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Abstract

Metal(loid)-contamination of the environment due to anthropogenic activities is a global problem.
Understanding the fate of contaminants requires elucidation of biotic and abiotic factors that
influence metal(loid) speciation from molecular to field scales. Improved methods are needed to
assess micro-scale processes, such as those occurring at biogeochemical interfaces between plant
tissues, microbial cells, and metal(loid)s. Here we present an advanced method that combines
fluorescence in situ hybridization (FISH) with synchrotron-based multiple-energy micro-focused
x-ray fluorescence microprobe imaging (ME uXRF) to examine colocalization of bacteria and
metal(loid)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 a specific group (Alphaproteobacteria, Gammaproteobacteria, or
Actinobacteria). The same root region was then analyzed for elemental distribution and metal(loid)
speciation of As and Fe using ME pXRF. The FISH and ME pXRF images were aligned using
ImageJ software to correlate microbiological and geochemical results. Results from quantitative
analysis of colocalization show a significantly higher fraction of As colocalized with Fe-oxide
plaques on the root surfaces (fraction of overlap 0.49 £ 0.19) than to bacteria (0.072 £ 0.052) (p <
0.05). Of the bacteria that colocalized with metal(loid)s, Actinobacteria, known for their metal
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tolerance, had a higher correlation with both As and Fe than A/phaproteobacteria or
Gammaproteobacteria. This method demonstrates how coupling these micro-techniques can
expand our understanding of micro-scale interactions between roots, metal(loid)s and microbes,
information that should lead to improved mechanistic models of metal(loid) speciation and fate.
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1 Introduction

Metal(loid)s are 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
bioaccessibility 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(loid)s. However,
tools are lacking that can be used to assess the micro-scale biotic and abiotic interactions
that affect bulk-scale biogeochemistry. Such information is needed to better understand both
short- and long-term impacts of metal(loid) contamination 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 seeks to use plants for /n situ stabilization of metal(loid)s
in contaminated soils (Mendez and Maier, 2008; Nérhi et al., 2012).

One area where the need for micro-scale information is particularly important to resolving
such interactions is the rfiiizosphere, i.e., the plant root surface and the root zone in general.
In this zone, root border cells, exudates, and rhizo-deposits promote a 10 to 100-fold
increase in the prevalence of bacteria and associated metabolic activity, a process known as
the “rhizosphere effect” (Rovira, 1956). Relatively little information is currently available
concerning micro-scale root-metal-microbe interactions and the impact on metal(loid)
sequestration and transformation. Resolving the intricacies of this micro-environment
requires micro-focused methodologies, including scale-appropriate mapping and
quantification of both metal(loid)s and microorganisms on the root surface.

For metal(loid) analysis, multiple energy micro-focused x-ray fluorescence imaging (ME
UXRF) can be used to identify and create a micro-scale (2 — 500 um) spatial rendering of
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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 surface. For example, this micro-scale 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 Fe-oxides formed
on a root surface due to oxidation of Fe(ll) to Fe(I1l) as an abiotic process when Oy is
released from the roots, or as a biotic process facilitated by Fe-oxidizing bacteria (FeOB)
(St-Cyr et al., 1993; Emerson et al., 1999). Further metal(loid) characterization using x-ray
absorption spectroscopy (XAS), which includes x-ray absorption near-edge spectroscopy
(XANES) and extended x-ray absorption fine structure (EXAFS), can provide information
on metal(loid) oxidation state and local bonding environment, also referred to as molecular
speciation. For instance, XRF combined with XAS data indicated As(I11) and As(V)
juxtaposed with Fe plaques composed primarily of ferrihydrite (ca. 50-100%) with lesser
amounts of lepidocrocite (28 + 1%) on the roots of medium-grained Clarose rice (Oryza
sativa L., cv. M-206) (Seyfferth et al., 2011). These x-ray techniques can directly measure
the chemical speciation of contaminants while also identifying the structure or mineral form
of Fe and Mn plaques to help better understand the geochemical processes and cycles,
potentially mediated by microbial activities, occurring in discrete locations such as the root
zone.

Identification and spatial resolution of bacteria on a micro-scale (2 — 500 pm) can be done
using fluorescence in situ hybridization (FISH) in conjunction with 16s rRNA-targeted
fluorescent probes and confocal laser scanning microscopy (CLSM). FISH probes can be
designed to target different levels of phylogenetic specificity from the domain down to the
species level. This technique was first performed on plant roots to quantify and characterize
bacterial colonization of wheat roots. Watt et al. (2006) found that most bacteria were
situated in biofilm clusters on the root surface with Pseudomonas and filamentous bacteria
comprising 10% and 4% of all bacteria, respectively. More recently, FISH was adapted for
plants grown in mine tailings to study the effects of compost on bacterial colonization of
roots (Iverson and Maier, 2009), and it was reported 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 communities in the environment, the benefits of FISH include the ability to
spatially and quantitatively resolve microbial communities directly on the root surface.

