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ABSTRACT

INTERPLAY BETWEEN SELENIUM HYPERACCUMULATOR PLANTSAND THEIR

MICROBIOME

The plant microbiome includes all microorganisms that ocnuthe plant root
(rhizosphere) and shoot (phyllosphere) or inside plants (erele@3piMany of these microbes
benefit their host by promoting growth, helping acquire nitriesr by alleviating biotic or
abiotic stress. In addition to its intellectual merit, betteswledge of plant-microbiome
interactionsis important for agricutture and medicine. Microbiome studiesgai@ng popularity
in multiple research areas, particularly due to advainceext generation sequencing, which has
advantages over culivable methods by revealing the cemplerobial community. Stil
relatively little is known about the microbiomes of plawith extreme properties, including
plants that hyperaccumulate (HA) toxic elements suctelasium (Se). SeleniurdlAs may
contain up to 1.5% of their dry weight in Se, which can ctuseity to herbivores and
pathogens as well as neighboring plants. Many advances doebgemade with regard to the
interaction of Se and the plant microbiome: does plant 8 afiicrobial diversity and
composition, and do plant-associated microbes affect plant Seudeion?

The first chapter of this thesis wil discuss aspecthefplant microbiome as well as the
discoveries to date with regard to plant-associated microleSemostly explored through
culture-dependent methods. SelenitHA appear to harbor equally diverse endophytic microbial
communities as non-hyperaccumulators. Thus, plant Se does niot aspaciations with

microbes. A variety of microbes have been isolated from piamg®il in seleniferous areas,



including some bacteria and fungi with extreme Se toleralmoculation of plants with
individual strains or consortia of microbes was able to promoté gdawth, Se uptake and/or
Se volatilization. Thus, microbes may facilitate ther host’s fitness in seleniferous areas.
Explotting and optimizing plant-microbe associations may tieli applications like
phytoremediation (bio-based environmental cleanup) or biodartibin (nutritionally fortified
crops). Plant-derived microbial isolates may also be applicalit®utv their plant host, e.g. for
cleanup of wastewaters.

Culture-dependent studies have dominated the plant-micrédraciions research in
regards to hyperaccumulators thus far, paintihng an elablouhtecomplete picture. In the
second chapter of this thesis, we use a mix of culturedbasd culture-independent methods to
investigate the bacterial rhizobiome of selenium Se HA$gU16S rRNA Illumina sequencing,
we show that the rhizobiomes of Se HAs are significantfgereint from non-accumulators from
the same naturally seleniferous site, with a highemroexce ofPedobacteandDeviosa
surrounding HAs. In addition, we found that HAs harbor a higperciss richness when
compared to non-accumulators on the same seleniferoudhsig. hyperaccumulation does not
appear to negatively affect rhizobiome diversity, and nedgct for certain bacterial taxa in the
rhizobiome.

The bacterial isolates, independent from site or host planiespeere in general
extremely resistant to toxic concentrations of Se (up to RDBelenate or selenite) and could
reduce selenite to elemental Se. Thus, microbial Se resistaay be widespread and not be
under selection by Se HAs., In future studies it will berégting to further investigate the

mechanisms by which Se HA species similarly shape ithesbiome; this is perhaps due to Se-



related root exudates. Future studies may also focus afaglg the effects of microbes on

plant Se accumulation and tolerance.
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CHAPTER 1: SELENIUM AND THE PLANT MICROBIOME

1.1 Introduction to the Plant M icrobiome
1.1.1 General overview

The plant microbiome is becoming an increasingly popular @frstudy in plant
sciences, but is generally stil poorly understood. Microbiomelsde all microorganisms of a
particular environment, which include bacteria, fungi, arghesome protists. Here, however, we
wil be discussing only the active bacteria and fungi énrtiicrobiome. Often plant-associated
microbes benefit their host via Plant Growth Promoting Rtepe(PGPP) while their host offers
protection and nutrients (particularly organic carbon compou@#)e associated microbe
(Compant et al., 2010; Turner et al., 2013b). The species compositoicralliomes have been
shown to vary with host plant species, geography, growth amglitand plant developmental
stage (Redford et al., 2010; Chaparro et al., 2014; Mahnert et al., 2015)isTeesa evidence
that the plant microbiome was responsible for the abilityganly plants to colonize land (Knack
et al., 2015).

Studying the composition of plant microbiomes has becomeagingly popular with the
onset of affordable next generation sequencing, offering a brpadspective on microbial
diversity than culture-based methods. Studies have shawmitrobial florain plantais much
more diverse and abundant than originally thought, withynpdemt samples containing hundreds
more microbial taxa based on 16S rRNA sequence analysis as ednpaulture-dependent
methods (Kent and Triplett, 2002; Visioli et al., 2015). Even thoughobimmes are generaly
biogeography-specific, there tends to be taxonomic overlap bepagnbacterial communities,

with most samples containingctinobacteria, Proteobacteriand Bacterioides(Redford et al.,



2010; Chaparro et al 2014; Turner et al,, 2013a; Panke-Buisse et al., td)is also
evidence that individual plant species have their own cwbiomes, which can act as a
personalized signature for that species (Lundberg et al.,, 2012).

The plant microbiome is more easily studied when brokentoigtanthree components,
the rhizosphere (root zone), endosphere (inside tissues), wdiodpiiere (shoot surface). Each
of these spheres of the plant microbiome is unique; theresplinave intra- and intercommunity
interactions, which are dependent on biotic and abiotic corlifdarner et al., 2013aJhe
phylosphere microbes, unlke those from the endosphere aodpihere, are exposed directly to
the atmosphere and therefore must be resiient to manycafaiotors including high winds, UV,
desiccation, and wet conditons (Turner et al., 2013a). Endophyée sndist closely together
with their host, inside plant tissues (Alford et al., 2010) andprotect the plant from herbivores
and pathogens was well as promote plant growth via the pmdudtplant growth hormones
like indole acetic acid (IAA), nitrogen fixation, phosphatdulsilization, and production of metal
chelators lke siderophores (Weyens et al., 2009b). The rhizospluhugdes the root surface and
the area of soll that is influenced by the plant rootsn@ifuet al., 2013a). The amount of soil that
in included in the rhizosphere is dependent on many fartclgling the length of roots and root
hairs and symbiosis with mycorrhizal fungi. The microbed thake up the rhizosphere also
include bacteria with PGPP often referred to as PGP Rbimtim (PGPR). Like some
endophytes, PGPR have been shown to produce or make availgidets compounds that
promote plant growth including IAA, nutrients such as phosghatitrogen or iron (via iron-
carrying siderophores), or compounds that inhibit pathogenpreguiate plant defenses (Jha et
al., 2013). This chapter wil focus on rhizosphere and endospherebas in relation to

selenium (Se); the phylosphere microbes remain to bedtimirelation to Se.



1.1.2 Introduction to selenium in the plant-plant microbiome system

Selenium is an essential micronutrient for many aninmaliding humans as well as for
many microbes and algae, but is not essential for higlaetsplAl plants can accumulate Se to
some extent by means of suliur (S) uptake and assimilgg&hways. The degree to which plant
species accumulate Se often reflects the activity eskttpathways. Selenium is mainly taken up
into plants as selenate and can leave plants in a vdiatie usually as dimethyl selenide
(DMSe) (Terry et al., 2000). Other ways in which Se can be degds/ plants is via ltter, root
turnover, or root exudation (Galeas et al., 2007; El Mehdawi 2&18). Depending on the plant
species, the plants can also convert inorganic selenagdemoamino acids, and make this
available to microbes (Terry etal., 2000). These selenoamino aeidm attractive food source
to microbes since they provide C, N and Se, all of which aretessautrients for bacteria.
Several other forms of Se may be present inside the plang siowhich can be toxic. Se
hyperaccumulator (HA) plant species differ from other gseini several ways. They typically
accumulate two orders of magnitude higher Se levels, asdewived ways to avoid Se
toxicity by converting selenate to methyl-selenocysteine,mgagiutamyl- methylselenocysteine
and selenocystathionine, which they can sequester vath®les of epidermal tissues or
transform to volatile dimethyl diselenide (DMDSe) (PiomiS and LeDuc, 2009; Evans and
Johnson 1967).

Bacterial Se metabolism shows similarities to that intglanith assimilation of
inorganic Se to organic forms and capacity to form organicileofarms, DMSe or DMDSe
(Frankenberger and Karlson 1994; Zayed and Terry, 1994; Turney E328; Winkel et al.,
2015). Bacteria are also capable of reducing selenite (and reemetelenate) to elemental Se

nanoparticles (Turner et al.,, 1998; Zayed et al, 1998; Husen andi S0d¢4; Staicu et al



2015a,b; Winkel et al., 2015). These processes are ilustrated ie HigurBacteria in general
seem to be very tolerant to Se, some strains surviving ancbewefiting from concentrations of
selenate and selenite up to 200 mM; this capacity was notdiepern the Se concentration of
the site or plant they were isolated from (Sura de Jong, @(dl5; Cochran et al., unpublished).
In one study on Se-dependent litter decomposition by Quinrcamdrkers it was found that
litter from Se hyperaccumulator species harbored more cudiukadcteria and decomposed
faster than ltter from related non-hyperaccumulator spdGeinn et al., 2011). Thus, whie
most other ecological partners associated with hyperacdamsulare by default sensttive to Se
(see review by EI Mehdawi and Pion-Smits, 2012), bacteria appéa by defaut Se-resistant
and may even beneft from and seek out high-Se plant atatercolonize. Fungi, on the other
hand, are much more sensitive to Se than bacteria odnadual basis (Wangeline etal.,
2011). Thus, not all plant-associated microbes are equallyangsist Se. Furthermore, it has
been shown that the addition of Se was able to pr8esica juncedom fungal pathogens
Fusarium spand Alternaria brassicicola(Hanson et al., 2003). This effect has not yet been

tested on bacterial pathogens.

