) 0.8+ 0.4 (0.6) 1.2+ 0.7 (0.6)

Bacterial root
colonization

Alphad (%)
Gamméat (%)
Actino. (%)

22.8+18.2 (0.8)
19.5+ 15.9 (0.8)
12.0+ 5.6 (0.5)

19.0+ 14.1 (0.7)
13.5+ 12.2 (0.6)
4.8+ 3.5 (0.7)

TOC = total organic carbon, TN = total nitrogen, EC = electrical conductivity

" Significant difference beteen Phase 1 and Phase-tt, p < 0.05)
2Geochemical parameters characterize surface substrate sample from top 20cm
®MAB (metabolically active bacteria) % = area of Bacteria (probe Eub338 mix) / area of total

live and dead bacteria (StytoBC nucleiid stain)

¢RC (root coverage) % = area of Bacteria (probe Eub338 mix) / area of root surface
dAlpha. (Alphaproteobacterip% = area of Alpha. (probe Alf968) / area of Bacteria (probe

Eub338 mix)

eGamma. Gammaproteobacter)®o = area of Gamma. ghe Gam42a) / area of Bacteria (probe

Eub338 mix)

f Actino. (Actinobacteria % = area of Actino. (probe HGC69a) / area of Bacteria (probe Eub338

mix)
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8. Figure Legend

Figure. 1. Buffalo grass root processed us{Ag nucleic acid stain (SgBC) to target all
Bacteria,(B) fluorescence in situ hybridization (FISH) probe to target metabolically
active Bacteria (Eub338), aii@) FISH probe to targetlphaproteobacterigAlf968).

(D) Overlay of fluorescence and light images, whsighaproteobateria cells appear

white due to colocalization between the SytoBC nucleic acid stain and the Eub338 and
Alf968 FISH probes. Roots were viewed and imaged with a Zeiss 510 Meta confocal

|l aser scanning microscope at @Bx magni fica

Figure 2. Principle Component Analysis (PCA) showing relationships between bacterial
community composition on buffalo grass roots frghh Phase 1 an(B) Phase 3. Red

vectors depict théctinobacteria(Actino), AlphaproteobacterigAlpha), and
Gammapoteobacterigd Gamma) colonizing the root surfaces and the blue arrows depict

the relationshipetween the geochemical (pH, electrical conductivity [EC], total organic
carbon [TOC], and total nitrogen [TN]) and plant status (plant cover and chlorophyll)
parameters and bacterial community composition. Overall, the direction and magnitude

of the red and blue vectors represent the presence of and strength of associations between
specific phyla/subphyla, geochemical, and plant status parameters. The totakvarian

explained by each axis is shown in parentheses.

Figure 3. Relative abundance éiiphaproteobacterian buffalo grass root surface and

in the rhizosphere, as assessed using fluorescence in situ hybridization and 16S rRNA
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gene amplicon sequencing, regpeaty for (A) Phase 1 an(B) Phase 3.
Alphaproteobacterigphylogenetic profiles of buffalo grass rhizosphere(@yPhase 1
and(D) Phase 3. Samples arranged from left to right in order of increasing pH within
each phase. pH values are representatfitieecsurface substrate collected directly

adjacent to each plant.

Figure 4. (A) Phase 1 relative abundanceGdmmaproteobacterian buffalo grass root
surfaces and in the rhizosphere, as assessed using fluorescence in situ hybridization and
16S rRNA gee amplicon sequencing, respectivély) Phase IGammaproteobacteria
phylogenetic profile of buffalo grass rhizosphere. Samples are arranged from left to right

in order of increasing plant cover of the plot from which plant was collected.

Figure 5. (A) Phase 3 relative abundance@hmmaproteobacterian buffalo grass root
surfaces and in the rhizosphere, as assessed using fluorescence in situ hybridization and
16S rRNA gene amplicon sequencing, respecti@yPhase &ammaproteobacteria
phylogenetic pofile of buffalo grass rhizosphere. Samples arranged from left to right in

order of increasing pH of surface substrate collected directly adjacent to each plant.

Supplementary Figurel. Images of two buffalo graseots (root 1: AF and root 2: G
L) grown in IKHMSS metalliferous mine tailings with lowgnt cover (11.9%).
Fluorescencen situ hybridization (FISH) and multiple energy midoxzused xray

fluorescence (ME & XRF) -walzaionofdacteriaare e t o

c

a
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using the technigedescribed in Honeker et al., (2016). Results indicate that 47.9% and
12.4% ofGammaproteobacteriao-localized with Fe on the root surfaces for rootl and
root2, respectively. (A,G) light microscopy image of root; (B,H) all live and dead cells
targeted wih SytoBC Nucleic acid stain; (C,I) FISH image showing subphylum
Gammaproteobacterih abel ed with Gamm42a probe; (D,
Fe (post alignment to confocal image); (E, K) overlay of all live/dead bacterial cells and
Fe images; and (F, L) overlay Gammaproteobacteriand Fe images. Scale bars

represent 20um.
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Figures

Figure 1.




