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Resumen

Inoculacién de bacterias erHelianthus tuberosus para mejorar la fitorremediacion de

suelos contaminados con metales

La mineria y las industrias metallrgicas, asi coghaiso de fungicidas y fertilizantes

inorganicos han incrementado los niveles de metalastaloides en los suelos. Los metales
constituyen un problema global debido a su elevagacidad para acumularse en la cadena
trofica, su toxicidad y su persistencia en el matitbiente, que supone un riesgo para las
aguas superficiales y subterraneas. Las tecnolegiagencionales de remediacion de suelos
son elevadamente caras, invasivas y pueden ggireldemas ambientales afiadidos, como la
degradacion del propio suelo. Por otro lado, lestdenologias son técnicas sostenibles de
remediacion de suelos que utilizan plantas, migamismos y enmiendas para reducir la
concentracion y biodisponibilidad de los contamieany ademas contribuyen a dar un uso

sostenible a zonas en desuso.

Una de las mayores limitaciones de las fitotecriakgen suelos contaminados con metales,
es el largo tiempo necesario para descontamireuretd y alcanzar los niveles permitidos. El
uso de cultivos energéticos, capaces de acumuléalene puede compensar el tiempo
requerido en esta tecnologia con la producciénataedsa con valor econémico.

Brachypodium distachyoflL.) Beauv. es la primera planta de la familia ¢&aee que ha sido
secuenciada. Esta planta ha sido propuesta retiente como modelo para el desarrollo de
nuevas energias sostenibles. Aumentar el conodionsabre la tolerancia y la acumulacion
de metal de esta nueva planta modelo puede aywatdeader los mecanismos de toxicidad a
nivel molecular, asi como de genes y proteinasidaihs en la respuesta de las plantas a
altas concentraciones de metales. El primer oljater este trabajo fue estudiar la habilidad
de las semillas dB. distachyorde germinar y crecer en condicionewitro con Cd, As (V),

Zn o Cr (VI) en comparacion con dos cultivos entécgé conocidos por su tolerancia a
metalesBrassica napus. y Helianthus annuus. Altas concentraciones de Cd, Zn y As (V)
no afectaron a la germinacion de las semillas sl@$pecies estudiadas. EI maximo nivel de
toxicidad se encontrg en plantas tratadas con @r & biomasa solamente se redujo a altas
dosis de los metales estudiados. Teniendo en cimntasultados obtenidoB, distachyon
mostré una alta capacidad de germinar y creceresepcia de altas dosis de Cd, As (V) y
especialmente de Zn, lo que sugiere que esta ppargde ser un modelo apropiado para



estudiar cultivos energéticos tolerantes a metajedps mecanismos implicados en la

respuesta al estrés por Zn a nivel molecular.

Por otro ladoHelianthus tuberosuk. es un cultivo de alta biomasa, recientemen@yeesto
como candidato para ser utilizado en fitotecnologla suelos contaminados con metales.
Esta especie presenta caracteristicas agronomieapueden ser Utiles en fitotecnologias,
como su alta capacidad de colonizacion y adaptaxidifierentes tipos de suelo, incluyendo
suelos pobres en nutrientes y salinos, asi comessstencia a plagas y enfermedades. Este
cultivo se propaga por tubérculos, de forma diferenlos otros cultivos estudiados, lo que
complico su crecimiento en condicionesvitro con agar. Después de sucesivas pruebas en
condiciones controladas, la hidroponia con sulustfae elegida como el método mas
apropiado para evaluar su habilidad para crecercymalar metales. Este sistema de
crecimiento permitio dar soporte al tubérculo yaavéz permitié el desarrollo del sistema

radicular en condiciones controladas.

El crecimiento, la acumulacion de metal, asi coasoiiteracciones entre metales y nutrientes
en dos variedades d¢. tuberosus(VR y D19), conocidas por su elevada produccion de
biomasa, se evaluaron en este trabajo. Para edlorealizaron tres experimentos en
condiciones de hidroponia en el invernadero cos treezclas diferentes de metales y
metaloides. La variedad D19 acumuld concentraciomes altas de metal que VR, y ademas
mostré una movilizacion efectiva de Pb a la pa¢ire@ Aunque ambas variedades mostraron
una gran capacidad para crecer en presencia dilegilinetales y metaloides, D19 mostro
mejores caracteristicas que VR para ser utilizaddaecnologias.

Las mayores limitaciones para aplicar la fitoextiég en suelos contaminados con metales
son la disponibilidad del metal en el suelo y sucidad para la planta. La interaccion entre
plantas y bacterias capaces de promover el cratinge plantas puede ayudar a aumentar la
produccion de biomasa y mejorar la tolerancia dpldata a los metales disminuyendo la
fitotoxicidad. El segundo objetivo se centré enlaasisy caracterizar las comunidades
bacterianas asociadasBaassica napusn un suelo contaminado con Zn, para seleccionar
bacterias capaces de promover el crecimiento gléagincia a metales de cultivos energéticos
de alta biomasa. Un total de 426 cepas bacteriam@a$olégicamente diferentes fueron
aisladas de suelo, rizosfera, raiz y tallo Blenapus Aunque la mayoria de las cepas
bacterianas mostraron caracteristicas que puedemoper el crecimiento de plantas, una
cepa de sueldAfthrobactersp. 222), una cepa de rizosfe®aphylococcusp. 25) asociada a



B. napusy cuatro enddfitos de raiP¢eudomonasp. 228 Serratiasp. 246,Pseudomonas
sp. 256 Pseudomonasp. 262) mostraron una elevada actividad ACC deasainproduccion
de sideroforos y acidos organicos, capacidad paubizar fosfato y fijar nitrdgeno durante
los test fenotipicos; y por ello, fueron seleccias para ser inoculadas en planta. La
inoculacion de semillas d& napusconArthrobactersp. 222Pseudomonasp. 228 Serratia

sp. 246,Pseudomonasp. 256 yPseudomonasp. 262 aumentd el crecimiento de la raiz en
presencia de Zn (1000 uM) o Cd (300 uM) en plaeaasgar verticales.

Las cinco cepas bacterianas que aumentaron ehtesto de la raiz en plantulas Benapus
fueron inoculadas eil. tuberosusen condiciones de hidroponia con Cd (0.1mM) y Zn
(ImM) con el objetivo de evaluar el efecto de lasctérias sobre el crecimiento, la
acumulacion de metal y el estrés oxidativo en esghi&vo. La inoculacién dé’seudomonas
sp. 228 Serratiasp. 246 yPseudomonasp. 262 aumento el crecimiento de la variedad D19
deH. tuberosusen presencia de Cd o Zn, y la inoculaciorPdeudomonasp. 228 Serratia

sp. 246 yPseudomonasp. 256 disminuy6 el contenido de compuestos iveactel acido
tiobarbiturico(TBA) en la raiz de plantas crecidas con Zn. Taatmejora del crecimiento,
como la disminucién del estrés inducido por metaleservados en plantas inoculadas con

bacteria, fueron mas pronunciadas en la varied&ldb#& en VR.

En un estudio posterior, las cinco cepas bactesifueron inoculadas en la variedad D19 de
H. tuberosusen un suelo contaminado con Cd-Zn para evaluefideencia de estas bacterias
en el crecimiento y la acumulacion de metal dddatp cuando existe competencia con otros
microorganismos del suelo, y los metales y nuteerse encuentran menos disponibles. En
este ultimo estudio, las cepas bacterianas selarocude manera individual y en consorcio.
La inoculacion individual no afecto al crecimiet®H. tuberosusen condiciones de suelo, si
bien la accion conjunta de las bacterias afadidasocconsorcio aumentd la biomasa, la
acumulacion de Pb y Zn y la actividad de la enzin@dica e isocitrato deshidrogenasa en
raiz, y glutation reductasa en hojas. Estos efecidisaron que se establecié una relacion
entre las bacterias inoculadaslytuberosusEsta relacion fue apoyada por la observacion en
microscopia laser confocal de la bacteria marcamaet pldsmido de fluorescencia verde
adherida a los pelos radiculares, y por el aumdattos pelos radiculares en plantasHie

tuberosusnoculadas con el consorcio.

Los endodfitos de raiz dB. napusafectaron a la estructura de la raiz Hletuberosus

indicando que las bacterias inoculadas pueden p@mel crecimiento en una especie



diferente de la hospedadora inicil. tuberosusacumulé méas de 1000 mgkge Zn en la

parte aérea, en un suelo contaminado con Cd y Eniefido en cuenta los resultados
obtenidos, la variedad D19 é#k tuberosusen combinacion con el consorcio inoculado puede
considerarse una estrategia apropiada para udizan el manejo sostenible de suelos

contaminados con metales.



Summary

Bacterial inoculation in Helianthus tuberosus for improving phytoremediation of metal-

polluted soils

Mining processes and metallurgical industries ak agethe use of fungicides and inorganic
fertilizers have increased the levels of metalj®ith soils. Metals represent a worldwide
problem because of their elevated bioaccumulatepacity via food chains, toxicity and

persistence in the environment. In addition, th@isence in the soil generates a risk of
contamination of surface and ground waters. Comnweal soil remediation technologies are
highly expensive, invasive and may lead to addaienvironmental problems such as soil
degradation. On the other hand, phytotechnologiesastainable soil remediation techniques
that use green plants, microorganisms and amendntenteduce the concentration and

bioavailability of contaminants, and also, conttéto a sustainable use of marginal areas.

One of the most critical limitations of using phiochnologies on metal-contaminated soils is
the long time required to clean-up the soil ancchethe permitted levelsThe use of high
biomass crops able to extract metals from soild@oimpensate the long time required in this

technology with the production of valuable biomass

Brachypodium distachyo(L.) Beauv.is the first pooid grass to be sequenced and has be
recently proposed as a model grass for developewg sustainable energy. Increasing the
knowledge about metal tolerance and uptake inning model grass could help to understand
the mechanisms of toxicity at molecular level, agghes and proteins involved in the
response of plants to high concentrations of mefdie first objective of this work was to
study the ability oB. distachyorseeds to germinate and growitro with Cd, As(V), Zn, or
Cr(VI) in comparison with the two well-known metallerant energy cropgrassica napus

L. andHelianthus annuuk. High concentrations of Cd, Zn and As (V) did ndeef the seed
germination of the studied specid$ie maximum toxicity level was found in plantsatiex
with Cr (VI). Biomass reduction was only observach@h doses. Taking into account the
results,B. distachyorshowed high capacity to germinate and grow ingares of high doses
of Cd, As (V) and specially, of Zn. This suggestattthis grass could be a suitable model
plant to study energy crops tolerant to this medsalgd the mechanisms implicated in the

response to Zn stress at molecular level.



On the other handielianthus tuberosuk. is a high biomass crop recently proposed as a
candidate for use in phytotechnologies on metalupedl soils. This plant species presents
agronomic characteristics that could be usefulhgt@giechnologies such as a high ability of
colonization and adaptability to grow in a widegarof soils, including saline and poor soils,
and its high resistence to pests and diseases.cidysis propagated by tubers, differently
from the other studied crops, which made it diffidco grow undeiin vitro conditions with
agar. After successive tests in controlled cond#jadhe hydroponic conditions with substrate
were selected as the most appropriate method laateats ability to grow and accumulate
metals. This growth system allowed to hold the tugel at the same time to develop the root
system in controlled conditions.

Plant growth, metal(loid) uptake and the metal(laidtrient interactions of two cultivars of
H. tuberosugVR and D19), recognized for their high biomassdoiction were evaluated in
this work. For this purpose, three hydroponic ekpents with different mixtures of

metal(loid)s were performed under greenhouse comgdit D19 accumulated higher
concentrations of metals than VR, and showed at&fe mobilization of Pb to the above-
ground biomassAlthough both cultivars showed high capacity towran presence of

multiple metal(loid)s, D19 showed better charasters than VR to become a potential

candidate for use in phytoextraction.

The main limiting factors to implement phytoextrantin metal-contaminated soils are metal
availability and phytotoxicity. The interaction leten plant growth-promoting bacteria
(PGPB) and plants can enhance biomass productimatal tolerance of the host plant by
decreasing phytotoxicity. The second aim was tdaisoand characterize the cultivable
bacterial community associated willtassica napugrowing on a Zn contaminated soil, in
order to select cultivable PGPB that might enhdniomass production and metal tolerance of
energy crops. A total of 426 morphologically ditfat bacterial strains were isolated from
soil, rhizosphere, roots and stemsBofhapus Although most of the bacterial strains showed
plant-growth promoting characteristics, one stfaom bulk soil @Arthrobactersp. 222), one
rhizosphere strairStaphylococcusp. 25) associated witlB. napus and four root endophytes
(Pseudomonasp. 228, Serratia sp. 246, Pseudomonasp. 256,Pseudomonasp. 262)
showed the highest production of ACC deaminasevigtisiderophores, acetoin, organic
acids and capacity to solubilize phosphate anaitrogen during the phenotypic test; due to
it they were selected to perform the inoculatiopezkments in the plant. The re-inoculation
of B. napusseeds withArthrobacter sp. 222, Pseudomonasp. 228, Serratia sp. 246,



Pseudomonasp. 256,Pseudomonasp. 262 improved root growth in the presence 0f0100
UM Zn or 300 uM Cd in vertical agar plates.

The five PGP bacterial strains that improved thet growth of B. napusseedlings were
inoculated inH. tuberosusunder hydroponic conditions with 0.1mM Cd and 1n@M, in
order to evaluate their effects on growth, metahk@ and oxidative stresd this crop The
inoculation of Pseudomonasp. 228,Serratiasp. 246 and®’seudomonasp. 262 enhanced
growth of D19 cultivar-clone in presence of Cd or, 2nd the addition dPseudomonasp.
228, Serratiasp. 246 andPseudomonasp. 256 decreased the contents of thiobarbitwict a
(TBA) reactive compounds in roots of plants exposedn. The improvement of the growth
and the decrease of the metal-induced stress this @bserved after bacterial inoculation,
were more pronounced in D19 cultivar-clone thawih

In a further study, the five bacterial strains wémeculated in the cultivar D19 ofl.
tuberosusin a Cd-Zn contaminated to assess their efficiglacymprove plant biomass and
metal uptake when they have to compete with otheramrganisms and metal and nutrients
are less available. In this case, the bacteriairgtrwere added individually and as a
consortium. The individual inoculation of the straidid not affecH. tuberosugrowth in soil
conditions, but the joint action of the consortiurareased the biomass, the Pb and Zn uptake
in the roots oH. tuberosusand the activities of malic enzyme and isocitidd¢bydrogenase

in roots, and of glutathione reductase in leavdses€é effects indicate that the bacteria
established an interaction wikh tuberosusThis interaction was also supported by the egfp-
labeled bacteria attached to the root hair surfazserved under Confocal Laser Scanning
Microscope, and by the stimulation of the root fderelopment oH. tuberosusnoculated

with the consortium.

Root endophytic bacteria &. napusaffected the root structure éf. tuberosusjndicating
that the inoculated bacteria can improve plant gnaw a species different from their host of
origin. H. tuberosusaccumulated more than 1000 mg'kaf Zn in aerial parts from a Cd-Zn
contaminated soil. Taking into account the resoitts&ined in this workH. tuberosud19in
combination with the inoculated consortiucould be a suitable strategy to be used in

sustainable management of metal contaminated soils.
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Chapter 1

Introduction

1.1. Concern and current status of the metal contamated soils

Soil is an essential, finite and non-renewable naht@source. With a global population
estimated to exceed 9 billion by 2050, compoundgeddmpetition for land and water
resources and the impact of climate change, ouecuand future food security hinges
on our ability to increase yields and food qualitging the soils that are under
production today (FAO, 2015). In the InternatioNalar of Soils, the FAO suggests the
sustainable soil management to retrieve unprodeicind degraded soils and transform
them into healthy and productive. Healthy soils dre basis for plant growth and
biodiversity conservation above and below groundrédver, soils help to mitigate the
climate change by playing a key role in the carbgeie, and they store and filter water

and improve resilience to climate variability, fimand droughts (FAO, 2015).

Soil health can be affected by external causesrasiom, loss of organic matter
(Boardman et al., 1990), loss of structure andikerdity (Doran and Parkin, 1994) and
chemical contamination (Van der Brink, 1995). Scilntamination is nowadays a
worldwide environmental problem, which represen$® aisks forground and surface

waters and food production (Vangronsveld et al.020Mench et al., 2010;

Rajaganapathy et al., 2011; FAO, 2D130 assess the potential impact of soll
contaminants, it is necessary to take into acceh@ir concentration and also their
environmental behavior in the soil (European Corsioig 2002).

In the European Union the importance of soil pridbecis recognized in “The Thematic
Strategy for the Protection of Soils” (COM, 200&dawithin different directives, such
as the Directive 2004/34/EC on environmental ligil with regard to
the prevention and remediation of the environmetiéahage. This directive established
a framework based on the “polluter pays” princifgleprevent and remediate the
environmental damage. Other EU directives supgsa the prevention and clean up of
contamination, such as the Directive 2008/98/E@tireg to waste management and

prevention of pollution; Directive 2000/60/EC thesdtablishes a framework in the field



of water policy, including land contamination thazuses water pollution; Directive
2002/118/EC on groundwater; Directive 91/676/EEC rotrates from agricultural

sources and Directive 2008/1/EC, concerning integrgpollution prevention and
control. According to this last one, industrial aadricultural activities with a high

pollution potential should need a permit, which Idownly be issued if certain

environmental conditions were met. Thus, the congsarthemselves would bear
responsibility for preventing and reducing any ptitin they might cause. In this
context, prevention is an essential approach, gakito account that industrial activities
are responsible for over 60% of soil contaminatiorEurope (Panagos et al., 2013;
EEA, 2014). Although the current legislation aints reduce contamination in the
future, there are over 340,000 contaminated sitethe European Union that require

urgent remediation actions (EEA, 2014).

Heavy metals and hydrocarbons are the most comnudiotagnts in soils due to

anthropogenic activities. In the European Unionavye metals and mineral oils

represent 35% and 24% of the contamination casspectively (Figure 1.1) (EEA,

2014). Metals represent a serious problem becaliieew elevated bioaccumulation
capacity via the food chain, and their toxicity apersistence in the environment
(Kabata-Pendias, 2011; Garbisu and Alkorta, 200®)st of them have been described
as initiators or promoters of carcinogenic activityanimals (Nriagu, 1988; Jarup, L.
2003; Nawrot et al., 2008).

Others
. 10 %
Cyanides £ /o4
e 10%
Phenols X Mineral oil
1% 24 %

Heavy metals
35%

Figure 1.1. Overview of contaminants that affect soils in EwofEEA, 2014). CHC:
Chlorinated Hydrocarbons, PAH: Polycyclic Aromatldydrocarbons, BTEX: Aromatic
hydrocarbons.



