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ABSTRACT

Little is known about the microbiomes associated with plants
with unusual properties, including plants that hyperaccumulate
toxic elements such as selenium (Se). Se hyperaccumulators
contain up to 1.5% of their dry weight in Se, concentrations shown
to affect ecological interactions with herbivores, fungal pathogens
and neighboring plants. Hyperaccumulators also enrich their
surrounding soil with Se, which may alter the rhizobiome. To
investigate whether plant Se affects rhizobacterial diversity and
composition, we used a combination of culture-independent and
culture-based approaches. Sequencing of 16S rRNA gene
amplicons using the Illumina platform revealed that the
rhizosphere microbiomes of Se hyperaccumulators were
significantly different from nonaccumulators from the same site,
with a higher average relative abundance of Pedobacter

and Deviosa. Additionally, hyperaccumulators harbored a higher
rhizobacterial species richness when compared with
nonaccumulators from the same family on the same site.
Independent from Se present at the site or in the host plant, the
bacterial isolates were extremely resistant to selenate and
selenite (up to 200 mM) and could reduce selenite to elemental
Se. In conclusion, Se hyperaccumulation does not appear to
negatively affect rhizobacterial diversity, and may select for
certain taxa in the rhizosphere microbiome. Additionally, Se
resistance in hyperaccumulator-associated bacteria and
archaea may be widespread and not under selection by the host
plant.

Additional keyword: phyllosphere.

The rise of next-generation sequencing technologies has made
microbiome research an increasingly popular and feasible area of
study in plant biology (Berg et al. 2013). These technologies have
allowed researchers to study entire plant-associated microbial as-
semblages in addition to microbes that require culture-dependent

analyses. Additionally, next-generation sequencing technologies
have allowed the exploration of core microbiomes: stable, consis-
tent components across complex microbial assemblages. A core
has been defined as the suite of members shared among microbial
consortia from similar habitats (Shade and Handelsman 2011).
Identification of a core microbiome for a certain habitat offers
a starting point to further explore the functional role and importance
of particular microbial taxa or consortia in the habitat in question.
Microbiome sequencing has offered a new andmore expanded view
of the microbial world, which has changed the way researchers look
at the microbial communities associated with plants (Berg and
Hallmann 2006; Berg et al. 2013; Visioli et al. 2015).
An area of microbiome research that has received increasing

interest is plant hyperaccumulation, i.e., the capacity of some plant
species to accumulate upwards of 100-fold higher levels of a spe-
cific element than their nonaccumulator counterparts, to levels
that are toxic to most plants (Baker and Brooks 1989; Cappa and
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Pilon-Smits 2014). Plants that are hyperaccumulators (HAs) represent
a niche that may support and/or be shaped by selected consortia of
microorganisms. The extreme concentration of a toxic element in or
around HAmay affect the plant’s microbiome. Conversely, it is also
possible that the microbiome affects elemental accumulation.
Around 500 plant species have been reported to be hyper-

accumulators of one or more of the elements arsenic (As), cadmium
(Cd), cobalt (Co), nickel (Ni), lead (Pb), selenium (Se), and zinc
(Zn) (Cappa and Pilon-Smits 2014). Only around 10% of known
HA species have been studied with respect to rhizosphere pro-
cesses (Alford et al. 2010; Visioli et al. 2015). A recent microbiome
sequencing study comparing Cd/Zn HA and non-HA genotypes of
Sedum alfredii, Luo et al. (2017) found host genotype to explain
a small, but significant amount of variation that may affect metal
hyperaccumulation. Earlier, culture-based research has shown that
the rhizosphere bacteria of Ni and Cd HAs are more tolerant to the
metals that their hosts hyperaccumulate than rhizosphere microbes
not associated with HAs (Visioli et al. 2015). In addition, in-
oculation of HA-derived microbes back to their HA hosts (grown
from surface-sterilized seed) in some cases enabled the plants to
accumulate more of the element in question (Visioli et al. 2015).
These results suggest a role for microbes in making these toxic
elements available to HA plants.
The focus of the current study is the interaction between Se HA