Here we describe a new method that combines ME uXRF and FISH to allow micro-scale
examination, on a single sample, of both metal(loid)s and microorganisms on root surfaces.
The method is tested on root surfaces harvested from an on-going phytostabilization study of
metalliferous mine tailings to: i) determine its effectiveness for identifying colocalization
between particular metal(loid)s and bacteria, and ii) quantify 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 all bacteria or specific groups of
bacteria of interest, but the number of different bacterial groups examined in the same
sample is limited by the number of fluorescent probe wavelengths available, as will be
discussed further. A related approach was employed previously (Mitsunobu et al., 2012)
using a combination of EXAFS and FISH to identify iron-oxidizing bacteria associations
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with geochemical formations on thin sections of natural Fe bio-mats. This group thin-
sectioned the bio-mats they were analyzing and then used alternating thin sections for
EXAFS or FISH analysis. This allowed inference of bacteria-metal(loid) colocalization by
combining results from different thin sections. In the current method we combine FISH with
ME uXRF on the same intact section of root surface to directly examine the extent 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 to 1969. Copper, Au and Ag were extracted
(Creasey, 1952) leaving behind high concentrations of metal(loid)s including As and Pb, at
3.1and 2.2 g kg~? respectively (Root et al., 2015). Oxidation of the pyritic tailings in the top
25 c¢m of the tailings has produced acidic conditions (pH 2.3 — 2.7) (Hayes et al., 2014).
Other conditions, including a semi-arid climate, low organic carbon content (0.14 g kg™1),
hypersalinity (EC 6.5-9.0 ds m~1) and poor soil structure (Hayes et al., 2014; Valentin-
Vargas et al., 2014), cause the surface of the tailings to remain barren and susceptible to
wind and water erosion as vehicles for potential contaminant transport. A field trial, initiated
in May 2010, is being performed to evaluate the effectiveness of compost-assisted
phytostabilization as a remediation technology for the mine tailings (Gil-Loazia et al., 2016).
In this study we focus on Buchloe dactyloides (buffalograss) roots collected from the
treatment containing 15% compost (w/w) (tilled into the top 15 cm of the tailings) seeded
with a total of six native plant species, including B. dactyloides. The compost amendment
had at least five immediate impacts (Valentin-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 neutralization, 4) increased water holding capacity, and
5) improved aggregate structure.

2.2 Sample Collection and Fixation

Three B. dactyloides roots were collected from the 15% compost (w/w) field trial plots to be
used for both FISH and subsequent ME uXRF analysis. For each root, a different phylum
specific probe was used, which is reflected in the sample label: Actinol, Actino2, Alphal,
Alpha2, Alpha3, and Gammal. For the roots analyzed with the Actinobacteria and
Alphaproteobacteria probes, more than one region of the root was 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 stem (Valentin-Vargas et al., 2014). Next, a root sample was
harvested from the core and treated to fix root-colonizing bacteria by immediately placing it
into 4°C, sterile 4% paraformaldehyde (PFA) in phosphate-buffered saline solution (PBS) (7
mM NayHPO4, 3 mM NaHPO4 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
collection. The first step of processing was to remove the root from the PFA and place it into
ice-cold sterile PBS. The sample was then shaken vigorously by hand to remove adhered
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mine tailing particles, and incubated for 10 min. This step was repeated once and then roots
were placed into a 1:1 mixture of PBS and 100% ethanol for storage at —20°C (lverson and
Maier, 2009). Four additional B. dactyloides root samples and adhered soil were collected
from the field for rhizosphere DNA analysis, using the same collection procedure described
above and placing the entire soil/root sample from the corer into sterile bags. These samples
were kept on ice during transport back to the lab, and then stored at —80°C until DNA
extraction.

2.3 Microbial community analysis to determine FISH probes

2.4 FISH

The choice of FISH probes used to identify root-colonizing bacteria was informed by
determining the bacterial phyla that were most abundant in the B. dacty/loides root zone.
Abundance was determined using Illumina sequencing analysis of 16s rRNA gene
amplicons (iTags) generated from 4 samples of rhizosphere-influenced soil collected from
different locations in the field site. A 0.5 g sample from each collection site was subjected to
DNA extraction using the FastDNA Spin Kit for Soil (MP Biomedicals; Santa Ana, CA)
following the manufacturer’s protocol with some modifications, as outlined in Valentin-
Vargas et al. (2014). Library preparation and sequencing were performed at Argonne
National Laboratory (Chicago, IL). Library preparation followed a single-step PCR protocol
using primers 515f and 806r to amplify V4 region of the 16S rRNA (Caporaso et al., 2012)
and sequencing was carried out in a single lane on an Illumina Mi-Seq using v2 chemistry
and bidirectional amplicon sequencing (2 x 151bp).

Raw sequence reads were processed using the open source software package QIIME
(Quantitative Insights into Microbial Ecology; www.giime.org). Briefly, forward and reverse
reads were joined, requiring a minimum overlap of 30 bp followed by quality filtering using
default QIIME parameters and demulitplexing. Default QIIME quality filtering parameters
included removing the primer/barcode from the sequence in addition to removing all
sequences characterized by a Phred quality score <4, containing any ambiguous (N) base
calls, and having a length of <0.75 of original length post quality filtering. After quality
filtering, sequences were clustered into operational taxonomic units (OTUSs) of greater than
or equal to 97% 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 gene database (DeSantis et al.,
2006). Taxonomic results were used to identify the most abundant taxonomic 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
PRJNA309329.

The FISH protocol was adapted from previous studies that performed FISH on roots (Watt et
al., 2006; lverson and Maier, 2009). A fixed root section 10 — 20 mm long and less than 0.2
mm thick was placed onto a quartz slide in the middle of a modified FastWells™ Reagent
Barrier (Grace Bio-Labs, CA) with a 1-2 mm section cut-out to enable buffer flow to the
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root. Low melt agarose (0.2%) was added to keep the root adhered to the slide for the
duration of the hybridization process. The slide was then placed in a 37°C hybridization
oven (VWR International, PA) until the agarose set, usually about one hour. To dehydrate the
root prior to hybridization, the slide was suspended for 3 minutes each in 50, 80, and 98%
ethanol.

Probe hybridization was performed in 40 pL of hybridization buffer (HB) (2% 1M Tris-HCI,
18% 5M NacCl, 1 uL 10% SDS, and formamide [see Table 1], in ultrapure deionized [DI]
water). All roots received 4 pL of Eub338 mix (20 ng uL=1 each of Eub338, Eub338l1, and
Eub338l11) and 4 pL of a group specific probe for either Actinobacteria (30 ng uL=1 of
HGC69a [roots Actinol, Actino?2]), Alphaproteobacteria (Alf968 [roots Alphal, Alpha2,
and Alpha3]), or Gammaproteobacteria (Gam42a [root Gammal]). Due to the limited
number of available channels, constrained by the available fluorophores and corresponding
excitation wavelengths as described below, only one group specific probe could be used per
root section. For a summary of probe sequences and specific stringencies, see Table 1. All
probes sequences are from ProbeBase (Loy et al., 2007) and were designed to target regions
of the 16s or 23s rRNA genes. A Hybrislip (Grace Bio-Labs, CA) was placed on each
hybridization frame and the entire slide was inserted into a moisture chamber (50 mL
centrifuge tube with a Kimwipe saturated with HB) for a 2-2.5 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% 1M Tris-HCI, 1% 0.5M EDTA, 5M NaCl [see table 1], and
ultrapure DI water) and 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 ice-cold ultrapure DI water, dried using compressed air, and then placed
in the dark at room temperature until completely dry. Slides were stored in a dark slide box
with desiccant at —20°C until viewing.