Soil contamination can be diffuse or localized. fl8& contamination is generally
associated with atmospheric deposition, some dgrrell practices and inappropriate
waste and wastewater recycling and treatment (EampgCommission, 2006); while
localized metal contaminated soils are commonly@ased with mining, abandoned
industrial sites, accidental release of pollutaots inappropriate waste disposal
(Vamerali et al., 2010; Panagos et al., 2013). Mjprocesses such as coal and metal
ore mines, smelting, electroplating and metallafjiodustries as well as the use of
fungicides, inorganic and phosphate fertilizersehencreased the levels of metal(loid)s
As, Cd, Cu, Cr, Ni, Pb and Zn in soils (Alloway,98 Nagajyoti et al., 2010; Kabir et
al., 2012). Cd, Pb and Zn are among the most immpbrhetals that cause contamination
in soils (Adriano et al., 2004; Vassilev et al., 029 Gallego et al., 2012). Figure 1.2
shows the concentration of these metals in theotbp§ Europe. Their presence in the
environment has been increased at global levehduhe last decades (Mulligan et al.,
2001; Saraswat and Rai, 2011). Due to this, Cd, Pb antt&m been the subject of
numerous works related to soil decontamination |uatir days, where they still
represent an alarming environmental problem (Madas McBratney, 200Broadley

et al., 2006Kabir et al., 2012; Bolan et al., 2013).

Conventional remediation technologies are highlgemsive, environmentally invasive
and may lead to additional environmental problemshsas soil degradation (Pilon-
Smits, 2004;Vangronsveld et al., 200 onesa et al., 2010)Witters et al. (2012a)
estimated that the greenhouse gas emissions, t¢emheby conventional cleanup
techniques such as soil vapor extraction or pumgp ta@at, were about 4,700 and
323,456 (total yearly COemissions), respectively. In spite of these fatrtg]itional
remediation techniques are still the most commoused for the treatment of
contaminated soil in Europe, particularly, the ta@ghe of soil excavation and disposal
is applied in about 30 % of the sites (EEA, 201M4).situ biological techniques
represents about 20% in the case of the Nether|a5ds in Lithuania, 12% in Belgium
(Flanders) and France, and 10% in Italy. For th&t f the European countries,
including Spain, these technologies are appliedess than 5% of the sites (EEA,
2014). The selection of a remediation alternatiepahds on the dimension and location
of the contamination, soil characteristics, chefrstate of the contaminants, the desired
final land use as well as environmental and sassales (Mulligan et al., 2001; Vassilev
et al., 2004).



Figure 1.2. Total concentrations of Cd, Pb and Zn in the Europeasdibpmg kg") (Lado et
al., 2008).

In general,remediation alternatives can be grouped in two dypletechniques: “site

decontamination or clean-up techniques” that rentbeecontaminants from the soil or
“site stabilization techniques” that reduce theilabdity of the elements (Vangronsveld
et al., 2009).

Until now, soil thresholds are based on the total soil mesatentrations in most of
existing legislation (Adriano et al., 2004; Menchad., 2009). Table 1.1 shows the
generic reference values adopted in Madrid (Sg&D) 9/2005, de 14 de enero, Anexo



VIl) and Table 1.2 shows the clean-up values adbpte Flanders (Belgium)
(VLAREBO, 2009), with regards to metal(oid) congatibns in soils depending on the
indented use of the area. The maximum allowed curatgon for Cd in agricultural
soils is similar in both regions (2 and 3 mg*kg Flanders and Madrid, respectively),
however other metals, such as Pb and Zn, showrelifféreshhold values (200 mgkg
of Pb, 600 mg-K{ of Zn in Flanders, and 77 mg-kef Pb, 1170 mg-k§of Zn in
Madrid). The implementation and unification of sationtamination legislation
according to standard criteria is complicated auéé natural differences of the metal
contents in soils, and thereby, it must be evatuatensidering each type of soil
(Reimann and Garrett, 2005). Soil properties sushoanic matter content, pH,
texture, and CEC differ along geographical areas they also strongly affect metal
availability in the soil (Korte et al., 1976; Kaysst al., 2001). Due to these interactions,
the total metal concentration in soils is a usgfalameter to indicate the extension of
soil contamination, but it does not reflect th&si®ecause the total metal content is not
often correlated with its effects to the organisfReeuwerts et al.,, 1998; Vig et al.,
2003; Adriano et al., 2004; Meer et al., 2005)tHa last decades, metal bioavailability
has been suggested as a term which could inclede tinteractions in the definition. In
general, metal bioavailability can be defined asfthction of the total metal content of
the soil that can interact with a biological tar@@@eebelen et al., 2003). Taking this into
account, a risk based land management strategy baea proposed based on
evaluating the mobility of toxic elements in order protect public health and
environment, even after applying remediation teghes (Witters et al., 2012b; Cundy
et al., 2013; Pefia-Fernandez et al., 2014).

Conventional technologies, although they would bpable of remediating the land
within a limited amount of time, tend to destroyl Structure and functionality, which
would mean that after remediation the use of tbétguld be limited. On the contrary,
sustainable soil remediation involves differentht@ques that present high social
acceptance and allow to remediatentaminated sites and water, improvement of food
safety, and carbon sequestration as a tool to eediobal warming bynaintaining soil
properties and structure (Sinha et al., 2007; Rsayiret al., 2007; Vangronsveld et al.,
2009).



Table 1.1.Generic reference values in Madrid (Spain) as atfan of the soil indented use

(RD 9/2005, de 14 de enero, Anexo VII, BOE nim.dé 18 de enero de 2005).

Element (mg- kg DW)

Industrial Urban

Other uses*

Sb
As
Ba
Be
Cd
Co
Cu
Cr total
Sn
Mn
Hg
Mo
Ni
Ag
Se
Pb
Ta
Va
Zn

80 8

40 24
100000 15200
13 2

300 30
1500 150
8000 800
2300 230
100000 46730
33900 3.90
15 7
1500 150
15600 1560
500 50
3900 390
2700 270
30 3
3700 370
100000 11700

0.8
24
4200
2
3
15
80
90
46730
690
5
15
405
5
85
75
2
37
1170

*Other uses: agricultural, forestry and livestock.

Table 1.2.Clean-up values (mig™ DW) adopted in Flanders (Belgium) as a functiothef

soil indented use (VLAREBO, 2009).

Element

(mg-kgl DW) Natural Park Agriculture Residential Recreational Industrial
As 45 45 110 200 300
Cd 2 2 6 15 30
crt 130 130 300 500 800
Cu 200 200 400 500 800
Hg 10 10 15 20 30
Ni 100 100 470 550 700
Pb 200 200 400 1500 2500
Zn 600 600 1000 1000 3000

The standard soil sample contains 10% clay, 2%nicgaatter.

1.2. Sustainable soil remediation: Phytotechnologse

Jaffré et al. (1976), Brooks et al. (1977) and Ra$t977) were some of the first
authors that performed pioneer studies about plabls to accumulate metals from

soils. Since then, the potential uses of plantetoediate contaminated soils have been

investigated. Phytoextraction is the use of pldaatseduce the concentration of toxic

metals in soils (Baker, 1981; Chaney, 1997). Nowadahytoextraction is grouped



within the term of phytotechnologies (Conesa et 2012), which include different
strategies that use green plants to remediasgu contaminated soils and represent an
alternative to the conventional cleanup techniqesmecially in case of large-scale
contaminated areas (Pilon-Smits, 2004; Prasad agith, 2003; Vangronsveld et al.,
2009). Phytotechnologies are environmentally frigridols that can improve the food
chain safety by reducing the concentration andvaiibability of contaminants, and also,
contribute to a more sustainable use of margimaldanaintaining healthy ecosystems
(Barcel6 and Poschenrieder, 2003; Robinson eR@03; Schwitzguebel et al., 2009).
The increasing interest for this low-cost altenvaiis reflected in the scientific literature
(2040 new results available in the Web of Knowledgéhe last five years) and in the
numerous experiments that have been performecelia donditions (Marmiroli et al.,
2006; Kidd et al., 2009; Bhargava et al., 2012; €3@net al., 2012; Cundy et al., 2013).

Phytoremediation of metal contaminated soils canapproached with two basic
strategies: phytoextraction and phytostabilizatigéramer, 2005). Phytoextraction
implies that the contaminant is removed from a Hijgearea, using plants able to
accumulate metals in the harvestable parts (Kumaal.e 1995; Salt et al., 1998).
Phytostabilization reduces the metal bioavailap#ind its transfer to the environment
through the combined use of plants and soil amentbngéVangronsveld and
Cunningham, 1998)Phytoextraction is a suitable alternative in argath diffuse
contamination (Kidd et al., 2009), where metals auperficially presented at a
relatively low-medium concentration (Cunningham &ekti, 1993; McGrath et al.,
2002). Phytostabilization has to be strictly ass@a with an adequate monitoring of
the contaminated area in order to assure the lmg-stabilization (Vassilev et al.,
2004; Ruttens et al.,, 2006). For that reason, séveawuthors consider that
phytostabilization should not be the final solutfona contaminated site (McGrath and
Zhao, 2003; Vangronsveld et al., 2009). But its ase step before performing a more
definitive remediation would reduce the risk tonsger the contamination to other
compartments (Vangronsveld et al.,, 199%ench et al.,2000; Raskin and Ensley,
2000), especially in large areas with high and ralémental contamination (Kidd et
al., 2009). The established vegetation cover cem r@duce the wind blowing of metal-
contaminated soil as dust particulates, which akgmesents a remarkable risk for
human health and the surroundings areas (Johnsan €092; Dickinson et al., 2009)



and also contributes to soil aggregation and bmdih contaminants (Stomp et al.,
1993; Pulford and Watson, 2003).

1.2.1. Application of phytoextraction

To develop an effective phytoextraction, the plast required to tolerate the
concentration(s) of metals accumulated and alsoprésent fast growth and high
accumulation in the above ground biomass (Ebbskaoahian, 1997; Maxted et al.,
2007). Hyperaccumulator plants are able to growais with elevated concentrations
of metals and concentrate high levels of metah#&irtabove-ground biomass (Reeves
and Brooks, 1983; Pollard et al., 2014). Howeveosirof hyperaccumulators show a
low-yield and biomass production (Cunningham and, 1©95; Dickinson et al., 2009;
Brunetti et al., 2011). The need to obtain an eotoaesource using this alternative
leads to develop different strategies such as pmytiog (Brooks et al., 1998) and agro-
mining (van der Ent et al.,, 2015), by means of whike metal could be recycled
(McGrath and Zhao, 2003). Phytomining of Ni hasvelmanore potential than other
metals (Chaney et al., 2007) due to the high bikewéity of this metal in soils, the
high percentages of ultramafic areas in the woRdeves and Baker, 2000) and the
relatively high market price of NiAlyssum murale, Acorsicumand Berkheya coddii
have been proposed as effective Ni-hyperaccumupddmits to be used in phytomining
of Ni-rich soils that are inappropriate for fooddafeed production (Dickinson et al.,
2009; Bani et al.,, 2015; van der Ent et al., 20180 other species have been
mentioned due to their hyperaccumulator abilityhsas Arabidopsis halleri Thlaspi
caerulescensSedum alfredifor Zn and Cd, anéPteris vittata for As, but their use in
phytomining is still poorly studied (Lombi et aQ00; Bert et al., 2002; Pollard et al.,
2014).

Biofortification of mineral micronutrients in foodrops for the benefit of human

nutrition and phytoremediation of metal/metallomhtaminated soils represent another
strategy that allow to obtain a valuable resounmanf phytoextraction (Zhao and

McGrath, 2009). Micronutrients such as Fe, Zn aeda8 deficient in many diets

(White and Broadley, 2005). Recent studies havevshthat wild cereal crops, in

particular cereals such &siticum monococcunvar. monococcumT. turgidumvar.

dicoccum, T. aestivum var. speltg Aegilops tauschiiare able to retain high
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concentrations of Fe, Zn and Se in the grain (Lyetred., 2005; Li et al., 2008). The use
of these crops can improve human health and thieudtgiral productivity (Graham et
al., 2007). However, medical tests, toxicity asses¥, and appropriate dosages are
needed before the biofortified products can be ns@déable for the population (Zhao
and McGrath, 2009; Conesa et al., 2012).

The use of high biomass crops tolerant to metalphgtotechnologies is another
alternative, and it is known as phytomanagemeniiyBks et al., 1995; Madejon et al.,
2003; Robinson et al., 2007; Dominguez et al., 2008is allows to obtain renewable
energy resources, and at the same time, to rereediatal-contaminated sites that
cannot longer be used for food or feed productiaohf et al., 2005; Mlezeck et al.,
2010; Witters et al., 2012b). Energy crops are sona&s grown on soils that still can be
used for food production (Field et al., 2008); dimid could be avoided by assigning the
use of contaminated marginal lands as landfills boown-fields for bio-energy
production (Robinson et al., 2003; French et &1Q6). The cultivation of energy crops
also could help to mitigate risks as leaching, offner erosion (Fassler et al., 2010;
Pulford and Watson, 2003) and open new,@0ating perspectives (Marmiroli et al.,
2006; Dickinson et al., 2009; Witters et al., 2012andy et al., 2013). Furthermore,
these crops can easily be cultivated using estaalisagronomic techniques, which
decreases the cultivation cost (Garbisu and Alk@@®1). Several energy crops have
been proposed as effective phytoextractors to leel s metal contaminated soils.
Some of the most competent crops due to their lagbumulation capacity are
commented as follows. Zn concentrations higher #2060 mg kg have been reported
in high biomass crops such Bgassicaspp. (Marchiol et al., 2004Phaseolus vulgaris
(Luo et al., 2005) andea mayd.. (Fellet et al., 2007) grown in metal contametht
soils. Cu concentrations above 500 m@ kgave been found iZea maysPhaseolus
vulgaris (Luo et al., 2008) an8orghum bicolo(Marchiol et al., 2007). Concentrations
of Pb greater than 1000 mgkdpave been described fBestucaspp. (Alvarez et al.,
2003) andMledicago sativgPajuelo et al., 2007). Cd concentrations arouhd§ kg
have been reached ¥ea maysand several species from Fabaceae and Brassicaceae
(Luo et al., 2005). The metal concentrations reddie these crops demonstrate their

potential to be used in phytoextraction (Vamerglle 2010).

One of the most critical limitations of using phigchnologies for remediation of metal

contaminated soils is the long time required toawiap the soil and reach the
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appropriate thresholdavigilligan et al., 2001).The production of valuable biomass
crops able to extract metals from useless soilddcoompensate for the long time
required by this technologiwan Ginneken et al., 2007; Fassler et al., 201&wys et

al., 2010). The promotion of the energy use fromeveable sources is one of the main

interests of the European Union.

The Directive 2009/28/EC establishes a common freonle for the use of energy from
renewable sources in order to limit greenhouseegaissions and to promote cleaner
transport. The directive takes into account endrggn biofuels produced using raw
materials from outside or within the Community kibey should not be produced using
raw materials from land with high biodiversity valor with high carbon stock. Their
use should contribute to reduce at least 35 % eétmiouse gas emissions. From
1 January 2017, their share in emissions savingaldhbe increased to 50 %. In this
context, the exploitation of renewable energy frpatluted areas with low ecological

value is especially desirable.

1.2.2. Improvement of phytoextraction

Metal availability, uptake and phytotoxicity areetimain limiting factors during the
application of phytoextraction in metal-contamimhs®ils (Meers et al., 2008; Weyens
et al., 2009b). Phytoextraction of metals can §&sted by two basic strategies: (1)
through the addition of chelating-agents that pres$egh affinity for metals and can
increase the metal bioavailability (Vangronsveld &unningham, 1998; Nowack et al.,
2006) and (2) by using plant-associated bacteaadhe able to induce metal mobility
by different mechanisms such as organic acidsdargphores productiofGermida et
al., 1998; Glick et al., 2010).

It is well known that the addition of ethylenediamsietraacetic acid (EDTA) enhances
phytoextration (Meers et al., 2005), but due tahitgh persistence in the environment,
toxicity and leaching to the groundwater, otherdeigradable chelating-agents have
been evaluated such as fresh manure (Walker et 2a003), [S,S]-
ethylenediaminedisuccinic acid (EDDS) (Nowack et aD06), iminodisuccinic acid
(IDSA), methylglycine diacetic acid (MGDA), and miibtriacetic acid (NTA) (Tandy et
al., 2004; Fassler et al., 2010). The effectivermsshelating-agents depends on the
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plant species, metals and their respective corafms in the soil soluble phase
(Mench et al., 2009; Mench et al., 2010). Crops Halix viminalis(Klang-Westin et
al., 2003, Brassica junceaDo Nascimentcand Xing, 2006)Zea maysKos et al.,
2003; Shilev et al., 2007) andelianthus annuugSolhi et al., 2005) have been
proposed as suitable crops to be used in combmatith a wide range of chelating-
agents due to their high tolerance to metals sacich Pb and Zn. In spite of the high
tolerance of these crops, their biomass produatexreases after chelate additions due
to an increased phytotoxicity, which reduce theuawd of valuable biomass (Meers et
al., 2008; Neugschwandtner et al., 2008).

As mentioned above, another strategy to improveqaxyraction is the use of plant-
associated bacteria. Differently to the use of atired-agents that are mainly focused on
increasing metal uptake; beneficial bacteria alerdhe capacity to enhance plant
growth and tolerance to toxic metals by decreapimgotoxicity (Germida et al., 1998;
Genrich et al.,, 2000; Rajkumar et al.,, 2012). R&s#ociated bacteria that have
beneficial effects on plant growth were grouped amthe name of plant growth-
promoting bacteria (PGPB) by Kloepper and Schrtfv8). PGP bacteria form part of
the soil microorganisms, but they are mainly preserhe rhizosphere, since they are
strongly attracted by the nutrient-rich componesgsreted by the roots (Glick, 2003;
Compant et al., 2010). Some microorganisms fromrkieosphere are pathogens for
plants (James and Olivares, 1997) but some otbact) as PGP bacteria, are able to

enhance plant growth (Germida et al., 1998).