1.2 Rhizosphere Microbes
1.2.1 Introduction to the rhizosphere

The rhizosphere is a dynamic environment, constantly ct@rand influenced by
multiple biotic and abiotic factors. Rhizosphere processea &scinating area of plant-microbe
interaction research; the soll, host plants and micratmatponents of the system affect each
other in a complex relationship triangle (Turner et al., 2013&).rAiosphere has the highest

abundance of microbes compared with the rest of the plartbinine, about 1000 fold higher



in microbial abundance than in surrounding bulk soil (Bex) @malla, 2009). This is
phenomenon often referred to as the rhizosphere effecte weiplant exudes compounds rich
in sugars and acids; they may also produce specific segopldat compounds that can induce
bacterial pathways (Morgan et al., 2001; Berg and Smalla, 2009). aitteupks these strategies
to buid specific microbial communities in the soll to aid esvsal and potentially that of its
offspring (Lapsansky et al., 2016).

Some rhizosphere microbes, including strain8uwkholdia RalstoniaandPseudomonas
are opportunistic pathogens, which can take advantage okameehimmunity in the host (Berg
et al., 2005; Mendes et al., 2013). Even though some rhizospherxbasicare pathogens or
parasites, the majority of the bacteria found here adéidrally categorized as mutualistic with
their hosts (Newton et al.,, 2010). There is a multitude of belctaxa that fall into the PGPR
category, some of which can beneft a wide range of hodspand some of which are host-
specific (Kloepper, 1996). In order to identify PGPR, experimentsvisty that the host plant
grows better after inoculation with the specific PGRRIirs are necessary. More general PGP
mechanisms by which bacteria stimulate different hostsdie IAA (plant growth hormone)
production, phosphate solubilization, siderophore productions Nétuction, nitrogen fixation,
and defense against pathogens (Ahmad et al.,, 2008).

Rhizobacteria-legume interactions are one example of aywadiadlied host-specific
interaction. These nitrogen {Nfixing PGPR can enter into the roots and establish salsas
inside root nodules, which gives the nodulated plant thityatuilfix nitrogen as well. There are
muliple genera capable of this symbiosis in the batttmaly Rhizobiaceae (Gray and Smith,
2005). Among the most popular of these genem@hizobium usually found in symbiosis with

the plant famiy Fabacea&he molecular cross-talk between the plant roots andothefic



rhizobacteria often starts with plant root exudate sigoatpounds that induce bacterial signal
compounds, which then leads to nodule formation (Gray anth, S2G05).

An example of a more promiscuous plant-microbe interactiothei large group of fungi
caled mycorrhizae that Ive in association with plant sowmk this symbiotic relationship the
plant benefits from the fungus through increased watmatnient uptake and the fungus
benefts from the organic carbon compounds released by the(ldiarschner and Del, 1994).
The most common mycorrhizae are the arbuscular mycorrhtdefmed by the colonization of
the host root cortex by the fungal symbiont, which thes uts mycelium to reach into the soll
to gather water and minerals (Barea et al., 2005; Wang an@@d). The fungi responsible for
these interactions are generally obligate in their $88lsi needing a host plant to colonize in
order to survive and reproduce (Barea et al., 2005). Most platiesarf92%) and even plant

species (80%) are thought to have mycorrhizal partners (\&fashgQui, 2006).

1.2.2 Selenium and the rhizosphere

The plant family Fabaceae includes 25 species that hyperalete Se, e.dAstragalus
bisulcatus(Beath et al. 1939). The enhanced nitrogen acquisition capddftgbaceae members
associated with root nodulation is not only beneficial fontpgrowth, but also was found to
enhance Se accumulation in the form of seleno-aminoacitigperaccumulators (HAS)
including A. bisculatugAlford et al., 2014). While it could be hypothesized that higimtpla
concentrations of Se would inhibit root nodule formation mtsyses betweeA. bisulcatusand
Rhizobium no evidence was found for this (Alford et al., 2012). Increas|ego8centration in
Astragalushyperaccumulators was associated with enhanced nodule-idoymand 10-fold

higher levels of the N-rich compound gamma-glutamyl-MetSe(Afford et al., 2012, 2014).



Thus, rhizobia in root nodules may play a role in Se hyperadation in A. bisculatusby
providing nitrogen for the selenoaminoacids that thesespi&rtumulate up to 1% of their dry
weight (Alford et al., 2012, 2014). Multiple speciesRifizobiumhave been shown to reduce
selenite to elemental Se @ewhich may influence Se speciation in plants (Basadlal.,e2007;
Hunter et al., 2007; Valdez Barillas et al., 2012). Whie organi§e@ compounds were found
to make up close to 100% of Se in the rooté& dbisulcatusit constituted only 75% of Se in root
nodules, where the remaining substantial fraction (25%)Sghévaldez Barilas et al., 2012).

Many fungi have also been shown to reduce selenite %ad€spite the generally lower
Se tolerance of fungi to high concentrations of Se, as compatetteria (Gharieb et al.,, 1995;
Wangeline et al., 2011; Lindblom et al.,, 2013). In a study by Waagaind coworkers,
hundreds of fungi were isolated from rhizosphere soil callettam seleniferous and non-
seleniferous sites, which were identified and charnaetérfor their Se tolerance. The fungi
isolated from seleniferous soils were more tolerant to&e tthose isolated from non-
seleniferous soils, indicating that the fungi Iving elesiferous soils have evolved to be more
resistent to the high concentrations of Se in the ¥édngeline et al., 2011).

In addition to reducing selenite to %Sehizosphere microbes have been shown to
volatilize Se in the forms of DMSe or DMDSe from selerateselenite (de Souza et al., 1999a).
Since these volatile forms of Se are less toxic and rer8evieom the site, Se volatilization
likely serves a detoxification function for the microbasd also has applications in
bioremediation (Barkes and Fleming, 1974; Azaizeh et al., 1997, 2003).

There have been multiple studies on the effects afgpirere microbes on growth and
plant accumulation of Se and other elements. As showmeisummary of these studies in Table

1.1, the presence of rhizosphere microbes can contribute tooti gand Se accumulation of



Se HA species as well as non-HAs. In many instanceserlaaboculation increased the
biomass of the inoculated plant and enhanced Se accumulgigo®ouza et al.,1999a&b; di
Gregorio et al., 2005; Wenzel et al., 2009; Duran et al., 2013; El Mehtalyi 2015; Sura de
Jong et al., 2015). In one study, rhizosphere soil slurry oSyidphyotrichum ericoides
stimulated growth and Se accumulation in the same spebiels grown from surface-sterilized
seed on autoclaved naturally seleniferous or non-selersfesoils (EI Mehdawi et al., 2015). In
another study, inoculation with a single environmentadirstenabled wheat to take up more Se
and iron (Yasin et al., 2015). Furthermore, Se accumulation aailizaiion could be enhanced
in Brassica junceand several aquatic species by inoculation with envirotathéoacteria
isolated from a Se-rich sediment (de Souza et al., 1999a,b) or frammztsphere of Se
hyperaccumulatorA. bisulcatugdi Gregorio et al., 2005).

Similar trends were observed after inoculating plants shitosphere fungi. Some of the
fungi from Se hyperaccumulators were shown to increase 8eaation in the roots of Se HA
Stanleya pinnatdLindblom et al., 2013). There have also been several studit® @ffects of
mycorrhizal fungi on Se accumulation and uptake. Most of teieghes found that when a
mycorrhizal relationship formed, the concentration of Seassd in the plant compared to a
plant growing in seleniferous conditons without mycaathiinoculation (Wanek et al.,, 1999;
Larsen et al., 2006; Yu et al, 2011). However, in some cases the oppessiteue, where
inoculation with mycorrhizal fungi did not result in theremse of the level of Se in plants even
after addition of selenate to the soil (Munier-Lamy et al., 20Qi7et al., 2011). The identity of
host plant and Se speciation may affect these interac{dunier-Lamy et al., 2007; Yu et al.,

2011).



1.3 Endosphere M icrobes
1.3.1 Introduction to endophytes

Endophytes are bacteria and fungi that live inside plantsniziolg the roots, shoots, and
reproductive portions (Jha et al., 2013). These microbes can letheherited from the parent
plant via the seed, introduced via a vector (e.g. an insactan colonize the plant during its life
through sites of lateral root emergence or open areas piathieepidermis (Reinhold-Hurek and
Hurek, 2011; Lapsansky et al., 2016). As with rhizosphere microbes, gteoman be
pathogenic, parastic or mutualistic. The PGPP endophytegeaegally host-specific, but the
mechanism(s) by which bacteria promote plant growth miisiin different host-endophyte
pairs and similar to those in PGPR (Long et al., 2008). Endophytesbkan shown to produce
IAA, fix nitrogen, solubiize phosphate and produce siderophoresd(iin et al., 2008; Long et
al., 2008; Weyens et al., 2009a; Duran et al., 2014; Lins et al., 2014).