plants and their rhizosphere microbiomes, with the main aim to
study the effects of Se HA on rhizosphere prokaryotic microbiome
diversity and composition. Selenium is an essential micronutrient
for many microbes and animals, including humans, and is con-
sidered a beneficial element for higher plants (Pilon-Smits et al.
2009). Despite not being essential for higher plants, Se is readily
taken up by plants and assimilated from selenate or selenite to
organic forms via the sulfate assimilation pathway (Schiavon and
Pilon-Smits 2017). Selenium HAs are native to the Western United
States where they often occur on naturally Se-rich (seleniferous)
soils and can contain tissue Se levels up to 1.5% of dry weight
(Beath et al. 1939). Selenium is toxic to most organisms at high
concentrations because it is converted into selenocysteine (SeCys),
which disrupts protein function when it is nonspecifically in-
corporated into proteins in the place of cysteine (Terry et al. 2000).
Selenium HAs such as Stanleya pinnata (Brassicaceae) and
Astragalus bisulcatus (Fabaceae) have evolved a way to circumvent
this toxicity by converting SeCys into a nontoxic form, methyl-
SeCys, which can be sequestered in epidermal vacuoles or further
converted to volatile dimethyldiselenide (DMDSe) (Evans and
Johnson 1967; Neuhierl et al. 1999). Many bacteria and fungi
detoxify Se in a similar way, taking up selenate or selenite and
converting it to organic forms or volatile forms; they can also reduce
selenite or selenate to insoluble elemental Se (Se0) (Frankenberger
and Karlson 1994; Staicu et al. 2015a,b; Turner et al. 1998; Winkel
et al. 2015; Zayed and Terry 1994). Most bacteria have the capacity
to convert selenite, but not selenate, to elemental Se, which has
a deep red color and is less toxic than selenite (Garbisu et al. 1996).
Many bacteria require Se as an essential element, while fungi appear
to have lost the physiological requirement for Se (Zhang and
Gladyshev 2009).
It is unclear how Se HA plants affect the diversity and composi-

tion of rhizosphere microbial consortia. Several lines of evidence
suggest that high-Se substrates are actually more microbe-rich
than corresponding low-Se substrates, including plant litter and
ponds (de Souza et al. 2001; Quinn et al. 2011a). Even when high-
Se substrates are clearly selecting for taxa that are more Se-resistant,
evidence exists for increased rhizosphere microbial diversity. For
example, rhizosphere fungi isolated from naturally seleniferous
soils were more tolerant to high concentrations of Se than those

isolated from a nonseleniferous area, and their rhizosphere fungal
communities were more diverse and compositionally distinct
(Wangeline et al. 2011). It is not known whether the same is the case
for rhizosphere bacteria and archaea. Bacterial endophytes from
HAs were able to withstand (and in some cases, benefit from)
selenate and selenite concentrations up to 200 mM (Sura de Jong
et al. 2015); the same may be true for rhizosphere bacteria. Spe-
cialized Se-resistant rhizosphere microbes may benefit their host.
When inoculated to plants, both rhizosphere and endosphere mi-
crobes can promote plant growth, increase Se accumulation, and
increase pathogen resistance (Alford et al. 2014; de Souza et al.
1999a,b; Di Gregorio et al. 2005; El Mehdawi et al. 2015; Hanson
et al. 2003; Lindblom et al. 2012, 2013; Sura de Jong et al. 2015;
Yasin et al. 2015). However, the effect of selection for Se bacterial
resistance on the diversity and composition of the rhizosphere
bacterial and archaeal diversity remains a knowledge gap.
In this study, a combination of culture-dependent and culture-

independent methods was used to study the rhizosphere microbiomes
of plants that hyperaccumulate Se in comparisonwith non-HA species
or unvegetated soil from the same seleniferous area or from a nearby
nonseleniferous area. The aim of this study was to answer the fol-
lowing questions. (i) Is the Se HA rhizosphere microbiome different
from related non-HA species in terms of composition and diversity?
(ii) Are bacteria isolated from Se HAs or seleniferous soil more re-
sistant to Se than those from non-HAs or nonseleniferous soil? (iii) Is
there a core rhizomicrobiome among Se hyperaccumulators that
may contribute to Se hyperaccumulation?