168

o'l (%E'€8) | sIXY v¥Od 0'L- o'l (%6°2L) | SIX¥V¥Od 0L~
-
elwiwes) ©
\\
' swwes Jraeld
/' epmo E
qgmoy /o Moy -
_m>oUJ: eld .
Aydouo p mmﬁo_n_
Ay yo / % . doHold g eyziolg
.!.‘m‘mwso‘m 201 > q6li%ld @ Hd
eydly ——<——_ T X
7
z._..n.T|.|\|| T ouloYy N
o - /| eonoid
° o — / *
1 oMoy S~ e m\ / egliold
H el / laAno)jueld
/
.,‘,.,
\
r
ounoy
nqsomo -
. egsiold
alz v

Figure 2.

(%8¥2) Z sIX¥ vOd 0'l-

0l




Figure 3.
60
A mmm Rhizosphere
=3 Root Surface
50 A

I
<)

Relative Abundance (%)
w
o

pH

169

BSO

(52
o
1

pH

mmm Rhizosphere
-8 === Root Surface

B
(=}
.

pH

Relative Abundance (%)
W
o

L4
g
20 A 20
-, L 4
10 A 10 -
0- -0 0
490 b2 AQ2 70 B2
pot ?\ S P\O p\ oL F et ?\ ?\ ot oM 2 gow

C 100 - D 100 -

.80 1 80 -
o oE
i} 3 bR
©c Lo

@ © 60 4 S £60 -
%'g aoT
g3 g5
5t 08

a | i

I g 40 §§ 40

o2 Lo
<o <o
x 14

20 - 20 -

0- 04

2 -] 2 .3 \]
P P o0 1P 010 551019510 24010850 T 010 pon
Other

|

Alphaproteobacteria unknown
Caulobacterales_Caulobacteraceae
Rhizobiales
Rhizobiales_Bradyrhizobiaceae
Rhizobiales_Hyphomicrobiaceae
Rhizobiales_Phyllobacteraceae
Rhizobiales_Rhizobiaceae
Rhodobacterales_Rhodobacteraceae
Rhodospirillales_Acetobacteraceae
Rhodospirillales_Rhodospirillaceae
Shingomonadales_Erythrobacteraceae
Sphingomonadales_Sphingomonadaceae

L 2

ron®

ot 2 o & gou

® ot ® qo

(5]

W2 e

RO

Qo A¢ qon 22 gou A2




Figure 4.

A 60 -

50 A

~
o
1

Relative Abundance (%)
[*) w
o o

—_
o
1

0 -

mmm Rhizosphere
== Root Surface
— @ Plant Cover

“00

P

ot QA'C‘\) o f)_A‘OP " 4\99? ot *\9“3?\0\ '\O‘DP ot 402 ot 50 oot 52

B 100 -

(o)] o]
o o
1 |

Relative Abundance (%)
o~
o

Gammaproteobacteria

N
o
L

0 p

A2, 0AD
9\0\7' 9\0\1 P\

X \93‘)\0\ \9‘0?\0\ ‘\0‘09\0\ 208 ?\o\ 50 P\d‘ 52

mmm Other

Emm Acidithiobacillales_Acidithiobacillaceae
= Alteromonadales_Alteromonadaceae
1 Chromatiales

EE Enterobacteriales_Enterobacteriaceae
B Pseudomonadales_Pseudomonadaceae
3 Thiotrichales_Piscirickettsiaceae

1 Xanthomonadales_Sinobacteraceae
E Xanthomonadales_Xanthomonadaceae

- 60

- 50

NP
o o o
Plant Cover (%)

T
—
o

170



171

Figure 5.
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APPENDIX C

RESOLVING COLOCALIZATION OF BACTERIA A ND METAL(LOID)S ON
PLANT ROOT SURFACES BY COMBINING FLUORESCENCE IN SITU
HYBRIDIZATION (FISH) WITH MULTIPLE -ENERGY MICRO -FOCUSED X-

RAY FLUORESCENCE (ME e£XRF)
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Abstract

Metal(loid)}-contamination of the environment due tohanpogenic activities is a global

problem. Understanding the fatEécontaminants requires elucidation of biotic and
abiotic factors that inpuence metal (Il oid)
Improved methods are needed to assess rsuale processes, such as those occurring at
biogeochemical interfaces betweglant tissues, microbial cells, and metal(loid)s. Here

we present an advanced method that combine
with synchrotrorbased multipleenergy micrefocused Xr ay puor escence mic
i magi ng ( ME ¢ X RoEdlizatioroof maoteaianandmeetal@oml)s on root

surfaces of plants used to phytostabilize metalliferous mine tailings. Bacteria were

visualized on a small root section using SytoBC nucleic acid stain and FISH probes

targeting the domain Bacteria and acspey ¢  lphaptoteobdcteria

Gammaproteobacterjar Actinobacterig. The same root region was then analyzed for

el ement al di stribution and metal (Il oid) spe
FI SH and ME & XRF i mages weeatecoreelate gned wusing
microbiological and geochemical results. Results from quantitative analysis of
colocalization show a signiycanoxidg higher
plaques on the root surfaces (fraction of overlap 0.49 £ 0.19) than to béai@ria +