The ability of endophytes to escape the host immunity ispstiirly understood. It is
known, however, that endophytes are able to modulate ethylezle ilevplants, which could
have some role in the plant immune response (Hardoim et al., R8D&pId-Hurek and Hurek,
2011). Some endophytes can induce attack against endophytic psithogerasing the host
immunity to defend against these pathogens (Nejad and Jol2®@®x, Arnold et al., 2003). It
has been shown that some endophytes do thisighering the host’s systemic jasmonic acid- or
salicylic acidmediated responses and can prime the plant’s immune response in preparation for
future attacks (Van Wees et al., 2008; Reinhold-Hurek and HR65K,). In addition to growth
promotion and immune regulation, endophytes are able to t@llesfaiotic stresses and increase
nutrient avaiability by regulation of host genes andnboyeiasing levels of abscisic acid (Hesse

et al., 2003; Sziderics et al., 2007; Jha et al., 2013).



1.3.2 Selenium and the endosphere

In a study done by Sura-de Jong and coleagues (2015), endophy&tiabaete isolated
from Se hyperaccumulator8. bisulcatusand S. pinnataand tested for physiological properties
as wel as the abilty to enhance growth and Se uptake its.plfhen exposed to Se, the isolates
were shown to be tolerant to high concentrations (up to 200 mMBlesfage and selenite, and to
have the abity to reduce selenite td &ura de Jong et al., 2015; Staicu et al., 2015a,b). A
selection of endophytes from Se hyperaccumulators were itextulaBrassica junceand
Medicago sativaresulting in increased dry weight when compared to un-ineculaontrol
plants; Se accumulation was not significantly affect8drg de Jong et al., 2015).

Several studies have evaluated the potential use ofibhetedophytes in Se
biofortification and phytoremediation. Durdn and coworkers (2Qi#)df that endophytic
bacteria includingAcinetobacter, BacillusndKlebsiella tolerated high levels of Se and
promoted plant growth (Duran et al., 2014). In addition to these niespehese endophytic
bacteria were able to protect wheat crops i@aeumannomyces graming soil-borne
pathogen that destroys many cereal crops (Duran et al., 2014).68idophytes live in the plant
and are generally host specific, they often possesseabiiti degrade certain pollutants that are
found in theHA host plant environment in which they live (Doty et al., 2008jidphytic
microbes have been used in a number of studies on otherntslatad have potential uses in
cleaning up poluted areas (Doty et al, 2008). For example, it heaggthat an endophytic
Pseudomonastrain isolated from Se hyperaccumulat@tanleya pinnatavas able to completely
remove up to 100 mM of selenite from water by precipitating $ed{Staicu et al., 2015a).

A study done by Lindblom and coworkers in 2012 showed that cheBiapeciation in

HAs may be affected by fungal endophytes that produéélLiBdblom et al., 2012a). In

10



particular, a selenophilic fungus known Adgernaria astragaliwhich was isolated from the root
of A. bisulcatuswas used for this experiment. In a laboratory settingnegital Se was only
found in root nodules when plants were inoculated Wittastragali(Lindblom et al., 2012a).
This is consistent with findings of a study done on thelseéA. bisulcatusshowing that seeds
containing A. astragalihad a significantly higher fraction of §ap to 30%) than those without
this endophytic fungus (Valdez Barillas et al., 2012). A folowstuly showed thaf. astragali
enhanced the growth of sorAstragalusspecies but inhibited the growth of others, however
growth of all Astragalusspecies tested was not inhibited when plants were bothilated and
supplied with Se (Lindblom et al., 2012b). This indicates that,biieteria, endophytic fungi
may also be capable of enhancing plant growth, changing Setiepeaiad affecting the Se

accumulation of inoculated plants. These studies aranalsded in Table 1.1.

1.4 Future Directions

There have been many recent advances and discoveties area of plant microbiomes
and Se. However, there is stil much to be discovered and quaestions to be addressed. Is
there a core microbiome associated with Se hyperaccumuldiatrsnay contribute to Se
accumulation and that can be used for bioremediation andr@mgdiation? Do individual
plants select their microbiomes or have plant specieshamdmicrobiomes coevolved? The
advances in the understanding of plant microbiomes and $k\ayl wel be useful to increase
effectiveness of bioremediation, phytoremediation, and bidation. Overall, the
phylosphere and endosphere deserve more attention, witht almasudies on the phyllosphere

and Se to date. It is expected that the implementation ofeewtration sequencing wil give

11



additional insights into the role of Se in plant-plant microlgiomteractions, which will
complement the limited insight from studies to date.

The studies reviewed in this chapter began to exploreaimplex interactions of Se HAs
and their microbiomes. Based on these studies, it could be égpeith that the microbes
associated with HAs facilitate hyperaccumulation, anol that the plant HA environment
provides a specific niche that shapes the bacterial comymiménd around it. The aim of my
Master’s research was to address these hypotheses. In chapter two of this thesis, | look to answer
the following questions about Se HAs and their rhizobiome H@Y does Se HA affect the
bacterial rhizobiome? (2) Are bacteria isolated from Se b¥Aseleniferous sois more tolerant
to Se than those from non-HAs or non-seleniferous soils? ai@a(Bjhe bacteria isolated from
Se HAs increase Se accumulation in a non-accumulatoe8eTduestions are just the beginning

of uncovering the complex relationships between these dbisgnplants and their microbiomes.

12



1.5 Tables and Figures

Table 1.1: Overview of plant inoculation studies that used fungi or bacteria from Se
hyperaccumulators and determined their effects on plant Se metabolism. Boxes with stars denote
areas for future research.

Promoted Affected Se Can tolerate Increased Se
growth speciation high Se accumulation
Fungi from | . . . .
HA Lindblom et al., | Lindblom et al., Wangeline et al.,| Lindblom et al.,
2012b 2012a,b 2011 2013
di Gregorio et al., de Souza et al.,
2005, 2006 1999a,b
Alford et al., Valdez Barilles et di Gregorio et
2014 al., 2012 al., 2005
Di Gregorio et
Bacteria | Sura de jong et | Aford et al.,, 2014 | al., 2005 Alford et al.,
from HA | al, 2015 2014
Staicu et al.,, 2015b | Sura de Jong et
Yasin et al., al., 2015 Yasin et al.,
2015 2015
Quinn et al.,
Microbe rxk rxk 2011
Consortium | El Mehdawi et
from HA | al, 2015 El Mehdawi et
al., 2015

13




DM(D)Se

=
\

Se0;% > Se?

Selenoamino acids

Se0,2/5e0,

Figure 1.1: Schematic depiction of plant and microbial proceassbe plant-rhizosphere-soil
system that affect the fate of selenium. Bacteria amgi foccur in rhizosphere, phylosphere and
endosphere of plants. Both plants and microbes can reducetesdierselenite and produce
organic forms of Se, including volatie DMSe/DMDSe. Microloas also produce elemental Se
(S€) and increase Se accumulation in plants from seleniteselenate (Sefd and Se@?).
Hyperaccumulator plants produce selenoamino acids, which asiffedditional source of
(organic) Se to microbes when decomposed.
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CHAPTER 2- INTERPLAY BETWEEN SELENIUM HYPERACCUMULFOR PLANTS
AND THEIR RHIZOBIOME

2.1 Outside Contributions

Jemma Bauérassisted with Se resistance tests by maintaining esitand data collection;
Jessica L Metcalfassisted with navigation of QIIME and statistical igis of the rhizobiome
data; Petra Nova@kand Martina Sura de Jongerformed the MALDI-TOF; Elzabeth AH Pilon-
Smits was the main Pl on this project and contributed lab spacesanurces in addition to
assisting with method development, interpretation of reamits manuscript development.

1 Department of Biology, Colorado State University. Fort Collins, CO 80523

2 Department of Ecology and Evolutionary Biology, CU Boulder. Boulder, CO 80309

3 Department of Biochemistry and Microbiology, Institute of Chemical Technoloagu®,

Czech Republic

2.2 Introduction

The plant microbiome includes all microorganisms (bacténai, and protists) that live
in association with a particular plant. Here, however, Websireferring to the active
microorganisms in this system. The plant microbiome iergdiy broken up into three
components, the rhizosphere, endosphere and phylosphere e{B¢rg2014). The phylosphere
includes microbes that occur on the surface of plant shibet&ndosphere contains microbes
that Iive inside of plant tissues, and the rhizosphetbeisarea underground that is influenceg b
the roots (Alford et al., 2010; Berg et al., 2014). Many plant-microlsecadions are beneficial
to the plant: endosphere and rhizosphere microbes have lo&an tshprotect the host plant

from pathogens (which are also a part of the microbiomeyetsas promote plant growth via
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the production of plant growth hormones or by facilitating ewtriacquisition or enhancing
abiotic stress resistance (Berg and Halmann, 2006; Weyeis 2009b, Jha et al., 2013).
The rise of next-generation sequencing technologies &de microbiome research an
increasingly popular and feasible area of study in plant biol@gyg et al., 2013). These
technologies have allowed researchers to study entire mileratbiomes rather than just culture-
dependent microbes. This is of particular importance considénatgonly 1% of microbes on
the planet have been estimated to be cultivable, leaving 8i@&covered and unstudied
depending on the type of environment tested (Visoli et al., 2018&)alblity to move beyond the
cultivable side of the microbiome story has offered a nedvnaore expanded view of the
microbial world, which has changed the way researchersabtie microbial communities
associated with plants (Berg and Halmann, 2006; Berg et al., 2&b8; & al., 2015).
Microbiome research has also received increasing inteérdiseé area of plant
hyperaccumulation, i.e. the capacity of some plant speciesctonulate upwards of 100-fold
higher levels of a specific toxic element than their-aooumulator counterparts (Baker and
Brooks, 1989; Cappa and Pion-Smits, 2014). Around 500 plant species havepdmetad to be
hyperaccumulators (HAs), and around 10% of HA species halshéia rhizospheric
interactions studied (Alford et al., 2010; Visoli et al., 2015). Elemeskably reported to be
hyperaccumulated by certain plant species include As, Cd, CBpNEe and Zn; several other
elements may also be hyperaccumulated, but this is not ladosemented (Cappa and Pilon-
Smits, 2014). Thus, one hypothesis could be that the extrementratica of a toxic element
present inside HA may affect the microbiome, and conyeilis& possible that the microbiome
affects elemental accumulation. It could be hypothesthatl the microbial communities of the

