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ABSTRACT

Background. Arsenic (Ashyperaccumulating ferns are used for gentle, ptaased
remediation (i.e., phytoremediation) of A®ntaminated soil and serve as valuable model
species to unraveRAs acquisition andolerance mechanismsan terrestrial plants.Yet, the
processescontrolling the biogeochemicafate of Asin the soiroot interface (i.e., the
rhizosphere) of Atiyperaccumulatorsre still poorly understood de to an apparentack of

information on Adransformation andspeciationdynamicsat rhizosphere scale.

Aims.In thisthesiswe investigatel the in situdistribution of labile inorganic As species (i.e.,
arsenite (A%) and arsenate (A¥), their biogeochemically associated solutes (phgsphorus
(P), manganese (Mn), and iron (Fgid molecular oxygen @Dat high spatial (suitnm)
resolution alongideindividual root axes of two Alsyperaccumulating ferng>eris vittataand

P. quadriaurita grown in highly Asontaminated soilTo this end,a rhizotron experiment was
performed usingwo different chemical imaging methodsmultaneously including(i) novel
duaklayer diffusive gradients in thin films (DG&thnologycombined with laser ablation

inductively coupled plaseamass spectromtry (LAICRMS) and (iiplanar ogodes (PQ.

ResultsWe found weldeveloped zones of labile Adepletion in the rhizosphere ¢. vittata,
confining localized zones of labile'"fend A¥ co-accumulation alongts roots. The increased
AdYAs" concentrations coincided with elevated levels of labile Mn, whereas labile Fe fractions
remained consistently unchanged. While zones of labilé depletion, celocalized with
decreased concentrations of labile P, occurred independent of the fern spaciésgcreased
levels of labile A4As'relative to bulk soil were found in the rhizosphereRafquadriaurita
Simultaneously, we observed extensive d@pletion expanding around roots of both fern

species.

Conclusions.Our results show that speciesdependent root activities of the As
hyperaccumulating ferns trigger highly localized redox reactions controlling As transformation
and speciation in the rhizosphere sdibllowing A¥ uptake inP. vittataroot tissues As is
partly released back into the soil environmentaising concern aboutits use in
phytoremediation of highly Asontaminated soilHighly localized azaccumulation of labile
AdYAs" alongsideP. vittatarootsindicateseither As’ mobilization from he soil matrix and/or

(bio)chemical reoxidation of released AS with O, Mn (oxyhydr)oxides and Assistant



microorganisms serving as electron acceptors. These findings provide novel insight into the
complexity of biogeochemical interactions in thaadsphere of Afiyperaccumulators, and

may help to improvesustainableAs mitigation strategies.



KURZFASSUNG

Hintergrund Arsen (Ashyperakkumulierende Farne werden fur die sanfte, durch Pflanzen
gestltzte Sanierung (Phytosanierung) vorkAstaminiertenBoden verwendet und dienen
als wertvolle Moell Spezies um As Akquiriertsagund Toleranmechanismen in
terrestrischen Pflanzen aufzuklarenAufgrund eines offensichtlichen Mangels an
Informationen zur AsTransformatons und Speziierungsdynamik ider Boden-Wurzel
Grenzflache (Rhizosphgreron AsHyperakkumulatoren sind die Prozessewelche das
biogeochemisch&erhaltenvon Asin Interaktion mit anderen Elementen unahter Einfluss

von Wurzelaktivitaterkontrollieren, noch weithin unbekannt.

Ziele Das Ziel dieseMasterarbeit war es deshallbdie in situ Verteilung von gel6sten
anorganischen As Spezies (Arsenit"JAsind Arsenat (A§), deren biogeochemisch
assoziierten gelosten Elementen (Phosphor (P), Mangan (Mn) und Eisen URe)),
molekularem Sauerstoff in hoher rdumlicher (subnm) Auflésung entlang einzelner

Wurzeln von zwei AblyperakkumulatorenRteris vittataund P. quadriaurity, gezogen auf

einem stark Askontaminierten Boden, zu erforschemdierzu fuhrten wir ein Rlzotron

Experiment durchbei welchemzwei chemische Bildgebungsmethodsimultanverwendet

wurden, einschlie3lich (i) einer neuartigen zweischichtige , Di f f usi onsgr adi ¢
Dunnschichten (DGT) Pr obenahme i rasd dblabornaduktty gekoppeltari t
PlasmaMassenspektrometrie (LACRMS)und (i) planare Optoden (PO)

Ergebnisseln der Rhizosphéare vdp. vittatatraten ausgepragte Zonen verminderter labiler

As’ Konzentrationen auf, welche Kokalisierte Zonen von erhohten labilen"Asnd A
Konzentrationen entlang der Wurzeln begrenzten. Die erhohtetA&¥ Konzentrationen
waren deckungsgleich mit erhohten Werten von labilen Mn Spezies, wohingegen labile Fe
Fraktionen bestandig unverandert blieben. Wahrend Zonen verminderter |alfikér
Konzentrationen, kdokalisiert mit verminderten labilen P Konzentrationen, unabhé&ngig von
der Farnspezies auftraten, wurden, im Vergleich zum restlichen Boden, keine erhéhten labilen
Ad'/AsVWerte in der Rhizosphare vdh quadriauritagemessen. @Ichzeitig beobachteten

wir im durchwurzelten Boden beider Farnspezies eine extensive Abnahmexvon O

Fazit. Die in dieser Masterarbeit prasentierten Daten zeigendass artspezifische

Wurzelaktivitaten der Adyperakkumulierenden Farne stark lokalisieRedoxreaktionen

Vv



induzieren, welche die Transformation und Speziierung von As in der Rhizosphéare
kontrollieren. Nach der Wurzelaufnahme von'AlsirchP. vittatawird As teilweise wieder in

die Bodenumwelt zuriickgefihrt, was ihre Verwendung in der Phytosamgevon Béden mit
hoher AsKontamination in Frage stellt. DieAumlich stark begrenzteko-lokalisierte
Anreicherung von labilem MBAs' indiziert eine As’ Mobilisierung von der Bodenmatrix
und/oder eine (bio)chemische Reoxidation von freigesetzter! Beai welcher Oz, Mn-
(oxyhydr)oxide und Aeesistente Mikroorganismen als Elektronenakzeptordangieren

Diese Erkenntnisse bieten einen neuen Einblick in die Komplexitdt der biogeochemischen
Interaktionen in der Rhizosphéare von -Agperakkumulatoren, undkdnnen zu einer

VerbesserungachhaltigerStrategien zur Schadensminderung von As beitragen.

Vi
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ABBREVIATIONS

The followinglist describes the meaning efarious abbreviations and acronyms usedhis

thesis.
Abbreviation Description
2D two-dimensional
AM arbuscular mycorrhiza
AR arsenate reductase
Goer time-averaged concentration at interface of DGT device and med
CEC cation exchange capacity
CRM certified reference material
DAP days after planting
DGT diffusive gradients ithin films
DOC dissolved organic carbon
dwt ovendry weight (105 °C)
EC electrical conductivity
En soil redox potential
foeT time-averaged solute flux into thBGTbinding layer
Forst99 arseniecontaminated experimental soil from Carinthia, Austria
MBG mixed binding gel
MSG mercapto silica gel
MWHC maximum water holding capacity (%)
ICROES inductively coupled plasma optical emission spectrometry
ICRMS inductively coupled plasma mass spectrometry
LA laser ablation
LMWOAC(S) low-molecularweight-organicanion(s)
LOD limit of detection
LOQ limit of quantification
MY Macrolex®fluorescence yellow 10GN
n sample size, number of replicates
PE polyethylene
PO(s) planar optode(s)
PP polypropylene
PTFE polytetrafluoroethylene
PtOEP platinum(ll)octaethylpomphyrin
ROI(s) region of interest(s)



rpm revolutions per minute

RSD relative standard deviation
RT rhizotron

SEM standard error of the mean
SSR soil:solution ratio

TEA(S) terminal electron acceptor(s)
TF translocationfactor

WR working range




1 INTRODUCTION

Arsenic (As) is an abundant trace metalloid in the geosphere that is classified by the
International Agency for Research on Cancer (IARC) as-thmsihold human carcinogen
(IARC, 2004Despite its natural abundanceygical As concentrations in uncontaminated soils
are low, rangng between 0.155 mg kd (Wenzel, 2013 Unfortunately,natural processes

(i.e., geogenic weathering of Asearing parent materials or volcanic emissions) and human
activities (e.g. metal ore mining and processing or the use -thiAted groundwater for crop
irrigation) lead to drastically increased soil As concentrati@asising aderse effects on
human healthn numerous regions worldwid@driano, 2001Smedley and Kinniburgh, 2013
Edmunds et al., 2035

Plant species differ considerably in thesensitivity to As and only few terrestrial plants
tolerate elevated soil As concentrations. Among thétteris vittataL. (Chinese brake fern)
and elevenother species in théPteridaceadamily of ferns are able to hyperaccumulate As
without facing toxic €ects(Ma et al., 2001Wang and Ma, 201)5P. vittatais the pioneer As
hyperaccumulating plant and has the capability to accumulate up to 22,000 mglABykg
weight (dwt) in its abovground tissues (i.efronds)(Ma et al., 200)as compared to <1 mg
As kg' dwt in most plantgAdriano, 2001 ThusP. vittatamay beused for phytoextraction, a
plant-based remediation (i.e. phytoremediation) technology that employs
hyperaccumulating plants esite to reduce the concentration of inorganic metal(loid)
pollutants in contaminated media below riklased threshold¢Baker et al., 1994Salt et al.,
1998 Wenzel, 2009 Moreover, P. vittatahas become ainique model species to study the
mechanisms of As hyperaccumulation and detoxification in the kingdom plantae. Although
advances have been achiev&hao et al., 2009anh et al., 2014Han et al., 2017} our
understanding of As dynamics and its complex intglay with other elemen fluxes
(particularly jnosphorus (B)manganeseNin), andiron (Fe) in the soitroot interface (i.e, the

rhizosphere) of hyperaccumulating ferresnains largely unknown



1.1 Arsenic speciation in the soil environment

Arsenic in soil exists naturally in a large variety of organic and inorganic chemical forms
(species). These species differ in their physicemical characteristics, resulting in different
reactivity, mobility phytoavailability, and phytotoxicityAdriano, 2001 Fitz and Wenzel,

2006). Inorganic As species, including the trivalent arse#i#) and the pentavalent arsenate

(As)), predominatein terrestrial soils and are generally considered more toxic than organic
arsenical{Wenzel, 2013 Acting as a phosphate analogue) Aan substitute inrganic An

many biochemical reactions such as ATP synt
generation system. Its reduced counterpart!"As generally consided more toxic than As

due to its broad interaction with critical sulthydry-§H) groups in proteins, disrupting

enzymatic activity and cellular metaboligiughes, 2002

The speciation of inorganic As in soil is thermodynamically dictatéldoreductionoxidation
(redox)potential (&) and pH. In soil solutions of aerobic (oxic) soil systea 2@ mY, and
within acommon pH rangépH 49), AY prevailsand occurs as dissociation productsAkiQ-

at pH <7and HAsG@¥ at pH >7) ofirsenicacid (HAsQ) (Masscheleyn et al., 199%adiq,1997).
The A¥oxyanionsare generally poorly mobile due to strong adsorption to positively charged
surfacesof Fe (oxyhydr)oxideswhich arethe quantitatively most important secondary
mineral binding phasefor As in soilfWenzel, 2018 With increasingpoH and/or increasing
anionic competition, Admay bemobilized into solutiorue to the increasing negative surface
charge ofthe soil matrix leading to enhanced electrostatic VAsepulsion (Smedley and
Kinniburgh, 200R At anaerobic (anoxic) soil conditions, €00 mV), As appears mainly as
Ad" (H:AsQP) (Masscheleyn et al., 1991Given the high pkK(9.23) of arsenous acid {AsQ),

Ad'is undissociated at pH values <9 and therefore has a higher mobility tNan As

Once dissolvednorganic As speciesin readily undergo (bio)chemical transformati@oth,
abiotic and biotic redox reactioregse likelycauses forthe thermodynamically unfavorable €o
existence of A% and A¥in aerobic soil environments. The abiotic As transformation is
triggered by changem the soilE, andthe availability of redox parers for the reduction of
A’ (S(I1), Fe(ll), Hreduced organic acid¢Rochette et al., 20QQJones et al., 20Q®r the
oxidation of A% (O, Mn(lll, 1V) (oxyhydr)oxide$e(lljactivated goethite,Fe(IV) via KD,
Fenton reactions(Oscarson et al., 1985cott and Morgan, 199%orch et al., 2010 These

abiotic transformation processes proceed at substantially slower rates than biotic reactions
2



(Newman et al.,, 1997Huang, 2013 The biotic As transformation is mainly mediated by
various microorganisms that are able to oxidize"Asr reduce AY either directly, via
detoxification or dissimilatory energy generation/conservation mechani€@remland and
Stolz, 2003 orindirectly, via production of reactive inorganic or organic compoudidsg et
al., 2009. Root activitiesnot only influence As transformationprocessesthrough the
stimulation ofthe microbial communitybut canalso directlycontribute to Agransformation

and speciationn the rhizosphere microenvironmeriEitz and Wenzel, 2002

1.2 Arsenicuptake and transformation in hyperaccumulator ferns

Arsenic hyperaccumulating ferase native toaerobic soils where Xss thepredominantAs
species available for plant uptake. Nonetheless, botH @&sd A¥ can be taken up in root
tissues There isconsensus that Asmay be taken up byigher plantsvia P transporter
proteins(Wang et al., 2002Zhao et al., 2009However, in hyperaimulating plants (e.cP.
vittata), As’/P-transportersmayhave a higher affinity for Ashan innon-accumulator plants,
indicated by substantially higher Yaflux and lower k (MichaelisMenten constant) values
in hyperaccumulatindPterisspecies(Poynton et al., 2004 The transporters responsible for
Ad''uptake inP. vittataareless clearWhile aquaporin water channels belonging to the family
of major intrinsic proteins (MIP$)ave been identified to passively mediate'Agptake in
many nonraccumulator plant§Zhao et al., 2009their actionin Ad" uptake inP. vittatahas
been questioned add"influx into P. vittataroots appears to be controlled bgntransporter
mediatedactive, i.e, energydependent, process with passive loading beanegligible(Wang

et al., 201). Only recentlyHe et al. (2016)lemonstrated that the aquaporin PvTIP4;1 from

P. vittatamay also madiate A& uptake inits root tissues.

Once As'/As’ is absorbed byP. vittata roots, As translocation into the fronds via xylem
transport proceeds rapidlySu et al., 2008 Although mainly Asis taken up from soil, A's
predominates inP. vittataxylem sap and frond tissuéSu et al., 2008Zhao et al., 2009
pointing at A¥reduction within the plant. Transformation of A® Ad'via arsenate reductase
(AR) is cosidered a major detoxification mechanism kh vittata as it limits the strong
competition between ASand P for the same transporter and reduces the overall interference
of As with plant P nutritiorfZhao etal., 2009. To inhibit its phytotoxic effects, Asnay be
efficiently sequestered both, intracellularly in the epidermal cell vacuglesbi et al., 20B),

and exocellularly in the pinnae cell apoplasmPofvittata fronds (Datta et al., 201y The
3



location of A¥conversion to A%in P. vittata however, remains controversial: whereas earlier
works speculated that Xss mainly reduced inhie fronds(Kertulis et al., 2005Pickering et
al., 2008, increasing evidence suggests thaY dgluction primarily occurs in the roo{®uan

et al., 2005 Su et al., 2008.iu et al., 200Pand the rhizomegMathews et al., 2010Wan et
al., 2017. RecentlyCesaro et al. (201%)emonstrated the constitutive expression of two AR
proteins in both fronds and roots d¥. vittata sporophytes. Upon exposure to Agshe AR
activity in the root tissues wagp-regulated, indicating that Aseduction in roots is essential

for efficient As detoxification and translocation when grown at elevated sdileAsls.