Certain PGP bacteria have the capacity to colahigenternal tissues of plants without
causing infection or negative effects on their halsint (Misaghi and Donndelinger,
1990; Kloepper and Beauchamp, 1992). These bactem@vn under the name of
endophytesestablish endosymbiotic relations with the planbeve the plant receives
an ecological benefit from the presence of the sgnik(Quispel, 1992; Lodewyckx et
al., 2002). The endophytic relation with the hdsinp can be in some cases extremely
close, and can be transferred to consecutive gemesavia seeds (Mastretta et al.,
2009; Truyens et al., 2015). The inoculation of Pk&eteria in energy crops could
stimulate plant growth, increase vyield, reduce pgém infection, as well as reduce
biotic or abiotic plant stress, to finally improvihe phytoextraction efficiency
(Welbaum et al., 2004; van Loon et al., 2005).
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1.2.2.1. Bacterial mechanisms to improve plant grotlr and tolerance

Long-term polluted soils are sources of metal-aolér microorganisms that show
beneficial interactions with the plants that arevgng in them (Burd et al., 1998; Gadd,
2010). There are numerous works in which plant-ginggvomoting (PGP) bacteria have
been isolated from plants grown in metal contaneidatoils (Ma et al., 2009; Glick et
al., 2010; Zhang et al., 2012; Becerra-Castro gt28l12; Croes et al., 2013). PGP
bacteria can improve plant growth through two sgads (Figure 1.3): (1) indirectly by
preventing the growth and/or activity of plant pegens through competition for the
niche, nutrients or secreting antibiotics substammgefungal cell wall lysing enzymes
(Lugtenberg and Kamilova, 2009; Glick, 2010) or (@ectly by increasing nutrient
uptake and growth through different mechanisms sschitrogen fixation, synthesis of
phytohormones (such aswuxins, cytokinins, gibberellinsindole-3-acetic acid),
solubilization of minerals, and production of l-awgyclopropane-1-carboxylate
(ACC) deaminase (Glick et al., 2003; Rajkumar gt2009).

| Plant growth promoting bacteria |

\,

Direct growth promotion Indirect growth promotion

Mitigation of stress by

Induction of plant
ACC deaminase activity

defense mechanisms

Metal sequestration —> .
l Growth or activity of

pathogens (antibiotics)
T Root growth by

|AA and acetoin .
Competition for the

niche and nutrients

Solubilization of minerals (binding sites)

Metal chelation
(Siderophores,
organic acids)

Soil acidification (organic acids)

Figure 1.3.Enhance of growth and metal uptake by plant gregvtimoting bacterigModified
from Weyens et al., 2009 and Sessitsch et al.,)2013

Competition of bacteria with pathogens for nutrseand niches in the rhizosphere has

been suggested as a possible indirect mechanisimpmve plant growth, but the
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experimental proof still is lacking (Backman andkd@a, 2008; Lugtenberg and
Kamilova, 2009). There are some studies of indirecéchanisms that have
demonstrated the importance of siderophores pramucf Pseudomonaspp. in the
inhibition of fungal and bacterial pathogens thioulge competition for Fe (Schippers
et al., 1987) and the wide range of antiobioticssaibces produced Bacillus spp. that
can inhibit the growth of the surrounding bacteffityu et al., 2003). Some plant-
associated bacteria can also produce hydrolytigreag that cause cell wall lysis, and
can be used to control fungal pathogens (Companal.et2005). For example,
Pseudomonas fluorescepsoduce viscosinamide and tensin, which show arkable
antifungal activity (Thrane et al., 2000); al&ireptomycesp. produceoligomycin, an
inhibitor of the fungal plant pathogdPhytophthora capsicihat affects several crops
(Kim et al., 1999). By using these mechanisms, dractcompete in the rhizosphere
with a wide range of microorganisms for space amgients at the root surface, and at
the same time protect the plant against pathogeais dan affect plant growth and
developmentlaas and Défago, 2005; Raaijmakers et al., 2009).

Nitrogen, phosphorus and iron are limiting factorsplant growth (Clarkson, 1985;
Hopkins, 1995; Hayat et al.,, 2010). The presencéhefenzyme nitrogenase in PGP
bacteria is one of the most important bacteriabairmechanisms to improve plant
growth. This enzyme can contribute to supply niérogequired to the plarty fixing
atmospheric nitrogen (Roper and Ladh895). Some other PGP bacteria are also able
to produce organic acids or phosphatases whichbiiakli unavailable forms of
phosphorus and other nutrients present in the Ilspildecreasing the pH in the
rhizosphere (Kim et al., 1998; Igual et al., 20089.mentioned above, iron is one of the
nutrients that it is often not available for theul at the required concentrations (Bar-
Ness et al., 1991; DellAmico et al., 2005). Thamitassociated bacteria can solubilize
and sequester iron from the soil by producing sideores, and make this element
available for the plant (Glick and Bashan, 1997aiRet al., 2008; Barry and Challi,
2009).

The presence of toxic metal concentrations andralymes of stress like high salt
concentrations or phytopathogens induce elevathaglleste levels in plants, which

reduce root growth and development (Glick, 201teBmgen et al., 2014). Some PGP
bacteria produce the enzyme ACC deaminase whicliearease the ethylene levels in
the stressed plant by metabolizing 1-aminocycloanepl-carboxylate. This compound
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is the precursor of the gaseous hormone ethylemdaints (Yang and Hoffman, 1984,
Jacobson et al., 1994). In this way, bacteria tbj@oduce ACC deaminase can reduce
the phytotoxicity, due to toxic metals, by enhagdie plant growth in these conditions
(Glick, 1998; Belimov et al., 2001; Dell’Amico ek a2008).

In addition, certain PGP bacteria show the capaitityproduce indole-3-acetic acid
(IAA). 1AA is a phytohormone that has been conndatéth the enhancement of the
growth of lateral and adventitious roots. This @ase in root surface can improve the
nutrient uptake of the plant, and also the rootdexion that stimulates bacterial
proliferation on the roots (Dobbelaere et al., )99%xcetoin (3-hydroxy-2-butanone)
production is also present in some plant-associagatteria. Recently, this volatile
compound has been described as stimulator of ree¢ldpment (Glick et al., 2010;
Duan et. al., 2013). Similar to IAA, acetoin carregase the root surface, improve the

plant nutrient uptake and thereby, the plant growttier metal-stress.

Interesting results have shown that inoculatiohwpecific PGP bacteria isolated from
contaminated soils with metals such as Cd and Ber{§ et al., 2006; Burd et al., 2000;
Dell’ Amico et al., 2008; Guo et al., 2011; Islata¢, 2014) can improve plant growth
in the presence of both metals. Since PGP bactema enhance plant growth by
different mechanisms that are acting at the same,tit is difficult to know which
mechanism is behind the positive effects on thevtjrar metal uptake. Several studies
have reported the improvement of plant growth aR&P bacterial inoculation. The
inoculation of Pseudomonasp. RJ10 andacillus sp. RJ16, both IAA producers,
improved Brassica napugyrowth in presence of Cd (Sheng et al., 2006).dBatr al.
(2000) inoculatedKluyvera ascorbataSUD165 and a mutant able to overproduce
siderophoresKluyvera ascorbateSUD165/26) in canola plants exposed to Zn. They
observed that the addition of both strains incréafiee zinc-inhibited level of
chlorophyll, with the siderophore overproducer Ingvthe greater effect. The authors
suggested that this strain could protect the @gainst the inhibitory effect of the metal
by providing sufficient iron to the plant. DellAmw et al. (2008) reported that the
inhibitory effects of Cd were significantly reducedBrassica napuplants due to the
inoculation with three bacterial strains able todaurce IAA, siderophores and ACC
deaminase activityThe biomass production &orghum bicolomwas also increased in
the presence of Cd after inoculation ofBacillus sp. SLS18 able to produce
siderophores, ACC deaminasa activity and IAA (Luoaé, 2012). The authors
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concluded that all of these bacterial mechanisme wevolved in the increase of plant
growth, by reducing metal phytotoxicityvlastretta et al. (2009) also observed the
positive effect of the seed endophytic bacteriacidation in the improvement of

biomass production dficotiana tabacunexposed to Cd.

1.2.2.2. Effect of plant-associated bacteria on theetal bioavailabity

Plant-associated bacteria can increase metal hiljldy excreting siderophores, trace
element-chelating organic acids or biosurfactaMa gt al., 2009; Rajkumar et al.,
2012; Sessitsch et al., 2013). Siderophores pradigebacteria can improve plant
growth by increasing the Fe concentration in thenpl Siderophores have a higher
affinity for Fe(lll) than for other elements (Diekt al., 1999). But also, they can
increase the plant metal uptake, by forming comgdeaf low stability with metals as
Zn, Cu, Cd (Glick and Bashan, 1997). In this way siderophores produced by
bacteria can enhance the metal availability to glents, improving phytoextraction
efficiency (Bar-Ness et al., 1991; van der Lelieakt 2000). Dimkpa et al. (2009)
reported that the Cd and Fe uptake increaseHelmnthus annuusnoculated with
Streptomyces tenda&e! due to siderophores production. Sheng et @082) also found
an increase in the Pb uptake Byassica napusafter inoculation withPseudomonas
fluorescensG10 andMicrobacteriumsp. G16 able to produce IAA, ACC deaminase
and siderophores. They suggested that the enhanteimeb uptake could be due to an
increase in the Pb solubility, and at the same ttme@&n enhancement of plant growth
by the production of IAA, siderophores and ACC dewse activity that protect the
plant against the inhibitory effects of high contcations of Pb.

The production of organic acids by bacteria is haomechanism that can improve the
plant metal uptake, because of decreasing the pHhén rhizosphere, the metal
availability for the plants increases (Strom, 198hes, 1998). Moreover, organic acids
have received a special interest because theyiogdmigetal ions in the soil solution and
thus increase their uptake by plants; thereby, tay play an important role in the
mobilization of toxic and essential ions (Saravaearal., 2007; Li et al., 2010). The
stability of the metal-organic acid complexes dejseon several soil properties such as
organic matter, pH, metal characteristics and eatirthe organic acids (Ryan et al.,
2001). Among the wide variety of organic acids et by plant-associated bacteria,
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gluconic acid, oxalic acid and citric acid have hhége most extensively studied due to
their well-known capacity to increase the metalabailability (Fasim et al., 2002;
Hoberg et al.,, 2005). Li et al. (2010) isolatBdirkholderia cepaciafrom the Cd
hyperaccumulatofedum alfredjiand observed that this strain mobilized Cd andnZn
the soil, leading to an increased concentratiorihese metals in thevater-soluble
fraction. The authors attributed this efféatthe organic acids produced by the bacteria
that decreased the soil pH. Wani et al. (2007)istuthe mobilization of Pb and Zn by
adding threeBacillus sp. strains. They observed that bacteria incretsedPb and Zn

solubilization in nutrient broth medium, possiblyedto the production of organic acids.

Biosurfactants are other important metabolites thatimprove metal mobilization, but
they have been less studied than organic acidsidetbphores (Rajkumar et al., 2012).
Biosurfactants are amphiphilic molecules producgdricrobes that form complexes
with metals at the soil interface, desorb metatenfithe soil matrix and thus increase
metal solubility and bioavailability in the soillstion (Venkatesh et al., 2012: Sheng et
al., 2008b). Juwarkar et al. (2007) studied theamstobilization of Pseudomonas
aeruginosaBS2 in a column experiment, and reported the prtolu of a biosurfactant
(dirhamnolipid) that increase the solubilization@d and Pb in a metal contaminated
soil. Sheng et al. (2008b) reported that the appba of the biosurfactant-producing
Bacillussp. J119 significantly enhanced the biomass amthuptake of tomato plants

in a soil spiked with Cd.

In contrast, some microorganisms associated wahtplcan decrease the mobility of
metals in the rhizosphere through the productioextfacellular polymeric substances,
mucopolysaccarides and proteins, or by binding lmeta the cell wall to form

hydroxides or some other insoluble metal salts (Getdal., 1986; Gonzalez-Chavez et
al., 2004; Joshi and Juwarkar, 2009). In this whg, bacteria can also reduce the
phytotoxic effects of the metals by improving plgnbwth (Madhaiyan et al., 2007; Ma
et al., 2011; Rajkumar et al., 2009). Several asthmave observed this effect in
different plants and growth conditions. Marqueslet(2013) observed that the Cd and
Zn uptake decreased in roots dfelianthus annuusafter inoculation with

Chrysiobacterium humipreviously isolated from a Cd-Zn contaminated soil. This
effect was attributed to the fact that some bamtedan share the metal load with the
plant, thereby decreasing the metal uptake. Tripethal. (2005) observed that the
inoculation ofPseudomonas putiddNP9 enhanced the biomassRifaseolus vulgaris
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grown on a soil spiked with Cd and Pb by decreagiegCd and Pb uptake in the plant.
Vivas et al. (2006) reported that the inoculatidnBwevibacillus sp. alleviated the
toxicity of Zn in Trifolium repensby reducing the metal uptake by the plant in a Zn
contaminated soil. Aafi et al. (2012) reported tha inoculation withSerratia sp.
MSMC541 decreased the metal translocatiobugfinus luteusn a soil spiked with As,
Cd, Pb and Zn. The authors concluded that thisnstauld protect the plant against
metal toxicity, and remarked its potential in ptsfabilization of metal contaminated

soils.

1.2.2.3. Application and viability of plant growthpromoting bacteria in
phytotechnologies

As was mentioned above, several results have shivevpotential use of plant growth-
promoting bacteria to improve biomass and metahkgtnder controlled conditions,
both laboratory and greenhouse. In soil conditioing effectiveness of bacterial
inoculation is frequently reduced, mainly due tee thompetition with other soil
microorganisms, but also to the buffer capacitgafs (Compant et al., 2010; Weyens
et al. 2010; Lebeau et al., 2011). Only a few @sidiave evaluated the effectiveness of
the bacterial inoculation in field conditions. Yaegal. (2012) obtained very promising
results after bacterial inoculation in the fieldhely reported that addition of As-reducing
bacterial strains promoted the growthRiEris vittataand increased the As uptake of
this plant in an As-polluted soil by mobilizing thesoluble As forms. Brunetti et al.
(2011) observed that the inoculationBxcillus licheniformisBLMB1 strain enhanced
Cr and Pb accumulatiom shootsof B. napusin field conditions. Juwarkar and
Jambhulkar (2008) reported that the amendment Biidat Treatment Plant sludge
(ETP sludge) with bio-fertilizer application (incling Rhizobiumand Azotobacter
species) to mine spoil enhanced the the root dpusat and biomass delbergia
sisoq Cassia saemeand Tectona grandis They observed that this treatment also
helped in the improvement of microbiological chaeaistics for establishment of a
better rhizosphere for the plant growth. The addif organic amendments improves
the physico-chemical properties of the soil, argb arovides an organic substrate for
the proliferation of the inoculated microorganisffamar et al., 2007; Mrozik and

Piotrowska-Seget, 2010). This strategy could imerbe survival of bacteria which can
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enhance plant growth in contaminated soils andetherthe concentration of metals
extracted by the plant.

The colonization, survival and activity are the miomiting factors when bacteria are
inoculated in soil conditions (Lugtenberg and Kawd, 2009; Weyens et al., 2009a,b).
The effect of each bacterial inoculation can vary asoasequence of the plant, root
exudates and soil properties (Grandlic et al., 2@0@3Campos et al., 2013) and also are
strongly affected by the competition with indigesaunicroorganismsvéan Veen et al.,
1997; Gentry et al., 2004)Besides the competition with other microorganisthe,
effectiveness of the inoculation depends also aotialstresses, such as fluctuations of
temperature, lost of soil moisture, pH, and nutrigvailability (van Veen et al., 1997,
Mehmannavaz et al., 2001). However, the abioticaittaristics show wide variations
depending on the bacteria that are selected todmeiiated (Boopathy, 2000; Hazen and
Stahl, 2006). Mrozik and Piotrowska-Seget (2010pleasized that organic matter is
one of the most important soil parameters influegdhe effectiveness of inoculation.
Thereby, the use of agricultural management thptones the organic matter of the soil
is also required to achieve the desired activitythe#f inoculated microorganisms. In
spite of this, further knowledge about survivagpst involved in plant colonization, and
compatibility of inoculated microbes and organicesmiments are still necessary to use
plant growth promoting bacteria in phytotechnolsgi@uwarkar and Jambhulkar, 2008;
Compant et al., 2010; Lebeau et al., 2011; Rajkwehat., 2012).

Until now, there is a lack of legislation at Eurapelevel about the application of
bacteria to improve phytoremediation in real candg. Most of the legislation is
focused on the utilization and release to the enwirent of Genetically Modified
Organisms(Directive 2001/18/EC and Directive 2009/41/EC)iorthe pathogenicity
for humans that present a big number of microosyasiisolated from contaminated
soils (Singer et al., 2005; Lebeau et al., 201d)addition, it is important to note the
Directive 98/44/EC on the legal protection of bakteological inventions, including any
material containing genetic information and capatlereproducing itself or being
reproduced in a biological system. This directivdyoaddresses the management of
patents of biotechnological inventions, but doesawihorize the holder to implement
or use that invention. The implementation will legulated by legislation with regards
to public health, safety, environmental protectianimal welfare, the preservation of
genetic diversity and compliance with certain edhigtandards. It is important to note
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that there are some projects funded by the Eurog@anmission as UMBRELLA

(CORDIS, 2013) or GREENLAND that include differeptant-based strategies to
remediate trace element contaminated soils, inctudiiotechnological approaches as
microbial inoculants (Cundy et al., 2013). Thesejgnts also provide guidelines for
practical application of green technologies that balp to implement the appropriate

future legislation.

Although promising advances are being conducteathédu research is still necessary to
understand the mechanisms of metal-bacteria-ptaetactions that take place in the
rhizosphere (Dell’Amico et al., 2008; Wenzel, 20@ick et al., 2010; Zhang et al.,
2011; Chen et al.,, 2013), and also to evaluate eh@ronmental effects of the
dissemination of microorganisms in field conditipms order to ensure sustainable
implementation of this technology (Gentry et a002; Lebeau et al., 2011; Sessitsch et
al., 2013). Since phytotoxicity is still a limitintactor in the use of energy crops in
phytotechnologies, the addition of organic amendmsethat can improve the
proliferation of the inoculated microorganisms @bhk a promising strategy to increase
the biomass production and at the same time rergradually the metal concentration
in the soil (Kumar et al., 2007; Mrozik and Piotska-Seget, 2010). Another possible
alternative to increase the inoculation efficienaly plant-associated bacteria is to
genetically equip the bacteria with pathways fa signthesis of natural metal chelators,
such as citric acid, to increase metal availabifity plant uptake or with metal
sequestration systems to reduce phytotoxicity ancease metal translocation to aerial
plant parts (Sessitsch et al., 2008; Weyens e2@09; Ma et al., 2011; Weyens et al.,
2013).

1.3. Utilization of Helianthus tuberosus in phytotechnologies
1.3.1. General characteristics of the crop

Helianthus tuberosuk. (Asteraceae) is an herbaceous plant (Figurethat grows as

an annual, and is vegetatively propagated by tufieesieys et al., 2010). The tubers
(Figure 1.5) are formed by thickened branches aofleuground stems or stolons
(Denoroy, 1996). This crop can also be cultivatedhanulti-annual from its volunteer

re-growth (Hay and Offer, 1992)H. tuberosushas 2n=6x=102 chromosomes
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corresponding to an alohexaploid combination casidonumber (n=17). Probably, this
species comes from an interspecific cross betwelehanthus tetraploid (n=68
chromosomes) andelianthusdiploid (n=34 chromosomes) (Duke et al., 1978).