MATERIALS AND METHODS

Sampling. Rhizosphere soil was sampled from five plant species
growing on a seleniferous site, Pine Ridge, in Fort Collins, CO
(sandy loam, pH 7.6, SOM 5.8%, 1.7 mg Se kg

_1) described
previously (El Mehdawi et al. 2012; Galeas et al. 2008). The
sampled species include three HA species, Astragalus bisulcatus
(Fabaceae) and Stanleya pinnata (Brassicaceae) and an HA pop-
ulation of Symphyotrichum ericoides (Asteraceae) and two non-
HA species, Astragalus tenellus (Fabaceae) and Physaria bellii
(Brassicaceae). For comparison, rhizosphere soil was sampled from
plants on a nearby nonseleniferous site, Cloudy Pass, in Bellvue,
CO (sandy loam, pH 6.6, SOM 4.5%, 0.11 mg of Se kg

_1) described
by El Mehdawi et al. (2012, 2015). The species sampled from
Cloudy Pass were all non-HA species, including Astragalus lax-
mannii (Fabaceae), Physaria montana (Brassicaceae) and a non-Se
accumulator population of Symphyotrichum ericoides described
by El Mehdawi et al. (2015). Leaf and rhizosphere soil samples were
taken from six individuals of each species sampled on both sites,
except for A. tenellus (n = 4). Rhizosphere soil was collected by
removing the root from the soil, shaking the bulk soil off of the
roots, and then collecting remaining soil in association with the
roots in a sterile container. Soil samples were then sieved using a
1 mm sieve and stored in sterile 1.5-ml Eppendorf tubes and stored
at _80�C before microbiome analysis. Leaf Se concentrations of the
plants collected from Pine Ridge were evaluated using inductively
coupled plasma optical emission spectrometry (ICP-OES) after
drying and acid digestion, according to Fassel (1978) and as de-
scribed earlier (Quinn et al. 2011a). The Cloudy Pass vegetation
was found earlier to have negligible tissue Se concentration and was
not tested here. Plant species and Se concentrations of the sampled
plants are listed in Table 1.
Culture-independent studies: DNA extraction and 16S rRNA

gene amplification for rhizosphere microbiome sequencing.
Sample processing, sequencing, and core amplicon data anal-
ysis were performed by the Earth Microbiome Project (EMP)
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(www.earthmicrobiome.org) (Gilbert et al. 2014; Thompson et al.
2017), and all amplicon sequence data and metadata have been
made public through the data portal (http://qiita.ucsd.edu) as QIITA
study ID 10363 and EBI accession ERP017439.
Data processing and statistics of 16S rRNA gene sequences.

Initial data processing of 16S rRNA gene sequence data were pro-
vided by the EMP (Gilbert et al. 2014; Thompson et al. 2017) using
QIIME version 1.9.1 (Caporaso et al. 2010) in QIITA following
standard processing protocols. Closed reference operational tax-
onomic unit (OTU) picking was used against the greengenes 13_8
database (http://www.earthmicrobiome.org/protocols-and-standards/
initial-qiime-processing/). Briefly, 16S rRNA gene sequences were
filtered for quality and demultiplexed. OTUs representing chloroplast
DNA were filtered out and the resulting table was rarefied at 45,750
sequences per sample. An unweighted UniFrac distance matrix was
generated from OTUs detected in each sample and visualized using
a principal coordinates analysis plot. Permanova and Anosim sta-
tistical tests (999 permutations) were performed on the UniFrac
distance matrix using for the entire sample set as well as within the
Pine Ridge sample set. The frequency of all OTUs were compared
between sites and within Pine Ridge samples using a Kruskal Wallis
test. Analysis of variance (ANOVA) was used in JMP, Version 11
(SAS Institute Inc., Cary, NC) to compare alpha diversity (observed
OTUs) between sites and within Pine Ridge. Additionally, core
microbiomes for Pine Ridge, Cloudy Pass, HAs, and non-HAs were
computed using the QIIME core microbiome script ‘compute_
core_microbiome.py’ with the minimum fraction of samples that an
OTU must be observed in to be considered part of the core set to 1.0.
Culture-based studies. Rhizosphere bacterial isolation.