1.3 Arsenic speciation in the rhizosphere of hyperaccumulator ferns

Despitebeing amajor entry point ébr As into the food chainonly few researchers have
explored As spees anddynamics in the rhizospher&ome tudies, based omhizobox and
rhizobag experiments, have demonstrated that relatively highl@sels can occur in aerobic
rhizosphere soil dations compared to bulk so{Ultra et al.,20073 Ultra et al., 2007b
Vetterlein et al., 200¥ A potential explanation for thibservationis the fact that many
plants, similar to microorganism@hattacharjee and Rosen, 20Q%are able todetoxify
absorbed ASviaintracellular A¥ reduction and subsequent release of'A&d!" efflux) into
the surrounding mediuniXu et al., 2007Zhao et al., 2009Meadows, 2013 The aquaporin
Lsil (OsNIP2;1) has been identified to mediatéef8ux in rice roots via facilitated diffusion
(Ma et al., 2008Zhao et al., 2010 Besides Lsil, other plant aquaporins ¢@nsport A¥ bi-
directionally across the plasmalemma and thus may be involved'lefflax (Bienert et al.,
2008 Ali et al., 2009 However Ad!' efflux might also occur through energhgpendent, active
transporters. The expression did P. vittataAd" antiporter PVACRS3 iArabidopsis thaliana
increased A%root efflux and enhanced As toleran¢€hen et al., 2013 indicating thatAs"
efflux confers As detoxification on plants. Although released den be readily r@bsorbed
by roots, continuous Aefflux into the rhizosphere limits theellular As burden in roots and,

hence,reduces As phytotoxic effec(Zhao et al., 2009

Compared to norAsaccumulator plantsP. vittatais thought to exhibit lowAd" efflux into
the surrounding mediundue to its highly efficient Asxylem loading syster{Su et al., 2008
Huang et al., 2011 Nonetheless, substantial Asfflux from P. vittata roots has been
measuredrecently, whenP. vittata was grown on sterile agar mediacontaining highly

elevated A¥concentrations of up to 37.5 mg ¥s! (Chen et al., 20L64an et al., 2016 While,
4



similar to the results of previous studiéSu et al., 2008Huang et al., 20D1little Ad'release
was observed abow A concentrations irthe growth media(0.75 mg ASL?), Ad' release
increased exponentiallif roots were exposed thigh A¥-concentrations(>15 mg ASLY).
These results suggest that "Aefflux may thus be an important mechanismfor As
detoxification inP. vittatawhen grownat high A¥substrateconcentrationgChen et al., 2016
Han et al., 2016 However, sincdghe studieswere conducted under sterile, hydroponic
conditions and at labile Xgoncentrationswvhichare unlikelyto occurin natural soil systems
(Wenzel et al., 2002some of the proposefindingsmay have limited validity foenhancing
our understandingof As fluxes in the rhizosphere of sgilownP. vittataspecimen(Fitz and

Wenzel, 2002

In addition to root efflux, increasddbile A" and A¥in the rhizosphere may also result from
efficient As mobilization through root exudatesicroorganismsnd fungi P. vittatainhabits
aerobic, calcareous soils with neutral to moderately alkalingJudes, 1987Less| and Ma,
2013 wherethe phytoavailability of essential nutrientsuch ad?, Mn, and Fe is typically low
(Sparks, 2008 Physiological adaptations of plants to improve their nutrient uptake, such as
root exudation of dissolved organic carbon (DOC) compounds (e.gn@decularweight
organicanions (LMWO4) or local acidification of the rhizosphere gslinsinger, 200} can
concomitantly increase As mobility in the rhizosphere via ligand/or protonpromoted ce
dissolution of As and Fe (oxyhydr)oxidegz and Wenzel, 200Eitz et al., 2003Vetterlein et

al., 2007. Indeed, evidence is mounting thBt vittatauses similar mobilization mechanisms,
as indicated by strong correlations of enhanced DOC concentrations with dissolved As, P and
Fe in rhizosphere soil solutiofBitz et al., 2003Tu et al., 2004Gonzaga et al., 200®as et

al., 2017. Apart from root exudates, A®sistant rhizobacteria oP. vittata have been
identified to effectively mobilize As fromoorly solublemineral phase¢Ghosh et al., 2011

Han et al., 2017p

Tofurther elucidatepossibleAs! efflux and As solubilisation mechanisinghe rhizosphere
of P. vittatagrown in Ascontaminated soil, it is necessary to investigate sheallscalespatial
distribution of A8/As" solute fluxalongsidetheir biogeochemically associated elements (e.g.

P, Mn, and Feand other physica&chemical soil parameters (e.g2)n situ.



1.4 High resolution chemical imaging in the rhizosphere

In recent years, methods for the investigation of elemental soflue in the rhizosphere of
terrestrial plants have been developdzhsed onpassive two-dimensional (2D) chemical
Imaging techniques originating fromaquatic biogeochemistryThese novel 2D imaging
methods allow to visualize multiple analytes,-logalized, at high spatial (sabm) and
temporal (mirh) resolution, providingin sity, spatially referenced information on
biogeochemicdy important analytesat the bulk soil— rhizosphere— plant root interface

(Santner et al., 2015®burger and Schmid2016).

1.4.1 Diffusive gradients in thin films (DGT)

One group of 2D chemical imaging methods is based on the diffusive gradients in thin films
(DGT) techniquéDavison and Zhang, 1994As alow-invasive diffusion based sampling
method, DGT uses thin hydrogels impregnated with finely distributed, anabjtstive
bindingagentsto graduallyaccumulate labile chemical species (iagions and cations) during

deployment inaqueous environments (e.g. soil, sediment, wa{ghang and Davison, 1995

Astandard DGT assemidlyigure 1for solute sampling consists afbindinggel,overlain by
an ionpermeable diffusive gel (i.ea polyacrylamidehydrogel without bindingagen?) and
coveredby a protective membrane filterThis stack itoaded in a DGT piston device with
defined dimension®nly expogg the membrane to the probed phagghang and Davison,
1995. DuringDGTdeployment solutesdiffuse through the membrane and diffusive gel
towards thesurface of thebinding gel where the target analytes argapidly bound. The
effective concentration of théarget analytesat the interface othe bindinggel and diffusive
gel remairi‘’zerd’, estalishing asteepconcentration gradientowards the probed phase, thus
indudng continuous diffusive flux of solutemwards the DGTbinding gel(Degryse et al.,
2009. Post DGT samplingiston samplers are disamsibled,the bindinggels (bindindayers)
retrieved and the accumulated masé analyte in the binding layes determined.Because
the analyte accumul ati on EhmahglamdMavisdhjlehes f i r s
time-averaged solute flux into the binding laykie+(EQ. 1) and timeaveraged concentrations
at the interface of the DGT device and the probed phé&sej(Eq. 2), can be calculated ugin
Eq. 1 and Eq.2, respectively. Havkedenotesthe mass of analyte accumulated in the binding

layer,Dgthe length of thediffusive path(e.g.diffusive gel and membrarfdter), Dthe analyte



specific diffusion coefficient in the diffusion gela certain temperaturgAthe area exposed

to the probed phase, and t théuration of deploymen{Davison and Zhang, 1904

"
0 v (Eq.D)
o0
5 0YC (Eq.2)
00 0

When applied in soils, the mass of analyte accumulated imith@ing layemupon deployment
reflects thepotentially labile analyte concentration in the soil porewater, its rate of diffusion
through the soil porewater, and the kinetics of analyte desonptitom the soil solid phase
(Zhang et al., 20Q1Lehto et al., 2006 Thus, umder conditions &diffusion limitation DGTmay
samplea similarelementl pool asplant roots Thishypothessis supported byeveral studies
showingstrong correlations between element concentrations in plants trobe sampled by
DGTdeployed in the corresponding s@dhang et al., 20QXZhang et al., 2004Nolan et al.,
2005 Wang et al., 2014

Diffusve
b Binding gd

>l Ag =F5mdle

Figurel: Schematic o standard DGT assemblya piston samplerThe exploded view showise binding layer,
diffusive gel and protective membrane filter. The solid line in the exploded view stimvsoncentration
gradient of aranalytediffusing from the probed phase (medium) into the DGT gel (binding layer). Adapted from
Davison and Zhang (2016)



Besides its use for bulk sample analydegyre ), DGTcan be eploited for 2D chemical
imaging to map the spatial (submm) distribution of labile chemical species in plant
rhizospheregSantner et al., 2015(5antner and Williams, 2016burger and Schmidt, 206
Tomapthe flux of solutes atsubmm scale bindingagents used ithe DGTbindinggel must
be homogeneouly distributed and offine particle sizeg(<10 um)(Santner et al., 2015b
Furthermore Agisminimized by removing the diffusive gedm the gel stack to reduce image
blurring by lateral solute diffusion in the diffusiVayer (Santner etal., 20153 Thus for
chemical mappinglabile solute bind directly to the DGbinding gel surface after rapid
diffusion througha thin membrane filteronly, protecting roots and rhizosphere soil in the

region of interest (ROI) from physical damdljecsuzeder et al., 2033

With the ability to analyze multiple analytesnultaneouslylaser ablation inductively coupled
plasma mass spectrometry AICRPRMS) has become theanalytical method of choiceto
convertthe spatial information saved in loadddGT gels to 2D high resolutionchemica
images (Santner and Williams, 20L6For DGFLAICRMS analysis loaded DGT gels are
introduced into the sample ablation cell of a LA systempled to an ICRIS instrument. The
laser beamis focused on thelanar DGTgel surfaceand subsequentlyablatesthe DGT gel
surface lineby-line (raster scan). The lasablated analytecarryingaerosols are transferred
via aclosedgas stream (e.gAr, Hg into the plasma o& connected ICRMS, which is set to a
continuous scan for the target isotopes aoting to theirmassto-charge(m/z) ratio. Post
scanning, the recorded IEWS signals can be translated intspatially resolvediata matrix
for each analyteand signals can be calibratéy applying an external calibration function
derived from matrix mached DGFLAICRMS standard series with knownelemental
concentrations Finally, thecalibrateddata matrix can be visualized as a @mhtour plotby
assigning a false color scale to the measured valtes representing a chemical image

(Hofer, 2017.

The simultaneous application of differentD gels as a dullyer DGT stacis a promising
approach for obtaining concomitant chemical images of analytes that careneaimpledby
application of asingle DGbindinggel; howeveronlyfewresearchersave used this approach
so far (Santner and Williams, 20).6Recently,urethanebased ultra-thin (~100 um)and
physicallystable DGT gelsave been developed thagreatlyfacilitate thegeneration of high

resolution chemical images from such dimter DGT approachdKreuzeder et al., 2033
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Thus, manypGTcombinationsfor 2D chemical imaginigave become possiblenablinge.g.

in situspeciationof solubleinorganic As in environmental medigennett et al., 2011

1.4.2 Planar optodesensorgPO)

Another group of 2D chemical imaging methods comprises planar optical sensor membranes
(planar optodes) that are capable of rdahe measurement of the spatial distribution of
analytes at unscale (Gansert and Blossfeld, 2008The first planar optode (PO) was
introduced for 2D measurement of thex@istribution infreshwater ecosystemglud et al.,

1996). More recently, POs have also been adapted for rhizosphere research, where they have
been successfully applied to visualize spagimporal distributions of>;, NH*, pCQ, andpH
(Blossfeld and Gansert, 201Rantner et al., 2015burger and Schmidt, 2016

The measuring principle of PO sensors relies on changes in photoluminescence (fluorescence
or phosphorescencegorresponding to theandyte concentration(Santner et al., 2015b
Commonand costeffective PO setups used for 2D imaging in the rhizosphere are based on a
RGRcolor ratiometric imaging approacdfLarsen et al., 203 Hoefer et al., 201p Here, the

PO sensors consist of a revetsjanalytesensitive fluorescence indicator (luminophore) and
an analyteindependent reference/antenna dye homogeneously incorporated in an aralyte
permeable matrix that is coated as thin film onto a support material (e.g. a polyester foil)
(Santner et al., 2013bThese PO foilsan then be applied to the ROI in the rhizosphdree
analyte sensing follows initiagxcitation of the luminophore using e.g. higipower light-
emitting diodes (LEDsPpubsequent to excitation, tHaminophore returngack toits ground

state (deexcitaton) and concomitantly emits energy (photons) in relation to the analyte
concentration. The emission intensity of taealyte specifituminophore andreferencedye

is then measured using a e.g. digital siAgles reflex (DSLR) camera which allows for
simultaneous recording of three different colspectra(red, green, and blue). Subsequently,
the intensity ratio between individual col@pectracan be calculat® and, upon external
calibration, assigned to the analyte concentration in the @ahtner et al., 2019bRecently
developedcombinations of PO sensors with DGT g@dilsw for the simultaneous iaging of
anionicand/or cationicsolutes and physicohemical soil parameters (e.g. pH,) @ parallel

(at different ROIsjHoefer et al., 201p and in the same placat(identical ROIgStahl et al.,
2012 Guan et al., 20L3Villiams et al., 2014Hoefer et al., 201;MHan et al., 2017a



2 HYPOTHESIS

The aim of this studwas to elucidate the spatial digution of solubleinorganic As species
(i.e, Ad'"and AY), their biogeockmicallyassociatedsolutes (i.e.P, Mn, Fg)and molecular
oxygen (@) in rhizosphereand bulk soibf P. vittataand P. quadriauritagrown in highlyAs

contaminated soilising a rhizotron experiment.

Thehypothess comprisesthat efficient A¥ uptake by bothAshyperaccumulating ferns may
lead to distinct depletion of DGavailable A%in the direct vicinity of individual roots
concurrently to rootinduced As solubilisation fom Fe (oxyhydr)oxide sorbent phases.
Recently, it was shown under hydroponic, sterile conditions Ehatittataroots may exude
substantial amounts of Asif grown in media containingl® mg As t (Chen et al., 2016
Therefore, we further tested the hypothedisat (i) excess A$concentrations may béound

in the rhizosphere o$oikgrown specimerof both hyperaccumulator ferns, and that (ii)"As
released into the rhizosphere will be quicklyaeidized to A¥leading toco-localizedspatial

patterns of As and simultaneously of elements involved in the redox chemistry of As.
The main objectivesf this studyincluded:

1 to applya duatlayer diffusive gradients in thin films (DGT) method that allow$ofw¢
invasive, semiquantitative, and co-localized inorganic A%AsY speciation at high
spatial(sub-mm) resolution in the rhizospheref ferns

{ to investigate the spatial (sulmm) distribution of A4, As/, P, Mn and Fe fluxes in the
rhizosphere oP. vittataandP. quadriauritaand bulk soil;

! to monitor spatictemporal Q dynamics in rhizosphere vs. bulk soil using planar
optodes (POs);

1 to explae the effects of As sorption and redox transformation mediated by Mn and Fe
(oxyhydr)oxides along individual roots and plant uptake byhyseraccumulating

ferns.
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3 MATERIAL AND METHODS
3.1 Laboratory procedures

The experimental work was conducted in the ladtory and greenhouse facilities of the
Institute of Soil Research, University of Natural Resources and Life Sciences Vienna,
Universitats und Forschungszentrum Campus Tulln, Austria. Laboratory water typ@ @56

uS cm', TKAGenPure, Thermo Electron RESmbH, Niederelbert, Germany) was used for
laboratory procedures andsolution preparation. If not stated otherwise, glasand
plasticware was actdleaned by immersion for 24 hours in 5% HN@v) andrinsedthree

times with lab water type 1 prior use. All chemical reagents used in this work were of p.a.
grade and supplied by Alfa Aesar (Karlsruhe, Germany), Sitgineh (Vienna, Austria), Merck
(Vienna, Austria) or VWR (Vienna, Austria). DGT gel and P@oéitmg and handling was
carried out in a biological class Il laminar flow bench (Clean Air, EuroFlow EF/S, Telstar
Laboratory Equipment B.V., Woerden, The Netherlands). Samples for liqgeMdS@Ralysis
featured a~2% HN®@ (w/w) matrix. LAICRMS analys of the DGT gelwias performed in a

class 100,000 cleanroom. All analytical instruments were checked for daily performance and

calibrated prior use.