HA plants have enabled these plants to evolve the atuiityyperaccumulate. The opposite
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could also be hypothesized, where HA plants have created aetaionment that reduces
microbial density or diversity. It is also possible thattigh levels of these (toxic) elements in
and around the plant alter competiton between microbialpgroand thus alter the structure of
the associated microbial communities or the resistancke afitrobiome against the toxic
element in question. In order to suficiently address thesad hypotheses, a combination of
culture-dependent and culture-independent methods needs to bd appliis research.

Research to date on microbial communities of HAs has beeedcaut mostly on
rhizosphere microbes with culture-dependent methods. Tlasrokshas shown that the
rhizosphere microbes of Niand Cd HAs are more tolerant tondtels that their hosts
hyperaccumulate than rhizosphere microbes not associatedH (Visoli et al., 2015). In
addition, inoculation of HA-derived microbes back to their HA dastsome cases enabled the
plants to accumulate more of the element in questiorol(\as al., 2015).

In the current study, the aspect of plant hyperaccumaulabioparticular interest is the
interplay between selenium (Se) HAs and their microbiorfedenium is an essential
micronutrient for many microbes and animals, including Ismand is considered a beneficial
element for higher plants (Terry et al., 2000). Despite nog bessential for plants, it is readiy
taken up by plants and assimilated from selenate or seteriigganic forms via the sulfate
assimilation pathway (Terry et al., 2000). Selenium is toixiigh concentrations because it is
converted into selenocysteine (SeCys), which disrupts pribigtion when it is nonspecifically
incorporated into proteins in the place of cysteine (Tergl.,e2000). Selenum HAs such as
Stanleya pinnatéBrassicaceae) amdistragalus bisulcatug-abaceae) have evolved a way to
circumvent this toxicity by converting SeCys into a non-tdwiom, methyl-SeCys, which can be

sequestered in epidermal vacuoles or further converted tidevalamethyldiselenide (DMDSe)
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(Evans and Johnson 1967; Neuhierl et al,, 1999). Many microbes ydeb@xih a similar way,
taking up selenate or selenite and converting it to ordanios or volatile forms; they can also
reduce selenite or selenate to elemental SY (Bmnkenberger and Karlson 1994; Zayed and
Terry, 1994; Turner etal., 1998; Staicu et al 2015a,b; Winkel et al., 2015).

While high Se concentrations may be hypothesized to velgatffect microbial density
or diversity, it has been shown in several cases tHat3w®g substrates are actualy more
microbe- rich than corresponding low-Se substrates, incluglag litter and ponds (de Souza et
al., 2001; Quinn et al., 2011). High-Se substrates may, howevert feeléaxa that are more Se-
resistant: rhizosphere fungi isolated from naturally nffel®us soils were more tolerant to high
concentrations of Se than those isolated from a non-setemsfesirea (Wangeline et al., 2011). It
is not known whether the same is the case for rhizospbaceeria, because the properties of this
group are not wel-studied. Bacterial endophytes from HA, tervenere able to withstand (and
in some cases benefit from) selenate and selenite ¢@i@ars up to 200 mM (Sura de Jong et
al., 2015); the same may be true for rhizosphere bacteria. Walated to plants, both
rhizosphere and endosphere microbes from various sourcebd@veshown to promote plant
growth, increase Se accumulation and increase pathogietamee (de Souza et al,, 1999a,b;
Hanson et al., 2003; di Gregorio et al., 2005; Lindblom et al., 2012b, 2013; Alford 26t1ad;,

El Mehdawi et al., 2015; Sura de Jong et al., 2015; Yasin et al., 2015). Toaatgeriments
involving the phyllosphere of Se HAs have been performed.

In this study, a combination of culture-dependent and culalependent methods was
used to study the rhizosphere microbiome (rhizobiome) dfsptaat hyperaccumulate Se in
comparison with non-HA species or unvegetated soil fromatime seleniferous area or from a

nearby non-seleniferous area. The aim of this studytavasswer the following questions: (1)
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How does Se HA affect the bacterial rhizobiome? (2) Are badsedated from Se HAs or
seleniferous soils more tolerant to Se than those fromHA®or non-seleniferous soils? and (3)

Can the bacteria isolated from Se HAs increase Se aetiamulin a non-accumulator?

2.3 M aterials and M ethods
2.3.1 Sampling

Rhizosphere soil from five plant species were sampled froateaifsrous site, Pine
Ridge (PR), in Fort Colins, CO (sandy loam, pH 7.57, SOM 5.8%, 1.7 mg-9édeascribed
previously by Galeas et al., 2008 and El Mehdawi et al., 2012). Tipesha species include
three HA speciesistragalus bisulcatug-abaceae) anStanleya pinnatéBrassicaceae) and a
HA population ofSymphyotrichum ericoiddésteraceae) and two non-HA speciéstragalus
tenellus(Fabaceae) anghysaria bellii(Brassicaceae). For comparison, rhizosphere soil was
sampled from plants on a nearby non-seleniferous site, Cloasty (EP), in Belvue, CO (sandy
loam, pH 6.57, SOM 4.5%, 0.11 mg Se'k¢described by El Mehdawi et al., 2012, 2015). The
species sampled here were all non-HA species, includstgagalus laxmaniFabaceae),
Physaria montanéBrassicaceaeand a non-Se accumulator populationSofericoideqEl
Mehdawi et al.,, 2015). Leaf and rhizosphere soil samples were ftakersix individuals of each
species sampled on both sites, excep®ifotenellus where n=4. Rhizosphere soil was collected
by removing the root from the soil, shaking the bulk soil ofhefroots, and then collecting
remaining soil in association with the roetsa sterile container. Soil samples were then sieved
using a 1 mm sieve and stored in sterile 1.5 mL Eppendorf &nmbstored atC. Leaf Se
concentrations of plants from PR were evaluated usiigr @ES as described before (Fassel,

1978). Plant species and Se concentrations of the sampled glaritted in Table 1.1.
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2.3.2 Culture-Independent Studies
2.3.2.1 DNA Extraction and 16S rRNA Amplification for Rhizobiome Sequencing

DNA extractions from soil samples and 16S rRNA amplificatiwere completed by the
Earth Microbiome Project. DNA extraction was performed usingodified MoBio PowerSoill
DNA Isolation 96-well extraction protocol (http//press.igsh.gov/earthmicrobiome/emp-
standard-protocols/dna-extraction-protocol/). 16S rRNA ampificaivas then performed in
tripicate by the Earth Microbiome Project using the bardddewvard primer 515fb and the
barcoded reverse primer 806rB as described by Appril et al (2015%afheles were run on a
thermocycler under the following conditions: 94°C for 3 mnutes, 35 cycles consisting of 94°C
for 45 seconds, 50°C for 60 seconds, 72°C for 90 seconds and 72°C for 10 minutes. Resulting
amplicons were run on an agarose gel to look for bands at 300-350 Qpaamified with
Picogreen. Amplicons from each sample were pooled using MdBmeClean PCR Clean-Up
Kit #12500. Aliquots were sequenced using the primer constdgsigned by the Earth

Microbiome Project. (http//press.igsb.anl.gov/earthmicrobio mg/staindard-protocols/16s/)

2.3.2.2 Data Processing and Statistics of 16S rRNA Sequences

Data processing and statistics for rhizobiome analysi® dene using QIIME. The
generated 16S rRNA sequences were fitered for qualty anditgeexed. Chloroplasts were
fitered out and the resuliing table was rarefied. A closdetence OTU (operational taxonomic
unit) picking was then performed against the Greengeagsbase for 16S taxonomic
assignments at 97% OTU picking. A unirac distance matas generated from OTUs detected

in each sample and visualized using a PCoA plot. Compared@iesegnd Group Significance
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tests were performed on the unifrac distance matrbg ysermonova and anosim statistical tests

for whole data set as wel as within the Pine Ridge set.

2.3.3 Culture Based Studies
2.3.3.1 Rhizosphere bacterial isolation

Rhizosphere soil samples were sieved with a 1 mm screen. (&/¢)1ratio of soil and
autoclaved 50 mM MgS©Owere mixed and diuted to Pefore plating 20@L onto Luria
Bertani (LB) agar (10 g peptone, 5 g1 yeast extract, 10 g'lsodium chloride) and
incubating at 38C for 3-10 days. Individual colonies were isolated based on mogyhand
cultured in LB liquid before being stored in a 1:1 (v/v) saltiof bacterial culture and 30%
glycerol at -80C. Individual isolates were identified via Matrix Assgtéaser Desportion
lonization- Time of Flight (MALDI-TOF) and MALDI Biotyperas described by Sura de Jong et
al. (2015). Alist of all bacterial strains and their id@difion confidence levels used in this

study can be found in supplemental table S3.