0.052) (p < 0.05). Of the bacteria that colocalized with metal(lofdsnobacteria

known for their metal tolerance, had a higher correlation with both As and Fe than
Alphaproteobacteriamr Gammaproteobacterial his method demonstrates how phiog

these micreaechniques can expand our understanding of rEceatde interactions
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between roots, metal(loid)s and microbes, information that should lead to improved

mechanistic models of metal(loid) speciation and fate.

1. Introduction

Metal(loid)sare naturally present in the environment, but can accumulate above
background levels due to agriculture, mining, and other anthropogenic activities,
resulting in potential toxicity to surrounding microbial communities and ecosystems.
Concentration and bicaessibility of metal(loid) contamination are routinely measured
using bulk geochemical analytical approaches. Similarly, bulk microbiological
characterizations can be performed to elucidate microbial community structure and its
response to added metal@ys. However, tools are lacking that can be used to assess the
micro-scale biotic and abiotic interactions that affect kadkle biogeochemistry. Such
information is needed to better understand both shod longterm impacts of
metal(loid) contaminatio in the environment as well as remediation outcomes of efforts
that seek to stabilize contaminant metal(loid)s in situ rather than remove them. Such
technologies include the use of wetlands to treat contaminated water and
phytostabilization that seekstige plants for in situ stabilization of metal(loid)s in

contaminated soils (Mendez and Maier, 2008; Néarhi et al., 2012).

One area where the need for misgale information is particularly important to
resolving such interactions is the rhizosphere,the.plant root surface and the root zone
in general. In this zone, root border cells, exudates, and-dejzosits promote a 10 to

100-fold increase in the prevalence of bacteria and associated metabolic activity, a
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process known as ot heRofvriltriaz, o slp@hbebr)e eRfefl eactti v e
currently available concerning mieezale rooimetatmicrobe interactions and the

impact on metal(loid) sequestration and transformation. Resolving the intricacies of this
micro-environment requires miciimcused methodologies, including scalgpropriate

mapping and quantiycation of both metal (Il o

For metal(loid) analysis, multiple energy midoxused Xr ay puor escence
i maging ( ME € XRF) cndcareathb @ miarssaded25t0d@ icdng n tsipfay i
rendering of metal(loid)s and speciation in a sample. This synchrotron technique can
assess the extent of metal(loid) association with a surface as well as the juxtaposition of
different metal(loid)s on the surfacFor example, this micrecale technique has been
applied in wetland systems to detect As and Pb adsorption to Fe root plaques (Hansel and
Fendorf, 2001, Blute et al., 2004; Seyfferth et al., 2011; Zimmer et al., 2011), which are
coatings of Feoxides famed on a root surface due to oxidation of Fe(ll) to Fe(lll) as an
abiotic process whensds released from the roots, or as a biotic process facilitated by
Feoxidizing bacteria (FeOB) (STyr et al., 1993; Emerson et al., 1999). Further
metal(loid) chareterization using Xay absorption spectroscopy (XAS), which includes
X-ray absorption neagdge structure (XANES) and extended Xay absor pti on vy
structure (EXAFS), can provide information on metal(loid) oxidation state and local
bonding environment, sb referred to as molecular speciation. For instance, XRF
combined with XAS data indicated As(lll) and As(V) juxtaposed with Fe plaques
composed primarily of ferrihydrite (ca. 5000%) with lesser amounts of lepidocrocite
(28 + 1%) on the roots of mediugnained Clarose ricedryza sativa.., cv. M-206)

(Seyfferth et al., 2011). Theserdy techniques can directly measure the chemical
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speciation of contaminants while also identifying the structure or mineral form of Fe and
Mn plaques to help better undersdahe geochemical processes and cycles, potentially

mediated by microbial activities, occurring in discrete locations such as the root zone.

|l dentiycation and spati astale(26961 aim)owcaaf
be done usingl, 2009), and it waireported that compost had a positive effect on
bacterial colonization, with bacterial root coverage increasing from 3.6 to 18.9% as
compost amendment was increased from 0 to 10%. Compared to other methods of
analyzing microbial communitiesintheenvime nt , t he beneyts of FI
ability to spatially and quantitatively resolve microbial communities directly on the root

surface.