Rhizosphere soil samples were sieved with a 1 mm screen. A 1:1
(wt/vol) ratio of soil and autoclaved 50 mM MgSO4 were mixed
and diluted to 10

_6 before plating 200 µl onto Luria Bertani (LB)
agar medium (peptone at 10 g liter

_1, yeast extract at 5 g liter
_1, and

sodium chloride at 10 g liter
_1) and incubated at 30�C for 3 to

10 days. This medium is relatively rich, and like all media likely
yielded colonies from only a subset of the bacteria present in the
sample, in this case favoring fast-growing species. Individual col-
onies were isolated based on morphology and cultured in LB liquid
before being stored in a 1:1 (vol/vol) solution of bacterial culture and
30% glycerol at _80�C. Individual isolates were identified via matrix-
assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF MS) using Autoflex Speed 93 MALDI-TOF/TOF
mass spectrometer and MALDI Biotyper 3.1 software (Bruker
Daltonik, 94 Germany) as described by Sura de Jong et al. (2015). A
list of all bacterial strains and their identification confidence levels
used in this study can be found in Supplementary Table S1.

Selenium resistance. Individual isolates were streaked onto
LB plates containing 0, 1, 10, 100, or 200 mM sodium selenate
(Na2SeO4) or sodium selenite (Na2SeO3) and qualitatively scored

for Se resistance as well as for the ability to produce red elemental
Se. Each isolate that grew on the minus Se plate was then given
a selenate and selenite resistance score (0 to 5) based on the abil-
ity to grow on each plate. The scores were assigned based on the
following criteria: 0 indicates no growth on any of the Se plates,
1 denotes growth up to 1 mM Se, 2 indicates growth up to 10 mM
Se, 3 indicates growth up to 100 mM, 4 indicates growth up to
200 mM, and a score of 5 denotes improved growth at 200 mM Se
(compared with the control plate).
Then, each of the selenate and selenite resistance scores were

pooled for each individual plant host. The median selenate and
selenite resistance scores were calculated for each host plant. Scores
from each host plant were then put into the following three groups:
(i) Cloudy Pass non-HA; (ii) Pine Ridge HA; and (iii) Pine Ridge
non-HA; statistical comparisons of the qualitative Se tolerance
scores in these groups were performed using a Kruskal-Wallis test
with the software package JMP, Version 11 (SAS Institute Inc.).

RESULTS

Culture-independent methods. Next generation sequencing of
16S rRNA gene amplicons indicated that the most prevalent bac-
terial phyla in the data set were Proteobacteria (23.3%), Actino-
bacteria (17.8%), Bacteroidetes (17.6%), and Acidobacteria (16.4%)
(Fig. 1).
Permanova and Anosim tests of the UniFrac distance matrix

revealed significant phylogenetic community differences between
Pine Ridge and Cloudy Pass sample sites (P < 0.001) (Fig. 2). We
also discovered significant differences (P < 0.001) in prokaryotic
community composition between HA, non-HA and bulk soil over
the whole data set. We then focused only on the Pine Ridge site and
found significant differences in community composition between
HA, non-HA and bulk soil (P < 0.001) (Fig. 3). When looking at
Pine Ridge specifically, no significant differences were found in
individual OTUs relative abundance when comparing HA soil with
non-HA soil and bulk soil. While not statistically significant, it
is noteworthy that two OTUs had a substantially higher mean
occurrence in HA-associated rhizosphere soil than in other soil
samples, that may warrant further study: Pedobacter and Devosia.
Alpha diversity (observed OTUs) was also tested between sites

and within Pine Ridge. Between sites, Cloudy Pass had a signifi-
cantly higher alpha diversity than Pine Ridge (ANOVA, P < 0.004)
(Fig. 4), with non-HA from Cloudy Pass having a similar alpha
diversity as HA from Pine Ridge. Within Pine Ridge, however,
samples from HA were found to be significantly more diverse than
samples taken from non-HAs and bulk soil (ANOVA, P < 0.001).
Interestingly, the rhizosphere samples fromHA species had a higher
alpha diversity (Fig. 4). Similar results were obtained for phylo-
genetic distance based alpha diversity measures (not shown).

TABLE 1
Plant species sampled for this study (n = 6 plants per species), and corresponding leaf selenium (Se) range

determined by inductively coupled plasma optical emission spectrometry (ICP-OES)a

Pine Ridge (seleniferous)
Leaf Se concentration
(mg of Se kg

_1 of DW) Cloudy Pass (nonseleniferous)
Leaf Se concentration
(mg of Se kg

_1 of DW)

Astragalus bisulcatus (HA species) 10_2,699 Astragalus laxmannii (non-HA species) 0.07_0.11

Astragalus tenellus (non-HA species) ND

Physaria bellii (non-HA species) 3_24 Physaria montana (non-HA species) 0.02_0.35