2.3.3.2 Selenium Resistance

Individual isolates were streaked onto LB plates contaifing, 10, 100 or 200 mM
sodium selenate (N8eQ) or sodium selenite (N&eQ) and qualitatively scored for Se
resistance as well as for the abilty to produce red elain&#. Each isolate that grew on the
minus Se plate was then given a selenate and selesisgtance score (0-5) based on the ability
to grow on each plate. The scores were assigned based ofiothmdolcriteria: O indicates no

growth on any of the Se plates, 1 denotes growth up to 1 mM Se, 2 grpwth1l0 mM Se, 3
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growth up to 100 mM, 4 growth up to 200 mM and a score of 5 denotes improveth gta200
mM Se (as compared with the control plate).

Then, each of the selenate and selenite resistancessgere pooled for each individual
plant host. The median selenate and selenite resissmaces were calculated for each host plant.
Scores from each host plant were then put into the follovitinge groups: (1) Cloudy Pass non-
HA and buk soil; (2) Pine Ridge HA; and (3) Pine Ridge naxdthd bulk soll; statistical
comparisons of Se tolerance in these groups were perfornmed aukiruskal-Wallis test with

JMP.

2.3.3.3 Making Consortias for Inoculation

Individual bacterial strains isolated from rhizosphere smihples from Cloudy Pass
(CP), Pine Ridge non-HAs (PRn) and Pine Ridge HAs (PR} weculated in LB media and
placed on a shaker at 30°C overnight (see Supplemental Table S4 for consortum info). Strains
were selected by bacterial genus and/or morphology from eathohensure maximum
diversity of isolates. The Qdgofor each culture was measured with a spectrophotometer, spun
down, and re-suspended 1i/5 Hoagland’s for a final ODsoo0f 1.0. The cultures were then
combined into consortia, which were used to inocuBtassica junceaeeds. Portions &.
junceaseeds were inoculated overnight &€C4n the various consortia; the control seeds were
mock-noculated in 1/5 Hoagland’s. B. junceawas chosen because it grows quickly and is a

popular species for Se phytoremediation and biofortificatioanBlos et al., 2005).
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2.3.3.4 Post Inoculation Growing and Harvesting

After overnight incubation in inoculation solutionB, junceaseeds were blotted dry and
planted in steriized coarse sand (quartz play sand, waskegHaadjusted to 6.0) and watered
with 1/5 Hoagland’s. The plants were cultivated in a grow room at 150 puE light intensity, 10/14
L/D photoperiod and Z2Z. After one week, the +Se plants were watered with a mbdafide5
Hoagland’s with 20 uM Na2SeQ while the control groups continued to receive 1/5 Hoagland’s.
After three weeks, all plants were treated with theiqieest Talstar according to the
manufacturer’s instructions. The plants were harvested after five weeks of treatnidw roots
and shoots were separated, dried, and weighed. The elementehtctions in the plants were
measured using ICP-OES as described previod&lysel, 1978). Student’s t-test, Anova and
Tukey-Kramer tests were performed using JMP on dry weight Se content of the roots,

shoots, and total plants.

2.4 Results
2.4.1 Culture-Independent Methods

The program QIIME was used for data visualization anst&ta on the rhizobiome data.
A taxa summary plot was generated, which indicated lieaimbst prevalent phyla in the data set
were Proteobacteria (23.3%), Actinobacteria (17.8%), Bacteroidete8%), and Acidobacteria
(16.4%). This finding is consistent with most microbiome stidionducted on environmental
samples (Redford et al., 2010; Chaparro et al 2014; Turner et al., 201@ae Hukt al., 2013;
Panke-Buisse et al., 2014). The distribution of bacterial physach group that was sampled is
shown in S1, with the percentages of each bacterial pidapplementary material S2nA

unweighted unifrac distance matrix was generated fromabtqeal taxonomic units (OTUS)
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detected in each sample and visualized using a PCoA plot. patermategories test was
performed on the OTUs in the soil samples to see which greaps statistically significant.
Permanova and Anosim tests (n=999) were performed on thecudifstance matrix to compare
differences in OTU abundance within site and within Hén-RA and bulk soil over the whole
data set as well as within the Pine Ridge site. Both tesre significant for site (p < 0.001 for
both tests). Permanova and Anosim were significantly elifiefor HA, non-HA and bulk soil
over the whole data set (p < 0.001 for both). The CP samples werfitdtesh out and Anosim
and Permanova tests were performed on the PR samples.e8stifouind significant differences
between HA, non-HA and bulk soil (p < 0.001). 2D plots of beta diversigoiobamples over
the whole data set as well as within PR are shown indsigrl and 2.2.

Group significance was also tested to compare OTUs fregaebetween groups. The
frequency of all bacterial OTUs were significantly edfint between sites. When looking atePin
Ridge specifically, no significant differences were foumdOiTU frequency when comparing HA
with non-HA and bulk soil. However, some bacterial taxa hagharh mean occurrence than
others. This included?edobactefHA mean= 56.53; non-HA= 2.56; bulk= 1.16) dbdvosia
(HA mean= 17.5; non-HA= 4.5; buk= 0.17). Alpha diversity (observed OTlds)also tested
between sites and within PR. Between sites, CP had ficaigtly higher alpha diversity than
PR (ANOVA p < 0.004; Figure 2.3), with non-HA from CP being on pdr WiA from PR.
Within PR, however, samples from HA were found to be sigmifily different than samples
taken from non-HAs and bulk soil via Anova (p < 0.001; Figure 2.3psphere samples from
hyperaccumulator species had a higher alpha diversityréFg.3). Similar results were obtained

for phylogenetic distance (not shown).
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Thus, based on the group significance and compare categstigstite composition of
the bacterial microbiome in our sample set was signifigadifferent between the seleniferous
(PR) and non-seleniferous (CP) sites as well as betwgespteres of HA, rhizospheres of

non-HA and bulk soil samples.

2.4.2 Culture-based studies
2.4.2.1 Se tolerance of bacterial isolates from seleniferous and non-seleniferotagshabi

A non-seleniferous site (Cloudy Pass) and a selenifesi@is(Pine Ridge) were sampled
in this study. In CP, rhizosphere soil samples were adetbm three non-HA plant species
and buk soi. In PR, rhizosphere soil samples were colectad three HA plant species, two
non-HA plant species and bulk soil (Table 1). After removing ichips based on identification
and morphology, a total of 142 bacterial isolates were collected ditooh the rhizosphere soil
samples. 57 of these were isolated from CP samples and 85aiasxlisrom PR samples.
Within CP, 56 isolates were taken from non-HA rhizosphere saaiples and 1 was taken from
bukk soil. Within PR, 23 isolates were taken from non-HAs, 58 teden from HAs, and 4 were
taken from bulk soil (Figure 2.4). There is an obvious trendtlieathizosphere samples
included more isolates than the bulk soil samples, whicorisistent with the rhizosphere effect
(Morgan et al., 2001; Berg and Smalla, 2009). Among the plant spAsigagalus laxmanii
from CP andAstragalus bisulcatusom PR appeared to house the greatest richness of daltivab
bacteria in their rhizosphere (Figures 2.5 and 2.6). Howewshpiild be noted that the number
of buk soil samples was smaller (6) than the number of ghisve samples (12-18) for each
site. Also, the samples are not directly comparable, sincantbent of soill used from each

sample for bacterial isolation was not standardized. Thetd@ogenusBacillus was found in
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rhizosphere soil samples from every host as well as romdoidlkrom site CP, but not from
bulk soil from site PR. In addition, it should be noted thatntdium used to culture bacteria
(LB) does not present an ideal environment for soil bactedatrerefore lkely excluded many
strains present in each soil sample.

The isolates were then streaked onto agar plates spikediffatient concentrations of
selenite and selenate, to test for Se resistance anck fabiity to produce red elemental Se
(S€). Qualitative resistance scores were assigned to s@latei based on its abiity to grow on
certain concentrations of Se (S1). Most bacteria haveathacity to convert selenite, but not
selenate, to elemental Se, which has a deep red color andtexiesban selenite (Garbisu et
al., 1996). Indeed, red Se was observed for all isolates when groselente. We observed that
the bacteria were also able to produce sonfenBen supplied with very high concentrations of
selenate (200 mM), but upon further investigation it wasdfoilnat the selenate stock included
trace concentrations of selenite which was sufficintesult in visible red Se production at high
selenate concentrations.