EDTA is a multi-dentate carboxylate ligand that forms strong complexes with cationic
metals, therefore, a small experiment was performed in order to quantify the 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 tube containing 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 immediate
removed. 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
for 48 h 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 temperature. As a counterstain,
40 pL of 500 uM SytoBC nucleic acid stain (Molecular Probes, OR) in 10 uM T ris-HCI at
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 within bacterial cells but not long enough
for it to permeate plant cells. The counterstain was useful as a control that stained all live
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and dead bacterial cells on the root and also helped distinguish bacterial cells from
background fluorescence in the FISH analysis. SytoBC was rinsed off with 10 uM Tris-HCI
and excess liquid 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.

Once dry, 1 drop of AF1 antifadent mountant (Citifluor Ltd., London) was added 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 40x (Plan
Apochromat [Apo.] numerical aperture [NA] 1.3) or 63x (Plan Apo. NA 1.4) objective. For
viewing SytoBC, CY3 labeled probes, CY5 labeled probes, and autofluorescence, a 488nm
Argon laser with a BP 505-570 filter, 543nm HeNe laser with an LP 560 filter, 633 nm
HeNe laser with an LP 650 filter, and a 405 nm diode laser with BP 120-480 filter were
used, respectively. Autofluorescence was captured with the 405nm laser and later subtracted
from all of the other laser lines to reduce overall autofluorescence for image analysis. The
captured image consisted of four channels obtained sequentially at each interval and
representing a different wavelength. Each probe has a specific excitation and emission
wavelength, and the four laser wavelengths and filters listed were optimally chosen to ensure
excitation and image collection of the appropriate probe while avoiding any overlap of probe
excitation and emission wavelengths. Images were collected at intervals of 1 um from the
surface of the root to a depth that allowed for full outline of root to be depicted, usually
about 30 — 50 um, creating an image stack within each channel. Images were collected from
conspicuous regions on the root such as root tips, branching nodes, or protrusions that could
be easily re-identified during ME pXRF analysis. To correct for autofluorescence, images
were also collected using the 405 nm laser, for subtraction from the other three channels.
After viewing, slides were stored at 4°C until transport to the Stanford Synchrotron
Radiation Lightsource (SSRL) for ME pXRF analysis.

2.6 Multiple-energy micro-focused x-ray fluorescence imaging (ME pXRF)

Following FISH analysis, ME uXRF imaging across the Fe and As K-edge absorption
energies was used to investigate the micron scale (2 pm spot size) spatial distribution of
elements, minerals, and chemical species associated with the B. dacty/loides roots. Similar to
the elemental maps that can be collected by scanning electron microscopy (SEM) with
energy dispersive x-ray spectroscopy (EDS), high-energy synchrotron-source x-rays can be
used to collect images of elemental abundance. Without the necessity for subjecting samples
to high vacuum conditions, synchrotron-based XRF data can be collected at near /n situ
conditions with minimal sample preparation or manipulation. Thus, ME pXRF
spectromicroscopy is a non-invasive 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).

In ME pXRF spectromicroscopy, tuning the incident x-ray energy to exceed core level
electron binding energy (e.g., 1S or Ka.) of an element of interest results in ionization and
creation of a core hole. The core hole is short lived and the subsequent radiative relaxation
of a lower energy electron (e.g. e~ transition of L to K) results in a measurable x-ray photon
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of matching energy. All elements with binding energies below the energy of the incident x-
ray will be ionized and emit characteristic x-rays that can be monitored. However, low
energy x-rays from low Z elements such as C, N, and O (e.g. Z < 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 oxidation state (e.g., As) or
interatomic coordination (e.g., Fe), the incident energy of the x-ray can be finely tuned at
multiple energies across the absorption edge to exploit the fluorescent response of different
species. Stacking the images collected at multiple energies across the absorption edge
produces an image of spatially-resolved element speciation, oxidation state, or mineral phase
in a complex sample matrix. The normalized fluorescence of the elements with binding
energies below the probed element are effectively invariable at the multiple energies across
the absorption edge, and speciation analysis is limited to the probed element, e.g., here Fe or
As (Root et al., 2015).

X-ray fluorescence imaging of the roots was performed at Beamline 2-3 at the Stanford
Synchrotron Radiation Lightsource (SSRL). The bending magnet beamline is optimized for
X-ray microprobe analysis with a tunable Si (111) double crystal monochromator that allows
for accurate and precise incident x-ray energy calibration with resolution of about 1 eV near
the As K-a edge (11867 keV), resulting in distinguishable spectra for different coordination
status of iron and arsenic. Images were collected with a 2-um? x-ray probe spot-size
achieved with Kirkpatrick-Baez mirrors for focusing optics, stage steps of 2 ym, and 50 ms
dwell time per pixel. Fluorescence at each pixel was measured in continuous scanning mode
using a single-element silicon drift detector (Vortex, Hitachi) with a multi-channel analyzer
(MCA) to bin and calibrate fluorescent counts from isolated elements. Images were
collected by rastering the sample on an x-y stage at 45° to the incident x-ray beam (with the
detector normal to beam) for optimized fluorescence detection. Coverslips used for confocal
microscopy during FISH analysis were removed and excess mountant was wicked away with
a Kimwipe, while keeping the root fixed in position on the slide. To assure a representative
image in the ME pXRF map, coarse maps up to 1 cm? area were collected with large step
sizes 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-ray
energy was calibrated with Fe and As metal foils with the assigned energy of 7112 eV for
the first derivative of the Fe edge, and 11867 eV for the first derivative of the As edge. The
ME uXRF images were processed using the analysis toolkit software package SMAK
(http://smak.sams-xrays.com). Principal component analysis (PCA) was applied to the 60—
80k pixel images to locate regions of unique components or chemical differences (see
Mayhew et al., 2011). The unique components highlighted with PCA were probed with
micro-focused x-ray absorption near edge structure (LWXANES) to confirm the species or
mineralogy and analyze the largest variety of different chemical species in the afforded
beam-time. The uXANES was at the same spot-size, stage and detector position as image
collection.