3.2 Experimental soll

We collected the upper B horizon of a Calcaric Cam{id&8lS Working Gup WRB, 2015n
September 2015 near St. Margarethen, Carinthia, Austria. This soil (Forst99) was used in
previous studiegLombi et al., 2000Nenzel et al., 20QFitz et al., 200B8and is characterized

by a moderately alkaline pH 4Bl) of 7.97 and highly elevated totalqua regiaextractable)

As concentrations of 2080 18.1 mg kg. Increased soil As concentrations were caused by
weathering of the rare primary As mineral arsosiderite (CgFes(AsQ)z0.:3(HO))(Lombi et

al., 2000. The norspecifically bound As congation, defined here a8.05 molL-* (NH:).SQ
extractable A§Wenzel et al., 2001 was determined at 6.77 0.12 ng kg'. In this soil, As in

the soil solid phase was strongly associated with abundant Feiihydr)oxides(Lombi et

al., 200Q. After sampling, the soil was air dried, sieved (&) and characterized for its

physicechemical propertiesTable ).
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Tablel: Selected physic&hemical properties of the experimental soil (Forst99).

Parameter Unit Value ° S Method
Texture - Sandy loam n.a.
Clay g kgt 190 ° n.a. n.a.
CEEe mmol kgt 334 ° n.a. n.a.
MWHC g kgt 706 °  39.0 saturated soil paste (n = 4)
pH (RO) - 797 ° 0.04 ONORM L 1083 (n = 3)
pH (CaG) - 738 ° 0.02 ONORM L 1083 (n = 3)
pH - 787 ° 0.15 saturated soil paste (n = 4)
EC uS cm 460 ° 27.8 saturated soil paste (n = 4)
CaCo g kgt 135 ° 155 ONORM L 1084 (n = 3)
Total C g kgt 679 ° n.a. ONORM L 1080 (n = 2)
Total N g kgt 3.08 -~ n.a. dry combustion (n = 2)
DOC mgkg? 211 ° 16.4 dry combustion(n = 4)
element concentrations in soil extract
total (aqua regia H.O 0.05M (NH).SQ
(n=4) (n=4) (n=4)
As mg kgt 2080 ° 181 528 ° 0.03 6.77 ° 0.12
P mg kgt 1120 ° 776 081 ° 014 na. ° na
Mn mg kgt 1420 ° 176 065 ° 0.02 064 ° 0.07
Fe mgkgt 53,700 ° 053 921 ° 005 191 ° 041
Al mgkgt 64,300 ° 116 134 ° 088 463 ° 0.90

aStandard deviation

bFitz et al. (2003)

€cation exchange capacity
dmaximum water holding capacity
€electrical conductivity

fdissolved organic carbon

3.2.1 Soil characterization
The Forst99 soil was analyzed for total carbon (C) and nitrogen (N);z Ca@ént, HO-
extractable element concentrations, totahdua regiaextractable) element concentrations

and pH, following Austrian standard methods compile@lum et al. (1996)

For measuring the maximum water holding capacity (MWHC), a satursail pastewas
preparedby gradually adding water to a batch of-diied soil in a beaker and stirring the soill
water mixture with a spatul@Rhoades, 1982At saturation, the soil paste glisteneahd slid

freely and cleanly off the spatula. We then allowed the saturated soil paste to sifdr;
12



before determining its water content gravimetrically by drying a subsample at 105 °C (UFE
600, Memmert GmbH + Co. KG, Schwabach, Germany). The MWHdlcwkded as the ratio

betweenwater content and overdry weight (dwt) of the soil paste.

For determining the electrical conductivity (EC), another subsample of the prepared soil paste
(~10 g) was centrifuged for 10 min at 15,39@. The EC of the obtained supernatant was

measured using an EC meter (inoLab® Terminal 740, WTW, Weilheim, Germany).

Dissolved organic carbon (DOC) s#0kxtract (SSR of 1:10 (w/v)) was measured using a vario
TOC cube (Elementar Analysensysteme GmbHyeselbold, Germany) after ptesating

the sample with 10% HCI (w/w) to remove carbonates.

To identify the norspecifically bound As fraction, trsil was extracted using 0.05 miot
(NH)2SQ at a SSR of 1:25 (w/v) by 4 h esvkr-end shaking at 20 °@Venzel et al., 2001

Data on soil texture, clay content and cation exchange capacity (&E€nherited fromFitz
et al. (2003) as all analyzedoil properties were still in well accordance with previous

measurements.

All extractions, digestions and measurements were performed using well homogenized, air
dried, and sieved soil (<2 mm). For quality management, blanks ahduse reference
materialwere included in all extraction and digestion procedures. Extracts which could not be
immediately analyzed were either frozen-20 °C or acidified with10% HN®@(w/w) to reach

a final matrix of~2% HN®(w/w). Element concentrations in extracts were aseired on

Optima 8300 (Perkin Elmer, Waltham, USA)0&S, and Elan 9000 DRCe (Perkin Elmer,
Waltham, USA) and Thermo Fisher ELEMENT XR (Thermo Fisher Scientific, Bremen, Germany)
ICRMS.

3.3 Experimental plants

Two hyperaccumulator plant species of tRéelis genus of fernsPteris vittatal.. andPteris
quadriaurita var. tricolor, with different As acquisition efficiency were used in this study.
YoungP. vittata sporophytes with about four fronds were obtained from ARC Ferns LLC,
Apopka, Florida, USA. Preltipping,P. vittatawas treated with a spray application of 0.1498

g L cyfluthrin to meet phytosanitary requirements. Their counterparts, yoBngquadriaurita

var. tricolor specimenswere purchased from Der Palmenma@rCastrop Rauxel, Germany.
13



Compaed toP. vittata P. quadriauritaRetz.has been reported to concentrate much less As,
however up to 2823 mg As *kdn its fronds were found when grown in a soil spiked with 100
mg As kg for 45 days(Srivastava et al., 2006The commercial varietly. quadriauritavar.

tricolor has not been used in experimental setups up until now.

Upon arrival P. vittataand P. quadriauritavere pregrown in commercially available potting
substrate for 22 and 46 days, respectively ensure plant vitality and sufficient root
development. Oubf a pool of~40 fern specimen per species, we selected six homogeneously
grown individuals each for the rhizotron experiment. Approximately two weeks before the
start of the experiment, both fern species were sprayed twice with a thiacldpased

insectcide (Calyps®, Bayer AG, Leverkusen, Germanyliminate any possible pests.

3.4 DGT gel and LKCRMS standard preparation

3.4.1 DGT gel fabrication

The presented procedure of fabricating'Aselective DGT gels basedusingmercaptosilica

binding resin is anodification of the method reported bBennett et al. (2011)The originally

used bisacrylamiderosslinked polyacrylamide gel matrix where then$rcaptopropw
functionalized silica resin is emtdded, was replaced with an ethbased polyurethane
hydrogel material (Hydrome®4, AdvanSource biomaterials, Massachusetts, USA)
(Kreuzeder et al.,, 20)3to overcome problems arising from the high fragility of
polyacrylamile-based gels. In addition to the high physical stability, Hydroiédllows the
fabrication of ultrathin (100 pmthin) hydrogels which is critical for 2D chemical imaging
applications. The modified mercapoi | i ca DGT gel i s riefaergree d

(MSG) throughout this thesis.

To fabricate a MSG gel, a batch eh&rcaptopropydfunctionalized silica resin (260 mesh;
SigmaAldrich) was finely ground in a ball mif20 Hz for 25 min; MM 200, Retsch GmbH,
Haan, Germany) usinmplytetrafluoroethylene(PTFEgrinding balls and jars. Milling reduced
the original bead size of the resin and ensured homogenous distribution of binding sites in the

hydrogel matrix.

For MSG gel preparation, 0.4 g of milled mercagitiza resin were suspended2mL of water
(1:5, w/v) in a 20 mL polypropylene (PP) container. The suspension was vigorously shaken by

hand and subsequently dispersed using an ultrasonic bath (RK510, Bandelin Sonorex, Berlin,
14



Germany) for 10 min. Prior, the hydrogel matrix was prefaog dissolving 8 g of crushed
HydromedD4 5 mm pieces) in 80 mL of a 10:1 ethanol:water solution ((Kv¢uzeder et
al., 2013. Approximately 18 mL of Hydromd@# solution were added to top up to a total of
20 mL of the final mercaptsilicaHydromedD4 cocktail. The cocktail was homogenized by
vigorous shaking~3 min) andthen fixed on an enaver-end shaker, overnight at-3 rpm

(revolutions per minute) to remove air bubbles from the viscous gel cocktail.

The MSG coating procedure was performed according to established pro{ceilszeder et

al., 2013 Hoefer et al., 201) Briefly, three layers of bubblieee gel solution were knife
coated (Spaltrakel PA5561, B®&Krdner GmbH, Geretsried, Germany) onto a pristine glass
plate 183 24 cm) which was equipped with a 0.25 rtinick, Ushaped plastic spacetr10

3 20 cm). After each individual layer, the plate was immediately transferred into an oven (UNE
200, Memmert GmbH + Co. KG, Schwabach, Germany) at 60 °C for complete solvent
evapaation. The spacer was removed and the out@rcm of the gel sheet were cut off to
remove visible gel inhomogeneities. The finished, triple coated gel including the glass plate
was then immersed ir5 L of water for at least 2 h. Subsequently, the gel geagly detached

from the glass plate using plastic tweezers and allowed to fully hydrate for 24 h (water was
changed 23 times during this period). Following this procedure]l@0 umthin Ad'-selective

MSG with highly homogenous distribution of bindpitases was fabricated.

Fabrication of~100 pmthin anion and cation mixed binding gels (MBG) was conducted
according toKreuzeder et al. (2013Yhe MBGs were also urethabased (HydromedD4),

and contained amixture of suspended particulate reageminodiacetate (SRRDA; CETAC
Technologies, Nebraska, USA), aseltied binding agent for cationic solut@&/arnken et

al., 2004bh Kreuzeder et al., 20)3and zirconiurrhydroxide precipitate (ZrOH), a binding
agent for labile oxyanion&reuzeder et al., 201%un et al., 2014Guan et al., 203;Ding et

al., 2018.

For gel cutting, a custormade circular stainlessteel cutter (diameter of 2.4 cm) or PFFE
coated razor blades were used to cut MSG and MBG gels into circular shape for standard DGT
piston based samplers or into rectangular shape forithsitudeployment in the rhizosphere
(chemical imaging). Until usage, MSG and MBG were stored in the dark at 4 °C in PP vials
containing lab water type 1 and 0.01 mdiNaNQ (>99%, Sigmaldrich), respectively.
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Agarosecrosslinked polyacrylamide diffusive gels (tkiess of 0.8 mm) needed for D&

ICRMS standard production were prepared accordingZtaang and Davison (1995)

3.4.2 DGFLAICRMS standard preparation

To prepare matribmatched A% and A¥ calibration standards for l-ECRMS, MSG and MBG

gels were loaded in standard DGT piston samplers and immersed in quadruplicates into
solutions at alternating concentrations ofdharget analytes and different deployment times

as previously reportedWarnken et al., 2004&Kreuzeder et al., 2013Hoefer etal., 2015%
Hoefer et al., 201 Some of the At, C&*, C¥*, Fé*, Mr?*, and P@ multi elemental MBG

standards were obtained from Mag. Dr. Andreas Kreuzeder.

The DGT piston samplers (DGT Research Limited, Lancaster, UK) were assembled by stacking
a 0.40 mm plastic spac, a 100 pum resin gel (MSG or MBG), a 0.80 mm diffusive gel, and a
0.14 mm hydrophilic membrane filter (pore size: 0.45 um, Sartorius AG, Goéttingen, Germany)
on top of each other in each piston sampler. For the deployment of the DGT samplérs, As
and A¥ stock solutions were prepared by dissolving sodium salts of arsenous acid (AsNaO
290%, Sigm&ldrich) and arsenic acid (PHAsQ-7(H0); 98102%, Alfa Aesar) to reach stock
solution concentrations of 698 and 610 mg Asrespectively. Both stodolutions were used

to prepare 3 L of single element solutions containing either varyild 23, 3,638 and 6,985

ug LY or AY (102 and 610 pg) concentrations. A background electrolyte (1 mmdl L
NaNQ) and 510 mmol &2 MES buffer at pH5.6, which was adjusted using 0.1 niol NaOH
(297%, Merck), was added. The deployment solutions were-stieded at~640 rpm using
magnetic stirrers, and left for equilibration overnight, prior immersion of the DGT samplers
using custorrbuilt DGT mountings.HE DGT samplers were retrieved at varying time intervals
derived from he targeted DGT loadingalculated according t&qg. 2 In total, eight different
Ad'-standards and four different Xstandards were produced. Additionally, eight blanks
were included The immersion solutions were monitored for its analyte concentrations by
taking grab samples of each solution at the beginning and at the end of the DGT deployment

period.

After retrieval, the DGT samplers were disassembled and the resin gels thorangbatywith
water. Per standard, one gel replicate was prepared fot@MS calibration. This gel was
placed flat onto a stack of 0.45m membrane (Supor 450, Pall Corporation, New York, USA)

and gel blotting paper (GB005, Whatmann, Maidstone, UK) redugy a PE foil. The assembly
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was subsequently desiccated in a vacuum gel drier (Unigeldryer 3545, Laierged

Vertriebs GmbH, Martinsried, Germany) at 50 °C 486 h. After drying, the gel was
inseparably merged with the 0.45m membrane. Dry staradd and blank gels were cut in
small strips and mounted onto a clean glass plate with dosliled adhesive tape. Until
analysis by LACRPRMS, the matrixmatched AY%- and A¥-standard series were covered with a

clean PE foil and stored in a PE zipper. bag

The other three replicates per standard and blank gels were acid digested for liqeidSCP
analysis using double sdimiled HNQ (65%, w/w) and lab water type 1. MSG gels were
digested in closed PRAssels (Savillex, Eden Prairie, Minnesota, USARfnin at 160 °C
using a mixture ofHNQ (65%, w/w) (EMPARTA, ACS, Merck) an@; H30%, w/w)
(TraceSELECT Ultra, Fluka, Sigldach) (5:1, v/iv).Sample preparation of MBG gels was
conducted according tdKreuzeder et al. (2013and based on microwavassisted acid

digestion using a Multiwave 3000 (Anton Paar, Graz, Austria).