Figure 1.4.Field collection oH. tuberosusultivar-clones (IMIDRA, Madrid).

Figure 1.5.Tubers ofH. tuberosusA: cultivar-clone D19; B: cultivar-clone VR.

It is commonly called Jerusalem artichoke (in estgli topinambour (in french) or
pataca (in Spanish) (Sanchez-Monge, 1981). Figestows the phenological growth
stages oH. tuberosusin the climatic conditions of temperate regiong thprouting
stage” takes place in March-April, the “stolonipati around May-June and the
“flowering stage” (Figure 1.7) in July (in the casfeearly cultivar-clones, as D19) or in
September (in the case of late cultivar-cloned/iaket de Rennes). The “senescence” is
frequently associated with the first frosts of theumn. After maturity the dormancy of

the tubers is initiated, which is broken by colohperature (< 5°C).
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Figure 1.6.Phenological growth stagesdf tuberosus.

Figure 1.7.Flowering stage ofl. tuberosus

H. tuberosuss highly competitive with a high capacity of coipation in the soil in
order to capture the resources, which results pnessing the growth of other species
(Kays and Nottingham, 2008). This species was densd invasive in numerous
European countries, such as Belgium (Belgian Fooamnvasive Species, 2000) and
Spain (RD 1628/2011); but in the particular cas&pdin, it was declared non-invasive
from 2013 (RD 630/2013) due to its increasing esérin bioethanol production at
industrial level (Matias et al., 2011; Baldini dt, 2011; Kim and Kim, 2014). Its
competitive capacity is related to its high ability extract nutrients from the soill,
especially K and P (Soja et al., 1990) and theciefficy in its use (Zubr and Pedersen,
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1993; Sanz-Gallego, 2012). The production costscavebecauseéd. tuberosusequires
low irrigation and fertilization inputs, as well ahows minimal pest and disease
problems (Bajpai and Bajpai, 1991; Denoroy, 1996dreover, it is able to grow in
saline, poor and alkaline soils (Cosgrove et @911 Long et al.,, 2010) and resists
severe climatic conditions, such as frost or drou@im and Kim, 2014). Saoll
conditions such as pH or texture have slight ommeact on the crop growth (Cors and
Falisse, 1980; Denoroy, 1996). These charactesisan be of great interest to produce
bio-energy in marginal areas with soils poor inriaumts that cannot be used for food
production, thereby avoiding the utilization of kg soils to produce energy
(Robinson et al., 2003; French et al., 2006; Fetldl., 2008; Witters et al., 2009). Due
to its high ability to propagate, this species ala® been used as anti-erosion protection

to fix terraces or unstable sand (Denoroy, 1996).

Yields of this crop show a large variability depergdon climatic conditions. Total dry
weight range from 6-9 (t A in poor conditions, to 20-30 t fian excellent conditions
of radiation and water (Fernandez et al., 1991y Zumd Pedersen, 1993).

Although H. tuberosuss native from North America, it was introduced Earope in
1607, and cultivated especially in France and Geymas consequence of potatoes
scarcity during and after the Second World War @@and Nottingham, 2008).
Nowadays, it is present in almost all Europe, Asid Australia (Figure 1.8).

Figure 1.8. Distribution map ofHelianthus tuberosud. (Global Biodiversity Information
Facility database, GBIF 2013).

22



1.3.2. Industrial uses

H. tuberosusstores carbon sources as inulin (polymer of freefpthat is used in bio-
ethanol production (Rani, 1997; Matias et al., 30The initial carbon storage is in the
stems (Incoll and Neales, 1970) and after flowednd senescence stages, the carbon is
mobilized to the tubers (Figure 1.6), where itimally stored (Taha et al., 2007; Tassoni
et al., 2010). Several studies have determinedntal content in the tubers (MiloSévi
et al., 2012; Sawicka et al., 2013) because thenethwas traditionally produced from
them (Underkofler et al., 1937). Nowadays, somédistihave shown the possibility to
use also the stems for this aim (Baldini et alQ20Curt et al., 2006). Harvesting at the
high peak of carbohydrates accumulated in the stdlows to obtain high amounts of
fermentable inulin, strongly reducing the costsha tuber’'s harvest (Slimestad et al.,
2010). Moreover, after harvest, the stems candrediduring several months, while the

tubers are quickly affected by microbial activi§efiz-Gallego, 2012).

This crop has been a model plant in many studidsaahemistry and plant physiology
related with the polyamine metabolism and the miiggical characteristics during
winter dormancy and dormancy breaking of the tul{Bagni et al., 1983; Serafini-
Fracassini et al., 1984; Tassoni et al., 2010).aBse of its beneficial nutritional
attributes and its use in a wide range of food iappbns, several studies have been
performed in order to enhance the production dinnunderin vitro conditions (Rani et
al., 1997; Gamburg et al., 1999; Taha et al., 200nh)the other hand, numerous works
have studied the carbon distributionHn tuberosusthe agronomic requirements, and
its use in bio-ethanol production (Schorr-Galindal a&Guiraud, 1997; Somda et al.,
1999; Baldini et al., 2003; Curt et al., 2006; Sistad et al., 2010).

1.3.3. Tolerance to grow in metal contaminated sail

High biomass crops ddelianthus annuusBrassicaspp.,Nicotiana tabacumSorghum
bicolor and Zea mayshave been reported as potential candidates to iateed
contaminated soils due to their ability to prodiaggh biomass in the presence of toxic
metals (Marchiol et al., 2004; Nouari et al., 208%angelou et al., 2007; Hernandez-
Allica et al., 2008)Helianthus tuberosuk. (Asteraceae) is another high biomass crop

recently proposed as candidate to remediate metdhminated soils, and to obtain a
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valuable biomass at the same time. Chen et al1j2@%estigated the Cd tolerance and
accumulation oH. tuberosusunder hydroponic conditions with five doses of 8,
50, 100 or 200 mg1}). The growth and chlorophyll (chl a, chl b, antatehl) contents
were reduced from the lowest dose after 21 dayggaiith. The phytotoxicity observed
occurred as consequence of the high levels of Qainaglated in the aerial parts
(concentrations above 100 mg Kg Long et al. (2013) also reported tihttuberosus
accumulated 120 mg Kgof Cd in shoots after 90 days of growing in a spiked with

5 mgkg® of Cd. At this dose, the biomass and chlorophgtitent were not reduced in
comparison to controls, indicating the tolerancéhed crop to this Cd concentration. In
a posterior study, Long et al. (2014) characteribedfraction of Cd in the tissues ldf
tuberosusin a quartz-sand experiment with Hoagland solutod three doses of Cd
(2.5, 5.0 and 10 mg*). They observed that the increase in Cd condéurréin the
solution was correlated with an increase in theQaent of fractions extracted with the
following sequential extractants: 80% v/v etharid¥] NaCl, deionized water, 2% v/v
acetic acid, and 0.6M HCI. The 1M NaCl fraction rfetated with Cd-protein
complexes) was high in roots and stems, wherea®%he/v acetic acid (correlated with
Cd-phosphate complexes) fraction was high in leaBzsed on these results, they
proposed that the mobilization from plasma to véewdter combination with protein

may be one of the main mechanisms of Cd-accumaulatibl. tuberosus

The tolerance oH. tuberosudo other metals such as Cu, Pb and Zn was repbsted
several authors. Cui et al. (2007) and Chen &2809) collectedH. tuberosusplants
growing in a contaminated soil with 3044 mg'kof Pb, 12531 mg k§jof Cu and 9161
mg kg® of Zn. In these conditions]. tuberosusaccumulated 430 mg Kgpf Pb in roots
and 127 mg kg of Pb in shoots; 200 mg Rgpf Zn in roots and 206 mg Rgof Zn in
shoots; 191 mg kyof Cu in roots and 21 mg Rgof Cu in shoots. This plant was not
able to translocate Pb or Cu in the studied camuti Zn was the only metal that
showed an effective translocation. Although,tuberosudid not show high extraction
capacity, these authors remarked its high abilitygtow in highly Pb, Cu and Zn
contaminated soils and its potential as biomasdymer in these areas. Pogrzeba et al.
(2011) reported thatl. tuberosusaccumulated the highest concentration of Pb iraker
part (90 mg kg of Pb) from a low Pb-contaminated soil (547 mgknf Pb) in
comparison with other energy crops suchMiscanthussp., Spartina pectinataor

Elymus elongatusThis suggests that. tuberosugresents a higher capacity to extract
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this metal from soil than the other studied spedes according to the previous authors
this crop did not show an effective translocatidi®b.

In addition,Sas-Nowosielska et al. (2008) descrilbéduberosusas Hg excluder plant
in an Hg-contaminated soignd foundhigher numbers of heterotrophic, ammonifying
soil bacteria, sulphur-amino acid decomposing bactend Pseudomonaspp. in its
rhizosphere in comparison with the surrounding. Sdiey suggested that these bacteria
could play an important role to bind Hg as Hg-sudghn the root zone avoiding thé

tuberosusnetal uptake.

Although some works have shown the capaciti ofuberosugdo grow in contaminated
soils, its use in phytotechnologies to remediate metatarnimated soils is still in its
infancy. The low requirements of this crop, its thigdaptability to growth in a wide
range of soils, and the previous studies with rsetial Cd, Pb, Cu, Zn and Hg, suggest
its potential use in phytotechnologies, especiadlyombination with other strategies
such as plant growth promoting bacteria that caorave its metal tolerance as well as
its effectiveness to accumulate metals in the heaat. Using farmland to produce
biofuel crops reduces the area available for fomps This adds pressure to free up
more land,e.g.through deforestation. Deforestation in itselfreases greenhouse gas
emissions, which may cancel out part or in somesasen all of the beneficial effects
of using biofuels. Recently, the Environmental Cattee of the European Parliament
endorsed a lawhere the production of traditional biofuels in hiea soils must be
limited and new alternative ways should be usedptoduce “cleaner biofuels”
(Environmental Committee of the European Parliam2015). The use of energy crops
asH. tuberosusn metal contaminated soils that cannot be longed for food or feed
production could be an alternative way to produaeerergy, avoiding the use of
healthy soils and deforestation.
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Chapter 2

Objectives

Phytotechnologies still need further research forowe and optimize their effectiveness
and application in field condition¥he use of high biomass crops able to extract setal
from soil could compensate the long time requiredretal phytoextraction with the
production of valuable biomasEhe cultivation of these crops can also help tagaie
risks as leaching, run-off or wind-erosion and apeew CQ abating perspectives.
Energy crops are sometimes grown on soils thdtcstit be used for food production;
this could be avoided by assigning the use of comated marginal lands to produce
bio-energy, using energy crops tolerant to metats] keep healthy soils for food or
feed production. The application of this strategguires the study of crops tolerant to
grow and accumulate metals from contaminated saild,able to produce high biomass
in these conditions. Moreover, the cultivation tietse crops should present low

production costs and requirements.

Phytoavailability, uptake by the roots, translozatio the aerial parts and phytotoxicity
of metals are the main limiting factors for applioa of phytoextraction on metal-

contaminated soils. According to the literatureg tirowth of metal tolerant energy
crops that are effective in removing metals fronhisanhibited in the presence of toxic
metals, thereby leading to decreased biomass pioduand thus also the remediation
efficiency. Several studies have shown that theaisglant growth-promoting (PGP)

bacteria, isolated from metal contaminated sods) leelp to improve growth, tolerance
and metal uptake of the plant. PGP bacteria camravepplant growth by different

mechanisms such as inhibiting growth and activity ptant pathogens, secreting
antibiotics substancesr fungal cell wall lysing enzymesupplying nutrients to the

plant, producing phytohormones and improving thenps intracellular tolerance to
metals. On the other hand, PGP bacteria can irerdees plant availability and thus
metal uptake by forming complexes of lower stapiltith metals as Cd, Cu, Zn,

decreasing the soil pH or producing bacterial swaists that can mobilize metals.
Thereby, the combined use of energy crops and P&&kera could be a promising
strategy to improve the efficiency of phytoextranti by increasing biomass production
and metal uptake in metal contaminated soils.
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Taking this into accounthe final aim of this thesis was to evaluate the ability of
different energy crops to be used in metal phytoerdction as well as the effects of
plant prowth promoting bacterial strains that can enhance the efficiency of this

strategy.
To reach this final aim, the following secondaryeatives were established:

1) To compare the growth and metal accumulation ddferent energy crops
(Brachypodium distachyafi..) Beauv,Brassica napu&. andHelianthus annuuk.) in
vitro (Chapter 3) and in hydroponic culturedHglianthus tuberosu&., Chapter 4)
with different metal(loid)s commonly found in contaated soils.

2) To isolate and characterize cultivable bactemehmunities associated wiBrassica
napusL. grown on a Zn contaminated soil and evalua@ar tbffects on root growth
(Chapter 5).

3) To assess the effects of bacterial inoculatiorgmwth, metal uptake and oxidative
stress responses of two cultivars-clones (VR an®)Ddf H. tuberosus,under

hydroponics conditions with Cd and Z@Hapter 6).

4) To evaluate the effects of the bacterial inotolaon the growth, metal uptake and
the metal-induced stress response of D19 cultilcarec of H. tuberosusin a Cd-Zn

contaminated soilGhapter 7).
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Chapter 3

Screening of energy crops tolerant to metals: Tolance and uptake of

metals at seedlings level

Montalban, B., Garcia-Gonzalo, P., Pradas del ReaE., Alonso, J., Lobo, M. C., Pérez-
Sanz, A 2014. Brachypodium distachyotolerance to metals undén vitro conditions: a
comparison with two metal tolerant energy cropsesenius Environmental Bulletin 23(9):
2086-2092.

3.1. Abstract

Brachypodium distachyas the first pooid grass to be sequenced and hers tleeently
proposed as model grass for the development ofgraeops. The present work reports
data concerning the ability &. distachyorseeds to germinate and granvvitro with
Cd (0, 0.05, 0.1, 0.3 mM) or As (0, 0.07, 0.1, M) or Zn (0, 0.3, 1, 1.5 mM) or Cr
(0, 0.7, 1.5, 2 mM), in comparison with two metaletant energy cropsB(assica
napus and Helianthus annuys In vitro tests provided, within a short time, useful
information about metal tolerance in plants. Higimeentrations of Cd, Zn and As (V)
did not affect the seed germination of the studipelcies The maximum toxicity level
was found in plants treated with Cr (VI). Biomassduction was only observed at high
doses. Taking into account the resuisdistachyorshowed high capacity to germinate

and grow in presence of high doses of Cd, As (\d) gmecially, of Zn.

Keywords: high biomass crops, metal toxicity, metal uptakeptptechnologies.
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3.2. Introduction

The use of energy crops in phytoextraction wouldvalto obtain renewable energy
sources, through sustainable manageraéntarginal areas with the gradual removal or
stabilization of the contaminants in polluted sdighargava et al., 2012Brassica
napusL. and Helianthus annuud.. are high biomass crops, well-known to display a
significant tolerance to heavy metals in soils (kferdez-Allica et al., 2008; Adesodun
et al., 2010). There are not many studies about thecity to Cr (VI) and As (V), as
well as their germination and tolerance to différemetals in the early stages of
growing. Brachypodium distachyofk..) Beauv is the first pooid grass to be sequenced
and has been recently proposed as a model grassnfooving food crops and
developing new sustainable energy (Bevan et al.1020The International
Brachypodium Initiative, 2010). Preliminary studiesderin vitro conditions showed
the high capacity oB. distachyonto grow in presence of metals (Montalban et al.,
2012). Knowledge concerning metal tolerance an@kgin this new model grass is
required as a first step to perform further studibeut the mechanisms of toxicity at
molecular level, and genes and proteins involvedplants responses to high

concentrations of metals in the medium.

Tests on agar medium allow to realize prelimindndes about the plant tolerance to
heavy metals during the first stages of growingint into account root and shoot
elongation, not only germination rate as a param&teralta et al., 2001)n vitro test
also allows to select potential plants for phytbteslogies and to distinguish between
the plant responses and those derived from nati@oorganisms that are always
present in soils (Reynoso-Cuevas et al., 2008)s Waork compares the ability @&.
distachyon with respect to the ability of two metal toleramtergy crops, to germinate
and growin vitro with different doses of Cd, Cr (VI), As (V) or Zn.

3.3. Materials and methods
3.3.1. Multielemental analysis of seeds

Certificated seeds dflelianthus annuud.. (Asteraceae) an@8rassica napud.. cv.
Nodari (Brassicaceae) were provided by SyngentadsSemd Caussade Semences,
respectivelyBrachypodium distachyoh. (Poaceae) seeds were collected from natural
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populations in Pozoblanco (Cérdoba, Spain). A raldthental analysis of seeds was
carried out to know the basal content of elemanthé seeds before starting thevitro
assays and evaluate if the element concentratioesappropriated for a normal
germination of seeds. The seeds were washed inatgy, rinsed in Millipore water and
dried at room temperature. According to Aguilaakt(2010), 10 mg of seeds of each
species were individually ground and transferre®dpinto a microwave vessel and
mixed with 6 mL of HNQ (65% Suprapur®) and 1 mL of HCIO (70%, Suprapur®).
The mixture was digested in a Microwave reactiostay, Multiwvave 3000, Anton
Paar GmbH, Graz (Austriggt 230 °C during 20 min, according to the applmadi
provided by the manufacturer. After cooling, thgedits were filtered (Whatman filter
paper n°541) and brought up to a volume of 25 mh Millipore water. Total Zn was
determined using a Sequential Inductively Coupleldsia Atomic Emission
Spectroscopy, Liberty AX, Varian, Victoria (Austagl and Cr, As and Cd were
determined using an Atomic Absorption Spectroma®?240Z equipped with Graphite
Tube Atomizer GTA 120, Varian, Victoria (Australia)

3.3.2. Seeds and growth conditions

All seeds were surface sterilized by immersing % @alcium hypochlorite plus two
drops of Tween 20 for 10 minutes, then washed thmees with Millipore water and
70% ethanol for 10 minutes. Finally, seeds wereethin sterilized Millipore water.
Subsequently, fifteetd. annuus twenty-five B. distachyonand thirty-five B. napus
sterilized seeds were set in each of several massiontaining 250 ml of agar nutrient
medium. According to Peralta et al. (2001), therieat medium was a modified
Hoagland’s solution (pH 5.5): Ca (N@4HO (0.5 mM), KNQ (0.75 mM),
NH4H,PO, (0.25 mM), MgSQ- 7H,0O (0.06 mM), MnS@ H,O (0.5 pM), HBO; (6.25
UM), (NHz)eéM0704 (0.125 puM), CuS®@5H,0 (0.025 pM), ZnSQ7H0O (0.5 puM),
NaFé' EDTA (5 pM), MES buffer (0.5 pM) and agar for nabiology. The medium
was autoclaved and four mason jars per treatmerdg smked separately with Cd (O,
0.05, 0.1, 0.3 mM as CdO8H:0) or As (0, 0.07, 0.1, 0.4 mM as MEAsO,- 7H,0) or
Zn (0, 0.3, 1, 1.5 mM as Zn30 7H,0O) or Cr (0, 0.7, 1.5, 2 mM as,&r,0O;). Metals
were filtered through 0.20 pm pore cellulose aeettringe filters and added to the

medium. The process was performed in a verticainamflow cabinet under sterile
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conditions. The mason jars were put in a growingnaber (SD-1200 VL, Snijders,
Tilburg, Netherlands) at 25°C, photoperiod 12h ar®#.527pmol.M.s* photon
irradiance, during 15 days (Figure 3.1).