Symphyotrichum ericoides (HA population) 36_1,169 Symphyotrichum ericoides (non-HA population) ND

Stanleya pinnata (HA species) 610_11,784

a Leaf, root, and rhizosphere soil samples were taken from each plant. HA, Se hyperaccumulator. ND = not determined.
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To identify possible key microbes that play a role in plant Se
hyperaccumulation, core microbiomes (microbes identified in 100% of
the samples) were analyzed for Cloudy Pass, Pine Ridge, HA, and non-
HA samples. In the samples from Pine Ridge, a total of 25 OTUs from
seven phyla were found to be the core microbiome; in Cloudy Pass
there were 387 OTUs including 11 phyla. In comparison, the HA core
microbiome (Pine Ridge only) was 46 OTUs representing eight
phyla and the non-HA core microbiome (Pine Ridge only) was 479
OTUs representing 14 phyla. Phyla representing the most highly
abundant taxa in the Pine Ridge core rhizomicrobiome were Cren-
archaeota (Archaea), Acidobacteria, and Actinobacteria, respectively
(Fig. 5). The core microbiome from Cloudy Pass, however, did not
include Archaea, and had Acidobacteria, Proteobacteria, and Bacter-
oidetes as its most abundant phyla (Fig. 5). The HA core microbiome
included Acidobacteria, Crenarchaeota (Archaea), and Proteobacteria
(including Devosia) as its major phyla (Fig. 6). The non-HA (PR)
core microbiome included several Archaeal taxa, but included Acido-
bacteria, Actinobacteria, and Bacteroidetes as its major phyla (Fig. 6).
Culture-based studies. Se tolerance of bacterial isolates from

seleniferous and nonseleniferous habitats. When the Cloudy Pass
and Pine Ridge rhizosphere and bulk soil samples were cultivated
on standardized agar medium at 30�C, a total of 174 different
isolates were obtained, based on morphology and MALDI-TOF,
MALDI Biotyper identification (Supplementary Table S2). The
isolate numbers for each category (site, host species) are not directly
comparable, since the amount of soil used from each sample for
bacterial isolation was not standardized.
The isolates were then streaked onto agar plates spiked with

different concentrations up to 200 mM selenite or selenate, to test
for Se resistance and for the ability to produce red elemental Se

Fig. 1. Chart depicting the relative abundance of bacterial phyla in soil samples from seleniferous (Pine Ridge) and nonseleniferous (Cloudy Pass) sites.
From left to right: Pine Ridge non-hyperaccumulator rhizosphere (PR_n), Cloudy Pass bulk soil (CP_b), Pine Ridge hyperaccumulator rhizosphere
(PR_HA), Cloudy Pass non-hyperaccumulator rhizosphere (CP_n), and Pine Ridge bulk soil (PR_b). Operational taxonomic unit (OTU) IDs were
assigned with QIIME using closed OTU picking against a Green Genes database. Exact percentages out of 100% of phyla represented in each sampling
category is shown in Supplementary Table S1.

Fig. 2. Two-dimensional principal coordinates analysis (PCoA) plots of
16S rRNA diversity from rhizosphere soil samples. Orange triangles
represent samples from seleniferous site Pine Ridge and blue circles
represent samples from nonseleniferous site Cloudy Pass. Permanova
test indicates microbial communities are significantly different based
on site (P < 0.0001).
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(Se0). To put this in HA context, soil around HA plants has been
found to contain up to about 100 mg of Se kg

_1 of soil (El Mehdawi
et al. 2011a,b), or ;1.3 mM Se, and the plant tissue itself may
contain up to;2,000 mg of Se kg

_1 of FW (10,000 mg of Se kg
_1 of

DW), which corresponds with about 26 mM Se, if evenly dis-
tributed. Thus, in nature Se levels of 200 mM are not likely to be
encountered by microbes. The highest concentrations were in-
cluded because in earlier studies endophytic bacteria isolated from
these same HA species were found to be resistant up to 200 mM Se
(Sura-de Jong et al. 2015). Qualitative resistance scores were
assigned to each isolate based on its ability to grow on certain
concentrations of Se. Red Se was observed for all isolates when
grown on selenite, but not selenate. The median tolerance scores
for the bacteria isolated from each host at each site are represented in
Figures 7 and 8. A Kruskal-Wallis test was performed on the median
selenite (SeO3