MSG and MBG standard and blank gel digests were analyzé®fousing a Thermo Fisher
BLEMENT XR (Thermo Fisher Scientific, Bremen, GermanyiSI@#h &Y as an internal
standard for MSG gels, arGe as an internal standard for MBG gels. The maximum relative
standard deviation (RSD) of internal standard counts across all analyticalvasn6.6%. A
certified reference material (CRM) (SPEX CertiPrep, New Jersey, USA) was measured
periodically throughout each run and had an average recovery of 99.3%. The average
ICRMS limit of detection (LOD) and limit of quantification (LOQ) weteutated as three

times and ten times the standard deviation, respectively, of the digested MSG and MBG blank
gels(Table 2. All measured sample concentrations were above the calculated LOD and LOQ

values.

Table2: Limit of detection (LOD) and limit of quantification (LOQ) for MSG '{Aand MBG
(As’) gel digests.

liquid ICRMS (gel digests)

LOD LOQ

(ng cn??) (n = 3) (ng cn?) (n = 3)
Ad 2.37 7.89
As/ 0.107 0.358
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3.5 Preparation and calibration of the-@ensitive PO

3.5.1 O optode fabrication

Oxygersensitive P@were prepared according tbarsen et al. (2011ThePGswere based on

the & quenchable luminophore platinum(ll)octaetpypr-phyrin (PtOEP) (Frontier Scientific,

Logan, Utah, USA) as oxygen indicator and the coumarin Ma@ftlexescence yellow 10GN

(MY) (LANXESS Deutschland GmbH, Cologne, Germany) as internal reference. PtOEP and MY
were mixed in a 1/1% (w/w) ratio, resptively, and dissolved in 4% (w/w) polystyrene (Sigma
Aldrich) using chloroform (Signa#drich) as solvent. Prior to coating, the sensing cocktail was
homogenized using magnetic stirrers (650 rpm~84 h) and agitated slowly using an end

over-end shakeK2-3 rpm for~24 h) to eliminate air bubbles.

A dustfree, doublesided adhesivgolyester foil (Melinex®06, 125 um, Putz GmbH + Co.
Folien KG, Taunusstein, Germamwgs placed in a laminar flow bench and equipped with 50
pm-thick spacers fixed by adhesive tape at the longer sides of the foil. The PO was coated in
one stroke using a knifeoating device (Spaltrakel PA5561, Bxdfdner GmbH, Geretsried,
Germany), immeditely after pipetting~2 mL bubblefree PO cocktail onto the top end of the

foil. The coated support foiHL03 15 cm) was transferred without delay into an oven (UNE
200, Memmert GmbH + Co. KG, Schwabach, Germanyp &C for complete solvent
evaporatian. This procedure resulted in an estimated dry film of the oxygen sensing layer of
~3 um. The @PO was stored in the dark in a polyethylene (PE) zipper bag containing lab water
type 1.

3.5.2 Oxoptode calibration
For calibration of the @sensitive PQ a modifed SterrVolmer equation was use(Eq. 3,
expressing the nonlinear dynamic fluorescence intensity response to molecular oxygen

according toKlimant et al. (1995)

— 1 p 4 — (Eq.3)

In this equation,R denotes the (reegreen)/green pixel intensity ratidd the ratio in the
absence of @ a the nonquenchable luminescence signal fractiée, the SternVolmer

guenching constant, an@the & concentration.
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The calibrations were conducted in a transparent plastic container, equipped withtR©O
at the bottom (coated side facing to the stiin). The container was covered with a printed
photo of the experimental soil to ensure an adequate background signal. For deterr®ning
(0% @), a solution containing 10 g!LN&SO0s (SigmaAldrich) was prepared. The20
concentration of the solution wacontinuously measured using an independently calibrated,
optical dissolved oxygen sensor (HQ30D flexi, HACH, Loveland, Colorado, +23Xaand
ambient pressure. Starting from 0%, @he Qsaturation was gradually increased by bubbling
air through he solution using an aquarium pump at a constant flow rate. Measurements were
taken after every-10% increase of theA@ir saturation and averagevalues were calculated
from the measured red and green color specirdensities After plotting the measuwd
valuesEq. 3was fitted for Kvand| for each PO individually. For calibration of thec@emical
images, the SterVolmer equation was rearrangedd. 4). Figure 2shows an example

calibration function after curve fitting using Microsoft Excel 2016.

2m 2 (Eq.4)
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Figure2: Example calibration curve for one of the planar oxygen optodes used at 23 °C and ambient pressure.
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3.6 Rhizotron experiment

A rhizotron experiment was conducted for the situ high resolution chemical imaging of
inorganic As species and other element solutes by DGT. Additionaiyyd?® applied for
mapping of @spatial distribution and temporal flux in the rhizospherePofvittata and P.
quadriaurita The experimental setup was based on previously published procedures for
chemical imaging of solutes in plant rhizosphdf@antner et al., 201 Xreuzeder et al., 2013
Williams et al., 201 Hoefer et al.2015 Hoefer et al., 201)

Here, we used a modified rhizotron assembly afilemes et al. (1985)Figure 3. The perspex
rhizotron growth containers had inner dimensions off4003 1.5 cm (H W3 D), removable
perspex plates on the front side, and 14 irrigation drillings on the back side. The small depth
of the rhizotron generayl restricts planting of relatively spacious root systems such as well
developed fern rhizomes. Therefore, we equipped the rhizotrons with a cubtdit) perspex

plant pregrowth box (inner dimensions of HW 3 D = 8% 83 8.4 cm), hereafter termed
“grlowcompart ment” t i g h trhizotron {Figard 3. Ate growth t o p
compartment was built by Diplng. Gottfried Wieshammer (Technisches Buro fur

Bodenkultur, Vienna, Austria).

A 80 B

ED

84

Growth
compartment

Rhizotron

Figure 3: Schematicof a rhizotron plant growth container including growth compartmentA) Growth
compartment connected to the top of the rhizotron. (B) Top view of the growth compartment. (C) Rhizotron
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assembly with soil and plant during the growth phéset to scale) Dmensions are in mm. Technical drawings
with courtesy of Dipting. Gottfried Wieshammer (Technisches Biro flir Bodenkultur, Vienna, Austria).

Twelve rhizotrons were filled with 540°dL6 g (wt) of freshly sieved (<2 mm), preoistened
Forst99 soil£36% MWHC) which was equilibrated~#0% MWHC and room temperature 39
days prior to being filled into rhizotrons. The soil was added layer by layer from the top and
carefully compacted with a plastic tamper to achieve a homogenous soil profile veritka
density of~0.90 g cr. Before closing the rhizotrons, the soil profile was covered with a 50
pm-thin PTFEoil (Haberkorn, Wolfurt, Austria) overlain by a plastic foil and fixed using
adhesive tape. The foils ensured that roots and soil were not distuvideen the front plate

was removedor DGT and PO deployment. The rhizotrons were closed by fixing the perspex

front plate with two perspex rails which were laterally attached to the rhizotron using screws.

All growth compartments were filled with 543°g5 g (dwt) of premoistened Forst99 soil
(~40% MWHC) to obtainfaulk density of~1.00 g cn¥. Prior transfer of the prgrown ferns

into the growth compartments, fern roots were gently rinsed with tap water to wash off any
remaining growth substrate. Theottom opening was covered by a thin nylon netting and
fixed using adhesive tape. Thereafter, one fern specimen per species was planted into each of
six replicate growth compartments and grown until root tips started to reach the opening at
the bottom of the growth compartments;28 days after planting (DAP). The bottom netting
was removed and the growth compartments were connected to the rhizotrons and inclined
at ~25-35° to force root development along the removable front plate. During growth, all
rhizotrons were wrapped in aluminum foil to protect roots and s$mim exposure to light

which mighthave affected the root development afat induced microphytic growth.

The ferns were grown in a greenhouse chamber with a mean temperature of 20 °C, a
photoperiod of 14 h, and an average air humidity of 64%. For soil irrigation, deionized water
( 0.500 uS cm, Elix®, Merck KGaA, Darmstadt, Germany) was used and regularly topped up
after weighing the rhizotron assembloil in the growth compartments was irrigdtfrom

the top by using a PE wash bottle, whereas soil in rhizotrons was irrigated by pipetting water
into the 14 irrigation drillings. During the growth period the soil water content in the rhizotron
assembly was continuously maintained~80% MWHCWe performed DGT sampling and PO

sensing at the same time, however at different regions of interest (ROIs), when a dense root
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system with multiple roots growing into the rhizotron was develop€djre 4. In case oP.
vittata, DGT and POwere applied between 51 and 66 DAP, and in case.ajuadriaurita
between 65 and 72 DAP.
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Figure4: Photographicimages showing the rhizotron experiment at different staggd.) Fern planting in the
growth compartment(2) P. vittatain rhizotron RT2 at 45 DAE) P. quadriauritan rhizotron RT7 at 36 DAP. (4)
All rhizotrons of both fern species during tlggowth phase in the greenhouse. (S5péhed rhizotron with
detached front plate showing the homogenous soil profiléhwembedded fern rootsprior to DGT and PO
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application. (6) ©@sed rhizotron (RT7) with appliecc ®O (top) and DGT gels (bottom); black drawings on the
front plate indicate the root location.

3.6.1 Colocalized imaging of AsAg/, P, Mn, and Fasing DGFLAICRMS

Approximately 24 h before DGT and PO application the soil water content in the rhizotrons
and growth compartments was increased from the ini@a0% to~80% MWHC. For DGT and

PO application, the rhizotrons were positioned horizontally on abkatch and the perspex
front plates were gently detached, thus only leaving the covering foils on the rhizotron.
Subsequently, a clean front plate was placed on the rhizotron, and the rooted ROI marked on
the back of the plate. The marked plate was themsirred into a laminar flow bench where

MSG and MBG gels were cut into rectangular pieces according to the size of the indicated ROI.

The setup for the DGT sampling of all rhizotrons followed the scheme shdvigure5. The

MSG and MBG gel pieces were applied as aldyal DGT by placing the MSG on top of the
MBG at the location of the ROI on the daiting side of the front plate. Thereby the MSG
served as both, binding layer for'Asind ultrathin diffusive layefor As’ and other elemental
solutes. To ensure sufficient contact between DGTs and rhizosphere soil, a 260 yolastic

spacer was added underneath the ddayer DGT. The gel stack was then covered by a 10 um
thin, polycarbonate membrane (0.2 um, Negbre TrackEtch Membrane, Whatman,
Maidstone, UK) and sealed by waterproof adhesive tape (Scotch Super 88, 3MTM, St. Paul,
Minnesota, USA) along all four edges of the membrane. Care was taken to avoid trapping of

air bubbles between the stacked gel layers

At this time, all protective foils were removed from the rhizotron, the exposed soil profile was
slightly wetted with lab water type 1 using a spray bottle, photographed, and the front plate
including the dualayer DGT carefully nmounted. Subsequentlthe rhizotron was closed

firmly and transferred back into the greenhouse at the same growth conditions as stated

above.
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Figure5: Schenatic of the duallayer DGT chemicdimaging experiment and the DELAICRMS setup.(A)
Rhizotron and dudayer DGT deployment showing, (a) region of interest (ROI), (b) Nuclepore membrane filter,
(c) Ad'-selective mercapto silica gel (MSG), (d) mixed binding gel (MBG), (e) 100 um plastic spacer, (f) removable
front plate. (B) Laser ablath of DGT gels and transport of analytes into the-M& instrument. (C) Data
acquisition, processing and 2D data visualization in a contour plot. Figures (B) and (C) with courtesy of Dr. Jakob
Santner Division of AgronomyJniversity of Natural Resourcasad Life Sciences, Vienna, Austria).

After 24 h of gel deployment, the front plate with the ddayer DGT was detached from the
rhizotron and immediately washed to remove any remaining soil particles using lab water type
1. The front plate was then plad in a laminar flow bench and the polycarbonate membrane
overlaying the dualayer DGT carefully removed. We moistened the DGTs with water,
separated the individual gel layers, and dried the MSG and MBG gels, respectively, following
the same procedure adescribed irsection3.4.2.All dried gels, with the side exposed to the

ROI facing up, were mounted onto clean glass plates using dsid#d adhesive tape.
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Forlaser ablation (LAQf the sample, standard and blank gels, we operated a UFFXO@ESI,
NWRDivision, Portland, USA) excimer LA system in line scanning(if@izeder et al., 2013
Hoefer et al., 2015Hoefer et al., 201)¢ The LA system was cougl® a quadrupole IGRIS
instrument (NexION 350D, Perkin Elmer, Waltham, USA) to scatC{étMg, 2’Al, 3'P,4Ca,

51V, 55Mn, 57Fe,%3Cu,%%Zn, "°As, °8Mo, 14Cd, and?®®Pb signals. LA parameters were set to a
beam diameter of 150 um, interline distano&400 um, laser pulse frequency of 20 Hz, and
laser energy output of 30%wvhich equaled a fluence of 8.0 J cni. The maximum scan
speed was calculated accordingl&ar et al. (20123nd set to 250 um's Laser warrup time

and interline washout delays were set to 10 and 35 s, respectively. Helium was used as carrier
gas for analyte transport from the LA cell to the-I@8 instrument at a flow rate of 0.9 L min

1. The He carrier gas flow was mixed with the nebulizer gas flow (Ar 1.0%) loyim tweway
Y-splitter before introduction into the IGRIS. The IGRIS scan cycle duration was 0.453 s,
which resulted in 8.8 readings mhand a total 0f~22,000 readings peanalyte for an ablated

gel area of-10 cn¥, resulting in @heoreticalspatial resolution of 113 400 pm. The acquired
data was corrected for the gas blank intensity and subsequently normalized by the internal

standard**C to compensate for variations ablation, transport and ionization efficiency.

Data processing and calculation was carried out in Microsoft Excel 2016 using a-bugitom
macro written by Dr. Christoph Hoefer (Institute of Soil Research, University of Natural
Resources and Life Scies¢ Vienna, Austria). After application of the linear calibration
functions (ug cmi), the units were converted to D@Tieasured solute fluxe$pcsy usingeg. 1

For data visualization, the image processing software ImageJ 1.51a (National Institute of
Health, Bethesda, Maryland, USA) was used, available free of charge at

http://imagej.nih.qov/ij/.
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3.6.2 Opimagingusing PO

Oxygen sensitive BWere deployed concurrently to the deployment of the dlayer DGTSs.
Briefly, P@were cut to fit the ROI and fixed on the inside of the removable front plate using
waterproof adhesive tape (Scotch Super 88, 3MTM, St. Paul, Minnd$8#s), sensing side
facing up(Larsen et al.,, 20)1 POmeasurements were performed during the 24 h DGT
deployment period. Rhizotrons were transferred from the greenhouse to a dark room and
positioned on a horizontal glass pane fixed by a lab stand. One rhizotron replRate (
quadriaurits) was used for an oveight PO measurement sequence, with images taken
hourly. Other PO measurements were conducted at varying times however always shortly

after the start and at the end of DGT deployment time.