Figure 3.1.B. distachyorandB. napusgrownin vitro with 0, 0.3, 1, 1.5 mM Zn.

3.3.3. Analytical procedures in plant samples

After two weeks, germination rate and length of sskdlings were recorded. Whole
seedlings were collected and roots were rinsedflprim 10 mM sodium
ethylenediaminetetraacetic acid @E®TA). Then, plants were washed twice in
deionized water, separated into roots and shoagh&d and dried for 72 h at 60°C.
Subsequently, the dried tissues were individualigugd and digested (30 mg) by
adding 1mL of HNQ (65% Suprapur®) and 1mL of HCI@70% Suprapur®). The
samples were left overnight and heated at 130°@ foB0 min in a heating block (Dri-
Block, DB3D, Techne). After cooling, the volumetbé extracts was adjusted to 25 mL
with Millipore water. Metal concentrations were bz&d with a Fast Sequential
Atomic Absorption Spectrometer AA240FS, Varian, tdita (Australia). Calibration
curves were made from standard solutions of purgln@ns (Scharlau). Arsenic was
determined using an Atomic Atomic Absorption Specteter AA240Z equipped with
Graphite Tube Atomizer GTA 120, Varian, Victoriaugtralia). The quality assurance
of the digestion and analytical methods was pravio including blanks and certified
reference materials (NCS DC73348 Brush Branches lazml/es, China National
Analysis Center for Iron and Steel, and CTA-VTL-&giia Tobacco Leaves, Polish
Academy of Sciences and Institute of Nuclear Chegnsnd Technology) with every
set of samples.
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3.3.4. Statistical analysis

Statistical analysis of data was made by usinglBhM SPSS Statistics 19.0 software.
One-way analysis of variance (ANOVA) and Tukey'stteere applied. Differences at

P < 0.05 level were considered significant.

3.4. Results and discussion

3.4.1. Seed analysis

As the first phase of seedling development dependde amount of mineral nutrients
present in seeds (Vreugdenhil et al., 2004), tmeeotrations of nutrients and metals in
seeds 0B. napus, H. annuusndB. distachyor{Table 3.1) were analyzed before setting
upin vitro tests. The analyzed seeds showed mineral con@utand Cr concentrations
similar to the values found in certified seeds camiy used in the biodiesel production
(Chaves et al.,, 2010) and in seeds collected frompolluted soils (Aguilar et al.,
2010; Fatima et al., 2013).

Table 3.1.Macro, micronutrient and metal concentrations iedseofB. napus, H. annuus
andB. distachyon

B. napus H. annuus B. distachyon

As (ug ¢" n.d. n.d. n.d.
Cd(ugg)  0.038+0.006 0.14 +0.01 0.10 +0.01
Cr (ug @) 0.4+0.1 7.4+0.4 19+4

Cu (mg Kg" 74+4 41+5 9.03 +0.06
Fe (mg Kg") 92+7 91+9 185 + 29
Mn (mg Kg*) 36+2 20+ 2 17+1

Zn (mg Kg") 43 +2 80+7 33+2

Na (mg Kg") 42 +2 25+5 80+5

Ca (%) 0.26 +0.02 0.12+0.02 0.16 +0.05
K (%) 0.61+0.03 0.71+0.03 0.53+0.03
Mg (%) 0.23+0.01 0.28+0.03  0.138 + 0.005

Mean values + SE; n=4.d., not detected. As < 0.005 pg g
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3.4.2. Germination rate

The metal toxicity during the seed germination igaod indicator of the possible
tolerance of the adult plant in some species (BiaeGnzélez et al., 2010). Other
studies have suggested that germination could ladfamted but subsequent growth
could be significantly diminished (Reynoso-Cuevasalke, 2008). The three species
showed high germination rates in presence of thdied metals, except for Cr (VI)
(Table 3.2).This metal reduced germination rate at high doaed,it was lethal téd.
annuusseeds. These results are in agreement with Foaia @008), who observed an
important reduction in the germination rate-bfannuusrom 1.2 mM of Cr (VI), when

seeds were germinated in Petri dishes.

Table 3.2.Germination of seeds vitro conditions with Cd, As (V), Zn or Cr (VI).

Dose Germination rate (%)
Metal M
. distachyon . hapus . annuus
(MM) B, distach B H
0 97 +5ns 95 + 2ab 83 + 8ns
7n 0.3 84 +7 92 + 2ab 95+3
1 90 +3 99 +2b 90 +8
1.5 89+4 87 + 1a 93+3
0 97 £ 5ns 95 + 2ns 72 + 3ns
cd 0.05 95+2 91+1 78+9
0.1 95+1 91+1 60+ 11
0.3 96 +2 98 +1 677
0 97 +5b 95 + 2ns 85+ 6b
As (V) 0.07 93 + 3ab 91+0 88 + 6b
0.1 86 + 3a 81+2 78 + 7ab
0.4 83 + 4a 90+ 3 53 + 8a
0 97 £ 5¢ 95 + 2¢ 95
Cr (V1) 0.7 96 + 3c 83+1b 0
1.5 64 +£7b 74 + 2ab 0
2 32 +8a 65 + la 0

Different letters mean significant differences afiae-way ANOVA and Tukey’s tesP(<
0.05; mean values * SE; n=4) n.s, means not sigmifi (Modified from Montalban et al.,
2012).

The bxic effects of Cr (VI) on plant development inokad alterations in the
germination processes as well as in the growthoofsrand aerial parts (Hayat et al.,
2012) Peralta et al. (2001) also found that 0.7 mM of (€I) reduced the seed

48



germination ofMedicago sativaseeds by 50%, in similar conditions to this wadrkour
results,B. napusandB. distachyordid not reduce their germination rate in presevfce
0.7 mM of Cr (VI). This indicates a high tolerartoethis metal during germination, but
finally, the length of roots and shoots were redudeastically after two weeks of
growth. This high tolerance during the germinatmhrase could be explained because
the seed is a stage in the plant life cycle thatal protected against stresses. However,
after imbibition and subsequent vegetative develamal processes, they become
stress-sensitive (Hayat et al., 2012). Our resarisin agreement with Li et al. (2005),
in which the studied seeds still germinated inghesence of high metal concentrations,
but the subsequent seedling growth was severelgiiati at much lower concentrations

of these heavy metals.

3.4.3. Metal toxicity to seedlings growth

Biomass, root and shoot length were the parameatsd to evaluate metal toxicity. In
general, these parameters decreased in a dosedéepenanner in all the species, but
the effect was different depending on metal andtpdpecies. In the case ldf annuus
growth with Cr (VI), there were no values of elotiga, biomass and uptakbecause
this metal inhibited the germination in the dosesdd.

B. distachyorshowed high tolerance to 1 mM of Zn in the medifigure 3.2, 3.3).
The shoot elongation remained constant at therdiftedoses of Zn, and root length and
biomass obtained were not significantly differerdani control values (Figure 3.4a).
Indeed,B. distachyoraccumulated more Zn in aerial part tiannapusandH. annuus
(Table 3.3) without toxicity symptoms. On the other hand, thetes a maximum of
growth when Zn concentration was 0.3 mM. In thisegahe root length significantly
increased compared to the control. Peralta e28DY) also found a positive effect of
Zn in roots ofMedicago sativeseedlings unden vitro conditions. This fact could be
explained because Zn is a micronutrient and lowemments of this metal increase plant
growth.
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The shoot and root elongation Bf napusandH. annuusdrastically decreased at the
lowest dose of Zn (Figure 3.2, 3.3). The reductbB. napusandH. annuusgrowth in
presence of Zn was described by Bernhard et aD52@nd Hernandez-Allica et al.
(2008), under hydroponic conditions. Recent repsintsved that an excess of Zn could
cause a loss of total chlorophyll, disorganizatmnthe chloroplast and reduce the
numbers of thylakoids and grana, hence, the groatitd be severely affected (Wang et
al., 2009). The maximum toxicity level was foundglants exposed to Cr (VI). The
presence of Cr (VI) affected drastically the rond ahoot length oB. distachyorand

B. napus reducing the elongation from the lowest dose (F@g3.5a, b). HoweveB.
napusshowed good results in the presence of Cd (Figusg Its biomass was only
reduced in the highest dose (Figure 3.4b), beirigifferent to the control in the other
doses, and it was the plant that accumulated tjigebt concentrations of this metal in

aerial parts, with respect kb annuusandB. distachyor(Table 3.3).

Table 3.3.Concentrations of Cd, Zn and As in the studied iggeafter 15 days of growtin
vitro conditions with different metals.

Shoot metal uptake (mg.RdPW) Root metal uptake (mg.RgPW)
Dose (mM) B. distachyon B. napus H. annuus B. distachyon B. napus H. annuus
0 42 + 7a 105 £ 11a 202 + 284 153 £ 91a 77 =+ 8a + ¥8a
Zn 0.3 | 1065+132b 1504 £ 82c 855 +471b 5377 #4697 7888 + 349b 1667 + 224b
1 1605 +53b 1418 + 200c 813 + 260b 8176 +419c 21261132c 2305 + 215bc
15 | 1520+ 196b 1143 +163b 1471 £ 355b 8582 + 2941301 + 490c 3011 + 377c
0 Oa 2.2+0.2a Oa Oa 4.7+0.2a Oa
Cd 0.05 28 £ 5b 699 + 31b 13+3b 824 +75b 3488k 311 +40b
0.1 27+3b 654 + 75b 119 +24c 827 +248b 49453cl7 436 +35b
0.3 86 + 5¢c 838 + 235hb 604 + 85d 1360+ 314b  723853d 1573 +275c
0 Oa Oa Oa Oa Oa Oa
As (V) 0.07 17 £ 6b 174 +27b 107 £ 8b 757 £29b 4999636 215+ 83b
0.1 48 + 13b 186 + 29b 119 + 4b 809 £ 49b 877336k 405 +119bc
0.4 466 + 26¢C 1228 + 202c 340 * 61a 12068 + 4138686 + 1146b 663 + 98c

Different letters mean significant differences affNOVA one-way and Tukey's tesP(<
0.05; mean values + SE; n=4).

52



Figure 3.5.B. napuga) andB. distachyor{b) grown with different doses of Cr (VI).

Figure 3.6.B. napusgrown with different doses of Cd.

Many reports suggest thBt napuscan be a useful candidate for phytoextraction of Cd
due toits high above ground biomass in presence of tlagainfaster growth and high
uptake values (Nouairi et al., 2009; Selvam et28(09).B. distachyorandH. annuus
showed also tolerance to Cd concentrations studiedgshown by the biomass values
which were not drastically reduced with increasihg doses in medium (Figure 3.4a,
¢). H. annuusplants showed a significant reduction of shoot amat elongation in
presence of low doses of Cd, according to Azeveddal.e(2005) and Groppa et al.
(2008), but in our study the aerial biomass obthiaiter two weeks was not affected

for any Cd concentrations.

In presence of As (V)B. distachyorandB. napusshowed a progressive reduction in
their shoot length with increasing the concentratothe medium (Figure 3.2). In case
of H. annuuswe did not find significant differences in shéehgth between 0 and 0.07
mM of As (V), thereby showing to have more tolemno As (V) in medium than the
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other species. None of the metals affected thaldgomass oH. annuugFigure 3.4c),
suggesting its tolerance to these metals durinly davelopment. The high toxicity of
As (V) did not affect the root elongation df annuusandB. napusat 0.1 and 0.4 mM,
respectively (Figure 3.3). Reductions in germinmatiate and roots length in response to
arsenic exposure has been reported in other nodéabnt plantgGroppa et al., 2008;
Gomez et al., 2013). Very low concentrations of (X% could be beneficial for plant
growth, but with increasing concentration, As (\cbmes toxic for plants, causing
chlorosis, necrosis, inhibition of growth and fiyatleath (Gulz et al., 2005). Taking
this into account, the results of this work reghbg ability ofB. napusandH. annuugo
grow in the presence of high concentrations of Ws producing in general high values
of biomass and uptake in 2-weeks seedlings. Thesdts are in agreement with Liu et
al. (2012), who observed a high toleranceBoinapusto grow in soil spiked with As
(V). More studies about the tolerance mechanisnthede crops in presence of As (V)
are necessary in order to evaluate its possiblerduapplication as candidates to

remediate arsenic polluted lands.

B. napusandH. annuusare crops tolerant to Cd, Zn and As; this behakes been
shown in this work undem vitro conditions. Considering biomass productidh,
distachyorshowed more sensitive to Cd and As tBamapusandH. annuus However,
B. distachyonshowed high tolerance to 1 mM of Zn in the mediduarther studies
need to be performed in order to determine thedatse and toxicity of this new model
plant in the presence of these and other metalsiofe profound knowledge of this
grass might improve the study and application oftpiechnologies in contaminated

soils and enable us to produce renewable energypltuted sites.

3.5. Conclusions

The obtained results show thatvitro tests can provide valuable information about the
impact of toxic metals on germination, viabilitycaseed metabolism. Because of the
high sensitivity of this test, its use as a stejprpto soil experiments could help to
predict the physiological response of the planpiasence of metald. distachyon
shows mechanisms to avoid metal toxicity duringftist stages of growth. This grass

species could be a suitable model plant to stugyggncrops tolerant to metals, and the
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mechanisms implicated in the response to metassstrespecially in the presence of
high levels of Zn.
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Chapter 4

Metal(loid)s uptake and effects on the growth oHelianthus tuberosus

cultivar-clones under multi-polluted hydroponic cultures

Montalban B., Lobo, M. C., Alonso, J., Pérez-San2@15. Metal(loid)s uptake and effects on
the growth ofHelianthus tuberosusultivar-clones under multi-polluted hydroponicltates.
CLEAN-Soil, air, water. DOI: 10.1002/clen.201400630

4.1. Abstract

Helianthus tuberosus a high biomass crop recently proposed as aidatedfor use in
phytotechnologies on metal polluted soils. The gmésvork reports data concerning
plant growth, metal(loid) uptake and the metal(jjadtrient interactions of two
cultivar-clones ofH. tuberosus(VR and D19). Three hydroponic experiments were
performed separately: T1: 30 mg: bf As(V), Cd, Cr(VI) and Ni; T2: 30 mg-tof Cu,
Zn, Pb and Cd; T3: 30 mg?Lof As(V), Cd and Ni. Theoretical estimation of the
metal(loid) speciation in the nutrient solution veasluated by MINTEQAZ2. The aerial
biomass of both cultivar-clones was not signifibamteduced with T2 and T3 in
comparison to the controls. T1 was the most taxeatment foH. tuberosusdue to the
presence of Cr(VI) in the mixture. D19 accumulabégher concentrations of metal in
tissues than VR, and showed an effective mobibratf Pb to the stem#lthough
both cultivar-clones showed high capacity to graw presence of multiple toxic
metal(loid)s, D19 showed better characteristica MR to become a potential candidate

for use in phytotechnologies.

Keywords: Biomass production, Jerusalem artichoke, metahsiocation, nutrient

status, phytotechnologies.
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4.2. Introduction

Industrialization has increased the concentratiohpollutants as metal(loid)s in the
biosphere. This presents a global problem for wisiclutions must be found. Mining
processes such as coal mines, smelting, electimglabhd metallurgical industries have
increased the levels of metal(loid)s As, Cd, Cuy,Nir Pb and Zn in soils (Kabir et al.,
2012). The use of fungicides, inorganic and phospfetilizers has also contributed to
increase the concentrations of As, Cd, Cr, Ni, Rt Anin the surrounding lands of
agricultural areas (Nagajyoti et al., 2010). Theiemmental hazard of metal(loid)s is
accentuated by their persistence in the environraedttheir accumulation in the food
chain (Garbisu et al., 2001).

Phytotechnologies are environmentally friendly sotblat couldmprove soil quality by
decreasing the concentration and bioavailabilitynwétal(loid)s through the use of
plants able to accumulate metal(loid)s in theisues Yangronsveld et al., 2001The
utilization of high-biomass crops can help to dtabior remove toxic metal(loid)s in
soils as well as to produce a renewable energyureson marginal lands that can no
longer be used for food and feed production. Ting kime required to remediate metal
polluted soils with plants can be counterbalancdti Whe abatement of GCand the
production of renewable energy with an economicuea(Witters et al., 2012).
Helianthus tuberosud.. (Asteraceae) commonly known as Jerusalem aitiehor
topinambur, is a high biomass crop used in bioreshg@roduction and vegetatively
propagated byubers (Serieys et al., 2010). Although this cremative from North
America, it is now cultivated in Europe, Asia andisialia. H. tuberosusis a salt
tolerant plant that can grow in saline, poor ardlaie soils (Long et al., 2010) and is
able to resist severe climatic conditions, suclr@st or drought (Kim and Kim 2014).
Some studies have shown the tolerance of thistorgpow in the presence of metals as
Cd, Pb and Zn (Cui et al., 2010; Chen et al., 2Qbhyg et al., 2013), but its response to
multiple metal(loid)s has been poorly investigatési cultivation shows low production
costs, as well as minimal pest and disease prob{Kmgs and Nottingham, 2008). All
these characteristics maké. tuberosusa potential candidate to remediate metal
polluted soils, as well as produce a renewableggnexsource. The objective of this
study was to evaluate the natural ability of twdtiear-clones ofH. tuberosugVR and
D19) to accumulate metal(loid)s commonly found in patlssites. Since there are no
other studies so far about the effectiveness efditop to accumulate metal(loid)s as As,
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Cu, Cr, Ni, this work provides essential data fealeating its use in phytoextraction.
The experiments were performed in hydroponic calttr maintain all the elements
available to the plant, and evaluate the metalracteons that happen during plant
uptake. Hydroponic experiments also provide comiparaand reproducible data
obtained under standardized conditions (Hernandkealet al., 2008; January et al.,
2008), and avoid the metal retention process tbetirs in soils. In order to determine
the total concentrations of metals and ligandshim $olutions, metal speciation was
calculated by using MINTEQA2. Computer programshsas MINTEQAZ2 have been

developed to calculate the equilibrium compositidmlilute aqueous solutions and can
be used to calculate the distribution of chemigaécges in natural and synthetic
systems. Models such as these predict the cherooal of trace metals in complex

media, provided that the chemical composition efriredium is well-defined and valid

stability constants for the relevant metal-liganpedes are available. Computer
modeling of metal speciation in the nutrient sa@ntmedia, conducted in parallel with
plant experiments, may be helpful in interpretihg biological effects of heavy metals
(Farrell et al., 1993; Rathnayake et al., 2013).