Here we describe a new method that comb
micro-scale examination, on a single sampléyath metal(loid)s and microorganisms on
root surfaces. The method is tested on root surfaces harvested frorg@ngn
phytostabilization study of metalliferous mine tailings to: i) determine its effectiveness
for identifying colocalization between padiar metal(loid)s and bacteria, and ii)
guantify the degree of colocalization in order to evaluate biogeochemical interactions that
may contribute to stabilizing metal(loid)s in the root zone. This method can be used to
detect either -calolpsd lzactdrieof interestpbut the pumizer of
different bacterial groups examined in the same sample is limited by the number of
puorescent probe wavelengths available, as will be discussed further. A related approach
was employed previously (Mitsuho et al., 2012) using a combination of EXAFS and
FISH to identify FeOB associations with geochemical formations on thin sections of

natural Fe biamats. This group thisectioned the bimats they were analyzing and then
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used alternating thin sections 6KAFS or FISH analysis. This allowed inference of
bacteriametal(loid) colocalization by combining results from different thin sections. In
the current method we combine FISH with ME

surface to directly examine tleatent of bacteria and metal(loid) colocalization.

2. Materials and methods

2.1  Site description

The Iron King Mine and Humboldt Smelter Superfund (IKMHSS) site, in Dewey

Humboldt, AZ, supported mining operations from 1906 t01969. Copper, Au and Ag were
extracted (Creasey, 1952) leaving behind high concentrations of metal(loid)s including

As and Pb, at 3.1 and2.2 g kgil respective
tailings in the top 25 cm of the tailings has produced acidic conditions §&.?2)

(Hayes et al., 2014). Other conditions, including a samali climate, low organic carbon
content (0.14 g kgi19.10) ,dshynpierls)alainnd tpyo o(rE G o
et al., 2014; ValentiVargas et al., 2014), cause the surface ofdHliegs to remain

barren and susceptible to wind and water erosion as vehicles for potential contaminant
transport. A yeld trial, initiated in May
effectiveness of compasissisted phytostabilization as a remadratechnology for the

mine tailings (GHLoaiza et al., 2016). In this study we focusBucthloedactyloides

(buffalograss) roots collected from the treatment containing 15% jgost (w/w) (tilled

into the top 15 cm of the tailings) seeded with a tdtabonative plant species, including

B.dactyloides The compost amendment had at | east
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Vargas et al., 2014): 1) the addition of nutrients, 2) the addition of a microbial inoculant
more suited to carbon and nitrogen cycling than the resident community, 3) pH

neutralization4) increased water holding capacity, and 5) improved aggregate structure.

22 Sample collection and yxation

ThreeB. dactyloides oot s were coll ected from the 1
pl ots to be used for both FI Sddchaatdh subsequ
di fferent phylum speciyc probe was used, w
Actino2, Alphal, Alpha2, Alpha3, and Gammal. For the roots analyzed with the
ActinobacteriaandAlphaproteobacterigrobes, more than one region of thetrvas
analyzed, as indicated by the numeric part of the label. Roots were collected by cutting
off the top of the plant at the surface of the soil and then inserting a corer measuring 2 cm
in diameter and 10 cm in length directly over the truncated staterftinVVargas et al.,

2014) . Next, a root sample was kaaizilgst ed f
bacteria by immediately placing it into 4 °C, sterile 4% paraformaldehyde (PFA) in
phosphatéuffered saline solution (PBS) (7 mM Na2HPO4, 3 MRHPO4, and 130

mM NacCl, pH 7.2) (Iverson and Maier, 2009). The corer was sterilized with 95% ethanol
before each sample collection. The samples were then transported back to the laboratory
where they were processed for storage within 12 h of colledlitne yr st st ep of
processing was to remove the root from the PFA and place it intmlidesterile PBS.

The sample was then shaken vigorously by hand to remove adhered mine tailing

particles, and incubated for 10 min. This step was repeated once anddtsenere

pl aced into a 1:1 mixture of PBS and 100%

Maier, 2009). Four addition&. dactyloidesoot samples and adhered soil were collected
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from the yeld for rhizospher eprobelbe anal ysi s
described above and placing the entire soil/root sample from the corer into sterile bags.
These samples were kept on ice during tran

°C until DNA extraction.

2.3 Microbial community analysis to detemine FISH probes

The choice of FISH probes used to identify roolonizing bacteria was informed
by determining the bacterial phyla that were most abundant B. thactyloidesoot
zone. Abundance was determined using lllumina sequencing analysis B@NB)ene
amplicons (iTags) generated from 4 samples of rhizospherdo uenced soi | col
from different | ocations in the yeld site.
subjected to DNA extraction using the FastDNA Spin Kit for Soil (MP Bidozdst
Santa Ana, CA) following the manufacturer'
outlined in Valentinvargas et al. (2014). Library preparation and sequencing were
performed at Argonne National Laboratory (Chicago, IL). Library preparation followed a
singlestep PCR protocol using primers 515f and 806r to amplify the V4 region of the

16S rRNA (Caporaso et al., 2012) and sequencing was carried out in a single lane on an

lllumina Mi-Seq using v2 chemistry and bidirectional amplicon sequencing (2 xp51 b