2_) and selenate (SeO4
2_) tolerance scores of the pooled

isolates from each host plant. No significant differences were found
between Se tolerance and host plant species, site, host Se concen-
tration, or bacterial genus. All bacteria isolated from rhizosphere
samples were tolerant to most concentrations of SeO4

2_. A few isolates
even appeared to grow better in the presence of 200 mM SeO4

2_ as
compared with control conditions, although it cannot be excluded that
the larger colony size was due to a matrix of extracellular polymeric
substances, produced as a detoxification mechanism. Most isolates
were able to grow on the 10 mM NaSeO3

2_ plates; however, few
strains grew on the 200 mM NaSeO3

2_ plates.

DISCUSSION

The main findings from this study are as follows: (i) bacterial
and archaeal communities in the rhizosphere of Se HA plants were
significantly different from those of non-HA plants growing on the
same seleniferous soil and from bulk soil from the same site; (ii)

the rhizosphere microbiomes of Se HAs were at least as diverse as
those of non-HAs from the same site, and species richness was
actually higher; (iii) bacterial and archaeal communities of the
rhizosphere differed between the seleniferous and nonseleniferous
site; and (iv) most bacterial isolates were extremely selenate- and
selenite-resistant (up to 200 mM), with no clear difference in Se re-
sistance between bacteria isolated from HA and non-HAs or from
seleniferous and nonseleniferous soils. Together these results suggest
that Se hyperaccumulation can significantly affect a plant’s micro-
biome. In future studies it will be interesting to explore whether
these results, obtained from a modest set of data (one seleniferous
and one nonseleniferous site, and three HA versus two to three
non-HA species, n = 6) will hold true across larger datasets.
These results provide some insight into evolutionary and eco-

logical processes associated with hyperaccumulator_microbiota
interactions. The finding that the HA rhizosphere microbial com-
position was significantly different from the non-HA rhizosphere
samples on the same seleniferous site may indicate that HAs select
for, or allow specific bacterial communities to colonize their rhi-
zosphere. The finding that three HA plant species from different
families differed significantly in rhizosphere microbiome from two
non-HA plant species from the same families suggests Se HAs have
a common rhizosphere factor that affects rhizomicrobial compo-
sition (Fig. 3). This common factor is not necessarily Se-related, but
it may well be. Judged from the Se resistance assays, Se resistance
likely is not under direct selection in the rhizosphere because all
rhizosphere bacterial isolates were resistant to Se levels beyond
those commonly found in the rhizosphere of HA (as discussed in

Fig. 4. Alpha diversity (observed operational taxonomic units) of soil
samples in A, each site and B, each group. Analysis of variance was
performed on each data set and both were found to be statistically
significant (A, P < 0.004; B, P < 0.0001). Letters in B designated by
Tukey’s honest significant difference indicate significant differences.

Fig. 3. Two-dimensional principal coordinates analysis (PCoA) plots
of 16S rRNA diversity from soil samples collected from seleniferous
site Pine Ridge. Red circles are samples taken from selenium
hyperaccumulator hosts, blue triangles are non-hyperaccumulator hosts,
and green squares are from bulk soil. Permanova test indicates microbial
communities are significantly different between the groups (P < 0.001).
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more detail below). However, the difference in bacterial compo-
sition between HA and non-HA plants may still be Se-related.
Hyperaccumulators were found to have high Se levels in their
rhizosphere (around 100 mg of Se kg

_1 of soil, among the highest
soil Se levels reported anywhere), mostly in organic (C-Se-C) forms
similar to the main form found in Se HA plants (El Mehdawi et al.
2015). Some bacteria may be better able than others to utilize this
organic Se and thus benefit from it in terms of fitness. Such mi-
crobes would have a higher fitness in the rhizosphere of Se HAs.
Two genera of interest, in this respect, are Pedobacter and Devosia.
These genera showed the highest average occurrence in HAs (when
compared with non-HA and bulk soil on Pine Ridge samples) and
Devosiawas also part of the core microbiome of the Se HAs, as part
of about 25 total taxa present in 100% of the HA samples. Even
though our culture-independent analyses showed these two genera
to be of interest, neither Pedobacter nor Devosia were isolated
using culture-based techniques.
While the differences in rhizosphere microbial communities

between HA and non-HA may reflect the effects of Se HA, con-
versely it may be hypothesized that the different, HA-specific
rhizobial communities could be one of the factors contributing to
Se hyperaccumulation. Establishing symbioses with Se-resistant
bacteria that reduce Se oxyanions to less toxic elemental Se could
function as a plant Se resistance mechanism when growing in soils
with Se hotspots. It is also feasible that some of the core microbiome
taxa facilitate plant Se accumulation, as has been found before in
plant inoculation studies using rhizosphere bacteria (as reviewed
in the introduction), and thus may contribute to hyperaccumulation.