2.7 Quantitative Analysis of Colocalization

Quantitative analysis of metal(loid)-bacteria spatial overlap, or colocalization, was
performed by combining separate FISH and ME pXRF images using ImageJ software
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(Schneider et al., 2012). Each original FISH file consisted of four channels composed of
image stacks representative of 1 um intervals of root depth (about 30 — 40 layers) showing
fluorescence from the SytoBC live-dead stain, the domain Bacteria probe, a specific group
probe, and autofluorescence. To process the original file, it was first split into the four
separate channels. Each channel was then compressed from an image stack to a single image
representing the entire depth. To correct for autofluorescence, the image representing the
background autofluorescence of the root collected with the 405 laser was subtracted from
each of the other three images. This resulted in three single images from each original image
file: a SytoBC live-dead stain image, a domain Bacteria image, and a specific group
(Actinobacteria, Alphaproteobacteria, or Gammaproteobacteria) image.

The three FISH images were then each aligned with a corresponding ME pXRF image (As
or Fe). Alignment was required due to parallax from the ME uXRF angle of collection. The
plugin TurboReg (Thévenaz et al., 1998) was used for image alignment. 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 for quantitative analysis (Bolte and
Cordeliéres, 2006). One quantitative measure of the degree of overlap of bacteria-metal(loid)
colocalizations on the root are Manders Coefficients M; and My, where My (Eq. 1) is
defined as the ratio of the summed intensities of pixels in which there is a signal from both
the bacteria and metal(loid) images to the total intensity of pixels in the metal(loid) image,
and M5, (Eq. 2) is defined conversely for bacteria (Manders et al., 1993).

Zﬂni,coloc

My==——"=
! D oimi (Eq. 1)

where: m; ¢oloc = is the colocalization of metal(loid)s and bacteria, m; = metal(loid)s with no
overlap; and

]\/{2: Zibi, coloc
;b (Eq. 2)

where: bj col0c = is the colocalizatiation of bacteria and metal(loid)s, b; = bacteria with no
metal(loid) overlap. In this case, My represents the fraction of overlap of metal(loid)s with
bacteria, and M, the fraction of overlap of bacteria with metal(loid)s, each proportional to
the amount of per pixel colocalized objects. Coefficients of colocalization can be determined
even where the signals from the two components differ strongly (Manders et al., 1993).
Because the Manders Coefficient is sensitive to background noise (Bolte and Cordeliéres,
2006), background evaluation was carefully completed by selecting a region for analysis that
did not include empty space and appropriate threshold values were set prior to analysis to
adjust for the effects of autofluorescence.
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3.1 Microbial Community Analysis to Determine FISH Probes

3.2 FISH

A phylogenetic analysis of the 16S rRNA gene from B. dactyloides rhizosphere-associated
samples was performed to help choose the probes for FISH analysis. Following Illumina
sequencing, a total of 9,600,618 sequences were passed through quality filtering and
demulitplexing, after which a total of 8,826,415 sequences remained, of which 481,478
sequences belonged to the B. dactyloides rhizosphere-associated samples focused on in this
study. Taxonomic classification of OTUs revealed Proteobacteria and Actinobacteria as the
two most dominant phyla in abundances of 42.7 + 8.0 and 15 + 5.3% respectively (Fig. 1).
The classes Alphaproteobacteria and Gammaproteobacteria dominated the Proteobacteria
making up 52.8 £ 4.3 and 33.6 £ 10.0% of this phylum respectively (and 22.4 + 3.8 and 14.2
+ 4.1% of total abundance). Based on these abundance results, as well as the reported
presence of families within these groups that exhibit plant and metal(loid) interactions (see
Table 2 for summary), group specific FISH probes were chosen to target
Alphaproteobacteria, Gammaproteobacteria, and Actinobacteria.

FISH was performed on six B. dactyloides roots from the IKMHSS field trail to spatially
and phylogenetically characterize bacterial colonization. Representative results are shown in
Fig. 2. The section of the root labeled Actino2 that was processed using FISH (and later ME
UXRF) is shown in Fig. 2A (white box). SytoBC nucleic acid staining resulted in fluoresence
of all cells, both live and dead (Fig. 2B). Conversely, only metabolically active cells were
targeted with the domain Bacteria probe Eub338 (Fig. 2C). These images show significant,
but incomplete, overlap between the live/dead and metabolically active cells. Cells that
fluoresce with the live/dead stain but not the Bacteria probe may be dormant or dead, since
probes can only create enough detectable fluorescence in active cells with sufficient
ribosomes. Cells targeted by the Actinobacteria probe (Fig. 2D) were only a small subset of
the live/dead cells shown in Fig. 2B. A prominent Actinobacteria colony indicated by the
white arrow (Fig. 2D) was also observed with the Syto BC stain (Fig. 2A) and the domain
Bacteria probe (Fig. 2B) confirming that this is an actual colony and not autofluorescence.
Silicate clay particles can also appear as autofluorescence very strongly with the Syto BC
stain (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 for Actinobacteria, Alphaproteobacteria, and Gammaproteobacteria, respectively
(Fig. S1). One colony 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. S11). However, this colony did not hybridize with the
Alphaproteobacteria probe although Alphaproteobacterial cells are visibly distributed over
the root surface (Fig. S1J). Additional FISH results for Alpha2 and Alpha3, processed for
Alphaproteobacteria are shown in Fig. S2.
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Roots from similar plants to 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
root assayed was 0.56 + 0.43 ug mg~1 and 0.12 + 0.036, respectively. In comparison, the
mass of Fe and As released from roots subjected to a WB rinse containing EDTA, was 2.9
+1.6 ug mg~1 and 0.14 + 0.070 pug mg 1, respectively. There was no significant difference
between the water and the WB-EDTA treatments and thus, a minimal effect of EDTA on
metal release from root surfaces during the FISH process.