Raw sequence reads were processed using the open source software package
Ql'l ME (Quantitative Insights into Microbia
and reverse reads were joined, requiring a minimum overlap of 30 bp followed by quality
ylteringusing default QIIME parameters and demulitplexing. Default QIIME quality

yltering parameters included removing the primer/barcode from the sequence in addition
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to removing all sequences characterized by a Phred quality score b 4, containing any
ambiguousi{) base calls, and having a length of b 0.75 of original length post quality
yitering. After quality yltering, sequences
units (OTUs) of greater than or equal to 97% similarity using UCLUST (Edgar, 2010).
Represerdtive sequences from each OTU were aligned using PyNAST (Caporaso et al.,
2010) and assigned taxonomy wusing the UCLU
gene database (DeSantis et al., 2006). Taxonomic results were used to identify the most

abundant taxormoic phyla/classes for subsequent development of FISH probes.

Sequence data have been deposited in the NCBI Sequence Read Archive database under
the experimental run accession number SRR3476550 as part of BioProject number

PRJINA309329.
24 FISH

The FISH preocol was adapted from previous studies that performed FISH on
roots (Watt et al., 2006; || veriQlommlamgnd Mai e
and b 0.2 mm thick was placed onto a quart
Fast Wel | sE Re ag 8ieliabs,BCA)rwithiad2 mn( s€ction cubut to
enabl e buffer pow to the root. Low melting
root adhered to the slide for the duration of the hybridization process. The slide was then
placed in a 37 °C hybridiian oven (VWR International, PA) until the agarose set,
usually about 1 h. To dehydrate the root prior to hybridization, the slide was suspended

for 3 min each in 50, 80, and 98% ethanol.
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Probe hybridization was perf(B)@éd i n 40
M Tris-HCI, 18% 5 M NacCl, 0.25% SDS, and formamide [see Table 1], in ultrapure
deionized [DI] water). All roots received
Eub338, Eub338I1I, and Eub338l11) and 4 ¢L
Actindbacteria( 30 ng L1 1 of HGCG6 9 aAlphapotedbacteract i nol
( 30 flefoé8lroots Alphal, Alpha2, and Alpha3]), Gammaproteobacteri€B0
n g -EGam42a [root Gammal]). Due to the limited number of available channels,
constrainedby he avail able puorophores and corres
described below, only one group speciyc pr
summary of probe sequences and speciyc str
are from ProbeBse (Loy et al., 2007) and were designed to target regions of the 16S or
23S rRNA genes. A Hybrislip (Grace Biabs, CA) was placed on each hybridization
frame and the entire slide was inserted into a moisture chamber (50 mL centrifuge tube
with a Kimwipesaturated with HB) for ai2.5 h incubation at 46 °C in the hybridization
oven. After incubation, the Hybrislip was removed so that the root could be rinsed in
wash buffer (WB) (2% 1 M Tri#iCl, 1% 0.5 M EDTA, 5 M NacCl [see Table 1], in
ultrapure DI waterand then the Hybrislip was replaced before immersing the entire slide
in a 50 mL tube containing WB and incubating for 15 min in a 48 °C water bath. Slides
with roots were rinsed in ieeold ultrapure DI water, dried using compressed air, and
then placedn the dark at room temperature until completely dry. Slides were stored in a

dark slide box with desiccant at 1T 20 AC wu

EDTA is a multidentate carboxylate ligand that forms strong complexes with

cationic metals, therefore, a small experimeas per formed in order to quantify the
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effects of EDTA, present in the WB, on metal release from the roots. The experiment was
performed in triplicate by placing a small section of root, similar to those used in this
study, into a microcentrifuge tubergaining 1 mL of either ultrapure DI water or 5 mM
EDTA. Control treatments containing no root section were also included. Tubes were
placed in a 48 °C water bath for 15 min, similar to the wash step in the FISH process, and
then roots were immediatelym®ved. The remaining liquid was analyzed for Fe and As
concentration to assess the extent of metal release from the roots by the Arizona
Laboratory for Emerging Contaminants (ALEC) at the University of Arizona in Tucson,
AZ. Roots were dried at 40 °C fo84 to obtain a dry weight for normalization of metal

release to root mass.