The color ratiometric PO imaging system was similar to the onenthatused by.arsen et al.
(2011)andHoefer et al. (2015)The G-quenchable fluorophore was excited by six higbwer,
light-emitting diodes (LEDS; peak = 447.5 nm; RoyBlue, Luxeon, Brantford, Canada)
covered by a 475 nm shepiass filter (Edmund Optics GmbH, Karlsruhe, Germany). Images
were taken using a digital singlens reflex (DSLR) camera (Canon EOS 1000D, Canon Inc.,
Tokyo, Japan) equipped with a macro lens (SIGMA 50 mm F2.8 DG MACRO, Sigma Corporation,
Kanagawa, Japan) and a 530 nm lpags filter (Edmund Optics GmbH, Karlsruhe, Germany)
(Figue 6). The Canon E®1000D camera has an optical resolution of 10.1 million effective
pixels (3888 2592) and was positioned perpendicular to the rhizotron with a lens focus
distance to PO surface 680 cm. Camera settings were set to ISO: 100, Av: f5.6, and Tv: 1/30
s. The LED assembly was inclineed&” relative to the DSLR camera to ensure homogeneous
excitation of the QPO and to reduce potential reflections. Excitation LEDs and DSLR camera
were synced via a custommade USB trigger box and controlled with the custdeveloped

software Look@RGHBtfp://imaging.fish-n-chips.dej). Images were recorded in triplicate and

averaged pixel by pixel to imprewvthe signal to noise ratio. All images were taken in the
absence of ambient light. The measured luminescent intensity Rtieas determined by
image calculation using the ImageJ 1.51a software (National Institute of Healties8et
Maryland, USA)After application of the calibration functio(Eq. 4 to calculate G%0), a
false colorsale was applied to the calibrated PO images to visualize trais®ribution in the

rhizosphere and bulk soil.
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Figure6: Schematic of thecolor ratiometric PO setugnot to scalg. Excitation LED 447.5 nm; shedss filter:
475 nm; longpass filter: 530 nm. Modified aftddoefer et al. (2017).

3.6.3 Plant harvest and biomass analysis

At harvest, between 52 and 67 DAP forvittata and 66 and’3 DAP foP. quadriaurita

growth and rhizotron compartments were disconnected by cutting developed roots in the
transition zone using razor blades. Ferns were cut directly above the soil surface using scissors
and separated into roots (including the rbime) and fronds. Prior to root separation, three

soil subsamples were taken from the ROI in the rhizotron to determine the soil water content

in the oven (105 °C). Fronds were thoroughly washed with lab water type 1 in a plastic sieve
(<2 mm), blotted onissue paper, and then put into paper bags for oven drying at 65 °C for 72

h (UFE 600, Memmert GmbHCo. KG, Schwabach, Germany).
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The rhizomeand rootsin the denséy rooted growth compartment werseparated from soll

by repeated washing with tap water anglass beaker until the water remained clear. Roots in
the rhizotron compartment were manually collected using tweezers, gently sieved using a
stainlesssteel sieve (<2 mm), and thoroughly rinsed with tap water. The washed roots
(including the rhizome) we transferred into paper bags and dried at 65 °C for 72 h (UFE 600,
Memmert GmbH + Co. KG, Schwabach, Germany).

After recording plant dry biomass, the plant material was finely ground and homogenized
using a clean stainlesteel grinder (IKA All, IK&erke® GmbH & Co. KG, Staufen, Germany).
Subsamples (0.2 g) of the ground plant material were digested in a mixture (6580, w/w)
(EMPARTA, ACS, MerckQH30%, w/w) (TraceSELECT Ultra, Fluka, Sidanh) (5:1, v/v)

and a drop of is@ctanol in operPyrex tubes using an electrical heating block system (DK
Heating Digester, Velp Scientifica, Usmate Velate, Italy). For quality control, three blanks and
CRM (Oriental Basma Tobacco Leaves, -IDEETES, Institute of Nuclear Chemistry and
Technology, WarsawPoland) was included in each heating block run. The digests were
subsequently paper filtered (0.45m; Munktell 14/N, Munktell, Barenstein, Germany),
collected in 8émL PP vials, and diluted with lab water type 1 to reach a 10% (w/wkHNO
matrix. Elemenal concentrations Mg, 3P, 3K, %Mn, >7Fe, %6Zn, *As, and®®Mo) of fern
digests were measured on ICHES (Optima 8300, Perkin Elmer, Waltham, USA) aAd3CP
(Elan 9000 DRCe, Perkin Elmer, Waltham, USA) #$Ingas internal standard. During
measurement, blanks and CRM (SPEX CertiPrep, New Jersey, USA) was regularly measured to
monitor the signal stability of the IGPES or IGKIS, respectively. The CRM recovery was
found to be well within 96110%.

3.6.4 Analysis ofirbuscular mycorrhizal root colonization

For screening of potential arbuscular mycorrhization, randomized samples of fresh roots were
first cleared by immersion in 10% (w/v) KOH at 60 °C for three days and then stained by boiling
at 100 °C in a 5% (v/v)kinink 4001, Pelikan, Schindeleggi, Switzerlamtggar solution
(Vierheilig et al., 1998Quantification of the proportion of root length colonizby arbuscular
mycorrhizal (AM) fungwas accomplished by g an LEMased light microscope (Eclipse
E2006LED, Nikon, Tokyo, Japan) and the magnified intersections methodvtteonigle et

al. (1990) Images of AM roadnfections were recorded using a digital camera with 5.0 million

effective pixels (2592 1944) (VisiCam 5.0, VWR).
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4 RESULTS

4.1 Chemical imaging of AsAs, P, Mn, Fe andn the rhizosphere

The duallayer DGT based solute sampling and subsequeh€BMS analysis of the MSG and
MBG gels resulted in datasets of fdar vittata(i.e., RT1, RT2, RT3, and RT4) and tRree
quadriauritarhizotron replicates (i.e., RT5, RT6ddRT7), respectively. Additional DGT gels
deployed in other rhizotron replicates were not analyzed bylCRMS due to technical
complications during gel application (i.e., entrapped air bubbles). InFonattata(i.e., RT2)
and two P. quadriauritarhizatron replicates (i.e., RT5, and RT7) alscéhsitive P@were

installed to collect P@parallel to DGT data.

Figures %o 16 show the 2D distribution of labile AsAg/, P, Mn, Fe, andt submm scale
around individual roots dP. vittataandP. quadriauritagrown on Forst99 soil. DGileasured
solute fluxes within individual chemical images were evaluated to identify spatial patterns of
Ad" and A¥ species along potentially associated solute species. Therefore, graphs were
compiled showing hazontal profile plots across selected root sections with single or vertically
averaged lines of D@Measured elemental flux. Similar profile plots were extracted from PO
Ozimages. Within all profiles, average Df&&asured fluxes and/or average &ir satration
values were calculated, whenever a distinct increase/decrease relative to the corresponding
bulk soil signals was measurdithe DGTmeasured fluxemained unchanged @v the whole
region of interest (RQlpr problems during gel preparation faAICRMS analysis occurred

(i.e., gel flipping)DGT chemical images were not calibrabed interpreted soldy visually.

4.1.1 Pteris vittata
Spatial distribution of DGIRbile A8' and AY species

The DGIneasured As flux mapped from foB. vittatarhizotron replicates clearly showed
increased A%flux within soil areas that were unaffected by root activities (bulk soil). These
bulk soil A%fluxes ranged between 1. Figure 1qRT4) and 1.5 pg chs’in Figure 7(RT1)
(Table 3. Apart from vernfew randomly distributed, single spot locations of increased DGT

measured Aéflux, no A% DGTHlux was mapped in the bulk s¢ifable 3.
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Table3: DGTmeasured AY, A/, P, and Mn solute fluxes in bulk soil (i.e., soil areas that

were unaffected by root activities) of the corresponding ROIs kh vittata and P.
quadriaurita rhizotron replicatest

DGTlux in bulk soif

Fern As" As’ P Mn

species Rhizotron  foer(pg cm?s?)  foet(pg cn?s?)  foet(pg cm?s?)  foer(pg cm?s™)
RT1 0.00+0.02 149+0.14 557+08 0.23+036

Pteris RT2 0.03+0.04 1.26+0.13 201+0.36 0.08+0.04

vittata RT3 n.ab 1.19+0.08 2.09+0.24 597+201
RT4 0.01+0.02 0.96+0.09 151+0.31 2.95+0.45
Average 0.01 1.22 2.79 2.31
RSP 103% 18% 67% 70%

_ RT5 0.04+023 173+0.16 142+0.42 0.04+0.01

thjzrc'friaurita RT6 001+0.09 140+0.11 3.46%027 0.07+0.03
RT7 0.07+0.14 145+0.21 246+041 4.84+525
Average 0.04 1.53 2.45 1.65
RSP 71% 12% 42% 168%

aMeant standard deviation (SD), n = 750

bThe A¥image of RT3 (Figure 3) was not calibrated due to problemsgékflipping) during MSG preparation
for LAICRMS analysis.

¢Relative standard deviation.

dRTS(n = 23418), RT6 (n = 866HNnd RT7 (n = 1291) As" DG TFfluxes were calculated over the whole ROI.

In contrast, we mapped highly increased"A3GFflux at the location of the Ruittata root,
extending up to-0.5-1.0 mm from the root axis of individuBl vittataroots into the adjacent
rhizosphere soil. These localized zones of increastav@ie evident in alP. vittatarhizotron
replicates and occurred as spatially confined'Akix maxima with peak ASDGFflux of up

to 2.5 pg cnf stat the very root surfacérigure 7RT1).

Exemplarily displayed in the line plot ov@rroot cross section in Figure(RT1, As(b)), the
average A4 DGTflux in the zone of increased Awvas 0.7+ 0.5 pg cn? st (mean + SD, n =
13) and thus evidently higher when compared to bulk stélb{e 3. Partly, when the root
surface was not in direct contact with the ddalyer DGT stack, but covered bghan soil layer,

DGHabile Ad'peaks diminished (Figure RT1, As(a)). Similar spatial distribution of Dabile

! Forimagesshowing the selected locations of bulk soil BieX measurements in thROls of the
respective rhizotronshe reader is referredo the gppendix
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Ad''was observed in Figure 8 (RT2, As(a)), Figure 9 (RT3), and Fi¢RTe)LONhile zones of
increased A$were highly expressed ahé axes of older root parts and in soil areas affected
by the activities of multiple roots, only little relative increase was obserat the root apex

in Figure 1qRT4, As(a), As(b)). Here, the averadeDSTFflux at the young root tip was 0.2
+0.1 pg cn? st (n = 102), accounting for a 65% decrease in-Gile A4 compared to the

sub-apical region of the same root.

The DGImeasured Asfluxes showed more complex spatial distribution with merging zones
of increased Asand A¥ depletion exending from the root position both axial and lateral.
Zones of elevated X$lux were consistently ctbcalized with zones of increased"AShe
horizontal line plots acrss the root sections in Figure 7 (RT1, As(b)) and FigiR&€3B As(a))
revealed & average ASDGTHlux in the zone of increased Y¥asf 2.0+0.3 pg cnt st (RT1; n =
8) and 1.6+ 0.2 pg cn? st (RT2; n = 11), equating to a relative increase iflas in the
rhizosphere of 36% and0306, respectively, compared to the correspondindkisoils Table
3). Peak ADGTIlux of up to 3.9 pg cris? was observed at the interface of two roots growing
side by side on théop right of the ROl in Figure(®T3). Here, zones of elevated’ Asxes
showed the largest spatial expansion and reathg to~2.0 mm into the rhiasphere soil
(Figure 9 AS)). Besides these distinct zones of increase( slightly elevated DGheasured
As’flux was observed in the immediate vicinity b&tapparent root tip in Figure {&®T4). The
A’ images of Figure 7 (RT1) and FigurédRI3, AY, indicate similar patterns of As

solubilisation at the apical root segments.

Substantially decreased WBGHlux in Figure 7 (RT1) and FiguréRa2) directly adjacent to
the colocalized zones of incread AY and A¥, indicate lateral depletion of DA@a&bile AY
expanding from individud®. vittataroots. The plotted root areas in Figure 7 (RT1, As(a)) and
Figure 8(RT2, As(a)), show that theVABGTFflux in the rhizosphere was depleted down to
minimum values of 0.5 and 0.3 pg @&w!. On average, the D@Teasured A%flux in depleted
zones (excluding zones of increased)Agas 0.7 + 0.1 pg cAs? (n = 34) in Figure RT1,
As(a)) and 0.6 + 0.2 pg @\ (n = 51) in Figure @RT2, As(b)). This Adepletion accounted
for a~55% decrease compared to the averag& B&Fluxin the corresponding bulk soils
(Table 3.

Whereas decreased Asoncentrations were detected up to a distance-f5-3.0 mm fom

the root position in Figure 7 (RT1) aRidure §RT2), only little Adepletion was observed in
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the more densely rooted ROI in Figur€¢RT3) and around ghyounger root parts in Figure 10
(RT6). The profile plots erthe root sections in Figure 7 (RT1, As(b)) and FiguirT4 As(a),
As(b), visualized slightly lowered YASGFlux at the root position.

DGTmeasured fluxes of other solutes (P, Mn, ¥e

Similar to the spatial distribution of D&abile A¥, zones of increased P and P depletion were
mapped in theP. vittata rhizotron repliates. A spatially expanding zone of high BGT
measured P flux confined to the root surégevas only observed in FiguréRT2) and showed
generally lower relative increase compared to-looalized zones of high Asand AY.
Hotspots, i.e.spatially conhed (almost) punctiform increased P DfRixes were found in all
rhizotron repicates. The P image in FigurdRTI3) revealed a highly heterogeneous spatial
distribution of DGImeasured P flux, with drephaped hotspots covering the root tips and
partly apical root segments. Two root tips with localized P hotspots are located slightly behind
the soil surface at the bottom and on the right hand side of the ROI. On average, the P hotspot
at the bottom (corresponding to the peak in Figure(RT3, P)), showeal1.4-fold increased
DGTFmeasured P flux compared to bulk sdiable 3. In contrast, the spatial psence of P
hotspots in Figure 7 (RT1), Figure 8 (RT2), and FigyRRTH) was limited to isolated miero
niches adjacent to P depletion zones. Similar to the spatial distribution ol&h@& A%, zones

of P depletion were mapped in &ll vittatarhizotron replicates. In Figure(RT2, P(a)), lateral
depletion of DGAabile P extended up t63.0 mm from the root surface into the rhizosphere
lowering the average P D@llix in the zone of depletion (excludirapnes of increased P)
down to 586 compared the bulk sdilable 3. In Figure 7 (RT1), Figure 9 (R&BY Figure 10
(RT4), this effect was similar but less pronoundedte that in Figure {RT1) the average
background P DGflux in the bulk soil was up to-f8ld compared to the other rhizotron

replicates Table 3.

DGFmeasured fluxes of Mn showed high variability argdhe rhizotron replicates, ranging

in bulk soil between relatively low (0.1 pg €rst) fluxes in Figure RT2), to relativehigh
(6.0pg cn? s?) fluxes in Figure @RT3)Table 3. Inall investigated ROIs of @ttata, zones of
high DGTlabile Mn were mapped along the axes of individual roots]axalized with zones

of increased DGIhbile Ad, AY and P. The spatial distribution of D®Gibile Mn showed
considerable variability among individual roots, with the highest relative increase in the

rhizosphere compared to the adjadeoulk soil observed in Figure(RT1), exceeding the Mn
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calibration working range15-fold. The lateral expansion of these zones of increased Mn was
clearly wider than the root itself and (excefotr some root parts irFigure ART3)) also wider

if compared to cdocalized zones of increased"A4\s and P. In Figure 1®RT4), the zone of
increased DGMmeasured Mn flux was found to be highest at the zone of root maturation and
decreased towards the visible part of tiheot apex. Hotspots of D@abile Mn were found
around theapical root segments in Figurg RT3) and partly expanded to other zones of high
Mn alorg the root axes. In Figure(RT3), Mn hotspots occurred-tacalized with fotspots,
contrarily to Figure7 (RT1), Figure 8 (RT2), and Figur¢RID4), where no elmcalization of

Mn and P hotspots was mapped.

Exemplarily displayed in Figurg RT3)DGFmeasured imaging data for Fe showedratative

changein rhizosphere compared to bulk soWer all replicates.