3.3. Multiple-energy micro-focused x-ray fluorescence absorption near edge structure

Following FISH analysis, each sample was analyzed by ME pXRF for elemental and
mineralogic spatial association. A bicolor map of Fe and As distribution and intensity for
root Actino2 (Fig. 2E, 2F) shows abundant Fe plaques (in red) on the root surface with color
intensity proportional to relative concentrations; each pixel in the image is 2 pym2, and the
scale bar is 20 um. Arsenic (shown in blue) is less abundant than Fe and in many areas is
present in association with Fe plaques (displayed as purple). Similar results were observed
for all other roots examined and other examples can be seen in Fig. S1E, S1K, S1Q, S2E,
and S2K.

ME pXRF mapping shows that As is primarily associated with ferric oxyhydroxide coatings
at the surface of the roots (Fig 3). It is known that the fluorescent yield varies between
elements (O’Day et al., 2004); however, plotting the per pixel fluorescence 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 pixels with a high As:Fe ratio (ca. 1:12) and a
final set with no observed As. Most of the fluorescence data show a ratio of As:Fe close the
mole ratio of As:Fe in the bulk tailings (1:56) (Root et al., 2015). The ME uXRF map for Fe
shows a predominance of ferrihydrite with isolated iron 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 and Fe XANES. Iron XANES fine structure is
sensitive to Fe-bearing minerals types (O’Day et al., 2004), and As XANES is sensitive to
oxidation state (Foster and Kim, 2014). Arsenic XANES spectroscopy confirms that the As
on the root surfaces was As(V) (Fig. S5). Two Fe phases were confirmed with uXANES at
spots of interest selected based on PCA (Fig. S4): i) a ferrihydrite-like (nominally Fe(OH)3)
ferric oxyhydroxide; and ii) a mixed valent Fe-rich clay, matching closely with reference
ripidolite [CCa-2 chlorite group; (Ca0_5)(Mg4.44,Fe[”'] 3,47,Fe[“] 3.02,Al0.60,MnNg 01, Tip.06)
(Sig 51,Al3.49)020(0OH)16] (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, and it was identified in the tailings previously (Hayes et al., 2014).
The roots were washed prior to ME uXRF analysis suggesting that clay association on the
root surface is likely due to root mucilage adhesion. The XANES identified ferrihydrite
phase is a ferric (oxy)hydroxide plaque that remained on the root surface after washing, and
was not the result of bulk tailings particles.
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3.4 FISH/ ME pXRF Quantification and Colocalization

Root coverage by metal(loid)s and bacteria were separately estimated from the ME uXRF
and FISH images, respectively (Table 3). Root coverage by Fe (19-20%) on Actino 1,
Actino2, and Alphal was higher than for the other three roots (4.7-11%). 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 0.6-15% 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 roots (6.3 — 8.2%). Analysis of coverage by metabolically
active bacteria in comparison to the live/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 uXRF
images were aligned using the imageJ plugin TurboReg (Fig. 2F, S1E, S1K, S1Q, S2E, and
S2K). A side by side comparison of the difference between the pre- and post-aligned ME
UXRF images is shown in Fig. 2E and 2F, respectively. Alignment of the ME uXRF and
FISH images allows direct comparison of metal(loid) and bacterial coverage. Overlays of the
SytoBC and ME uXRF images (Figs. 2G, S1F, S1L, S1R, S2F, and S2L) show consistent
evidence for colocalization of bacteria with metal(loid) plaques on root surfaces. For
example, the white arrow in Fig. 2G points to a prominent Actinobacteria colony associated
with an Fe/As plaque.

3.4.1 Colocalizing metal(loid) overlap with bacteria—Manders coefficients M; and
M, were calculated from the analysis of aligned FISH - ME pXRF images to quantify
colocalization. M1 and M5 values represent the fraction of metal(loid) that overlap bacteria
and vice versa, respectively, where a value of 1.0 represents complete overlap. Several
interesting patterns emerged from this analysis. The fraction of metal overlap with live/dead
bacteria (M1 values) was generally low ranging from 0.015 to 0.13 for Fe and from 0.0040
to 0.17 for As (Fig. 4A and 4B). Examining the overlap that occurred further, both Fe and
As generally had higher overlap with all live/dead bacteria than just metabolically active
bacteria, suggesting that metal(loid)s are associated with dormant/non-metabolically active
cells as well as metabolically active bacteria. Indeed, prior work shows that live and dead
cell interactions with (oxyhydr)oxide mineral surfaces are often mediated by strong and
kinetically-irreversible covalent bonds formed between surface hydroxylated metal centers
(e.g., Fe) and phosphoryl or carboxyl groups of cell surface biomolecules (Parikh and
Chorover, 2006 and 2008).

3.4.2 Colocalizing bacterial overlap with metal(loid)s—Examination of fraction of
bacterial overlap with metals (M5 values) showed high variability with values ranging from
0.019 to 0.36 for the association of live/dead bacteria imaged with the Syto BC stain with Fe
and values of 0.0010 to 0.37 for As (Fig. 4C and 4D). A striking result from the group
specific probes was that Actinobacteria consistently had a higher degree of association with
Fe than did Gammaproteobacteria or Alphaproteobacteria. For instance, M, coefficients for

Actinobacteria overlapping with Fe ranged from 0.24 to 0.66, while comparable values were
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0.0010 for Gammaproteobacteria and 0.019 to 0.27 for Alphaproteobacteria (Fig. 4C). We
note that in this study, roots that had high Fe coverage (Actinol, Actino2, and Alphal) also
had higher values for both M1 and M5, (Fig. 4A and 4C).