2.5 Confocal laser scanning microscopy (CLSM)

Prior to viewing, slides were allowed to equilibrate to room tergdare. A a
counterstain, 40 eL of 50 OecdavMPrdbgsitOGRBICIOnucl e
€ M TFHCIi a$ pH 8.0 were added to each root and incubated at room temperature for 20
min. This was just long enough for the stain to target nucleic acids wittieria cells
but not long enough for it to permeate plant cells. The counterstain was useful as a
control that stained all live and dead bacterial cells on the root and also helped distinguish
bacteri al cell s from backgis SytoBGwaprinsed cfs c e n ¢
wi t h 1 0-HG and éxeessdiquid was removed by wicking with a Kimwipe and
gently blowing with condensed air. The slides were then placed in the dark at room

temperature until completely dry.
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Once dry, 1 drop of AF1 antifaden mount ant (Citi puor Ltd.
to the root and a coverslip (size 1.5, VWR) was carefully placed over the root. Slides
were viewed on a Zeiss 510 Meta Confocal Laser Scanning Microscope (CLSM) using a
40 x (Plan Apochromat [Apo.] numerical apge [NA] 1.3) or 63 x (Plan Apo. NA 1.4)
objective. For viewing SytoBC, CY3 labeled probes, CY5 labeled probes, and auto
puorescence, a 488 nm Argon laserwithaBR5060 yl ter, 543 nm HeNe
LP 560 ylter, 633 nmylHes bl a408 smediodewaset with an L P
BP126480 ylter were used, respectively. Auto
nm laser and later subtracted from all of the other laser lines to reduce overall
autopuorescence for | mgegensistedaffoghanneds. The ca
obtained sequentiallgt each interval representing a different wavelength. Each probe has
a specific excitation and emission wdeagth, and the four laser wavelengths and filters
listed were optimally chosen to ensure &ton and image collection of the appropriate
probe while avoiding an overlap of probe excitation and emission watkterimages
were collectedat nt er val s of 1 em from the surface
full outline of root to be depicted, usually about8300 e m, creating an i m:
within each channel. Images were collected from conspicuous regions on the root such as
roottipp, branching nodes, or protrusions that
e XRF analysis. After viewing, slides were

Synchrotron Radiation Lightsource (SSRL) f
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2.6  Multiple-energy mico-focused Xr ay puorescence i maging (

Foll owing FI SH anal ysi s, ME -edg&RF i magi n
absorption energies was used to investigat
distribution of elements, minerals, and chemical sgeassociated with the.
dactyloidegoots. Similar to the elemental maps that can be collected by scanning
electron microscopy (SEM) with energy dispersiveaX spectroscopfeEDS), high
energy synchrotresource Xrays can be used to collect images ehetntal abundance.

Without the necessity for subjecting samples to high vacuum conditions, synchrotron

based XRF data can be collected at near in situ conditions with minimal sample
preparation or manipulation. T-invastve ME ¢ XRF
chemical imaging technology that provides elemental and chemical species information

at micrometer spatial resolution in a heterogeneous and complex matrix (Jones and

Gordon, 1989; Tokunaga et al., 1994; Pickering et al., 2006).

Il n ME ¢ XRF osc@pg tuhing thenincent-Ky energy to exceed core
|l evel electron binding energy (e.g., 1S or
ionization and creation of a core hole. The core hole is short lived and the subsequent
radiative relaxation ofaleer ener gy el ectron (e.g. el tr
measurable ay photon of matching energy. All elements with binding energies below
the energy of the incident-Ky will be ionized and emit characteristierXys that can be
monitored. Howeer, low energy Xrays from low Z elements such as C, N, and O (e.g. Z
b 16) are attenuated in ambient air, generally not energetic enough to travel to the
detector, and therefore are not measured. For an element with an absorption edge

sensitive to oxidabn state (e.g., As) or interatomic coordioatie.g., Fe), the incident
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energyoftheX ay can be ynely tuned at multipl e ¢
exploit the puorescent response of differe
multiple energies across the absorption edge pexdac image of spatiallesolved

element speciation, oxidation state, or mineral phase in a complex sample matrix. The
normali zed puorescence of the el ements wit
are effectively invariable at the multiple enesgaeross the absorption edge, and

speciation analysis is limited to the probed element, e.g., here Fe or As (Root et al.,

2015).

X-ray puorescence imaging of +{3htéther oot s w
Stanford Synchrotron Radiation Lightsource (SSHIhe bending magnet beamline is
optimized for Xray microprobe analysis with a tunable Si (111) double crystal
monochromator that allows for accurate and precise incideayXnergy calibration
with resolution puor es c e nnfoeal nicecoscepy turimgn. Cov
FISH analysis were removed and excess mountant was wicked away with a Kimwipe,
whil e keeping the root yxed in position on
t he ME € XRF map, coar se map&ghlaupstdpeized cm2 a
and short dwell times to assure homogeneity and representative micrographs and aid in
the selection of representative points of interest for detailed analysis. The incident X
energy was calibrated with Fe and As metal foils withahksigned energy of 7112 eV for
the yrst derivative of the Fe edge, and 11
The ME € XRF images were processed using th
SMAK (http://smak.samgrays.com). Principal componeamalysis (PCA) was applied

to the 6080k pixel images to locate regions of unique components or chemical
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differences (see Mayhew et al., 2011). The unique components highlighted with PCA

were probed with micrdocused X ray absorption near edge structgre X ANES) t o
conyrm the species or mineralogy and analy
species in the afforded beami me. The &€ XANES -sikg,stagadandt he s at

detector position as image collection.