Indeed, in a study by Alford et al. (2014), root colonization
by Rhizobia sp. was correlated with significantly enhanced Se
accumulation in HA Astragalus species, especially in the organic
form g-glutamyl-methylselenocysteine. More studies are needed
to determine whether and how the unique HA rhizomicrobiome
contributes to plant fitness.
The observed higher species richness in the rhizosphere of Se

HAs compared with non-HA at Pine Ridge may in part be explained
by seleno-amino acids released by Se HAs via litter and roots,
providing more diverse carbon sources and an extra source of
essential C, N, and Se to the bacteria (El Mehdawi et al. 2015).
Some nonheterotrophic bacteria may also benefit from symbiosis
with HA plant roots by utilizing the associated selenocompounds
for the dissimilatory use of Se, an ancient form of energy generation
in bacteria and archaea by means of anaerobic respiration. The
finding that high-Se habitats are rich in microbial diversity is in
agreement with earlier studies that showed a high bacterial diversity
in Se contaminated areas; for example, in Se contaminated ponds
(de Souza et al. 2001), and enhanced numbers of cultivable mi-
crobes in Se-rich leaf litter (Quinn et al. 2011a). Similarly, it was
found that Ni HA Thlaspi (reclassified as Noccaea) caerulescens
also harbored a rhizosphere rich in microbial diversity with
Ni-resistant bacteria (Aboudrar et al. 2007). However, several other
studies that assessed the species richness of microbial communities
in soils containing high concentrations of other elements including
Cr, Cu, and As have shown an opposite effect, where microbial
diversity decreases in these conditions (Kong et al. 2006; Sheik
et al. 2012). A potential explanation may be that these other

Fig. 5. Pie charts representing the core microbiome (100%; phylum) of A,
Cloudy Pass and B, Pine Ridge.

Fig. 6. Pie charts representing the core microbiome at Pine Ridge (100%;
phylum) of A, hyperaccumulators (HA) and B, non-hyperaccumulators
(non-HA).
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elements are not present in organic forms or cannot be utilized by
bacteria as essential elements.
The rhizosphere microbiome sequencing data revealed that the

bacterial communities on the seleniferous and nonseleniferous
sites were significantly different. This site-dependent difference

has been shown before and thus was an expected result (Berg and
Smalla 2009). It may be attributed to a range of factors that differed
between the two sites, including the soil type, pH, or possibly Se
level.
Bacterial strains associated with plants that HA metals such

as Ni, Cd, and Zn have been shown to be more tolerant to the
metal being accumulated than similar bacteria taken from non-
accumulators (Visioli et al. 2015). This study, however, does not
provide evidence that rhizobacteria isolated from Se HAs are more
tolerant to Se than rhizobacteria associated with nonaccumulators
from either the seleniferous or nonseleniferous site. Rather, all
bacterial isolates were highly Se resistant (>10 mM selenite
and >200 mM selenate). To date, rhizobacteria tested for Se
tolerance have only been tested up to 50 mM (Di Gregorio et al.
2003). This study shows that bacteria isolated from rhizosphere
soil can survive, and in some cases show enhanced growth, on
concentrations of 200 mM selenate and selenite. A similar trend
was noticed in the tolerance of endophytes taken isolated from Se
HAs Stanleya pinnata and Astragalus bisulcatus from the same
seleniferous site sampled here (Pine Ridge), where the isolates
were also able to withstand concentrations of 200 mM Se (Sura-de
Jong et al. 2015). Thus, it appears that bacteria in general are much
more Se resistant than fungi, animals or plants. For comparison, an
earlier study that tested rhizosphere fungi taken from HAs and
non-HAs from the same site showed that fungal strains from the
rhizosphere of HAs were no more tolerant to 10 mg of Se liter