3.4.3 Arsenic colocalization with iron vs. with bacteria—Examination of
colocalization of As with Fe using all six roots, without consideration of bacteria, showed
that the average fraction of overlap of As with Fe plaques was 0.49 + 0.19. This large
association of As with Fe is significantly higher (p < 0.05) than the association between As
and bacteria which had fraction of overlap values of 0.072 + 0.052 and 0.053 + 0.033 with
live/dead bacteria and metabolically active bacteria, respectively. This comparison suggests
that the primary mechanism of As retention at the root surface is adsorption to Fe plaques
rather than to bacterial surfaces.

4 Discussion

Herein we have presented a method that makes conjunctive use of FISH and ME uXRF
analyses to characterize the micro-scale associations of bacteria with metal(loid)s on a set of
root surfaces grown in arsenic-contaminated, sulfide-ore derived tailings. Applying both
techniques to a common set of samples allows discrimination of distinct metal(loid)-
bacterial group spatial associations that may reveal insights into biogeochemical
mechanisms, such as biomineralization and biodissolution of neo-formed metal(loid)-
containing precipitates. Finally, this method allows quantitative analysis of colocalization
between metal(loid)s and bacteria on the root surface. Such insights into the association
between bacteria and metal(loid)s on root surfaces are needed to develop and test hypotheses
concerning the extent to which, and the mechanisms whereby, bacteria and bacterial
subgroups are potentially driving metal(loid) transformations.

Several related approaches have been employed previously to examine the micro-scale
association of bacteria and metals. One approach used fluorescent probes targeting metals in
combination with a nucleic acid stain to assess the colocalization of bacteria, heavy metals,
glycoconjugates, and Fe minerals in an aqueous live pure culture using CLSM (Hao et al.,
2013; Hao et al., 2016). A drawback to the use of metal-targeting fluorescent probes on a
heterogeneous environmental sample is the inability to obtain detailed geochemical and
speciation data of the metals present. Furthermore, due to the limited number of fluorescent
probe wavelengths available, the number of metals that can be analyzed at the same time is
limited. Several research groups have sought to resolve systematic variation in bacterial
colonization of geological media using a combination of microbial and geochemical
methods on the same samples, as done here. CLSM has been previously combined with
synchrotron analysis, particularly scanning laser x-ray microscopy (SLXM), in the study of
the structure and metal content of biofilms (Lawrence et al., 2003; Dynes et al., 2006; Neu et
al., 2010). Also, a combination of bulk XANES and microbial community analyses
(Martinez et al., 2007) as well as micro-scale interrogation of non-specific stained bacterial
cells using confocal microscopy (Yoon et al., 2012) was used to describe the
biogeochemistry of metalliferous peats. These studies reported indirect evidence for
bacterial roles in sulfur reduction with i) a correlation between the presence of DsrAB
(dissimilatory sulfite reductase) genes, characteristic of sulfur-reducers, and regions of
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sulfide minerals, such as ZnS (Martinez et al., 2007; Yoon et al., 2012) and ii) confocal
microscopy of bacterial cells (stained using a non-specific nucleic acid stain) colocated with
presumed sulfide minerals, as detected by autofluorescence (Yoon et al., 2012). The ME
UXRF - FISH method described here builds on these techniques by spatially mapping both
distinct bacterial cell and metal(loid) types and species, /77 situ on a micro-scale, for direct
correlation of bacterial association with neo-formed mineral types. In the present case, the
microbial role in biomineralization of arsenic-sequestering Fe plaques in mine tailings was
of particular interest, but the data do not provide unequivocal support for a direct microbial
role. Rather, they suggest that the root surface itself may govern plaque formation.

Finally, a previous study characterized Pb and Fe (oxyhydr)oxide complexes using EXAFS
spectra analysis of Pb-O interatomic distances (Hansel and Fendorf, 2001). Their results
showed Pb complexed to an organic substrate with characteristics similar to those exhibited
by extracellular polysaccharides (EPS) and/or biofilms, rather than to Fe (oxyhydr)oxides,
indicating that Pb2* formed inner-sphere complexes with electronegative oxygen-containing
functional groups in biofilm components rather than the Fe-oxide itself. The method used
was not able to identify the type of bacteria involved, nor the spatial rendering of interaction.
In contrast, results of the current study suggest that direct complexation with biomolecular
components is not responsible for most of the As immobilization, an observation that is
consistent with both arsenate and most biomolecules exhibiting negative charge. Only a
small fraction of As, 0.072+0.052, was spatially-associated with live/dead bacteria. Despite
a relatively small proportion of the total As being co-associated with bacteria cells, over
large areas this amount can add up; therefore, it would be beneficial to understand the
potential role bacteria play in As-immobilization on root surfaces and identify the bacteria
that participate in As transformations, such as As-oxidation.

DNA sequencing was used in this study to guide development of the phylum-level probes
chosen for FISH-ME pXRF. In addition, these sequence data can be used to help identify
populations at greater taxonomic specificity that may be of interest in the system being
studied. For example, of the bacterial groups examined, Actinobacteria exhibited the highest
association with As; overall fraction of overlap values of 0.036 to 0.47 of Actinobacteria
colocalized with As (Fig. 4D). Within the Actinobacteria, the family Microbacteraceae had
the highest sequence abundance (2.8%). This family contains Microbacterium lacticum, a
species reported to be capable of As oxidation (Table 2) (Mokashi and Paknikar, 2002). As a
second example, we focused on one of the 3 roots probed for Alphaproteobacteria which
also showed a high association with As (Alphal; fraction ofoverlap 0.21) (Fig 4D). In
examining the Alphaproteobacteria, the families Hyphomicrobiaceae and Acetobacteraceae
(present in the rhizosphere at abundances of 2.4 = 1.6 and 9.0 + 6.7%, respectively) have
been reported to exhibit specific interactions with metal(loid)s (Table 2). For instance,
Acidiphilium multivorum, of the Acetobacteraceae family, is a known As(l11) oxidizer
(Wakao et al., 1994).