The median tolerance scores for the bacteria isolated €smin host at each site are
represented in Figures 2.5 and 2.6. A Kruskal-Wallis test was pedoron the median selenite
(Se?) and selenate (Se®d) tolerance scores of the pooled isolates from each host Nlant
significant differences were found between Se tolerandehast plant species, site, host Se
concentration, or bacterial genus. Al bacteria isolated fidmosphere samples were tolerant to
most concentrations of Se®, some even grew better in the presence of 200 MViSa®©
compared to control conditons. Most isolates were able to groleobtOtmM SeG?- plates;

however, few strains grew on the 200 mM S&Qlates.
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2.4.2.2 Inoculation of B. juncea with Rhizobacteria

B. juncegplants were inoculated with bacterial consortia from CPHas, PR non-HAs
and PR HAsand given either 20 uM Na2SeQyor no Se and tested for dry weight biomass
production as well as Se accumulation. A Student t-tespesksrmed on total dry weight
between +Se andSe treatments. All consortia groups showed a significamtly .05) smaller
biomass for the +Se treatment than -t treatment, except for the group inoculated with the
Pine Ridge HAs consortium , which was not significantlyaired in growth by the presence of
Se (S5). Anova and Tukey-Kramer tests were performed oot#iedry weight as well as root
and shoot dry weight to look at differences between consorigmeats (Figure 2.7). No
significant differences were found with these tests éetwnoculation treatments. Anova and
Tukey-Kramer tests were also performed on Se content betvegsortia which also showed no

significant differences (Figure 2.8).

2.5 Discussion

The questions addressed in this study are (1) How does SeddA thé bacterial
rhizobiome? (2) Are bacteria isolated from Se HAs or selenie soils more tolerant to Se than
those from non-HAs or non-seleniferous sois? and (3) Cavettteria isolated from Se HAs
increase Se accumulation in a non-accumulator? Thesrdésuh this study show that there is no
difference in Se resistance between bacteria isolated HA and non-HAs or from seleniferous
and non-seleniferous soils, and most bacterial isolates extreamely selenate- and selenite
resistant. It was also shown that bacterial communitiesnd Se HAs are significantly different
than those from non-HAs and bulk soil from the same sitd,tfaat microbial communities

differed between seleniferous and non-seleniferous ¥ilde there is some evidence that
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bacterial consortia from the rhizosphere of Se HAs cewia# Se stress in non-accumula®.r
juncea there were no striking effects of inoculation on plant gnowr Se accumulation

Whie the highest species richness was found at CP.ttlig sevealed a significantly
higher species richness in rhizosphere soil samples fadkanHAs than those not taken from
HAs at Pine Ridge (p <0.001), meaning there was a wider range ofidda©f€Us harbored by
HAs at PR (Figure 2.2). This could be because of seleno-amide raleased by Se HAs via
litter and roots, providing an extra source of essential Gyd\Se to the bacteria (EI Mehdawi et
al., 2015). The rhizobiome sequencing data presented here indiaatdAs not onlyhave
higher bacterial diversity but also select for differéiatcterial communities to colonize their
rhizosphere, since the HA rhizosphere microbe composttionsigm@icantly different from the
non-HA rhizosphere samples on the same seleniferougFgjte3). This difference in bacterial
composition may be Se-related, even if Se resistance wasdw®t selection. Some bacteria may
be better able than others to utlize Se and thus beneft itfionterms of fitness. Such microbes
may have a higher fitness in the rhizosphere of Se HAs.

The finding that high-Se habitats are rich in microbiakdity is in agreement with
earlier studies that showed a large bacterial divemit$e contaminated areas; for example, in
Se contaminated ponds (de Souza et al., 2001), and enhanced nuntdigaloie microbes in
Serich leaf liter (Quinn et al., 2011). Some studies that lasgessed the species richness of
microbial communities in soils containing high concentratiof other elements including Cr,
Cu and As have shown an opposite effect, where microbialsitvalecreases in these
conditons (Kong et al., 2006; Shekk et al., 2012;). A potential explanat@nbe that these
other elements are not present in organic forms and/ootcharutiized by bacteria as essential

elements. However, it was found that Ni HAlaspi(now called Noccaea caerulescenslso
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harbored a rhizosphere rich in microbial diversity withréBistant bacteria (Aboudrar et al.,
2007).

The rhizobiome sequencing data revealed that the badenahunities on the
seleniferous and non-seleniferous sites were significadifferent (Figure 2.1). This site-
dependent difference was an expected result and has beenlstiove (Berg and Smalla,
2009). It may be attributed to a range of factors that differed eleetthe two sites, including the
soil type, pH, or possibly Se level. The most interesting findnthis study is that the bacterial
communities were significantly different around HAs as coegbdo samples from the same site
not taken from HAs (Figure 2.2). This is a novel discovery dieserves further investigation.
The fact that three HAs from different plant familidgfer significantly in rhizobiome with two
non-HA from the same families suggests Se HAs havaremon rhizosphere factor that affects
the microbial composition, potentially related to Se. Basedeogrthup significance test
performed on the rhizobiome data, the two genera withighedt average occurrence in HAs
(when compare with non-HA and buk soil on PR) Reelobacterand Devosia.Whie this
finding was not statically significant, it could be indigatiof a core microbiome for Se HAs.
More culture-independent studies are needed to follow up oiddiais

Whie the differences in rhizosphere microbial communitiesween HA and noRtA
may reflect the effects of Se HA, conversely it may lpothesized that the different, HA-
specific rhizobial communities could be one of the factors ibatitrg to the evolution of Se
hyperaccumulation, in analogy to what has been speculateck lirefregards t&®hizobiumand
legumes (Alford et al., 2012). The theory of microbes aidingvatuon of higher plants has
been developed by others as wel, e.g. alowing plants to colamee (Knack et al., 2015). The

hypothesis that the rhizobiome plays a role in the ewvolutib Se hyperaccumulation is to some
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extent supported by the fact that inoculationBojunceawith rhizosphere bacteria from PR HAs
decreased the gap between dry weight production of the -SeSangleatments (judged from t-
tests). This may indicate that the bacterial consortilienicied the Se stress @ junceaa
non-hyperaccumulator. However, more studies are needed to camérirst resuit.

Bacterial strains associated with plants that HA mesath as Ni, Cd and Zn, are often
shown to be more tolerant to the metal being accumulatedsitnder bacteria taken from non-
accumulators (Visoli et al., 2015). This study, however, sugdestshizobacteria that associate
with Se HAs are no more tolerant to Se than rhizobactesaciaged with non-accumulators
grown on both seleniferous and non-seleniferous soils (Bidere and 2.6). A similar study
which tested rhizosphere fungi taken from HAs and non-BiAs seleniferous site showed that
fungal strains from the rhizosphere of HAs were no moeaial to 10 mg Se-Lthan strains
isolated from norHAs from the same seleniferous site (Wangeline et al., 20bfeVér,
rhizospheric fungi taken from seleniferous sites weydifisiantly more Se tolerant than those
taken from a non-seleniferous site (Wangeline et al., 2011). € ridabbacteria tested for Se
tolerance have only been tested up to 50 mM (di Gregorio et al., 200&vdr this study
shows that bacteria isolated from rhizosphere soil caivesurand in some cases show enhanced
growth, on concentrations of 200 mM selenate and selenitemilarsirend was noticed in the
tolerance of endophytes taken isolated from Se Bissileya pinnatand Astragalus bisulcatus
from the same seleniferous site sampled here (Pine)Riddpere the isolates were also able to
withstand concentrations of 200 mM Se (Sura de Jong et al., 2015).

In an earler study, the Se levels found in soil surroundnege Se HA species were 7-11
times elevated compared to buk soil, but the soil Se levele mexer more than a few hundred

mg kg! (El Mehdawi et al., 2011, 2012), which corresponds with a few mMasel@r selenite
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(2 mM =80 ppm). Most isolates in this study, both from selenife @ngs non-seleniferous soll,
were not inhibited by a few mM selenate or selenite. $hggests that most bacteria are not
sensttive to the concentrations of Se that surround Seahésthat the bacterial microbiome in
the rhizosphere of HAs is not under selection for Seaesst This result is quite different from
those found for other ecological partners associated with H&®ivores, fungi, other plant
species, and also pollinators are generally sensttive tagtindeliels of Se in HAs (Hanson et

al., 2003,2004; Freeman et al., 2007, 2009; Galeas et al., 2008; Quinn et al., 2008, 2011b; El
Mehdawi et al., 2011a,b, 2012, 2015; Pilon-Smits, 2012a,b, 2015; Valdez Barilas et al., 2012).
This has been suggested to lead to a selective effeat BYAS on their ecological partners,
against Se-sensttivity and for Se resistance (El MehdadiPion-Smits, 2012). Thus, whie Se
HAs may be hypothesized to significantly affect the Se resistand perhaps through that,
species composttion of their associated herbivores, polinatndsvegetation, they lkely do not

select for enhanced Se resistance in their microbiome.

2.6 Conclusion

This study utilized both culture-dependent and culture-incdget approaches to study
the rhizobiome of Se HAs. By utiizing both techniques, weevable to uncover muliiple facets
of Se hyperaccumulation that either approach on its own cotldaeomplish. Through the use
of next-generation sequencing methods we were able toaimoegr one thousand bacterial
genera living in the samples within this dataset. Byring isolates directly from the soil, their
Serelated properties could be studied and compared, as wel apldmirgrowth promoting

properties.
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The results from this study indicate that bacteriarageneral extremely tolerant to Se,
which likely makes them different in their interactiomith Se HAs as compared to other
ecological partners of these plants. In contrast to anirfualgj or plants, bacteria are generaly
not sensitive to the increased Se concentrations assbeuth HA plants. Therefore, HAs may
not select their bacterial communities for increasedtaes®ie to Se. However, the organic
selenocompounds present in HA-associated habitats may be ahlgpe the microbial species
composition, favoring taxa that best utilize the essesterhent Se. HA rhizobiomes showed
increased species richness and significantly differentnmnity compostion. It wil be
interesting to study whether there could be a core microbi@m&ef HA that plays a role in Se
hyperaccumulation by enhancing plant finess and perhaperinbuting to the Se
hyperaccumulation itseffMore studies are needed to investigate the nature of dienghips
between Se HAs and their specific bacterial microbiomeseTliadings may help increase the
efficiency of bioremediation of Se poluted soils and wateswalySe biofortification of crops.
This is of significance, since it could help alleviate dgééciency in humans and livestock, which

affects millions of people worldwide.
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2.7 Tables and Figures

Table 2.1:Plant species sampled (n=6 plants per species) for this study, and corresponding leaf
Se range determined by ICP-OES. Leaf, root and rhizosphere soil samples were taken from each

plant. HA: Se hyperaccumulator species. ND=not determined.