2.7  Quantitative analysis of colodaation

Quantitative analysis of metal(loitbacteria spatial overlap, or colocalization,
was performed by combining separate FISH a
software (Schneider et al ., 2012). Each or
composd of i mage stacks representat iid40e of 1 ¢
| ayers) showing puor edeadetai, the domainmacteiae Syt o B
probe, a speciyc group probe, and autopuor
yrst splitinto the four separate channels. Each channel was then compressed from an
image stack to a single image representing the entire depth. To correct for
autopuorescence, the iIimage representing th
collected with the 40&ser was subtracted from each of the other three images. This
resulted in three single i magesdeddstainm each
i mage, a domain Bact er Adinobacssigye, and a spec

Alphaproteobacteriaor Gammaproteoacteria) image.

The three FI SH images were then each al
i mage (As or Fe). Alignment was required d

collection. The plugin TurboReg (Thévenaz et al., 1998) was used for image alignmen
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TurboReg requires four corresponding landmarks to be selected on each image, such as
prominent features on the root, to align one image to the other. Following alignment, the
JACOP (Just Another Colocalization Plugin) colocalization tool was used dotitative

analysis (Bolte and Cordelieres, 2006). One quantitative measure of the degverlap

of bacteriametalf oi d) col ocali zations on the root a
where M1 (Eq. (1)) is deyned as the ratio
there is a signal from both the bacteria and metal(loid) images to the total intensity of
pixelsint he metal (Il oid) i mage, and M2 (Eq. (2))

(Manders et al., 1993).

b —r— (Eq. 1)

where: Meoioc = is the colocalization of metal(loid)s and t&xta, m= metal(loid)s with no

overlap; and

. h (Eq. 2)

where: bi,coloc is the colocalizatiation of bacteria and metal(loid)s; bi, bacteria with no
metal(loid) ovelap. In this case, M1 represents the fraction of overlap ofl(ioadds

with bacteria, and M#he fraction of overlap of bacteria with metal(loid)s, each
proportional to the amount of per pixel <co

can be deermined even where the signals from the two components differ strongly
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(Manders et al ., 1993) . Because the Mander
(Bolte and Cordelieéres, 2006), background evaluation was carefully completed by
selecting a regin for analysis that did not include empty space and appropriate threshold

values were set prior to analysis to adjus

3. Results

3.1. Microbial community analysis to determine FISH probes

A phylogenetic analysis ohé 16S rRNA gene frol8. dactyloideshizosphere
associated samples was performed to help choose the probes for FISH analysis.
Following lllumina sequencing, a total of 9,600,618 sequences were passed through
guality yltering anhdataaboi88Ra4il5mseqaendesrgmainea,f t er
of which 481,478 sequences belonged ta&hdactyloideshizosphereassociated
samples focused on in this study. Taxonomi
Proteobacterisand Actinobacteriaas the two most dominaphyla in abundances of 42.7
+ 8.0 and 15 + 5.3% respectively (Fig. 1). The clagdplaproteobacteriand
Gammaproteobacteridominated th&roteobacteriamaking up 52.8 £ 4.3 and 33.6 £
10.0% of this phylum respectively (and 22.4 + 3.8 and 14.2 + 4fi®%éal abundance).
Based on these abundance results, as well as the reported presence of families within
these groups that exhibit plant and metal(loid) interaciises Table 2 for summary),
group speciyc FI SH p Alphbpeoteobacterinpe chosen to t

GammaproteobacterjaandActinobacteria
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3.2. FISH

FISH was performed on six sections from a total of tBregactyloidesoots
from t he | KMHspdiallyaaed ptylogenetically characterize bacterial
colonization. Representative results are shown in Fig. 2. The section of the root labeled
Actino2 that was processed using FISH (and
box). SytoBC nucleicacidt ai ni ng resulted in puoresence
(Fig. 2B). Conversely, only metabolically active cells were targeted with the domain
Bacteria probe Eub338 (Fig. 2C). These i ma
betweenthelive/lelad and metabolically active cell s.
dead stain but not the Bacteria probe may be dormant or dead, since probes can only
create enough detectable puorescence in ac
targeted by théctinobacterigprobe (Fig. 2D) were only a small subset of the live/dead
cells shown in Fig. 2B. A promineAictinobacteriacolony indicated by the white arrow
(Fig. 2D) was also observed with the Syto BC stain (Fig. 2A) and the domain Bacteria
probe (Fg2 B) conyrming that this is an actual ¢
clay particles can also appear as autopuor
(Fig. 2B, yellow arrow) and slightly with Eub338 probe (Fig. 2C). However, based on the

size and shape of these particles, they are not easily confused with bacterial cells.