4.3. Materials and methods
4.3.1. Greenhouse experiment

Tubers of two cultivar-clones @f. tuberosuswvere selected due to their high biomass
production (Violet de Rennes shortened as VR, alsshd@précoce commonly called
D19). The tubers were collected in May of 2011the field collection of IMIDRA
(Instituto Madrilefio de Investigacion y DesarroRural, Agrario y Alimentario), for

use in the experiment (Figure 4.1).

Figure 4.1.Field collection of cultivar-clones ¢f. tuberosusn IMIDRA.
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Tuber slices with buds were germinated on humidl itugreenhouse conditions. The
temperature during the experiment was 30 + 4°C)(dag 20 + 2 °C (night). After two
weeks, uniform plants (5-7 cm of length) were aaltgfrinsed in distilled water and
transferred to hydroponic culture with coarse pertand a half strength modified
Hoagland’s solution (1 mM Ca (N®-4H0, 1.5 mM KNQ, 0.5 mM NHH,PQ;,, 0.25
mM MgSQy-7H0O, 1 pM MnSQ-H,O, 12.5 pM HBOs;, 25 pM NaCl, 0.25 puM
(NH4)sM070,4, 0.05 pM CuS@5H,0, 1 uM ZnSQ 7H,0, 10 pM NaF¥é-EDTA,
demineralised water buffered with 1 mM of I2-horpholino)ethanesulfonic acid, pH
5.5+0.5).

Three hydroponic experiments were performed seglgraach one with a half strength
modified Hoagland’s solution containing differemédtments of metal(loid)s (Figure
4.2). Each metal(loid) was added at 30 mbebncentration. Since there are no studies
of H. tuberosusn the presence of multiple metal(loid)s under ropenic conditions,
the doses used in these experiments were baskld amuus(January et al., 2008). In
the first experiment (Treatment 1, T1), the plamisre exposed to As(V) as
NaHAsSO, 7H,0, Cd(ll) as CdS®8H0O, Cr(VI) as KCr,O; and Ni(ll) as
NiSO4-6HO. In the second experiment (Treatment 2, T2),plaats were exposed to
Cu(ll) as CuS@5H0, zZn(ll) as ZnSQ@ 7H,0O, Pb(ll) as Pb(Ng), and Cd(ll) as
CdSQ:8H,0. Finally, in the third experiment (Treatment 3),Tthe plants were grown
with As(V) as NaHAsO,- 7H,0, Cd(ll) as CdS®8H,0O and Ni(ll) as NiS@ 6H,0.
Control plants were grown only with Hoagland’s $mn. T1 and T3 were established
to evaluate the effectiveness of both cultivar-elto grow in a multi-polluted mixture
from industrial sources, and T2 was set up to mpoitution from mining. The nutrient
solution was replenished daily and completely cledngvery three days. Aliquots (20
mL) of the nutrient solution were collected befamred after each change to check the
pH, electrical conductivity and concentrations oétai(loid)s and nutrients. Three
plants of each cultivar-clone were set up per &agl four independent trays of each

treatment were prepared.
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Figure 4.2.Hydroponic experiment with coarse perlite in gremrde conditions.

4.3.2. Metal speciation in the multi-polluted nutrent solutions

The speciation of metal(loid)s in the multi-polldteutrient solution was obtained using
a software equilibrium speciation model (MINTEQA2rsion 3.0 visual basic.NET
2005 compiled by Jon Petter Gustafssof)e variables used to compute metal
speciation were pH (buffered with MES) and theltotamcentration of each component
in nutrient solution. The input species were id@dias the free metal cations;,Hnd
the free ligands. The output data were expresseerins of activity and percentage of

total concentration.

4.3.3. Analytical procedures in plant samples

The plants were harvested after two weeks. Roote wiesed in 10 mM sodium
ethylenediaminetetraacetic acid gE®TA) and then washed in distilled water. The
plants were separated into leaves, stems and tbets,weighed and dried in a forced
air oven for 48 h at 60°C. The dry weights wereo aletermined. Subsequently, the
dried tissues were individually ground and digegt&@ mg) by adding 1mL of HN{O
(65% Suprapur®) and 1mL of HCIQ70% Suprapur®). The samples were left
overnight and heated at 130°C for 2 h 30 min ireating block (Dri-Block, DB3D,
Techne). After cooling, the volume of the extragts adjusted to 25 mL with Millipore

water.

Total concentrations of metals and macro/microrats were measured in previously
acidified samples by flame Atomic Absorption Specteter AAS Varian Fast
Sequential Model AA240FS. Arsenic was determinedghgisAtomic Absorption
Spectrometer Zeeman Atomic AA240Z equipped with pBite Tube Atomizer

GTA120. Calibration curves were made from standsofilitions of pure metal ions
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(Scharlau). The quality assurance of the digestiwh analytical methods was provided
by including blanks and certified reference matsr(ftdlCS DC73348 Brush Branches
and Leaves, China National Analysis Center for led Steel, and CTA-VTL-2
Virginia Tobacco Leaves, Polish Academy of Scieneesl Institute of Nuclear
Chemistry and Technology) with every set of sampld® recovery percentages were
As (~97%), Cd (~95%), Cr (~99%), Cu (~98%), Ni (8%), Pb (~89%) and Zn
(~101%).

4.3.4. Translocation and bioaccumulation factors

The translocation factor (TF) was calculated toedwatine relative translocation of

metal(loid)s from the roots to the aerial part$hef plant (Long et al., 2013):
TF1=[metal(loid)}en/ [Metal(loid)}oot
TF2= [metal(loid)fas/ [metal(loid)}oot

The bioaccumulation factor (BAF) was also calcudi® evaluate the concentration of
metal(loid) in the aerial parts with respect to ttuncentration added to the nutrient

solution of each treatment (Sanchez-Pardo and ZarrgD14):
BAF1= [metal(loid)Len/ [metal(loid)koiution

BAF2= [metal(loid)]eas/ [metal(loid)Lorution

4.3.5. Statistical analysis

Statistical analysis of data was made by usinglBhM SPSS Statistics 19.0 software.
One-way analysis of variance (ANOVA) and Tukey'stteere applied. Differences at
p < 0.05 levels were considered significant.

4 4. Results and discussion

4.4.1. Estimation ofnutrient and metal(loid) concentrations in the muli-polluted

solutions

Nutrients and metal(loid)s concentrations were jgted using the visual MINTEQAZ2

software to quantify the free metal content of emadium (Table 4.1).
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Table 4.1.Chemical speciation of metal(loid)s and nutrientie multi-polluted solutions.

CONTROL Treatment 1 Treatment 2 Treatment 3
% of total % of total % of total % of total
concentration Activity ~ concentration Activity ~ concentration Activity ~ concentration Activity
Component Species uM uM UM UM
Fe' FeEDTA 97.1 17.4 63.4 11.2 53.1 9.37 63.4 11.2
Fe(OHY* 1.25 0.23 20.4 3.60 28.0 4.76 20.5 3.62
FeHPQ' 0.95 0.17 15.0 2.66 18.9 3.34 15.1 2.67
Cu'*? Cu'? 46.5 0.30 78.3 0.47 78.8 226 78.3 0.46
CuEDTA? 43.6 0.28 2.92 0.02 1.86 36.1 2.92 0.018
CuHPQ
(aq) 6.63 0.07 10.1 0.10 9.77 46.2 10.2 0.103
CuSQ (aq) 1.78 0.02 6.92 0.007 7.64 5.34 6.72 0.067
Zn*? Zn'? 93.2 1.20 89.6 1.08 88.9 250 89.5 1.09
Mn*? Mn*? 93.9 1.20 90.9 1.10 90.3 1.10 90.9 1.10
Cd" Cd"™ 79.8 130 85.9 141 79.7 131
AsO,* H,AsO, 95.4 337 955 337
Ni*? Ni*2 89.7 277 89.7 278
NiEDTA™ 1.40 7.10 1.40 7.10
Cro,2 HCrO, 80.3 425
Pb' Pb™ 76.1 64.8
PbSQ (aq) 15.8 22.2
PbEDTA-Z 0.30 0.42
mM mM mM mM
K* K*t 99.3 2.67 99.0 2.71 99.0 2.62 99.0 2.62
Ca'? ca’? 93.4 1.20 88.2 1.07 88.7 1.08 89.3 1.09

Mg?* Mg** 96.3 0.31 92.6 0.28 92.2 0.28 92.6 0.28




The metal(loid)s were primarily free in the multtjuted solutions. The percentages of
iron and copper species in solution changed asaecuence of the interactions with
other elements. The percentage of iron as Fe-EDddcreased in multi-polluted
solutions with regards to the control. Ni, Pb andl f6rmed organic complexes with
EDTA which modified the percentage of Fe, and sgbcichelated copper in the
nutrient solutions. In any case, the concentratiothelated iron in the nutrient solution
was sufficient to ensure the plants’ nutrition. @tklements as K, Ca and Mg were also
estimated because of their role as macronutridm. filee concentration in those media
remained relatively constant with the addition adtat to the nutrient solution. Only the
percentage of free Ca was slightly lower in mudilipted solutions than in the control.

The pH and electrical conductivity were determibefbre and after each change of the
nutrient solution to check possible variationsha availability of elements. The pH was
maintained at 5.5 £ 0.5 and the electrical conditgtat 1129 + 160 uS/cm that show

that the availability of metal(loid)s and nutriemtas constant along the experiment.

4.4.2. Interaction effects of multiple metal(loid)son plant growth

Biomass production was the parameter used to eeatha ability ofH. tuberosugo
grow under hydroponic conditions with three differéreatments of metal(loid)s. In
comparison to the controls, the aerial biomass measignificantly reduced when both
cultivar-clones were grown under T2 (Cd, Cu, Pb) @nT3 (As(V), Cd, Ni) (Figure
4.3b,c); in the cultivar VR, the biomass of thenséancreased significantly when plants
were treated with T3. A significant reduction wasserved in the biomass of total
plants when both cultivar clones were treated with (As(V), Cd, Cr(VI), Ni) that
differs from T3 only by the concentration of Cr(\(Bigure 4.3a).

In view of the high toxicity found in T1 due to GAlj, a new treatment (T3) was set up
without this metal to evaluate the tolerance of dtleer metal(loid)s. Several studies
have demonstrated the adverse effect of Cr(lIl,0A)plant growth (Singh et al., 2013).
The low metal tolerance of sunflower to Cr(VI) wagviously reported in other studies
(Shahandeh et al., 2000; Montalban et al., 20@4}uberosuswhich is closely related

to the sunflower showed the same sensitivity tovgio the presence of Cr(VI), even

mixed with other metal(loid)s.

64



(a) 250 -

200 - {»

[
w
o

[y
(=]
o

Dry weight {mg plant!)

50 - m *
Borf Ll
ol LI [ T | i
Stem | Leaf ‘ Root

Stem | Leaf ‘ Root ‘

Control T1

(b) 140 -
120 - {»
100 -
80 -

60 -

Dry weight {mg plant!)

40

| * x
20 - =mk
0 +——+— 1+ =1 1 b 1 b L bl 1 b
Stem | Leaf ‘ Root ‘ Stem | Leaf ‘ Root ‘
Control T2
(c) 140 ‘
120 ‘ %
2100 - {»
[}
s
oo -
é 80 3
.
@ 00 -
k]
: .
> 40 -
5 ol
20 ‘
0 - T T -
Stem | Leaf ‘ Root Stem | Leaf ‘ Root
Control T3
OvrR [OD19

Figure 4.3. Biomass of VR and D19 cultivar-clones under Tresttrl (a), Treatment 2 (b) or
Treatment 3 (c). Asterisks (*) represent significdififerences between control and treatments
after one-way ANOVA (Tukey’s tegp, < 0.05; mean values + SE; n=4).

It is well known that Cds highly phytotoxic even at low concentratior@zhen et al.
(2011) observed a significant biomass reductioalliparts ofH. tuberosusat 5 mg- [*
Cd. The biomass dfl. annuuswas also reduced at 5 mg-lof Cd after 15 days of
growth (Azevedo et al., 2005). In this work, therbass was not reduced at 30 mj-L
of Cd. Apparently, the toxicity of Cd decreased tme¢he mixture of metal(loid)s, and

metal interactions can modify the toxicity of aglen metal. Papazoglou et al. (2011)
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described the antagonistic effects between Cd anth Nardoon plants. Both metals
were less toxic for the plant when they were applie combination rather than
individually. The toxicity of Cd, Cu, Pb was alsowler in Cucumis sativusvhen the

metals were added in ternary combination than ségstr(An et al., 2004). On the other
hand, Sun et al. (2009) showed an antagonisticteffeBidens pilosagrown under co-

contamination of As and Cd. The antagonistic effexiuld take place in T2 (Cd, Cu,
Pb, Zn) and T3 (As(V), Cd, Ni), being for that readess toxic for both cultivar-clones

of H. tuberosus

4.4.3. Accumulation of multiple metal(loid)s

Both cultivars were able to accumulate multiple at{&id)s from the assayed solutions
and significant differences were found betweenivais. In general, D19 showed
higher concentrations of metal(loid)s in its tissuthan VR (Table 4.2). D19
accumulated significantly more Cd, Cr(VI) and Ni stems under T1, and Cd and
As(V) in leaves under T3 than VR. The concentraiohCd, Cr(VI), Ni and Zn were
also higher in roots of D19 than in VR. The relatimetal translocation in plants was
determined by the TF values. TF values higher thardicate an effective translocation
from roots to aerial tissues. In the case of Phj baltivar-clones showed TF1 and TF2
values close to 1. D19 showed the highest TF vafoesthis metal (Table 4.2).
Pogrzeba et al. (2011) observed the natural alwfity. tuberosugo mobilize Pb from
roots to the aerial part in soil polluted with ®h and Zn. Similar results were found in
H. annuuswhich also showed a TF value close to 1 at 50 Mdrh, under hydroponic
conditions (Niu et al., 2007). These results sugg¢fest both species have a similar

ability to translocate this metal under hydroparoaditions.

The other evaluated elements achieved values Itaer 1 of TF1 and TF2, which
suggests that the metal(loid)s were retained maimlyhe roots. It is important to
mention that both cultivar-clones showed TF1 valniggher for As than for the other
elements (0.57 and 0.68, in VR and D19, respegbve&lthich illustrates the potential
capacity of the plant to mobilize this metalloidth@ aerial part. The mobility of As and
Pb in plants is low and both elements are mairdyest in root cells (Vamerali et al.,
2010). Previous studies with. annuusalso showed a high capacity to translocate As

when the plants were grown under multi-polluted ropdnic cultures with metals as
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Cd, Cr and Ni (January et al., 2008). Metal intecas in the root surface could affect
the metal uptake by the plant, and once into thatpltranslocation and toxicity could
be modified (Luo and Rimmer, 1995). January et (2008) observed that Cd
translocation to aerial parts bf. annuusdecreased in presence of As, possibly due to
competition for phytochelatins. According to thetime presence of Cd in the mixture
could increase also the As translocation Hby tuberosusunder T1 and T3, which

explains the high TF1 values found in both cultigkmes.

The cultivar-clone D19 showed the highest BAF1 galtor Cd, Cr(VI) and Ni under
T1 (Table 4.2), which indicates a better abilitybioaccumulate these metals in stems
with regards to VR. However, VR showed higher BAFdue for As(V) in T1 than
D19. In the case of T2 and T3, the BAF1 and BAFLes were similar in both

cultivars.

The metal selectivity of the plant, based on totatal uptake (Table 4.2), was the same
for both cultivar-clones in the case of T1 (Ni > €&r > As) and T2 (Zn > Cd > Cu >
Pb). The selectivity of elements by the plant canekplained through the metal(loid)
concentration predicted in the solutions (Table).4Under T1, Ni* and Cd** were
found as free cations and high concentrations §8%nd 79.8%, respectively), while,
anions such as Cr and As showed the highest aesi\#25u for HCr@ and 337 for
H.AsOy). Under T2, the metal selectivity could also blatexl to the concentrations of
cations predicted in the solution, being that Zd, Cu and Pb were present as*Zn
(89%), Cd* (80%), Cd" (79%) and PB (76 %).

In spite of this, complex interactions between isetauld affect the accumulation and
translocation of metals, through synergistic anth@onistic effects (Beckett et al.,
1978). A synergistic effect between Zn and Cu veamfl by Luo and Rimmer (1995) in
spring barley grown on spiked soils with differeombinations of metals. On the other
hand, Smilde et al. (1992) found antagonism efféetveen Zn and Cd, since the
presence of Zn decreased the Cd uptake by soms. &opording to them, the presence
of Cu in T2 could help to increase the Zn uptakddbyuberosusand at the same time,

the presence of Zn could decrease the Cd absorption
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Table 4.2.Total metal concentrations (mg K®M) in VR and D19 cultivar-clones &{. tuberosus

Treatments VR D19
Stem Leaf Root TF1 TF2 BAF1 BAF2 Stem Leaf Root TF1 TF2 BAF1 BAF2
T1 Cr 94 + 46a 23 +3a 2156 + 161a 0.04 0.01 3.1 0.8 434 + 135b 26 £ 5a 2780 = 104b 0.16 0.01 14.5 0.9
Ni 257 £ 75a 90 24a 7071 £ 774a 0.04 0.01 86 0 3. 512+175b 67 = 8a 8157 + 733a 0.06 0.01 17.1 2.2
Cd 68 + 25a 19 £ 6a 7082 + 802a 0.01 0.003 2.3 0.6 221 +£96b 16 £ 3a 7858 + 929a 0.03 0.002 7.4 0.5
As 647+87a 150+42a 1138 +20l1a 0.57 0.13 21.6 5,0 349+125b 195+47a 1389+ 15la 0.25 0.14 11.6 6.5
T2 Cu 24 + 6a 18 £ 2a 863 £ 67ab 0.03 0.02 0.8 6 0. 18 £ 2a 17t 1a 897 £ 40b 0.02 0.02 0.6 0.6
Cd 63 x10ab 33+6a 3320 £430ab 0.02 0.01 21 1 1 108+34b 27 +4a 4075 + 353b 0.03 0.01 3.6 0.9
Pb 118 +£13a 122 +6a 142 £+ 6a 0.83 0.86 3.9 4.1 127 +9a 132 £ 10a 132 +£11a 0.96 1.00 4.2 4.4
Zn 166+ 17a 152 +30a 4474 +172a 0.04 0.03 55 5.1 190 £ 42a 117+ 19a 5428 +318b 0.04 0.02 6.3 3.9
T3 Ni 1053+78a 86+30a 9645+1058a 0.11 0.0135.1 2.9 1081 +£162a 118+ 7a 11412 +£553b 0.09 0.01 36.0 3.9
Cd 512 +66a 9 +4a 10709 £1256a 0.05 0.001 17.10.3 497 + 70a 37 +4b 11191 +328b 0.04 0.003 16.6 1.2
As 365%+73a 54+1la 760 = 30b 0.48 0.07 12.2 1.8 403 +19a 120 £ 16b 595 + 97ab 0.68 0.20 13.4 4.0

Different letters represent significant differenges row and cultivar-clone, after one-way ANOVAUKEY's testp < 0.05; mean values + SE; n=4). TF:

translocation factor. BAF: bioconcentration factor.