The lbcally absentDGTFabile vanadium Y) signalsin Figure 9 (RT3) and Figure 10 (RT4)
depicted by numerous smalblack areasn the V DGTimages visualizel apparentgelsoil

contactdiscontinuitiescaused by entrapped air bubbles
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Figure7: DGT mapped elemental flux in the rhizosphere Pf vittata at high spatial resolution in rhizotron 1

(RT1). DGT sampling was conducted for 24 h, 58 days after planting (DAP) at a soil water content of 74%
MWHC.Onthe bottom left a photograph (IMG) of the region of interest (ROI) is shown. In the IMG, the dotted

frame refers to the location of the Asselective MSG, whereas the dashed frame refers to the location of the

MBG. Chemical images of'A&\¢, P, andVin are calibrated and values in the calibration bars below each image

refer to DGTmeasured solute flufbet(pg cm? st). Black spots on the lower left of theimage indicate areas

where diffusion into the DGT gel was hindered by the experimesgalp (i.e, entrapped air bubbles). White

lines (a and b) in the ROI indicate locations where horizontal profile pliisplayed in graphs on the right hand

side of the IMG- were plotted for A% and A¥. The profile plots compare Asand A¥ DGTmeasured flux
orthogonal to the root. Scale bar indication “>WR” de
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Figure8: DGT mappedtlemental flux in the rhizosphere of. vittata at high spatial resolution in rhizotron 2
(RT2). DGT samplingas conducted for 24 h, 64 DAP at a soil water content of 63% MWbBiCthe bottom left

the IMG of the ROI is shown. In the IMG, the dotted frame refers to the location of theefective MSG,
whereas the dashed frame refers to the location of the MB&!, A, P, and Mn calibration bars are shown as
DGTFmeasured solute flufost(pg cm? s?). The line (a) in the ROI indicates the area where horizontal profile
plots—displayed in graphs on the right hand side of the IIM@&ere plotted for AY¥, AS, P and Mn. The As plot
compares Aband A DGTmeasured flux orthogonal to the root.

Scal

wor king range” . Note that different | ight settings dut

darkercolor compared to other IMGs.
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Figure9: DGT mapped elemental flux in the rhizosphere ®f vittata at high spatial resolution in rhizotron 3

(RT3). DGT sampling was conducted for 24 h, 66 DAP at a soil water content of 78% NDVHTe.left the IMG

of the ROId shown. In the IMG, the dotted frame refers to the location of thé-g#edective MSG, whereas the

dashed frame refers to the location of the MBGY,AB, and Mn calibration bars are shown as Bx@&HBsured

solute fluxfoct(pg cn? s?). Ad', Fe and V false color scales correspond to uncalibrat€dnormalized signal

intensities. Black areas in the V image indicate entrapped air bubbles. The framed (a and b) areas in the ROI
indicate the areas where horizontal profile plotsdisplayed in gaphs beneath the chemical imageswere
plottedforA¥and P. Scale bar indication “>WR” denotes to &
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FigurelO: DGT mapped elemental flux in the rhizosphere®f vittata at high spatial resolution in rhizotron 4

(RT4). DGT sampling was conducted for 24 h, 58 DAP at a soil water content of 77% NDWVItH@. top left the

IMG of the ROl is shown.'AsAs, P, and Mn calibration bars are shown as B@H&sured solute flufoer (pg cm

2s%). The V false color scale corresponds to uncalibrafi&inormalized signal intensities. Black areas in the V
image indicate entrapped air bubbles. The line (a) and framed (b) areas in the ROI indicate the areas where
horizontal profile plés — displayed in graphs beneath the chemical imagegere plotted for A% and A¥. The

profile plots compare Asand A DGFTmeasur ed fl ux orthogonal to the root.
to “above working range”.
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Oxygen saturation in rhisphere and bulk soil

The Q PO measurements in rooted soil Bf vittataresulted in only one image in RT2 where
distinct Q features were clearly visible and could be distinguished from potentially occurring
experimental artifacts (Figure 11). Mastrated in Figure 1164 DAP, shortly after application

of the PO foils, low Pevels were measured in densely rooted soilPofvittata indicating
considerable zones ofz:@epletion. Assignment of napping to the ROI was challenging due
to the lak in spatial reference points in the densely rooted soil where multiple roots were

located just behind the soil surface and might have contributed to the extensideietion.

Oxvaen (% airsat) N T8 |
ygen (% )o 25 50 75 100

Figurell: In situmeasurement of oxygen distribution in the rhizosphere Bf vittata at high spatial resolution

in rhizotron 2 (RT2). PO sampling was conducted 64 DAP at a soil water content of 63% MW@ top the
IMG of the region of the ROI is shown. The falsercsdale corresponds to the measured oxygen level in percent
air saturation (%r sar). The @ PO image was recordee?0 min after the PO and duldyer DGT deployment at

the end of the photoperiod for Riittata. Note that different light settings durinaking the photo caused the
soil to appear in a slightly darker color compared to other IMGs.

4.1.2 Pteris quadriaurita

Spatial distribution of DGIRbile A8'and AY species
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In agreement with the results obtained fét. vittatg labile A¥ was the dominating DGT
measured As species in all thieequadriauritahizotron replicates. The average bulk soif As
DGTlux, represented by red colored areas in the/ B&Timages, ranged between 1pg cm
2stin Figure 13 (R7@nd 1.7 pg crs?tin Figure 1ZRT5) Table 3. Contrary to the ASDGT
data forP. vittata in the rhizosphere of Ruadriaurita no DGlabile A¢' flux was found. In
Figure 12 (RT5), Figure 13 (RT6), and Figu(®T4), A$DGFlux was almost absent and,
besides very few, randomly distributed spots of elevatell B&Fflux (e.g. Figure 1RT10,
As(a)), in the same range throughout the K@hble 3.

DGTFmeasured AY and A¥ showed no increased fluxes corresponding to the root positions
in all rhizotron replicates of Ryjuadriaurita when compared to the respective bulk soils.
However, substantially decreased"AGFflux adjacent to individual roots was evident for all
three rhizotron replicates. In Figure 12 (RT5, As(a)) and Figu(®1&, As(a)), the lowest
measured ASDGTFflux was 0.8 and 0.5 pg chs?, respectively, indicating zones of VAs
depletion extending inte-1.5-2.0 mm from the soifoot interface into the rhizosphere &.
quadriaurita. Average ASDGTFflux within these zones was measured at 1.0 + 0.2 pg €in

(n = 24) in Figure 1¢RT5, As(a)) and 0.7 + 0.2 pg<sd (n = 142) in Figure 1RB, As(a)),
corresponding to a 40%nd 496 decrease from bulk soil towardsgRadriauritaroots. While
DGHabile A¥ depletion diminished towards the apical root parts, this effect was more
pronounced at mature root parts and at rbbranches, as shown in Figure (2I5) and Figar

13 (RTH, respectively. In Figure XRT7), decrease of D&bile A¥ was much less evident

and only present directly at the root position.

DGTmeasured fluxes of other solutes (P, Mn, Fe)

DGTFmeasured fluxes of labile P showed highly localized P hotspots atotitetips and
decreased P along the root axis of individual rootB.ajuadriaurita The average background

P DGHilux varied considerably among the rhizotron replicates, with the highest bulk soil P flux
measured at 3.5 pg cis? (Table 3 in Fgure 13 (RT6). Zones of slightly increased BGT
measured P were visible in Figure 13 (RT6) and Figu(®T4), both towards the root tip P
hotspots. The average D@ieasured P flux at the hotspot visible around thet tip in Figure

12 (RT5, P(a)) accounts farl.4fold increase of the DGIabile P fraction compared to the
bulk soil(Table 3. While similar increasing patterns in D@&asured P flux were observed

for both P hotspots in Figure IBT6) and Figure 1RT7), in the latter the increase was more
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pronounced at the root tip. Zones of P depletion were located at older parts of individual roots
and showed a similar spatial distribution as congruent zones Yfi&gsletion. As shown in
Figure 13RT6, P(a))he average DGmeasured P flux in the zone of depletion at the top of
the ROl amounts to a 16% decrease relative to the bulk saililagi although more

pronouncedP depletion was mapped adjacentttee individual root in Figure 1RT5).

Bulk soil DGmeasured Mn fluxes showed high variability among all rhizotron replicates, with
values ranging between 0.04 pg €t in Figure 1ZRT5) and 4.Bg cn?s?in Figure 14RT7)
(Table 3. While no areas dfin depletion around the roots were found, mergingnes of
increased Mn and Mn hotspots were evident for all rhizotron replicates and strongly co
localized with elevated DGTuxes of labile P. Hotspots of D@&bile Mn were exclusively
observed at apical root segments and merged with more expanding zmnesreased Mn
along the root axedOn average, the Mn hotspot ingare 12 (RT5) showed an increased Mn
flux of approximately8.1-fold compared to bulk soil. Substantially higher relative increases,
clearly exceeding the workingmge of the Mn calibratin, of 14.fold and 20.8fold were
found at the Mn hotspots in Figure 14 (RT7) and Figure 13 (RT6), respeEtxehding from

the apical root segments, zones of increased Mn generally decreased from the root tips
towards mature root parts, however, theighest relative increase was observed at the root

branches irFigure 13RT6).

Corresponding to the DGT chemical imageB.ofittata and displayed in Figure 13 (RT6) and
Figure 14(RT7), virtually no DAa&bile Fe was measured in all ROIs of Fhequalriaurita
replicates, and similar to the dataset ofttata no root-associateadhanges in Fe fluxegere

observed.
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Figure12: DGT mapped elemental flux in the rhizosphere Bf quadriauritaat high spatial resolution in
rhizotron 5 (RT5). DGT sampling was conducted for 24 h, 70 DAP at a soil water content of 80% KWHE.
bottom left the IMG of the ROl is shown. In the IMG, the dotted frame refers to the location of theehestive
MSG, whereas the dashed frame refers to the location of the MBE A8 P, and Mn calibration bars are shown
as DGImeasured solute flufocr(pg cn? st). The line (a) and framed (b) areas in the ROI indicate the areas
where horizontal profile plots-displayed in graphs on the right hand side of the IM@re plotted for AY, AS/

P, and Mn. The As plot compares'&and A¥ DGTmeasured flux orthogonal to the root. Scale bar indication
“>WR” denotes to “above working range’”.
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Figure 13: DGT mapped elemental flux in the rhizosphere Bf quadriauritaat high spatial resolution in
rhizotron 6 (RT6). DGT sampling was conducted for 24 h, 72 DAP at a soil water content of 90% KWHE.
top left the IMG of the ROs shown. A4 Ag, P, and Mn calibration bars are shown as B@H#sured solute flux
foeT(pg cn? st). The Fe false color scale corresponds to uncalibrafi€ normalized signal intensities. The
framed (@) area in the ROI indicates the area whHewgzontal profile plots- displayed in graphs beneath the
chemical images- were plotted for AY, A¢, and P. The As plot compares'fsd A¥ DGTmeasured flux
orthogonal to the roots. Scale bar indication *“
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Figure 14: DGT mapped elemental flux in the rhizosphere Bf quadriauritaat high spatial resolution in
rhizotron 7 (RT7). DGT sampling was conducted for 24 h, 70 DAP at a soil water content of 81% KWHE.
top left the IMG othe ROI is shown. AsAg, P, and Mn calibration bars are shown as B@#sured solute flux
fosT(pg cm? s1). The Fe false color scale corresponds to uncalibrat€dpormalized signal intensities. Scale bar
indication “>WR” dernaontgees” .t o “above working
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Oxygen saturation in rhizosphere and bulk soil

The timeresolved @ images of two rhizotron replicates revealed substantial changes of O
levels in soil areas surrounding the rootskafquadriaurita(Figures 15 and }6Drastically
decreased @concentrations extending from individual roots indicate extensive zones of O

depletion in the rhizosphere.

In Figure 18RT5), relatively low evels were mapped at the end of the photoperiod (18:28),
ranging from 46.1 + 4.5%bsat. in the bulk soil down to 15.8 + 12.9%.: in the rooted soll
where two fern roots were growing side by side on the left hand side of the ROI. Here, the
average decrease in R@easured Q@ levels between bulk and rhizosphere soil around the
older root parts acounted for~66%. Similar ©depletion continued at younger root parts
growing towards the bottom right of the ROI, however, the extent pti€pletion was less
pronounced and more confined to the root position. Progressiyvdépletion extending from

the last visible root part in the ROI of RT5 might indicate roots growing directly behind the soill
surface. At the beginning of the next photoperiod (10:07), a secermdéasurement showed
considerable spatial expansion of the zone of lowele@els, rendeng these soil areas partly

anaerobic.

We observed similar spatimporal Q distribution around threeP. quadriauritaroots in
Figure 16RT7). Here, the PO, {inages were recorded overnight in an hourly sequence to
investigate fluctuations of the Qeves over one photoperiod. Starting at the end of the
photoperiod (18:47), we observed decreasingléYels resulting in low £ir sat around the

roots and maximum spatial expansion of the partly anaerobic zones in the absence of
photosynthesis (02:54). €decrease in P@easured Qlevels between 18:47 and 09:00 was
similar compared to the ©decrease beween 18:28 and 10:07 in Figure {BT5). At the
beginning of the photoperiod (09:00).@vels gradually increased again until the last image

of the PGimaging sequence taken the next day during photosynthesis (15:19).

44



Oxygen (% air sat.)

0 25 50 75 100

80 80
02 (18:28) = 0, (10:07) B
— 601 60
c
o
5
=
@ 40 - 40
‘©
=
© 5] 20 |
0 . i . . 0 ul\,\n!\ml : : :
0 5 10 15 20 0 5 10 15 20

distance [mm]

Figurel5: Spatiotemporal oxygen distribution in the rhizosphere &¥. quadriauritaat high spatial resolution

in rhizotron 5 (RT5). PO sampling wesnducted 70 DAP at a soil water content of 80% MWKB@.the left the

IMG of the ROI is showmhe false color scale corresponds to the measured oxygen level in percent air saturation
(Yir sat). Lines (a) and (b) in the ROI indicate areas where horizprdéile plots— displayed in graphs beneath

the & images— were extracted from the @images. The profile plots show percent air saturatiommxis) over
horizontal distance ¢axis). The time in the Omages denotes the actual R@easurement time. 18:28
corresponds to the end of the photoperiod and 10:07 to the beginning of the photoperiod. The firstaQe
(18:28) was recorded60 min after PO and dudyer DGT deployment.
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Figurel6: Spatiotemporal oxygen distribution in the rhizosphere d?. quadriauritaat high spatial resolution

in rhizotron 7 (RT7). PO sampling was conducted 70 DAP at a soil water content of 81% MW top left

the IMG of the ROI is shown. Thadske color scale corresponds to the measured oxygen level in percent air
saturation (% sat). The time in the @images denotes the actual R@easurement time. 18:47 corresponds to
the end of the photoperiod and 09:00 to the beginning of the photoperiod. The fisgd@ge (18:47) was
recorded~3 h after PO and duddyer DGT deployment. In between the iages a09:00 and 15:19, RT7 was
located in the greenhouse.
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4.2 Arsenic accumulation iR. vittataandP. quadriaurita

After ~61 and~69 days, respectively, of growth on highly-cemtaminated Forst99 soiR.
vittata and P. quadriauritadid not show any signs of ptotoxicity symptoms besides little
necrosis at the tipand edge®f a few mature fronds. Average biomass production was similar
for both fern species, with 3.80.7 g dwt of fronds and 26€0.7 g dwt of roots foP. vittata