Beyond an apparent lack of direct evidence for a major bacterial role in As sequestration, we
also tested for the significance of association between bacteria and Fe plagques on the root
surface. This is motivated by the fact that a majority of As was associated with poorly-
crystalline Fe(l11) plaques (fraction of overlap 0.55 + 0.15) whose mineralization may be
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mediated microbially (Banfield et al., 2000), and whose formation gives rise to inner-sphere
arsenate surface complexes with well-known stability (e.g., Gao et al., 2013). While the
method presented does not prove a bacterial role in plaque formation, it does help to uncover
patterns to guide future studies of these roles of bacteria.

The involvement of FeOB in the formation of Fe plaques has been shown previously using
acridine orange staining (Emerson et al., 1999) and electron microscopy (St-Cyr et al.,
1993). In these studies, bacterial cells were visualized embedded in Fe plaques on roots from
aquatic wetland plants. Both studies reported evidence of FeOB after culturing the root
tissue; although the cells were not identified /n7 situ. However, microbially-mediated aqueous
Fe(I1) oxidation is not the principal mechanism expected for Fe(l1l) (oxyhydr)oxide
formation in the current system (Hayes et al., 2014). Indeed, extensive presence of iron
oxide plaques on root surfaces combined with a relatively low colocalization of bacteria with
Fe (fraction of overlap ranges between 0.015 to 0.13 for live/dead bacteria, Fig. 4A) would
suggest that, in this particular mine tailings environment, Fe plaque formation may not be a
microbiologically-driven process, and plaque nucleation at the root surface is potentially
regulated by root surface biomolecules. We recognize, however, that the FISH-ME pXRF
data set studied here represents a snapshot in time that cannot rule out the possiblity of
previous microbial involvement in the resident Fe root plaque formations, and that
fluorescent remnants of microbial cells may have since disappeared. While FeOB-specific
probes were not used in this study, DNA sequencing results show that within the phylum
Actinobacteria, the order Acidimicrobiales has a high relative abundance in the rhizosphere
of 4.4 + 2.3% and contains many FeOB species, including Acidimicrobium ferroxidans,
Ferrimicrobium acidiphilum, and Ferrithrix thermotolerans (Table 2) (Whitman et al., 2012).
One way to address this issue more thoroughly would be to develop a FISH probe for
potential FeOB within Acidimicrobiales.

While FeOB promote active biomineralization, bacteria may also promote biomineralization
passively if surficial biomolecules promote nucleation and crystal growth following
adsorption of Fe(l1) to cell walls or EPS moeities that complex Fe (Banfield et al., 2000; De
Yoreo and Vekilov, 2003). Since a high proportion of Actinobacteria were associated with Fe
(0.66) (Fig. 4C) we examined the Actinobacteria sequences and found that Acidimicrobiales
contains a species, Ferrithrix thermotolerans, capable of Fe-oxide precipitation on its cell
surface (Whitman et al., 2012). While colocalization between bacteria and Fe plaques does
not necessarily imply a direct bacterial role in Fe plaque formation, the method presented
can be used to quantitatively survey potential interactions in development of hypotheses for
future studies.

As suggested in the previous paragraphs, one of the next steps in using the FISH-ME pXRF
method would be to employ probes designed for specific species hypothesized to play a role
in metal(loid) transformations. In addition, a future step could focus on the use of FISH
probes that target functional genes in order to detect potential microbial-induced
transformations, for instance As oxidation. While traditional FISH, as used in this study, is
likely not sensitive enough to target functional genes, catalyzed reporter deposition FISH
(CARD-FISH) results in brighter fluorescence and can be used to view functional genes
(Pernthaler et al., 2002). Finally, while the analysis done in this study (on roots grown in
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compost-amended acidic mine tailings in a semi-arid environment) do not provide
unambiguous support for a significant bacterial role in metal immobilization, further studies
are needed. Repeating the described method in a controlled bench-scale experiment using
roots grown in both sterile and non-sterile mine tailing media could help in further
elucidating the extent of the role of bacteria in mediating metal transformations and
immobilization on root surfaces. Similarly, roots grown in a variety of soils and
environmental conditions could assess the effects of factors such as soil type, pH, and TOC
content on the factors affecting metal transformations in the root surface.

Other Method Considerations

In order to successfully perform ME uXRF - FISH, there are some important details to
consider with respect to the FISH and ME uXRF analyses. Regarding FISH, details to take
into account include the limited number of channels available using CLSM (the Zeiss 510
Meta CLSM used in this study has 5), autofluorescence, and possible reagent-induced
metal(loid) alterations/loss. The combination of probes used should be carefully selected and
optimized due to the limited number of channels available using CLSM. The channels
representing the wavelengths 488, 543, and 633 nm used in this study are one optimal
combination. Probes should be labeled with fluorphores having the same excitation
wavelengths as the channels being used, in order to elicit a fluoresence signal (for a list of
fluorphores and corresponding excitation wavelengths see Morrison et al., 2003) and only
one probe (or nucleic acid stain) can be used per channel. To overcome these challenges,
newer confocal microscopes can have as many as 5 channels. Addtionally, a supercontinuum
white light source can be used which generates a continuous spectrum from 450 nm to over
950 nm for the use of mulitple florochromes (Gratton and vandeVen, 2006).