Pine Ridge
(seleniferous)

Cloudy Pass
(non-seleniferous)

Astragalus bisulcatus (HA)

 10-2,699 mg Se kgl DW
Stanleya pinnata (HA)

* 610-11,784 mg Se kgl DW
Symphyotrichum ericoides (HA)

* 36-1,169 mgSe kgl DW
Astragalus tenellus (n=4; non-HA)

* ND
Physaria bellii (non-HA)

* 3-24mgSe kgl DW
Unvegetated soil

* ND

Symphyotrichum ericoides (non-HA)
* ND
Astragalus laxmanii (non-HA)
* 0.07-0.11 mg Se kg DW
Physaria montana (non-HA)
* 0.02-0.35mgSe kgt DW
Unvegetated soil
* ND
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Figure 2.1: 2D PCoA plots of 16S rRNA diversity from rhizosphere sswitiples. Orange
triangles represent samples from PR from PR and bluescirepresent samples from CP.

Permanova test suggests microbial communities arecgnily different based on site (p <
.0001).
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Figure 2.2: 2D PCoA plots of 16S rRNA diversity from rhizosphere sswmilples collected from
PR. Red circles are samples taken from HA hosts, blueld¢samge non-HA hosts and green
squares are from buk soi. Permanova test suggests micoamianunities are significantly
different based on host abilty to HA (p <.001).
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Figure 2.3: Alpha diversity (observed OTUSs) of soil sample8)ieach site an®) each group.
ANOVA was performed on each data set and both were found tatisécstlly significant A: p
<.004;B: p <.0001). Letters iB designated by Tukey HSD indicate significant differences
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Cloudy Pass

(8)

56 (18)

3 Mon-HA Bulk soil

Pine Ridge

BHA ENon-HA L[1Bulk Seil

Figure 2.4: Fractions of individual bacterial isolates tiegulfrom hyperaccumulator
rhizosphere soil (HA), non-HA rhizosphere soil (non-HA) or ladd at Cloudy Pass (top) and
Pine Ridge (bottom). Each pie represents all isolates dach site. The total number of isolates
cultured from each group are shown in the individual messl with the number of samples per

group in parentheses.
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Figure 2.5: Median selenite (black) and selenate (gragfatmle scores for bacterial genera
isolated from rhizosphere soil samples of different Hé&nhost plants from non-seleniferous
area Cloudy Pasé.. Symphyotrichum ericoide®: Physaria montanaC: Astragalus laxmanii.
Unidentified bacteria are pooled into ND. The number of isolatesach genus are in
parentheses next to the genus name on the y-axis. nb@leszores were assigned by the
following criteria: 0: no growth >1 mM Se; 1: no growth >10 mM Seid2growth >100 mM
Se; 3: no growth >200mM Se; 4: growth at 200mM Se; 5: enhancedhgoom200 mM Se
relatve to 0 Se. All isolates grew on O Se medium.
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Astragalus tenellusg: Physaria bellii; F: Bulk soil). Unidentified bacteria are pooled into
category ND. The number of isolates in each genus arenshoparentheses next to the genus
names on the y-axis. Tolerance scores were assigned cabeatés Figure 6.
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Figure 2.7: Average total dry weight Bf junceasplit into root average (white) and shoot
average (black) after inoculation with rhizosphere batteonsortia and treatment with or
without 20 uM Na2Se(Q. Differences of total dry weight were tested using AnQva .0062
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Figure 2.8: Leaf Se concentration Bxfjuncegplants inoculated with different consortia of
rhizobacteria (as described in previous figure legends). $entamas measured using ICP-OES
on plants treated with 20 pM ABeO;. There were no significant differences in Se content
between bacterial consortum treatments (ANOVA, p > 0.05).
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APPENDIX A: SUPPLEMENTARY MATERIAL
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k__Archaea;p_ Crenarchaeota
k__Archaea:p_ Euryarchaeota
k__ Archaea;p_ [Parvarchaeota]
k__Bactera:p__

k_ Bacteria;p_ AD3
k__Bacteria;p_Acidobacteria
k__Bacteria;p_ Actinobacteria
k__Bacteria;p__Armatimonadetes
k__Bacteria;p_ BHIZD-139

k__ Bacteria;p_ BRC1

k_ Bacteria;p_ Bacteroidetes
k__Bacteria;p_ Chlamydiae
k__Bacberia;p__Chlorobd
k__Bacteria;p_ Chloroflexi
k__Bacteria;p__Cyanobacteria
k__Bacteria;p__Elusimicrobia
k_ Bactera;p  FBEP

k__ Bacteria;p_ FCPUM26

k_ Bacteria;p_ Fibrobackeres
k__Bacteria;p_ Firmicutes
k__Bacberia;p_ Fusobacteria
k__Bacteria;p_ GAL1S

k_ Bacteria:p  GMNOZ

k__Bacteria;p__GNO4
k__Bacteria;p_ GOUTA4

k_ Bacteria:p_ Gemmatimonadetes
k_ Bacteria:p_ MvP-21

k_ Bacteria:p_ NC10

k_ Bacteria:p_ NKB19

k_ Bacteria;p_ Mitrospirae

k_ Bacteria:p_ OD1

k_ Bacteria;p_ OP11
k__Bacteria;p_ OP3
k__Bacterla;p_ Planctomycetes
k__Bacteria:p__Proteobacteria
k_ Bacteria:p_ SBR1093
k__Bacteria;p__5R1

k_ Bacteria:p_ Spirochaetes
k__Bacteria:p_TME

k_ Bacteria:p_ TM7T

k_ Bacteria;p_ Tenericutes

k_ Bacteria:p_ Verrucomicrobia
k_ Bacterla;p_ WP5-2
k__Bacteria;p_ W52

k_ Bacteria:p_ W53

k_ Bacteria;p_ W54

k_ Bacteria:p_ [Thermi]

S1: Chart depicting the distribution of bacterial phylssait samples taken from Pine Ridge non-HA (Pr_n), Pine Ridige
(PR_HA), Pine Ridge bulk soil (PR_b), Cloudy Pass non-HAs (C&nhd)Cloudy Pass bulk soil (CP_b). OTU IDs were assigned
with QIIME using closed OTU picking against a Green Getgtabase. Exact percentages of phyla represented isasauimg

category is shown in Supplementary table S2.
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S2: Table describing the distribution of bacterial phylaoih samples taken from Pine Ridge
non-HA (Pr_n), Pine Ridge HAs (PR_HA), Pine Ridge buk g$iR (b), Cloudy Pass non-HAs
(CP_n) and Cloudy Pass bulk soil (CP_b) as depicted in S1. OTU kesass&igned with

QIIME using closed OTU picking

against a Green Geneddséa

OTU ID

PRn CPb PRHA CPn PRbD

k __Archaea;p__Crenarchaeota
k__Archaea;p__ Euryarchaeota
k__Archaea;p__[Parvarchaeota]
k__Bacteria;p___

k__Bacteria;p__ AD3
k__Bacteria;p__ Acidobacteria
k__Bacteria;p__ Actinobacteria
k__Bacteria;p__ Armatimonadetes
k__Bacteria;p__ BHI80-139
k__Bacteria;p_ BRC1
k_Bacteria;p__Bacteroidetes
k__Bacteria;p__Chlamydiae
k__Bacteria;p__ Chlorobi
k__Bacteria;p__ Chloroflexi
k__Bacteria;p__Cyanobacteria
k__Bacteria;p__ Elusimicrobia
k__Bacteria;p__ FBP
k__Bacteria;p_ FCPU426
k__Bacteria;p__ Fibrobacteres
k__Bacteria;p__Firmicutes
k__Bacteria;p__Fusobacteria
k__Bacteria;p__ GAL15
k__Bacteria;p_ GNO02
k__Bacteria;p__ GN04
k__Bacteria;p_ GOUTA4
k__Bacteria;p__Gemmatimonade
k__Bacteria;p_ MVP-21
k__Bacteria;p__NC10
k__Bacteria;p_ NKB19
k__Bacteria;p__ Nitrospirae
k__Bacteria;p_ OD1
k__Bacteria;p_ OP11
k_Bacteria;p_ OP3
k__Bacteria;p__ Planctomycetes
k__Bacteria;p__Proteobacteria
k__Bacteria;p__ SBR1093
k__Bacteria;p__ SR1