(n =5), and 3.1 £ 0.8 g dwt of fronds and 2.0 + 0.5 g dwt of roof.fquadriaurita(n = 4).
Selected elemental concentrations in fronds amdts are summarized in Figure .1While
root As concentrations were similar among the two fern spedfesjtata accumulated 3.3
fold more As in its fronds (6986 + 610 mg'Kgvt) compared toP. quadriaurita(1611 + 187
mg kg dwt) (Figure 11). This was reflected by the higher As translocation fadtgre(, ratio

of As in fronds to As in roots) of 15 fervittatacompared to the As TF of 4 fBr quadriaurita

Phosphorus was approximately equally sequestered in the plant tissues, while both Mn, and
particularly Fe were predominantly accumulated in the fern roots. Arsenic accumulation in
roots of both fen species occurred under the influence abascular mycorrhizal (AM
infections, with 35 £+ 4% (n = 4) and 20 £ 6% (n = 3) of root length colonRediitataand P.
quadriaurita respectively. Figure 18hows selected mroscopic images of stained AM

structures penetrating cortical root cells of both fern species.
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Figurel7: Elemental concentrations (mean + SEM) in plant tissue® ofittata (between 51 and 66 DAP) and
P. quadriaurita(between 65 and 72 DARjrown on Forst9%oil in rhizotrons.
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Figure 18: Arbuscula mycorrhizalinfections in P. vittata (a, b, ¢) andP. quadriaurita(d, e, f) root tissues
magnified at different spatial scales. A” r efers to ar buscul eeferstokesicles.ef er s t ¢

48



5 DISCUSSION

5.1 Spatial pattern of inorganic As speciation and element uptake in

hyperaccumulator ferns

The excessive Avot uptake and efficient translocation within fern tissues confirmed the
expected ability of bothP. vittata and P. qualriaurita to hyperaccumulate Asrom As
contaminatedsoil. Besides similar biomass productiéh, vittata showed clearly higher As

translocation rates that. quadriauritajndicatingdifferent plant physiologicahdaptations

The high pH (#D; 797) andtotal (aqua regiaextractablg As contamination of the Forst99
soil (2080 mg k& was reflected in elevated Ambility throughout all investigated bulk soil
areas. Given that n@GTavailableAd" was detected in the bulk soil environment, the DGT
imagng data provides sound evidencethat As’ oxyanions are the dominant, potentially
bioavailable inorganic As species in aerobic, calcareous soil environrReensous solution
culture studies demonstrated that high exposure to labile’ 8an result in eleated A¢!'
concentrations inP. vittatagrowth media(Huang et al., 2011Chen et al., 203,8Han et al.,
2016). This finding is corralyated by the present DGT imaging data, with 4 out Bf #ittata
DGT images showing spatially expanding zones of localimrdased A% concentrations
along theroot axisof individual roots Accumulation zones of total inorganic As were imaged
previously in the rhizosphere @ea mays.. (Kuppardt et al., 2010 Lupinus albus&. (Fresno

et al., 2017, and Oryza satival. (Williams et al., 2014 yet, the methods used could not
differentiate between laile Ad'and A¥speciesThe fact that a previous rhizobox study could
not detectrelevant A% accumulation in rhizosphere soil Bf vittata(Fitz et al., 2008may be
explained by insufficient spatial resolutiori the measuremenhmethod to detect submm
speciation changeis the immadiate vicinity of growing rootor rapid oxidation of Ato As’

during sample handling

The observed Asflux maxima were spatially confined to the surface and immediate
surroundings of singlB. vittataroots, forming a steep chemical gradient between rhizosphere
and adjacent bulk soil. The measured'®s" flux ratio decreased from up 10.88 at the very
root surface down td.01in bulk soil, strongly indicating rombhediated A% reduction in the

rhizosphere Figure 19. This observatiosupports previous work showing that, following'As
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uptake, A¥ can be efficiently reduced téd" within P. vittata root cells when grown at

increased AsubstrateconcentrationgDanh et al., 2014

Adaptive upregulation of thearsenate reductasedR activity due to high As exposuf€esaro

et al., 2013 may lead tahigh Ad"accumulation rates in the root cellsxceeding the capacity
of P. vittatafor Ad"sequestration in the vacuole and'Msanslocation from the roots to the
fronds within the DGT sampling time of 24Wang et al., 2010 Thus, A%efflux byP. vittata
roots back into the apoplast arel’entuallythe surrounding rhizosphere soil could expl¢éie
observed A8accumulation in the rhizosphere. Similar to recent reports about exocellutar As
in P. vittatafronds (Datta et al., 201}, a proportion of the Ad' pool inP. vittataroots may be
retained in the apoplast to prevent autotoxic effects when exposed to high As
concentrations. The release of secondary Asross the cell membrane may be contrdlley
passive transport via aquaporife.g. PvTIP4;1He et al., 2015 as a result of the steep As
concentration gradient between ogplasm and external medium, amal/ by active transport
via enhanced expression of, so far unidentified!-8gecific efflux transporter8Nang et al.,
2017 (Figure 19.

Interestingly, highest Asconcentrations were found in the zonef root maturation,
decreasing towards the root apical segments. Modelling studies showed that water and,
hence, ion uptake is usually low at the very root apex, but increases towards the zone of
elongation, reaching a maximum in the root hair zgDeussan et al., 2009Water diffusion
across root cell membranes is facilitated by aquaporin channels which are also thought to be
responsible for bidirectional A4 transport in plant root{Bienert et al. 2008 Ali et al., 2009
includingP. vittata (Mathews et al., 2011He et al., 2016(Figure 19. The abundance of
aguaporins has been reported to be greatest in zones of mlohgation and maturation
(Hachez et al., 2006which may explain the higher '"Aaccumulation at mature root parts
compared to root apices. But how and if'Refflux byP. vittataroots occurs via aquaporin

transport is still unclear and merits further studies.

IncreasedDGTFmeasuredAsd' flux indicatingAs'" root efflux wasobserved forP. vittata, but

not for P. quadriaurita.While A$' efflux by roots of noraccumulator plardé has been
suggested as an important As detoxification mechari@hao et al., 2009 the substantially
higher As translocation efficiency foundRnvittata(TF=15) compared td®. quadriaurita TF

=4) indicateghat the root-promoted As transformation in the rhizosphere f vittatamay
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essentiallycontribute to enhanced As translocation efficiency. Since total As concentrations
in roots were similar among the fern species, it may be hypothesizatdR. vittata roots
exhibit a higher AR activity thdh quadriauritaoots, leading to higher Aconcentrations in

root cells and an overall more efficient'Aot efflux, xylem loading and translocation into

fronds.

Zones of secondary Aaccumuation alongside roots d?. vittatawere consistently (4 out of
4 P. vittataDGT images) eocalized with zones of increasedVA®ncentrations. Similar to
Ad', root efflux of A¥by P. vittatais a potential reason for this observation. Little” Afflux
has been reported folP. vittata upon exposure to nosterile hydroponic growth media
containing 1.5 mg Ad-! (Huang et al., 2011 However, later solutin studies under sterile
conditions could not confirm this observatig@hen et al., 201,6dan et al., 201 suggesting
that microbial A% oxidation caused the presence ofAs the medium(Mathews et al., 2010
(see section 2). Inaddition, so far no evidence for an“Afflux mechanismvas reported for
plants, strongly indicating that the increasedVAability is not derived from Asfflux byP.

vittata roots.

An alternative explanation for the increasedVAsncentrationsalongP. vittataroots is A¥
mobilizationfrom sorbent phases adhering to the root surface due to the exudatidow-
molecularweightorganicanions (LMWOAS). Batch experiments have shown that typical
LMWOASs released by plant roots like citrate, malate and oxalate can effectively mobilize As
from the soil matri{Liu et al., 200;1Zhang et al., 2009 ao et al., 2006 Moreover,Less| and

Ma (2013)Yemonstrated that, under &ld conditionsP. vittatacan effectively acquire As and

P from sparinghgoluble phosphate rock via secretion of oxalate and malate. Some solution
culture studies also detected phytate in root exudateovittata(Tu etal., 2004 Liu et al.,
2016 Fu et al., 201y which appears to be more effective than oxalatesdubilizing As and

P from phosphate rockFu et al., 201) Since ASand P oxyanionshow physicechemical
similarity, LMWOAs released hy. vittata roots may induce calissolution of A$and P
through ligand exchange reactions and subsequently increased competition betwéandAs

P for sorption sitesHigure 19. Thisis supported by the observed docalization of spatially
expanding increasl A and P concentrations in one of tlie vittataDGT imaging datasets.
However, the fact that zones of increased Ascurred not necessarily together with zones of

increased P weakens thisterpretation. In particular, patterns of Assolubilisationaround
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the root apical segments were found in 3 out oP4vittataDGT images, but only in ofe
vittata DGT image Asolubilisation at root apices was coincidental with that of P. Therefore,
we hypothesize that A&s solubilized without direct link tB mobilizatioror that in highly As
contaminated soil the higher molar ratio of As/P may strongly influence DGT mapped fluxes
Additionally labile Pcanbe readily taken up by roots and/or rhizosphere microorganisms,

leading to the observed legsonounced increase compared to‘As

In addition to root exudates, A®sistant bacteria may cause‘AmobilizationalongP. vittata
roots (Ghosh et al., 203 Han et al., 2017b Under conditions of limited Fe availability, which
may occur in aerobic soils witdbove neutralpH such as the Forst99 soil used in thisdstu
rhizobacteria ofP. vittatahave been shown to enhance their Fe nutrition by producing Fe(lll)
chelating organic ligands such as sideroph¢@eorge et al., 2012.iu et al., 201p Given the
efficiency of bacterial siderophores in Fe solubilisation from Fe(lll) (oxyhydr)oxide surfaces
(Kraemer, 200)% siderophorepromoted Fe solubilisation can result in-dissolution of A%

and Fe(lll) (oxyhydr)oxides and subsequently increasédokgentrations irthe rhizosphere

(Liu et al., 201)(Figure 19. However in 4 out of 4P. vittataDGT imageso relevantchanges

in the labile Feflux were observedeven at root locationshowing highly elevateds’ lability.

This observation indicates that either labile Fe concentrations were sufficient for microbial
nutrition, or that potentially solubilized Fe(lll) was rapidlyoradizedundertheseconditions

(see section 2).

In contrast to the cdocalized zones of Asand A¥ accumulation in the rhizosphere &.
vittata, zones of Asdepletion were observed in all DGT imagesoth hyperaccumulator
species. In 2 out of B. vittataDGT image$,. vittataroots were able to deplete approxirtely
55% of the labile &' fraction within the first 3 mm of rhizosphere soil adjacent to #enes
of Ad'and A¥ co-accumulation along the root axihisAs’ depletionin the rhizosphere is in
good agreementvith Fitz et al. (2003where the lateral expansion of the lower&d>Habile
As’ concentrationscorrelated wellwith the average length of. vittataroot hairs. Similar As
depletion, although less pronounced, was observed alongside rod& qtiadriaurita The
decreased Asconcentrations in the rhizosphere porewater may be ascribed to the low
solubility of A¥compounds in aerobic soil environmerfWenzel et al., 2002 highly efficient
uptake of labile A§in hyperaccumulator rootPoynton et al., 2004 and limited A%

replenishment by desorption and/or dissolution from the solid phase of -agdd
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contaminated soilgFitz et al., 2008 As previously suggested Bytz and Wenzel (2006)
diffusion appears to be ratbmiting in As uptake byhyperaccumulator fernsfurther
contributingto the observed patterns of strong Xdepletion in the rhizospher@ungk, 2002
Hinsinger et al., 2005 The finding of axial depletion gradients, with clearly lowef fAxes
around mature root segments compared to agicoot segments, indicates that quantifiable
A<’ depletion may establish only when roots had enough time to absorb relevant amounts of
Ag’ solutes. The fact thaP. vittata depleted the rhizosphere soil solution down to lower
minimum A¥ concentrationscompared toP. quadriaurita further suggests a higher s
uptake efficiency of. vittata Therefore,it may be supposethat P/As transporters inP.
vittata root tissuesare more abundant and/ohave a higher affinity for Ascomparedto P.

quadriaurita leading to a higher A& ratio inP. vittataroot cells.

Colocalized zones of Asind P depletion along single roots of both hyperaccumulator ferns
were found in all but 1 out of 7 DGT images. Depletion zones oé |IRbiere mapped in
previous DGALAICRMS studies in the rhizosphere Bfassica naputs. (Santner et al., 2012

Zea mayd.. (Kreuzeder et al., 20)3Triticum aestivuni., Fagopyrum esculenturiloench,
andLupinus albuk.(Kreuzedeet al., unpublishejll Similar to the depletion of labile Adigh

P uptake rates of the fern roots and limited resupply from the solid phase may cause the
development ofthe observedP depletion zoneqgKreuzeder et al., unpublishgdThe
congruent spatial expansion of dand P depletion indicates that Aand P oxyanions were

at least partly acquired fromsimilarsources (e.gAs- and RbearingFe(lll) (oxyhydr)oxides)
and through similar acquisition mechanisms (e.g. release. M¥WOA¥ The mapped P
depletion of both hyperaccumulator ferns was further influenced by the actioAMfungi,
which are known to confer protective effectsn the host plant by improving P nutrition
without increasing As uptakg.iu et al., 2005Smith et al. 2010. The extraradical hyphae
observed in roots of. vittataand P. quadriauriteenables the ferns to acquire labile P from a
greater soil volumgSmith and Read, 2008&nd may thereby directly contribute to the spatial
expansion of decreased P lability in the DGT imagest exudates solubilizg P can also
diffuse over some distance from roots into the soil, which can lead to a complex P
concentration profile with maximum P concentrations beyond the zone of P depletion
(Hinsinger, 200l Such peaks of increased P were also observed in this study, where they
occurred as punctiform hotspots in isolated migriches similar to the P hotspots in the DGT

images providd by Santner et al. (2012)Distinct patterns of localized, highly increased P
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concentrations at the root apices were observed in 1 out oP.4vittata and in allP.
quadriauritaDGT images. They are in line with thieservationsof Santner et al. (20123nd
Kreuzeder et al. (unpublishedwho found similar patterns of P solubilization in the
rhizosphereof different crop plantsandconcluded that both, P mobilization and/or P retea

byroots may explain the localized increased P lability frequently observed around root apices.

As previouslgemonstratedoy Kreuzeder et al. (unpublisheddcalized P accumulation at the
root apical segments was coincidental with that of Mn. Considering the enhanced release of
LMWOASs at root apicgdleumann and Romheld, 20pand their similar effect on Mn and P
solubilisation(Strom, 1997Lamberset al., 2019, it is possible that P and Mn mobilization

the rhizosphere ofhyperaccumulator ferns are coupledloreover, gven that zones of
spatially expanding increased Mn concentrations wemgapped more often and
independently from P solubilisatiprwe assumethat the cause of the elevated element
concerirations had a stronger effect on Mmwing to the higher chemicalreactivity and
lability of Mn in soils compared to(Bee section 5.2However P and Mmimobilizationmight

also proceed only partly through the same mechanismSome variations in P and Mn
background bulk soil fluxes between individual DGT imaf#ss studymayfurther belinked

to variations in elemental diffusivity in the corresponding soil areas as a result of variations in

the soil water conten{Hooda et al., 1999

Although Mn and Fe cmentrations in plant tissues werelearly above deficiencyevels
(Broadley et al., 20)2no Mn or Fe depletiomassociated to the root locatiowasobserved in

any of theDGT images that might indicate root uptadeceeding resupplgf these essential
micronutrients. Since Fe(lll) (oxyhydr)oxides are the main binding sites fortiAes forst99

soil (Lombi et al., 2000 we further expected that depletion of labile Asalong
hyperaccumulator roots occurs concurrently to solubilisation of Fe(lll) sorbent phases.
However, independent of the fern species, the B@dasured labile Fe flux remained
consistently (7 out of 7 DGT images) unchanged in the presence of rootss iFh&eeming
contrast to the findings oFitz et al. (2003)who reported that soluble Fe in rhizosphere soil
solution ofP. vittatacollected with soil porewater samplers increased-fal8l compared to

the bulk soil solution. The authors concluded that increased DOC concentrations in the
rhizosphere triggered th dissolution of Fe from Fe(lll) (oxyhydr)oxide surfaces by the

formation of soluble FOOC complexes. TheseBOC complexes can also contribute to the
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DGTFmeasured Fe flugPuy et al., 2016 but we suppose thathe extent of manifestation in

the DGT chemical imagesnegligibledue to their potentially low diffusion coefficients and
low dissociation rate constants and the uHitan diffusive layer used in this stud$cally et

al., 2003 Warnken et al., 2007 The high Feoncentrations measured in root tissuetboth

ferns might indicate internal accumulation of Fe(lll) through adsorption to carboxylic groups
in the apoplastWhite, 2013. However as the roots were only cleared with tap water, the
possibility that the high Fe concentrations are derived from residual Fe particles adhering to

the roots cannot be ruled out.