_1

(125 mM selenate) than strains isolated from non-HAs from the
same seleniferous site (Wangeline et al. 2011). However, in the
same study rhizospheric fungi from seleniferous sites were sig-
nificantly more Se tolerant than those from a nonseleniferous
site (Wangeline et al. 2011).
In an earlier study, the Se levels found in soil surrounding

these Se HA species were 7 to 11 times elevated compared with
bulk soil, but the soil Se levels were never more than a few
hundred milligrams per kilogram (El Mehdawi et al. 2011a,b,
2012), which corresponds with a few millimolar selenate or
selenite. Most isolates in this study, both from seleniferous and
nonseleniferous soil, were not inhibited by a few millimolar
selenate or selenite. This suggests that most bacteria are not
sensitive to the concentrations of Se that typically surround Se
HAs (the site studied here is typical for seleniferous sites in the
United States), and that the bacterial microbiome in the rhizo-
sphere of HAs is not under selection for Se resistance. This result
is quite different from those found for other ecological partners
associated with HAs: herbivores, fungi, other plant species, and
also pollinators are generally sensitive to the high levels of Se in
HAs (El Mehdawi et al. 2011a,b, 2012, 2015; Freeman et al.
2007, 2009; Galeas et al. 2008; Hanson et al. 2003, 2004; Pilon-
Smits 2012a,b, 2015; Quinn et al. 2008, 2011b; Valdez Barillas
et al. 2012). This general Se sensitivity has been suggested to
lead to a selective effect by Se HAs on their ecological partners,
against Se sensitivity and for Se resistance (El Mehdawi and
Pilon-Smits 2012). Thus, while Se HAs may be hypothesized to
significantly affect the Se resistance and perhaps through that,
species composition of their associated herbivores, pollinators,
and vegetation, they likely do not directly select for enhanced Se
resistance in their microbiome. Nevertheless, the organic sele-
nocompounds present in HA-associated habitats may affect
microbial species composition, favoring taxa that best utilize the
essential element Se. Hyperaccumulator rhizosphere micro-
biomes showed increased species richness and significantly
different community composition. More studies are needed to
investigate the nature of the relationships between Se HAs and
their specific bacterial microbiome.

Fig. 7. Median selenite (black) and selenate (gray) resistance scores for
bacterial genera isolated from rhizosphere soil samples of different non-
hyperaccumulator host plants from nonseleniferous area Cloudy Pass.A,
Symphyotrichum ericoides; B, Physaria montana; and C, Astragalus
laxmannii.Unidentified bacteria are pooled into not determined (ND). The
number of isolates in each genus are in parentheses next to the genus
name on the y-axis. Tolerance scores were assigned by the following
criteria: 0, no growth ³1 mM Se; 1, no growth ³10 mM Se; 2, no growth
³100 mM Se; 3, no growth ³200 mM Se; 4, growth at 200 mM Se; and 5,
enhanced growth on 200 mM Se relative to 0 Se. All isolates grew on
0 Se medium.
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From an applied perspective, the findings described here are of
interest because some of the bacterial taxa found in the core rhizosphere
microbiome of Se hyperaccumulators may have properties that make
them suitable to be utilized for bioremediation of Se polluted soils

andwaterways or for Se biofortification of crops or phytoremediation.
These applications have broad significance: Se deficiency has been
estimated to affect a billion people worldwide, and Se toxicity af-
fects hundreds of millions (Schiavon and Pilon-Smits 2017).

Fig. 8.Median selenite (black) and selenate (gray) tolerance scores for each bacterial genus isolated from rhizosphere soil samples of different host species
(or bulk soil) from seleniferous area Pine Ridge. Isolates from hyperaccumulator hosts are on the left (A, Astragalus bisulcatus; B, Stanleya pinnata; and C,
Symphyotrichum ericoides). Isolates from non-hyperaccumulator hosts are on the right (D, Astragalus tenellus; E, Physaria bellii; and F, bulk soil).
Unidentifiedbacteria are pooled into category not determined (ND). The number of isolates in each genus are shown in parentheses next to the genus names
on the y-axis. Tolerance scores were assigned by the following criteria: 0, no growth ³1 mM Se; 1, no growth ³10 mM Se; 2, no growth ³100 mM Se; 3, no
growth ³200 mM Se; 4, growth at 200 mM Se; and 5, enhanced growth on 200 mM Se relative to 0 Se. All isolates grew on 0 Se medium.
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