Although the metal selectivity was different betweultivar-clones in the case of T3
(Cd > Ni> As for VR, and Ni > Cd > As for D19), theend of accumulation was
similar to T1. Ni and Cd were the most accumulatatibons, in spite of the interactions
found between metals. These results are in accoedaith Chen et al. (2011) that

reported the high ability dfi. tuberosugo accumulate Cd under hydroponic conditions.

4.4.4. Nutrient status

The presence of metal(loid)s affected the nutradsiorption byH. tuberosusin T2, Cu
and Zn were not taken into account in the discussidhe nutrient status of the plants,
since these metals were added as contaminantsnira), the Cu uptake was higher in
plants treated with metal(loid)s than in contrarmik (Table 4.3), while the Mn uptake
showed the opposite trend. Gardea-Torresdey €2@04) also observed a reduction in
the Mn uptake wheonvolvulus arvensiwas exposed to Cd, Cr(VI) and Cu under
vitro conditions. Regarding to Fe and Zn uptakefuberosudid not show significant

differences between controls and treatments.

In the case of macronutrients, the uptake of Ca higher in plants treated with
metal(loid)s than in control plants, while the centation of K and Mg was higher in
control plants than in plants grown with metal(dsidTable 4.4). Goncalves et al.
(2009) also observed a decrease in K and Mg ugigikeotato plantlets grown in the
presence of 200 uM Cd, undarvitro conditions. The polyvalent cations may interfere
with the K and Mg uptake (Nagajyoti et al., 201BYr that reason, it is expected that
the absorption of these nutrients would be modifreglants treated with metals. No
significant differences were found between VR ant® Degarding to macronutrient
uptake in control conditions, suggesting than bmthivar-clones have similar nutrient
requirements. The differences found between théralsnand the treatments were due
to the mechanisms used by the plant to maintairb#@nce of nutrients in presence of
the evaluated metal(loid)s. A few studies have bperformed about the effect of
metals on the nutrient status and mobilization fribr@ root to the aerial parts éf.
tuberosusand its relatedd. annuugAhmad et al., 2011). Different responses of euiri
uptake in other crops have been found among otkeerenents, depending on the
species, mixture of metals, exposure time of thantpto metal or conditions of the
experiment (January et al., 2011; Ahmad et al. 12@lvelli et al., 2014).
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Table 4.3.Total micronutrient concentrations (mgkBM) in VR and D19 cultivar-clones &{. tuberosus

Cultivar-clone

Treatment 1

Treatment 2

Treatment 3

Cu Mn Fe Zn Cu Mn Fe Zn Cu Mn Fe Zn
VRT Stem 29+2bc 22+3a 125+25a 113+3a 24+6b 23+la 125+10a 166+17b 9+%2b 25 +4a 40 +5a 78 +12a
Leaf 33+2b 18+1a 173+20a 105%+9a 18+2b 21+1la 139+23a 152+30b 6*1a 23 +3a 171 +17a 68 *1ba
Root 34+3b 34+ 3a 447 +133893 +12a 863 +67b 45+6a 279+58a 4474 +172b 33 +5b 55 +4a 860 +103aB22 +12a
VRO Stem 21+5ab 38+8b 100+2la 85+6a 4+la 46+6¢c 154+18a 28+9a 3.7 +0.4a 45 +4b 56 +4a 29 +7a
Leaf 19+4a 35+5b 180+22a 124+5a 5*1la 32+6b 108 +7a 30+t6a 2.1 £0.2a 30 *4a 173 +53a 49 +8a
Root 20+6a 55+6b 255+30a 208+24a 7+2a 55+9a 218+17a 52+10a 19 +0.3a 64 +7ab 652 +93a 89 +19a
D19T Stem 33+1c 22+1a 140+17a 110+9a 18+2b 19+2a 158+13a 190%+42b 8 +2b 31 +2ab 71 +£7a 59 +13a
Leaf 34+2b 24+2ab182+23a 133+18a 17+1b 16+1l1a 102+14a 117+19% 6 +1a 24 +2a 235 +25a 77 +14a
Root 40+2b 43 +4a 365+35a 210+22897 +40b 77 £13a604 +170a 5428+ 318c 29 +1b 70 +3bc 1051 +53b 207 +15a
D190 Stem 17+3a 57+11b198+74a 234+29a 7+2a 33+2b 149+17a 21 +11a 2+la 115 +13c 60 +3a 87 +32a
Leaf 16+4a 29+5ab204+24a 273+7a 5*la 24+1lab 95+8a 25 +8a 5+2a 39 +1b 194 +14a 71 *2la
Root 19+4a 76+11b374+49a 247 +54a 9+2a 62 +3a 309+13la 52 +6a 4 + 2a 102 +7¢ 937 +56b 167 +60a

Different letters represent significant differenqesr column, between treated plants (VR T and DY1@rd controls (VR 0 and D19 0), after one-way
ANOVA (Tukey’s testp < 0.05; mean values + SE; n=4).



Table 4.4.Total macronutrient concentrations (g 18@M) in VR and D19 cultivar-clones 1. tuberosus

Treatment 1 Treatment 2 Treatment 3

Ca K Mg Ca K Mg Ca K Mg
VRT Stem 0.14+ 0.02b7.7+0.2a 0.11+0.0la 0.09+0.01b 7.7+05a 0.14+0.0l1a 0.13+0.0la 6.4+0.3a 0.16+0.0la

Leaf 0.18+0.05a 2.2+0.380.27 +0.01a 0.18+0.03b 5.6 +0.2ab0.41+0.03a 0.28+0.04c 6.8%x0.3a 0.32+0.02a
Root 0.25+0.04b 2.5+0.2aD0.24 +0.02a 0.13+0.0lc 4.6+0.2a 0.30+0.02a 0.19+0.04a 1.6 +0.2ab0.16 = 0.03a

Cultivar-clone

VRO Stem 0.06 £0.01a 9.0+0.6&0.17 +0.01lbc 0.06 £ 0.0la 7.4+0.4a 0.23+x0.02b 0.06 £0.0l1a 4.5+1.3a 0.21+0.04ab
Leaf 0.16+0.02a 8.1+0.300.29+0.01a 0.09+0.0la 6.3+0.3b 0.37+0.04a 0.07+0.0la 6.7+1.8a 0.38+0.02b
Root 0.04 +0.0la 7.0+0.800.26 +0.0la 0.06 + 0.01a 6.1 +0.3b 0.32+0.02a 0.19+0.0la 5.8%0.9b 0.26+0.01b

D19 T Stem 0.08 £0.01ab5.8 £0.7a0.15+0.01ab 0.09+0.01b 6.6+0.6a 0.16+0.01a 0.09+0.04a 5.1+0.4a 0.17+0.01la
Leaf 0.21+0.03a 4.8+0.280.25+0.02a 0.10+0.01ab 5.1 +0.2a 0.31+0.04a 0.22 +0.04bc 6.3 +0.1a 0.36 +0.01b
Root 0.24+0.02b 1.9+0.3aD0.26 +0.02a 0.09+0.01b 45+*0.2a 0.35+0.02a 0.16+0.02a 1.2+0.1a 0.18+0.0la

D190 Stem 0.08+0.01a 5*2a 0.19%£0.01c 0.05+0.01a 7.5+0.4a 0.21+0.01ab0.16 £0.04a 4.4+1.2a 0.28+0.03b
Leaf 0.13+0.03a 7.2+0.200.29+0.02a 0.07+0.0la 5.8+0.2ab0.31+0.03a 0.09+0.02ab 5.6 +1.7a 0.37 +0.01b
Root 0.14 £0.03ab6.5 +0.4b 0.26 + 0.01la 0.07 £0.01ab 5.7 +0.2b 0.36 +0.04a 0.20+0.03a 4.3+1.3b 0.26 £0.01b

Different letters represent significant differenqesr column, between treated plants (VR T and D1@rd controls (VR 0 and D19 0), after one way
ANOVA (Tukey’s testp < 0.05; mean values + SE; n=4).



In general, D19 showed higher concentrations ofaltieid)s in the aerial parts and the
roots than VR, but both cultivar-clones showeddame response of nutrient uptake in
presence of metals, independent of the treatmdms. different response could be due
to the presence of a mechanism of VR to avoid Koess of metal(loid)s in the plant,
and a better strategy of D19 to tolerate the hayels of these elements in its tissues.
The high biomass production of this species ingmes of metal(loid)s, in combination
with the ability to accumulate them in its tissueske this plant a promising candidate
for use in phytoextraction, especially in the cab®b, as well as produce a renewable

energy resource in polluted sites.

4.5. Conclusions

The results of this work showed that D19 and VRicai-clones ofH. tuberosudid
not show a reduced aerial biomass in presence pfCQdPb, Zn or As(V), Cd, Ni,
added as a mixture of metal(loid)s. Ni, Zn and Gaterthe most accumulated metals by
both cultivar-clones, but they were mainly retainedthe roots. D19 showed an
effective mobilization of Pb to the harvestablei@gvarts and better capacity to remove
metal(loid)s from the studied solutions than VRrtRer research must be performed on
polluted soils, in order to evaluate the responsethese cultivar-clones to multiple

metal(loid)s and their efficiency as an energy avappolluted sites.
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Chapter 5

Characterization of bacterial communities associat with Brassica
napus L. growing on a Zn contaminated soil and their eftcts on root

growth

Montalban, B., Croes, S., Weyens, N., Lobd,C., Pérez-Sanz, A., Vangronsveld, J.
Characterization of bacterial communities assodiatigh Brassica napud.. growing on a Zn
contaminated soil and their effects on root grov@hbmitted to Environmental Microbiology
Reports.

5.1. Abstract

The interaction between plant growth-promoting baat (PGPB) and plants can
enhance biomass production and metal tolerancéeothbst plants. The aim of this
work was to isolate and characterize the cultivélaleterial community associated with
Brassica napugrowing on a Zn contaminated soil, in order teesekultivable PGPB
that might enhance biomass production and metatante of energy crops. The last
objective was to evaluate the effect of some ofeheacterial strains on root growth of
B. napus exposed to different concentrations of Zn or Cd. tétal of 426
morphologically different bacterial strains wereleged from soil, rhizosphere, roots
and stems oB. napus The diversity of the isolated bacterial populatiavas similar in
rhizosphere and roots, but lower in soil and stesmmartments.Burkoholderia
Alcaligenes Agrococcus Polaromonas StenotrophomonasSerratia Microbacterium
and Caulobacterwere found as root endophytes exclusively. Theutation of seeds
with Pseudomonasp. strains 228 and 256, ar®krratiasp. strain 246 facilitated the
root development oB. napusin the presence of 1000 uM ZArthrobactersp. strain
222,Serratiasp. strain 246, anBseudomonasp. 228 and 262 increased the root length
in the case of exposure to 300 uM Cd.

Keywords: Plant-associated bacteria, endophytes, inoculgtilant growth-promoting

bacteria, bacterial communities.
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5.2. Introduction

During the last decades, the number of areas pdliwith toxic metals increased due to
anthropogenic activities such as mining, metalkabiindustries, electroplating,
manufacturing of plastics, paint pigments, alloggaration and batteries, energy and
fuel production and application of fertilizers apesticides Broadley et al., 2007;
Kirkham, 2006). Metals accumulate in the food ch#iwmough uptake at primary
producer level and subsequently through transfdrbamaccumulation at higher trophic
levels (Nagajyot et al., 2010phytoextraction is a low cost technology that ugesn
plants to extract metals from the soil and accuieul@em in the harvestable parts of the
plants However, the low biomass production of most hgpeumulator species, along
with their low economic value (Vamerali et al., P)1have led to a search for higher-
biomass hyperaccumulator cropbhe use ofthese crops would couple renewable
energy production to the remediation of metal-comtated soils that can no longer be
used for food and feed production (Vangronsvelalgt 2009; Conesa et al., 2012;
Witters et al., 2012). Furthermore, these cropsezamily be cultivated using established
agronomic techniques (Garbisu and Alkorta, 2001).

Metal availability, uptake and phytotoxicity areethmain limiting factors of
phytoextraction in metal-contaminated soils (Weyenal., 2009b). In general, metal-
tolerant energy crops that are effective in remgvinetals from soil, reduce their
growth in the presence of high concentrations ofatse thereby decreasing both the
amount of marketable biomass and the remediatiticiezfcy. The interaction between
plant growth-promoting bacteria (PGPB) and plardga enhance biomass production
and metal tolerance of the plants (Germida etl@98; Genrich et al., 2000; Zhang et
al., 2012), decreasing symptoms of phytotoxicitgm® metal tolerant PGPB bacteria
from soil, rhizosphere or endophytes have the agp&o promote plant growth by
mechanisms such as nitrogen fixation, productiosidérophores and phytohormones
(such as IAA, indole-3-acetic acid), solubilizatiaf minerals like phosphorous,
transformation of nutrients elements, stimulatidrramt growth, and production of 1-
aminocyclopropane-1-carboxylate (ACC) deaminasaeckGét al., 2003; Rajkumar et
al., 2009; Weyens et al., 2009b). The latter enzyyxa® received increasing attention
because of its role in lowering ethylene levela istressed plant. The presence of toxic
metals, and other types of stress like high saitentrations or phytopathogens induce
elevated ethylene levels (mainly) causing reduced growth and development (Glick,
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2010; Schellingen et al., 2014). Further, somedsactan solubilize unavailable forms
of toxic metals in soils by excreting organic acaisl siderophores (Ma et al., 2009).
On the other hand, some plant-associated bactanareduce the metal uptake by
binding metals to anionic functional groups or tdracellular polymeric substances
(Rouch et al., 1995; Ma et al., 2011; Rajkumarlet2®12). Extending our knowledge
about these bacterial characteristics and the raciechanisms of PGPB is important
for the development of effective phytotechnologiesmetal-contaminated sites (Zhang
et al., 2011; Sessitsch et al., 2013).

Brassica napud.. (rapeseed) is a well-known high-biomass cropmmmnly used for
bioenergy productianMany studies have mentioned the tolerance ofdiop to toxic
metals, such as Cd and Zn, as well as its capaxiaccumulate them in their tissues
(Marchiol et al., 2004; Grispen et al., 2006; Hewhdz-Allica et al., 2008). Taking into
account the characteristics of this crdp, napuscan be a suitable candidate for
phytoextraction purposes and to obtain valorizdbtemass from land contaminated
with Cd and Zn (Marchiol et al., 2004; Croes et 2013).

The aim of this work is to isolate and charactetize cultivable bacterial communities
associated withB. napusgrowing on a Zn contaminated site, in order toecel
cultivable PGP bacterial strains that might enhdnomass production and tolerance of
energy crops in metal-contaminated sites. Long-feoituted soils are sources of metal-
tolerant microorganisms and interesting interactiasith the plants that are growing in
these soils, such as PGP characteristics (BecestadCet al., 2012). The last objective
of this work is to evaluate the effect of PGP baatestrains on root growth d@. napus

in the presence of different concentrations of ZnGal, using vertical agar plates
(VAPs). These assays provide comparable and repilddudata obtained under
standardized conditions. In this study, VAPs wi# bised to perform preliminary
inoculation experiments in order to select potér®@P bacteria by studying the root
structure (Zhang et al., 1998; Remans et al., 2608) avoiding competition with other

microorganisms (Reynoso-Cuevas et al., 2008).
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5.3. Material and methods
5.3.1. Sampling

The sampling area was a Zn contaminated site in niomicipality of Lummen

(northeast of Belgium). It was previously used Bnarecycling factory (Figure 5.1). In
September 201 B. napusseeds were sown on this site. Soils and plants s@mpled

in April 2012.

Figure 5.1.Soil sampled in Lummen (Belgium)

5.3.2. Metal concentrations in soils and plants

Metal concentrations were determined in soil andnplsamples. The extractable
fractions of metals in soil were estimated using . Ca(NQ). (Mench et al., 1994).
Total concentrations of metals in soil were deteedi byaqua regiadigestion (Van
Ranst et al., 1999). Plants were washed with [idtivater, separated into leaves, stems
and roots, and then dried for 48 h at 65°C. Sulmstyy the dried tissues were ground
and digested according to Weyens et al. (2010)aMsmincentrations in the extracts
weredetermined using inductively coupled plasma opteralssionspectrometry (ICP-
OES). Three replicates of soil and plant samplesevemalyzed. The quality of the
digestion and analytical methods was tested inotudilanks and certified reference
material (NIST Standard Reference Material 1570acd elements in Spinach, U.S.
Department of Commerce, National Institute of Stadd and Technology) with every

set of samples.
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5.3.3. Isolation of cultivable bacterial strains

Cultivable bacteria were isolated from bulk sdiizosphere soil, roots and stemsBof
napusfollowing the sampling design of Croes et al. @0IThe isolation procedure was
carried out according to Weyens et al. (2009a),ituhis work, the chloride solution
(1%) and time (1 min) during root surface sterii@a were modified. Colony-forming
units (cfu) were counted and calculated per gramh @o fresh plant weight. All
morphologically different strains were purified ngifive replicates and then stored at -
70°C in a solution with 15% (w:v) glycerol and 0%8%w:v) NacCl.

5.3.4. Phenotypic characterization

Purified bacterial strains were grown in 869 medi(Mergeay et al., 1985), then
washed twice with sterile 20mM MgQQCroes et al., 2013) and tested for their Zn and
Cd tolerance and potential plant growth-promoti§sP) characteristics (phosphate
solubilization, nitrogen fixation, ACC-deaminase tidty and production of
siderophores, organic acids, IAA and acetoin). iS¢ranot able to grow in the test
medium were considered as not detectable (nd). Metthout bacteria were used as
control. The PGP characteristics were screenecsitied previously by Croes et al.
(2013).