k__Bacteria;p__Spirochaetes

4.6939% 3.0528% 4.2001% 1.9392% 9.1308%
0.0005% 0.0004% 0.0013% 0.0007% 0.0000%
0.0000% 0.0000% 0.0010% 0.0000% 0.0000%
0.0017% 0.0047% 0.0045% 0.0016% 0.0066%
0.0000% 0.0000% 0.0000% 0.0006% 0.0000%
16.2038%19.8448%16.2223%16.5260%24.79209
23.2367%15.0842%20.1218%12.5330%19.42229
0.2436% 0.3060% 0.2546% 0.3106% 0.2801%
0.0012% 0.0047% 0.0021% 0.0038% 0.0022%
0.0860% 0.0390% 0.0840% 0.0330% 0.0240%
14.8420911.2244%16.2330921.7026%9.1887%
0.0112% 0.0069% 0.0149% 0.0196% 0.0080%
0.1656% 0.0991% 0.1763% 0.1175% 0.1129%
2.2210% 1.6638% 2.0657% 1.5241% 2.8874%
0.2417% 1.5373% 0.3923% 0.0750% 0.1166%
0.0607% 0.0674% 0.1216% 0.0774% 0.0736%
0.8852% 0.2874% 0.5410% 0.5923% 0.4608%
0.0000% 0.0000% 0.0000% 0.0001% 0.0000%
0.0357% 0.0747% 0.0482% 0.0625% 0.0193%
0.6006% 2.0933% 1.0942% 1.9943% 1.2310%
0.0039% 0.0109% 0.0021% 0.0034% 0.0113%
0.0000% 0.0000% 0.0010% 0.0000% 0.0011%
0.0005% 0.0007% 0.0015% 0.0010% 0.0000%
0.0002% 0.0004% 0.0001% 0.0000% 0.0004%
0.0000% 0.0004% 0.0001% 0.0000% 0.0000%
3.8098% 2.9435% 3.8809% 2.1500% 4.0958%
0.0002% 0.0000% 0.0006% 0.0002% 0.0007%
0.0000% 0.0000% 0.0001% 0.0005% 0.0000%
0.0007% 0.0004% 0.0031% 0.0033% 0.0007%
0.5343% 0.9151% 0.5328% 0.3920% 1.0856%
0.0053% 0.0528% 0.0104% 0.0383% 0.0117%
0.0007% 0.0011% 0.0026% 0.0017% 0.0004%
0.0056% 0.0051% 0.0118% 0.0100% 0.0117%
2.9802% 2.5960% 3.1190% 2.6081% 3.6980%
23.6729%17.0346%24.9247%25.1868%16.14729
0.0000% 0.0000% 0.0001% 0.0000% 0.0000%
0.0000% 0.0000% 0.0008% 0.0013% 0.0000%
0.0029% 0.0011% 0.0114% 0.0038% 0.0007%

56




k__Bacteria;p_ TM6 0.0221% 0.0051% 0.0116% 0.0273% 0.0007%
k__Bacteria;p__ TM7 0.0153% 0.0219% 0.0216% 0.0301% 0.0077%
k__Bacteria;p__Tenericutes 0.0474% 0.0215% 0.0406% 0.0140% 0.0149%
k__Bacteria;p__Verrucomicrobia |5.2979% 20.9075%5.7905% 11.9477%7.0922%

k__Bacteria;p__ WPS-2 0.0104% 0.0029% 0.0069% 0.0327% 0.0018%
k__Bacteria;p__ WS2 0.0032% 0.0171% 0.0060% 0.0170% 0.0073%
k__Bacteria;p__ WS3 0.0058% 0.0648% 0.0197% 0.0109% 0.0295%
k__Bacteria;p__ WS4 0.0000% 0.0011% 0.0000% 0.0000% 0.0000%
k__Bacteria;p__[Thermi] 0.0495% 0.0051% 0.0208% 0.0061% 0.0244%
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S3: Table of all bacteria used in analyses for Se resistaBacteria 1D corresponds with the identification nuniieen to each
isolate during isolation from soil samples. Identificatiohisolates was performed using MALDI®F, and a MALDI confidence
score was given to each isolate to indicate the degresrtainty of the identification. +++; the isolate is confierdescribed to
species level; ++ the isolate is confidently described ratsgievel, + genus identification is probable; below 1.7dbetification is
not successful (Sura de Jong et al., 2015). The host ID correspindbe individual the isolate was taken from. Sitéhis site of
colection (CP is Cloudy Pass and PR is Pine Ridge). Héi@alles whether the host plant is able to hyperaccumukat&e® and
Se(y Resistance Score were determined by the isolate’s ability to either not grow on Se (0), grow only on 1 mM (1), grow on plates
up to 10 mM (2), grow on plates up to 100 mM (3), grow on plates BPAonM (4), or grow better on 200 mM than on the control

plate (5).
. MALDI SeO3 SeOqy
Baclzt[c)'-,\rla IDEN'IMI'IA:\IL C[,)AI\TI ON confidence HostID Hostname Site HA? Resistance Resistance
score Score Score
ACR 1 Pseudomonas koreensi ++ ACAS2 A.laxmanii CP N 1 4
ACR 2 Microbacteriumsp. + ACAS2 A.laxmanii CP N 3 4
ACR 3 Bacillus sp. + ACAS2 A.laxmanii CP N 3 4
ACR 4 ACAS2 A.laxmanii CP N 4 4
ACR 5 ACAS2 A.laxmanii CP N 3 4
ACR11 Bacillus atrophaeus +++ ACAS1 A.laxmanii CP N 2 4
ACR12 Bacillus atrophaeus +++ ACAS1 A.laxmani CP N 4 4
ACR13 ACAS1 A.laxmanii CP N 3 4
ACR 18 ACAS3 A.laxmanii CP N 3 4
ACR 19 ACAS3 A.laxmanii CP N 2 4
ACR 20 Bacillus atrophaeus ++ ACAS3 A.laxmanii CP N 3 4
ACR 22 Bacillus atrophaeus ++ ACAS3 A.laxmanii CP N 2 4
ACR 35 Rhodococcus fascians ++ ACAS4 A laxmanii CP N 4 5
ACR 36 ACAS4 A.laxmanii CP N 1 4
ACR 38 ACAS4 A.laxmanii CP N 1 5
ACR 40 ACAS5 A.laxmanii CP N 3 4
ACR 42 Stenotrophomonas ++ ACAS5 A.laxmanii CP N 4 5
rhizophila
ACR 43 Arthrobactersp. + ACAS5 A.laxmani CP N 1 5
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ACR 92
ACR 93
ACR 95
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Pseudomonas
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S4: Isolates used in bacterial consortums that were adedctlate Brassica juncean
inoculation experiment. Bacterial ID corresponds with biheterial 1D assigned in supplemental
table S3. Under MALDI identification, ND signifies that tlkentification of the isolate was Not
Determined.

Consortium Host name M ALDI Identification Bacterial ID
A. laxmanii Bacillus atrophaeus 12
A. laxmanii Pseudomonas koreensis 1
A. laxmanii Microbacterium luteolum 95
A. laxmanii Arthrobacter sp. 43
A. laxmanii Stenotrophomonas sp 92
A. laxmanii Rhodococcus fascians 35
A. laxmanii Enterobacter cloacae 97
P. montana Bacilllus sp. 24
Cloudy Pass
P. montana Pseudomonas koreensis 14
P. montana Bacillus cereus 6
P. montana Bacillus atrophaeus 57
S. ericoides ND 75
Pseudomonas
S. ericoides frederiksbergensis 76
S. ericoides Stenotrophomonas sp. 29
S. ericoides ND 74
S. ericoides ND 33
S. ericoides Bacillus simplex 32
A. tenellus ND 191
A. tenellus Bacillus sp. 106
A. tenellus Arthrobacter aurescens 194
A. tenellus Arthrobacter aurescens 193
A. tenellus ND 112
Pine Ridge (nonA. tenellus Sphingobacterium sp. 114
HA) Arthrobacter
P. belli polychromogenes 126
P. belli Bacillus mycoides 125
P. bellii ND 129
P. belli ND 127
P. bellii Variovorax sp. 58
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P. belli Pseudomonas corrugata 135
P. belli ND 134
S. ericoides Pseudomonas thivervalensi: 59
S. ericoides Arthrobacter aurescens 62
S. ericoides ND 98
S. ericoides Bacillus simplex 169
A. bisulcatus ND 117
A. bisulcatus Arthrobacter aurescens 177
A. bisulcatus ND 119
A. bisulcatus Stenotrophomonas rhizophil 124
A. bisulcatus Ochrobactrum grignonense 120
A. bisulcatus Stenotrophomonas sp 123
Pine Ridge (HA)s. pinnata Bacillus sp. 86
S. pinnata ND 87
S. pinnata Arthrobacter sp. 144
S. pinnata ND 100
S. pinnata Arthrobacter aurescens 101
S. ericoides Pseudomonas orientalis 149
S. ericoides Bacillus simplex 50
S. ericoides Arthrobacter aurescens 54
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S5:Brassica juncea total (shoot + root) dry weight after treatment with or without 20 uM
Na2SeOs and inoculation with rhizobacteria consortia from different sites (CP or PR) and types
of host plants (HA or non-HA). Shown values represent means and standard errors. Asterisks
denote significant differences between +Se and —Se treatments (p < 0.05); other results from
Anova and Tukey Kramer tests are mentioned in the text. A: Control (no inoculation). B: Plants
treated with a consortium of rhizobacteria from non-hyperaccumulators from Cloudy Pass. C:
Plants treated with a consortium of rhizobacteria taken from Se hyperaccumulators from Pine
Ridge. D: Plants treated with a consortium of rhizobacteria taken from non-hyperaccumulators
from Pine Ridge.
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