5.2 Spatial pattern okoilredox reactions in the rhizosphere

The observation otrong O depletion concurrently to spatially expanding increased Mn
lability alongside roots of botl. vittataand P. quadriauritapoint at the establishment of
spatiotemporal redox gradienti the rhizosphere. The soil redox potentiah)(E primarily
controlled by microorganisms, which derive energy from coupling the oxidatiargainic
matter or reduced inorganicompoundsto the reduction of terminal electron acceptors
(TEASs). Molecularxygen (Q) serves as the primary TEA as long as there is sufficient supply.
Under conditions of limited &supply, which were apparent in all Rihages of this study,
microorganisms switch from aerobic to facultative or obligate anaerobic respiratioused
alternative TEAs following the reduction potentials of the respective redox couplé$:@>
NG:/NOz > Mn(lII)/Mn(11) > Mn(IV)/Mn(ll) > Fe(llI)/Fe(Il) »38S (McBride, 1994 Hence,
the reduced Qlevels and increased concentrations of labile Mn likely inditdaeg function

as microbial TEAsesulting inlowered E valuesin the rhizosphere compared to bulk soil
(Figurel9). Lowered Econditions can directly contribute to the observed’Aeduction in the
rhizosphere ofP. vittata However, as elevated Asoncentrations were highly confined to
the surface and immediate surroundingssirigleP. vittataroots, the measured &depletion
appears to be insufficient to cause reduciBgconditions which could result in direés’

reduction.

Manganese (lIl, 1V) (oxyhydr)oxides are highly reaftike mineral phases which readily
participate as strong oxidizing agents in numerous biogeochemical redox and sorption
reactions affecting the mobility and distribution of many metal(loid) contaminants in soil
(Tebo et al., 2003orch et al., 2010 The formaton of Mn(lll, IV) (oxyhydr)oxides proceeds

mostly through the activity of Mn(H)xidizing microorganisms (bacteria and fyrfgigure 19)
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which have been reported to thrive in aerokaoaerobic transition zone@ebo et al., 2004
Thompson et al., 20Q5Solubilisation of Mn is influenced fyio)}chemical Mn reduction, with
Mn(lll, 1V) (oxyhydr)oxides prevailing in aerobic soil remvnents and at high pH, and labile

Mn (i.e, Mn(Il)) dominating in anaerobic conditions and at low @dlriano, 200). Since
acidification of the rhizosphere is unlikely to play an important role in As hyperaccumulation
(Wenzel et al., 2004 particularly in soils with high carbonate buffer capaiyz et al., 2008

the results of the DGLAICRMS investigation indicate that reductive dissolution of Mn(lll,
IV) (oxyhydr)oxides was responsible for the observed increase in Mn lability alongside fern

roots (Figure 19.

The reduction of Mn(lll, IV) occurs prior to that of Fe(lll) as ittiated at relatively highg,
values £~400 mV at pH 7JBorch et al., 2010 Contrary, chemical oxidation of Mn(ll) is
thermodynamically less favorable and, hence, slower than that of Fe(ll). Thus,siecabof
relative changes isoluble Feoncentrationsn all DGT images Bf vittataandP. quadriaurita
may be explained by bothjkalues in rhizosphere soil limiting Fe(lll) reduction, eaquid
abiotic and bioticre-oxidation of potentially solubilizedFe(ll) to Fe(lll)The temporarily
dissolving Fe(lll) (oxyhydr)oxides miiyerate sorbed ASand thereby contribute to the
enhanced ASlability in the rhizosphere d?.vittata (Figure 19)Oncereleased into solution
As’ can bequickly readsorbed onto surfaces of Fe(lll) (oxyhydr)oxi(éisg et al., 2012
which may be indicatedy the diminishing Asaccumulation whenP. vittata roots were
covered by a thin soil laye€onsidering the high lability of Mn(Il) in reduced soil systems
(Mundus et al., 201R the narrow accumulatio of labile Mn in the immediate vicinity of

hyperaccumulator roots suggests relativetyag redox gradients at thgoilroot interface.

Several Mn(lll, 1V) (oxyhydr)oxides, such as e.g. birneddila(,), are effectiveAs! oxidants

in soil systemgOscarson et al., 198Manning et al., 2002Suda and Makino, 20).6/hereas

the oxidation of A8 by Qor Fe(lll) is very slo@iim and Nagu, 20000Oscarson et al., 1981

the oxidation of A4by 8-MnQzis rapid, proceeding within minut€Scott and Morgan, 1995
Simplified, the chemical oxidati reaction of A4 to As’ on d3-MnQ; surfaces follows two
sequential steps, including (1) Mn(IV) reduction to Mn(lll) and formation of an Mn(l11)OOH
intermediate reaction product, and (2) As(lll) oxidation by Mn(ll)OOH producing Mn(ll) and
A<’ (Neshitt et al., 1998 The Mn(ll) and Ageaction productsare released intcsolution,

where they may readily bind to available sorption si@sng et al., 2012 including the
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introduced DGT gel surface. The fact that zones of increased labile Mn in the rhizosphere of
P. vittataoccurred consistently (4 out ofP. vittataDGT images) together with zones of labile
Ad" and A¥ co-accumulation indicates that this chemical "Aexidation also occurred
alongside roots of.vittata (Figure 19. Thusconsistent with recentindings derived fronsoil
incubation experimentgEhlert et al., 2016Xu et al., 201); Mn(lll, 1V)(oxyhydr)oxides may
effectively retard reductive As mobilizationand leaching from the rhizosphere into the
surrounding bulk soil environmentvia direct oxidation of A" andior promoting Fe(ll)
oxidation to Fe(lllJeading to A%/As" adsorption on freshly formed Fe(lll) (oxyhydr)oxide
surfacegFigure 19)Howeversimilar patterns of increased Mn lability in the rhizosphere of
P. quadriauritasuggest that A%oxidation on Mn(lll, IV) (oxyhydr)oxide surfaces is less
important for the observed Mn solubilisation than reductive dissolution of Mn(lll, V)

(oxyhydr)oxids.

Although our P@maging data is not providing any information about the origin of the change
in & levels(Blossfeld, 2018 it is reasonable to assume that root andicrobialrespiration

are the main causes for the observed. @epletion in the rhizophere of the As
hyperaccumulating fernslt is wellknown that carbonrich compounds exudeérom living
roots (rhizodeposition) stimulatea higher population density and metabolic activity of
microorganisms in the rhizosphere compared to the bulk (Soihes et al., 2004V att et al.,
2006 (Figure 19)Generally, microbial densiig considered to be highest in the zone of root
elongation and root hair formation, decreasibgdirectionallytowards the root apices and
the zone of root maturatioffWenzel et al., 2004 Thus, the enhanced.@epletion extending
behind the root apical segments in the PO image® .ofjuadriauritamay be linked to the
spatial distribution of microbialO, consumption alongside individual rootsHowever,
rhizodeposition and subsequent proliferation of the micrdlm@emmunity is not only affected

by the root development statug&lsochanges in th@hotosynthetic activity of plant&fluence
their interactions with the rhizosphere microbiom@eumann and Romheld, 2007The
temporal fluctuations in @levels observed in the rhizosphereRfquadriauritandicatethat

the pattern ofO, consumptionfollowed a diunal rhythm(Lambers et al., 2002The observed
peak Q depletion reached in the absence of photosynthesis may be caused by elevated
carbohydrate supplguring the end of the photoperiodnd subsequerty elevated bacterial
and fungakctivity andrespiration More detailed information on the microbial community is

essentially needed for the interpretation of these observations.
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The colonization of root tissues by microorganisms may furtheéendto the apoplasm of the
cortex (Marschner, 201p as shown in this study by the AM funggnetrating root cortical
cells of both hyperaccumulator ferns. Using synchrotron radiation spectros€amyzalez
Chavezt al. (2014demonstrated that rapid Asreduction and subsequent extrusion of'As
occurs inextraradical hyphae oRhizophagus intraradicesdicating thatAM symbionts not
only contribute to limit As transfer to host roots, but also As transformation in the

rhizosphere

In addition to AM fungimanyother endophytescandirectly oxidize A$and reduce ASin the
apoplast(Xu et al., 201f influencing the subsequent As transpant planta (Figure19).
Several microbes are known to copéth high A¥-loadings in the medium byracellular
reduction of A¥via AR and subsequent’Aaxtrusion via A%specific efflux pumpg&remland
and Stolz, 2003 Strict or facultative anaerobic bacteria expressing th& wespiratory
reductase (ArrA) caalsouse A% as TEA in dissimilatory Agspiration(Cavalca eal., 2013.
Since both, high Adoadings and limited ©supply were apparent alon. vittataroots, the
observed increased Asoncentrations might not only derive from Aot efflux, but also
from microbialAs’ reduction (Figure 19J0n the otter hand, apid nicrobial A8 oxidationvia
Ad' oxidase 4io) also appears to play an essential role in the rhizospherePoivittata.
Mathews et al. (20103howedthat, under aerated hydroponic conditions, a major portion of
Ad'in the sterile growth media oP. vittatacanbe oxidized to Aswithin 24 h, whereas no
Ad' oxidation in the growth media wasund without P. vittata More recently Wang et al.
(2012) observed complete Asoxidation within 48 h in hydroponic solution containify
vittata rhizobacteria, which diminished after the addition of antibiotics. These observations
indicate that rootassociatedAd'-oxidizingmicroorganisms, and especially bacteria, play a
critical role in controlling As dynamic®. vittata rhizospheres and tis, may also have
contributedto the localized increased AsoncentrationsalongP. vittataroots in this study
(Figure 19).Besides microorganisms can als@roduce reactive organic orinorganic
compounds that participate in redox reactions with'&s As’ andtherebyindirectly trigger
inorganic As transformation In particular, (semt)quinones and hydroquinones produced
during microbial reduction of humic substances may have cortgibto Ad' oxidation and

A<’ reduction, respectivelyBorch et al., 2010(Figure 19).
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6 CONCLUSION

In this study we successfully appl@duatayer DGFLAICRMS methodologyn combination
with POQO;, sensing, allowindgor multi-analyte mappingof labile inorganicAs species other
elemental solutesand Q in the rhizospher®f fernsat high spatial (suinm) resolution The
resulting chemical imagesmultaneously visualized tremallscalespatial heterogeneityof
DGTHabile A4, As’, P, Mn and Fepeciesand O; levelsbetween the rhizosphere and the bulk

soil as well as alongside individual rofis the first time.

Consistent with their As hyperaccumulation abiliti€s,vittataand P. quadriauita showed
strong A¥ depletion way beyond the root positiomlemonstratingefficient AY mobilization

in the rhizosphere. Spatial pattern of Adepletion were related to the root development
status, with enhanced Aslepletion surrounding older root segments compared to younger
root parts. Decreased Asoncentrations coincided with zones of decreased P, corroborating

their analogous uptake pathays in hyperaccumulating ferns.

The DGTbased inorganic As speciatigmovided — to the best ofour knowledge- the first
evidenceof elevated A% concentrations in the rhizosphere of sgilownP. vittataspecimen.
Thelocalized,ncreasedAs' lability alongsideP. vittataroots pointed atAs" efflux from root
cells intothe apoplast and the surrounding rhizosphes@l. Contraryto our expectationsno
indication for AY efflux was foundn the rhizosphere oP. quadriauritaEfflux of excess As
concentrations might be an adaptive mechanisnPofittatato (1) limt the Ad'burden within
root cells to physiologically tolerable levels, and to (2) overcome capacity limitations'for As
translocation from the roots to the fronds if grown at high soil As concentratidosvever,
the release ofAd! back into the environment by. vittata following A¥ uptake must be
considered wherP. vittatais used forthe phytoremediation of highly Asontaminated soil.
Increased ASconcentrations, cdocalized withincreasedAd'", resulted from eitherAs’

mobilizationfrom soil solidphases and/ore-oxidationof effluxedAd" in the rhizosphere.

The P@measured @depletion in the rhizosphere relative to bulk soil indicated the formation
of spatictemporal redox gradients. Tiresolved @ imaging alongside roots of P.
quadriaurita further showed diurnal fluctuations in Qevels, likely caused by changing
patternsof root and microbiakespiration Due to the low @availability,Mn (oxyhydr)oxides

served as TEAs for microorganisraed underwent reductive dssolution. Potentially
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solubilizedFe (oxyhyr)oxidesere rapidly re-oxidized which probably inducedhe formation
of freshAd'/As" sorption sitesMoreover,rapid abiotic/biotic A" oxidationmediated by Mn
(oxyhydr)oxides(abiotic) and/or Asresistantfungal and microbial rhizosphere organisms
(biotic) contributedto dynamic As cycling in the rhizosphere and root apopla#t. ofittata

and, thus,effectivelyconfinedAsmobilization to the immediate root surroundings

In conclusion, or 2Dhigh resolutiorchemical imaging datiaighlight the importance asmalt
scaleredox reaction®n Astransformation and speciatiodynamicdn the rhizosphere oAs
hyperaccumulating fers grown in aerobic soillThe presentedduatlayer DGFLAICRMS
methodologyin combination with POss a promising toolo provide advancedperspectives
on mechanisms controlling the biogeochemistry ofiAghe soitplant interface which are

essentiako effectivelymitigate therisksposed byAscontaminated enviroments.
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APPENDIX

BULK SOIL D&LUX MEASUREMENT

The selected areas faralculatingbulk soil (i.e., soil areas that were unaffected by root
activities)DGFfluxesin the corresponding ROIs Bf vittata(i.e., RT1, RT2, RT3, and RT4) and
P. quadriauritgi.e., RT5, RT6, and RThigotron replicatesare shown in Figure Al.
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FigureALl Photographic IMGs of the ROIis the rhizotron replicates RT¢RT7showing the selected areas for

bulk soil DGTflux measurementsin IMGs of RT1, RT2, RT3, and RTS]dlted frame refers to the location of

the Ad'-selective MSG, whereas the dashed frame refers to the location of the MBG. In IMGs of RT4, RT6, and
RT7, offset between MSG and MBG DGTs was negligible. Solid frames in the IMGs indicate the area®iselected f
calculating the mean A{MSG), A% P, and Mn (MBG) D@llixes and standard deviations in bulk sail RT5,

RT6, and RTAS" (MSG)DGFlux wasmeasured over the whole RQNote that different light settings during

taking the photoof RT2Zcausedhe soil to appear in a slightly darker color compared to other IMGs.
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