Comparable results were observed for roots Actinol, Alphal, and Gammal,
which were processed féctinobacteria Alphaproteobacteriaand
GammaproteobacterjaespectivelyFig. S1). Of interest on root Alphal is a prominent
bacterial colony indicated by the white arrow that is seen both in the SytoBC nucleic acid

stained image (Fig. S1H) and with the domain Bacteria probe (Fig. S1I). However, this
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colony did not hybridize wh the Alphaproteobacterigrobe although
Alphaproteobacteribcells are visibly distributed over the root surface (Fig. S1J).
Additional FISH results for Alpha2 and Alpha3, processedi\fphaproteobacteriare

shown in Fig. S2.

Roots from similar plant® those used in this study were tested to assess the
effects of EDTA (contained in the WB) compared to DI water on metal release from root

surfaces. After root addition to plain water, the mass of Fe and As released normalized to

the mass of rootassayeadas 0. 56 N 0.43 e€g mgi 1 and O.

comparison, the mass of Fe and As released from roots subjected to a WB rinse
containing EDTA, was 2.9 N 1.6 &g mgi 1
There was no s i gweenthe water and thef\AEH2ETA weatments and
thus, a minimal effect of EDTA on metal release from root surfaces during the FISH

process.

1

an

3.3  Multiple-energy micrefocused Xr ay puorescence absorptio

structure (&XANES)

Following FISH analysis each sample was analyzed
and mineralogic spatial association. A bicolor map of Fe and As distribution and intensity

for root Actino2 (Fig. 2E, F) shows abundant Fe plaques (in red) on the root surface with

color intensity propoitonal to rel ative concentrations;

by

and the scale bar is 20 em. Arsenic (shown

areas is present in association with Fe plaques (displayed as purple). Similar results were
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observe for all other roots examined and other examples can be seen in Figs. S1E, S1K,

S1Q, S2E, and S2K.

ME € XRF mapping shows that As is primar
oxyhydroxide coatings at the surfacda of th
yield varies between elements (O'Day et al., 2004); however, plotting the per pixel
puorescence counts of As versus Fe reveals three distinct stoichiometries of As/Fe co
association (Fig. 3C), most pixels having a low As:Fe ratio (ca. 1:60), a few pikels
high As:Fe ratio (ca. 1:12) and a ynal set
data show a ratio of As:Fe close to the mole ratio of As:Fe in the bulk tailings (1:56)

(Root et al., 2015). The ME ¢ XRiliydriteavih f or F
isolated Fe silicate clay (chlorite) on the roots. Arsenic is only associated with the areas

mapped as ferrihydrite. Areas mapped as chlorite show no colocalized As.

Regions of interest were probed with As
structue is sensitive to Fbearing mineral types (O'Day et al., 2004), and As XANES is
sensitive to oxidation state (Foster and Kim, 2014). Arsenic XANES spectroscopy
conyrms that the As on the root surfaces w
conyr medX AMIEtSh at spots of interest selected
ferrihydrite-like (nominally Fe(OH)3) ferric oxyhydroxide; and ii) a mixed valentriea
clay, matching closely with reference ripidolite [GZ€&hlorite group;
(Ca0.5)(Mg4.44,Fe[ll)3.4Fe[l1]3.02,A10.60,Mn0.01,Ti0.06)(Si4.51,A13.49)020(0OH)1
6] (Fig. 3B). The ripidolite reference, from the Clay Mineral Society Source Clay
Repository, has diagnostic XANES spectral features that differentiate it from other clay

references,anditwa i dentiyed in the tailings previo
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were washed prior to ME &€ XRF analysis sugg
surface is |ikely due to root mucil age adh
is a ferric (xy)hydroxide plaque that remained on the root surface after washing, and

was not the result of bulk tailings particles.

34. FI SH/ ME ¢ XRF quantiycation and col ocal.

Root coverage by metal(loid)s and bacteria were separately estohfabm the
ME XRF and FISH images, respectively (Table 3). Root coverage by F2Q%8 on
Actino 1, Actino2, and Alphal was higher than for the other three rooisl®4). We
note that this is possibly due to the region of the root that was examined including: two
elongation zones; a broken elongation zone; two lateral root junctions; and a root tip
(Table 3). The two intact root elongation zone samples had lower Fe coverage than the
other regions examined. In contrast, As coverage varied widely, ranging from 0% to 15
and did not display any patterns related to root region examined. Root coverage estimated
from the SytoBC live/dead stain was consistent across all of the rodts8(8%).
Analysis of coverage by metabolically active bacteria in compani to the lie/dead

bacteria suggests that 20 to 54% of the imaged cells are active (Table 3).

To quantify colocalization between bacteria and metal(loid)s, FISH SytoBC and
ME € XRF i mages were aligned using the i mag
S1Q, S2E, an&2K). A side by side comparison of the difference between thapde
postal i gned ME €& XRF i mages is shown in Fig.
ME € XRF and FI SH i mages allows direct comp

coverage. Overlaysofh e Syt oBC and ME & XRF i mages (Fi