Autofluorescence can present a problem, especially when analyzing root samples because
root surfaces and soil particles have the tendancy to autofluoresce. Watt et al. (2006) found
that using probes labeled with fluorophores in the far-red spectrum, for instance CY5,
provided the least interference by autofluorescence, however, in this study autofluorescence
was found to be most problematic using the Bacteria (Eub338) probe labeled with CY5. The
Syto BC nucleic acid stain and the specific probes (Gamm42a, Alf968, HGC69a) labeled
with CY3 had relatively little autofluroescence (see Fig. 2, S1, and S2). Also, using one
wavelength channel that has no associated probes (405 was used in this study) to take an
image of the background fluorescence that can later be subtracted from the images taken
using the other channels can also be helpful. Though this did not completely remove the
autofluorescence in this study, it made a significant improvement in many cases. Finally, it is
important to optimize the FISH method for the type of sample being analyzed (i.e., soil,
water, mine tailings, rocks, roots, leaves) because different media have varying
autofluorescence issues.

Certain reagents used during the FISH process, such as PFA (used to fix roots), and EDTA
(present in WB) can potentially alter or promote release of some metal(loid)s. Prior to this
study, the effect of PFA on metal(loid) release from the root was examined by measuring the
concentration of metal(loid)s from the PFA solution before and after root fixation. There was
no significant difference in metal(loid) concentration indicating that metal(loid)s were not
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released from the root (data not shown). The effects of EDTA, a multi-dentate carboxylate
ligand that forms strong complexes with cationic metals, on metal(loid) release from roots
were minimized by employing a low (5 mM) concentration. This was verified by conducting
a small experiment which showed that there was no significant difference between the Fe
and As released after root incubation in 5 mM EDTA compared to water. Furthermore, when
using stringencies below 20%, EDTA is not required at all (Daims et al., 2005). Despite
these results, it should be recognized that some disturbance and release of metals and/or
bacteria likely occur during the extensive processing of the root during fixation and FISH.

With respect to ME pXRF, one major factor to consider when comparing the images to the
FISH images is the penetration depth. The depth probed with ME uXRF is controlled by the
penetration depth of the incident beam (proportional to the brightness and sample density)
and the escape depth of the generated fluorescing x-ray (related to Z and the bulk density). A
plant root has relatively low bulk density and is mostly transparent to the incident x-ray.
Generally, metal(loid)s of interest can be detected from 100 um; therefore, the fluorescence
of excited metal(loid)s from the full volume of the root exposed to the x-ray is sent to the
detector. This makes the distinction of interior versus exterior associations difficult. In the
case of the B. dactyloides roots used in this study, with diameters of about 100-200 um, this
can lead to an underestimation of My and M, values because the FISH confocal image
depths only ranged from 30-50 pm. One way to overcome this would be to prepare
histological thin-sections of the root before FISH and ME pXRF analysis, so that the same
depth is analyzed for both. This is challenging for smaller roots, such as the B. dactyloides
roots used in this study.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. FISH and pXRF are combined to visualize bacteria and metal(loid)s on
root surfaces.

. Microscale analysis of bacteria and metal(loid)s reveals potential
interactions.

. Co-localization of bacteria and metal(loids) was quantified using
ImagelJ freeware.

. Phylum-specific FISH probes reveal differing affinity of bacteria for
metal plaques.
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Figure 1.
Average phyla distribution in B. dactyloides rhizosphere-influenced mine tailings samples

(amended with 15% compost [w/w]; n=4) collected from the IKMHSS field site. DNA was
extracted and subjected to 16s rRNA gene amplicon sequencing using Illumina Mi-Seq.
Asterisks represent the three largest represented phyla chosen for FISH analysis.
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Figure 2.
FISH and ME uXRF images of B. dactyloides root Actino2 grown in 15% compost (w/w)

amended tailings at IKMHSS. (A) Full root section adhered to slide with white box
indicating region of root analyzed for FISH and ME puXRF, (B) all live and dead cells
targeted with Syto BC nucleic acid stain, (C) domain Bacteria targeted with a CY5 labeled
universal Eub338 mix probe, (D) phylum Actinobactersa targeted with CY3 labeled
HGC69a probe, (E) original ME pXRF image showing Fe and As, (F) ME pXRF image
after alignment to FISH images using TurboReg plug-in with imageJ, (G) overlay of SytoBC
image and aligned ME uXRF image showing colocalization between bacteria and
metal(loid)s. White arrow points to a colony of Actinobacteria (B, D, G) and corresponding
Fe plaque with As (E, F, G). Yellow arrow points to a silicate clay particle on root, visible
only with Syto BC stain (B, G). Scale bars represents 500um in A and 20um in B-G.
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Figure 3.
B. dactyloides root (A) Multiple-energy microfocused x-ray fluorescence (ME p-XRF)

image showing arsenic (in red) associated with a ferrihydrite like ferric hydroxide phase (in
green) and areas of iron rich clay, fit as chlorite (in blue, e.g. spot 3) that are not associated
with arsenic. The ferrihydrite-like plaque coats the root. The color intensity scale for As, Fe-
rich clay (chlorite), and ferrihydrite are 0-50, 0-150, and 0-2500 counts respectively to
highlight the As relative to the more abundant ferrous iron. (B) Microfocused (2 um spot)
XANES of select spots on the root were fit to iron minerals, 1Fh = ferrihydrite (synthetic,
Root et al., 2009) and 2Clay = chlorite clay (CCa-2, Clay Minerals Society Source Clays
Repository, spectra from O’Day et al., 2004), binary fit with standard deviation shown above
in panel. (C) Per pixel correlation of As to ferrihydrite, showing regions of high (e.g. spot 1),
low (e.g. spot 2) and no arsenic associated with the ferric mineral plaque. Dashed lines in C)
point out that some pixels (n=11925 pixels) contain no As, while many pixels have both As
and ferrihydrite; at low (1:60) and high (1:12) As:Fe ratios.
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Figure 4.
Manders coefficients (M1 and M2) for overlap of Fe and As with live/dead bacteria,

metabolically active bacteria, and specific phyla/classes. (A) M1, representing the fraction of
Fe overlapping with bacteria, (B) M1, representing fraction of As overlapping with bacteria,
(C) M2, representing the fraction of bacteria overlapping with Fe, (D) M2, representing
fraction of bacteria overlapping with As. Note the difference in scales between A and B (M1
values) and C and D (M2 values).
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