All bacterial strains were grown on selective 28ddimm with a C-mix (Weyens et al.,
2009a) and 1mM of Zn (added as Zngp0Or 0.8 mM of Cd (added as Cd30in order
to test the bacterial tolerance to these metallerdioce was assessed visually.

5.3.5. Genotypic characterization

Total genomic DNA was extracted from all purifiedrphologically different bacterial
strains by the DNeasy® Blood and tissue kit (Qiagédencia, CA, USA). Polymerase
chain reaction (PCR) amplification of the 16S rRiénes of the extracted DNA was
carried out using the universal  primers, 16S-prpc-R  (5-
ACGGGCGGTGTGTRC-3) and 16S-prokaryotic-F (5'-
AGAGTTTGATCCTGGCTCAG-3") according to Weyens et @009a). PCR products
were directly used for ARDRA and sequencing. Fopl#ied 16S rDNA restriction
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analysis (ARDRA), 10ul of the PCR products wereedigd with the restriction
endonuclease HpyCH4 IV (New England Biolabs, BgvaWlA, USA) and separated
by electrophoresis as described by Weyens et @D9&). Bacterial strains with the
same ARDRA patterns were grouped within each cotmyant (stem, root, rhizosphere,
soil). The PCR products of one representative rstp@r compartment were purified
according QIlAlquick 96 PCR Purification Kit (Qiagevialencia, CA, USA). Purified
16S rRNA genes were sent for sequencing by Macrggenea) with an Automatic
Sequencer 3730XL. Sequenced strains were identifjetheans of Sequence Match at
the Ribosomal Database Project Il. All strains hagkquence match score higher than
0.900.

5.3.6. Effects of inoculation on root growth

Certified seeds oB. napusL. cv. Nodari (Syngenta Seeds) were surface stedliby
immersing in 0.1% sodium hypochlorite for 1 minuteen washed three times with
Millipore water. Some sterilized seeds were grownrd) 3 days at 30°C on 869 rich
solid medium (Mergeay et al., 1985) in order toifyethe sterilization process. Seeds
were considered sterile when no bacterial growtk wlaserved. Bacterial strains were
grown on 869 liquid medium for 12h at 30°C, cenigéd at 3000 rpm during 10 min,
washed two times and resuspended in 10mM MgSerilized seeds were immersed in
a bacterial suspension f16fu mL") for 1h at room temperature. Subsequently, the
seeds were placed in Petri dishes with 1/10 dil8&2l solid medium for 1 day at 25°C
in darkness (Figure 5.2). Finally, the inoculateg@ds were putted in square vertical
plates (Zhang et al., 1998) with MS medium spikepbsately with 300 and 1000 uM of
Zn (ZnSQ.7H;0) and 50 and 300 uM of Cd (Cds8H,0). The metal doses used in
this experiment were chosen according to the toerashown byB. napusin the
presence of different doses of Cd and Zn underitro conditions (Montalban et al.,
2014). Non-inoculated seeds were immersed in 10migS® and were used as

controls in plates with MS medium non-spiked (Cohtand spiked (Non-inoculated).
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Figure 5.2.Placement of sterilizeB. napusseeds in square vertical agar plates under the
laminar flow chamber.

All plates were set up vertically in a growth chantat 23°C/12 °C and 12 h of
photoperiod (Figure 5.3). After 5 days, the roatteyns in vertical plates were scanned
(Figure 5.4), and root length was determined &ftealysis of scanned images using the
Optimas Image Analysis Software 6.0 (MediaCybeos¢taccording to Remans et al.
(2006).

Figure 5.3 Vertical agar plates set in a growth chamber.

Figure 5.4 B. napusseedlings after 5-days of growth placed on tharsea
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5.3.7. Statistical analysis

Statistical analysis of the VAPs results was dosiagithe IBM SPSS Statistics 19.0
software. One-way analysis of variance (ANOVA) dnkey'’s test were applied in this
case. Differences at p < 0.05 level were considsiguaificant. Genotypic information

was subjected to correspondence analysis (CA)inaipal component analysis related
ordination technique based on chi-square distanitastrating correlations between
compartments to evaluate the isolation procedured€et al., 2015). CA was done

usingthe statistical software packageRtp://cran.at.r-project.ojg

5.4. Results and discussion
5.4.1. Soil

The total and Ca (N§{r-extractable Zn and Cd concentrations in the geilshown in
Table 5.1. When background values and clean upesdlur metals in agricultural soils
were compared with the Flemish legislation on seihediation (VLAREBO, 2009),
only total Zn concentrations were higher than ndrrAtso the Ca (N@).-extractable

Zn concentration was high in comparison to nonyted soils.

Table 5.1.Total and Ca (N§),-extractable metal concentrations (mg'lewil), pH and organic
matter (OM) content of the soil on the experimefiedt. Results are mean + SE of composite
soil samples (depth: 0-25 cm).

Zn Cd Cu Pb

(mg.kg")
Total concentration 343+16 0.36 +0.04 35+2 8% 1.9 56+0.1
Ca(NQy),-extractable 81 + 20 0.15+0.02 0.18+0.01 0.38+0.02

Background valués  25-70 0.1-0.5 3-15 5-40 2.3
Remediation valués 333 2 120 200

OM (%) pH-KCI

#‘Normal range’ values in sandy soils in Flandersaading to De Temmerman et al. (2003).
® Clean up values for remediation of a ‘standardicadgural soil (2% organic matter and 2 %
clay) according to the Flemish legislation on seihediation (Vlarebo, 2009).
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5.4.2. Bacteria isolated fronB. napus growing on a Zn contaminated site

A total of 426 morphologically different cultivableacterial strains were isolated from
bulk soil, rhizosphere soil, roots and stems of Bhenapusplants (Annex 1). The
number of different genera was similar in rhizogghand root, but lower in soil and
stem compartments (Table 5.2). The lower diversitybacteria found in soil with
respect to rhizosphere and roots can be explamedlazospheric selection by the plant
on its surrounding bacterial community (Gomez-Beddeet al., 2014). The number of
cultivable strains found in rhizosphere soil was wvders of magnitude higher than in
bulk soil and roots. The decline of the bacteriaimbers from the rhizosphere to the
roots and soil was also observed by other authorsideringB. napusassociated
bacteria (Germida et al.,, 1998; Croes et al., 20T8)s high density of cultivable
bacteria in the rhizosphere is due to root exudatsprovide a high amount of organic
carbon directly to microbial populations, in conipan with the slow decomposition of
recalcitrant organic matter in the bulk soil (Sdmgg and Baath, 1998).
Microorganisms indeed are attracted by carbohysdyamino acids and organic acids
that are present in the rhizosphere as root exsigatd mucilage-derived components
(Compant et al., 2010).

On the other hand, the number of endophytic bactedovered from the roots was four
orders of magnitude higher than in stem sampledl€él®.2). The numbers of

endophytes found in roots and stems are in accoedaith earlier reports (Lodewyckx

et al., 2002). This high density of bacteria in kner parts of the plant with respect to
upper parts was previously reported by Fisher et(1#892). This suggests that the
colonization of the plant interior took place vigetrootsystem, through natural and
artificial wound sites, root hairs and epidermahdgtions (Weyens et al., 2009a;

Becerra-Castro et al.,, 2011), and mainly during fthet stages of root development
when the tissues are still undifferentiated (Hahmaet al., 2001). Moreover, some
studies have shown an active penetration of endephiirough enzymatic degradation

of plant cells (Lodewyckx et al., 2002; Truyenskt 2015).
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Table 5.2. Total numbers of colony-forming units (cfu) peragr fresh weight of soil,
rhizosphere anB. napugdissues isolated from a Zn contaminated site.

Compartment cfu g* fresh weight

Soil 61.5x 16+ 52.8x 14 (8)
Rhizosphere  30.3 x i@ 15.3 x 16 (20)

Root 12.5 x 16+ 10.1 x 16(17)

Stem 60.7 x 10 + 57.0 x 10 (3)

Mean values + SE, n=3 independent replicates. Timbers of different bacterial genera are
marked in parentheses.

5.4.3. Genotypic characterization

In total, 33 different bacterial genera were idigedi. The pie diagrams in Figure 5.5
show the diversity and relative abundance of bedtegenera present in each
compartment. Each color and number relates to &erdift bacterial genus and
subdivided colors represent bacterial genera witferdnt accession number. Eight
different genera of bacteria were identified inkbsibil, with Arthrobacter(45.9%) and
Bacillus (41.7%) as dominant genera in this compartmene figh abundance of
Arthrobactersp. was not surprising, taking into account that considered to be one of
the most predominant members of cultivable soilraucganisms (Hanbo et al., 2004).
Moreover, this genus has been found in high abwedan Zn-polluted soils by other
authors (Dell” Amico et al., 2005Bacillus was also reported as a dominant genus in
Cu-Pb-Zn contaminated soil by Ellis et al. (200Bkenty different genera of bacteria
were identified in the rhizosphere, whevariovorax (47.2%), Arthrobacter (16.9%)
Bacillus (10.5%), andStaphylococcug48.8%) were most dominant. The presence of
these genera in the rhizosphereBofnapuswas observed previously by other authors
(Germida et al., 1998; Croes et al., 2013). Endbphyacterial strains identified in
roots belonged mainly to the gendPseudomonag33.8%), Burkholderia (30.6%),
Variovorax (21.1%) andPedobacter(7.4%). In stems,Pedobacter (66.7%) and

Micrococcus(27.9%) dominated the cultivable bacterial poparat

84



Soil Rhizosphere
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2(538)

19(27.95)

2(429)

30379

Rost Legend: 1 Agrococcus 18 Microbacterium
2 Agromyces 19 Micrococcus
3 Alcaligenes 20 Mitsuaria
4 alpha proteobacterium = 1 Niastella
5 Arthrobacter 22 Paenibacillus
6 Bacillus 23 Patulibacter
7 heta protechacterium 24 Pedabacter
8 Bosea 25 Polaromonas
] Brevundimonas 26 Pseudomonas
10@063) AR 10 Burkholderia 27 Serratia
& 11 Caulobacter 28 Shinella
i 12 Chryseobacterium 29 Sphingopyxis
Lt 13 Cupriavidus 30 Staphylococcus
/ 14 Dyadobacter 31 Stenotrophomonas
A.'ﬂ 15 Leifsonia 32 uncultured bacterium
f S 16 Lysobacter 33 Variovorax
T ﬁm 17 Methylobacterium

Figure 5.5. Diversity and abundance of cultivable bacteridai®ml from bulk soil, rhizosphere, root and stemBofnapusplants grown in a Cd-Zn
contaminated site. Abundance percentages are shoparentheses. Bacterial strains with abundarmesrlthan 1% are shown next to the pie diagram.



Although Pseudomonas, Bacillus, Enterobacter and Agrobasterare the most
commonly isolated bacterial genera (Becerra-Castroal., 2011), in this work,
EnterobacterandAgrobacteriumwere not isolated from any of the compartmentseund
investigation. Field studies of metal contaminageds have shown that high levels of
metals can modify the structure of microbial comities and decrease microbial
diversity (Kelly et al., 2003; Dell’ Amico et aR005).

Paenibacillus Niastellaand Brevundimonasvere only found in the bulk soil. Gomez-
Balderas et al. (2014) and Croes et al. (2013) mislated the genuBrevundimonas
from a Zn-Cd contaminated soil, but both studiesmbt report it in non-contaminated
soils, indicating the eventual adaptation of thesigs to Zn and Cd contaminated sites.
On the contraryArthrobacterandVariovoraxwere present in all compartments studied,

except in the stem.

StaphylococcuysShinellg Bosea ChryseobacteriupProteobacteriuna/b, Patulibacter
Leifsonig Dyadobacter and Methylobacter were found only in the rhizosphere.
However, Agromyces PseudomonasLysobacter Sphingopyxisand Mitsuaria were
present in the rhizosphere and also as root endegiigromycesvas also found to be
a stem endophyte. Burkholderia Alcaligenes Agrococcus Polaromonas
StenotrophomonasSerratig Microbacterium and Caulobacterwere root endophytes
exclusively. Serratia species were also found as root endophytes in Gde
hyperacumulatoSolanum nigrunby Chen et al. (2012). In this stud3edobactewas
found as root and stem endophytewever,Micrococcuswas exclusively present in the
stem.Micrococcussp. were also found by Velazquez et al. (200&}e@ms of sugarcane
and by Germida et al. (1998) in rootsBrassica napusconfirming the ability of this

genus to colonize plant tissues.

The generaCupriavidus, Niastella, Agromyces, Shinella, BosPaoteobacterium,
Lysobacter, Shingopyxis, Patulibacter, Mitsuaria,yadobacter, Methylobacter,
Alacaligenes, AgrococcumdPolaromonaswvere isolated in this work (Figure 5.5), but
were not reported by other authors in bacterial momties associated witB. napus
(Croes et al., 2013; Germida et al., 1998). Thistwadue to (a) specific soil factors that
could affect the rhizosphere populations (Bulgaretlal., 2012), and also (b) to the
different concentrations of the (available) metalshe soil. Moreover, (c) the surface

sterilization method employed, (d) the growth medused for isolation (Lodewyckx et
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al., 2002) or (e) the different stages of growthtlé host plant at the moment
sampling could also affect the bacterial populatifoe Camos et al., 2013

Croes et al. (2013) reported that the most dominaot cultivable endophytes iB.

napuswere the generBseudomonas, Pedobacland Variovorax These genera we
found in this work in similar percentages. Takimgoi account that theeeds sown in
our field originated from the same seed stock ausy Croes et al. (2013), tt
indicates that the host plant might be able to tamrsome seed endophy

According to the correspondence analysis (Fi$5.6),the mean cultivable rhizohere
bacterial community was more correlated (CC = 0M8h the mean soil bacteri
community than with the endophytic communities fdun the roots and stems (CC
0.35 and 0.08, respectively This suggests that the root exudates have lesgeimdkon
the community composition in the rhizosphere tham $oil characteristic Root and
stem bacterial communities showed a low correlatmefficient (CC = 0.06), indicatin
the presence of different bactd genera. Several authors reported signific
differences in bacterial communities betwebelow-ground and abo-ground plant
parts, demonstrating that the organs of the plaat® different bacterial communiti
associated with them (Lindow and Bran2003; Izumi et al.2008; Weyens et al
2009a; Croes et al., 2013).
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Figure 5.6. Correspondence analysis of bacterial communitielatisd from soil, rhizosphe
andB. napussamples. s$3: represent a bacterial genus (see legend in Figbje BS (Bulk
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5.4.4. Phenotypic characterization

A high percentage of stem endophytes showed talerem1mM Zn, but they were not
able to grow on 284 medium supplemented with C-amng 0.8 mM Cd (Table 5.3).
The Zn concentrations in leaf, stem and rodB.ofapuscollected in the field were 1013
+ 207, 1301 + 196 and 941 + 138 mg.kg dry wefghtespectively. The Cd
concentrations were 1.4 + 0.5, 1.6 + 0.6 and 1®3tmg.kg dry weight in leaf, stem
and root, respectively. The fact that the concéintneof Zn in the stems was elevated
might explain why the endophytes were highly taketa Zn. In contrast to the bacterial
strains isolated from the stems, 21.7 % of the emolophytes were tolerant to Cd. The
percentages of rhizosphere and soil strains thed teéerant to 0.8mM Cd and 1mM Zn
were similar for both compartments. Croes et @118 compared the metal tolerance of
bacterial strains isolated from a Zn/Cd-contamiddield and a control field. They
observed that the highest numbers of bacteriainsttlerant to 1.6 mM Cd and 2.5
mM Zn originated from the contaminated field. Theaggested that the concentrations
of metals present in the soil stimulated the preseri bacteria tolerant to both metals.

Table 5.3. Phenotypic characterization of all purified buldils rhizosphere, root and stem
isolated bacteria.
Soil Rhizosphere Root Stem

SID 1.86 3.89 23.76 0.00
OA 36.68 5.53 20.79 53.79
ACC 68.39 18.94 69.25 0.26
IAA 35.38 6.49 47.21 26.76
Acetoin 5.57 10.32 7.07 20.00
P sol 4.09 1.63 17.390.00
N, fix 1.05 1.05 1.20 53.33

Zn (1 mM) 23.28 25.40 6.18 40.00
Cd (0.8 mM) 2227  25.07 21.68 0.00

Data are relative abundances expressed in peresntdghe total number of cultivable bacteria
isolated per gram fresh weight bulk soil, rhizoggheoots and stem. Bacterial strains were
tested for metal resistance (Cd or Zn) and poteptent growth-promoting characteristics:
Phosphorus solubilization (P sol), nitrogen fixatid\, fix), production of siderophores (SID),
organic acids (OA), ACC deaminase (ACC), indolecBte acid (IAA) and acetoin (Acetoin).

Stem endophytes could not solubilize phosphorysr@tduce siderophores (Table 5.3).
Many of them were able to fix nitrogen and produwmganic acids. The highest
percentages of bacterial strains able to solubglz@sphorus and produce siderophores,
IAA and ACC deaminase were found in the roots. @a tontrary, the highest
percentage of bacterial strains capable of produagetoin was found in the stems. Our
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results suggest that the production of organic sacidA and ACC deaminase are
important bacterial characteristics in soil andtspdowever, siderophore production

occurs predominantly in root bacteria.

A comparison of phenotypic characteristics of ba@teommunities that were isolated
in different studies is complicated due to the ¢avgriation that exist between different
plant species, growth conditions and concentratadnsetals in the plant (Chen et al.,
2012). However, it is known that toxic metals inls@an stimulate the production of
bacterial siderophores that can decrease metalitypXiy providing iron to the plant

(Dell Amico et al., 2005). Moreover, the productiof IAA and ACC deaminase can
stimulate root growth in presence of metals and #ige root exudation that promotes
the bacterial proliferation in the rhizosphere ¢(&liet al., 2010). Our results support
these hypotheses, due to the fact that most dbdleeerial strains isolated from the Zn

contaminated site show potential PGP charactegi¢fiable 5.3).

5.4.5. Inoculation ofB. napus seeds with PGPB

Six Zn-tolerant and/or Cd-tolerant bacterial stsafisolated from bulk soil, rhizosphere
and roots oB. napusgrowing on the Zn contaminated site) were seleatambrding to
their PGP characteristics (Table 5.4) to be indedlanB. napusseeds. Root length was
the parameter used to evaluate the effects ofdabteba on the growth and tolerance of
the seedlings to both metals. The architecture ofcd system is determined by the
intrinsic developmental program but also, by exaébiotic and abiotic stimuli (Zhang
et al., 1998), such as the presence of toxic meatalse growth medium. Root growth
has been often used to evaluate the plant toleremaeetals (Peralta et al., 2001,
Azevedo et al., 2005), and it is one of the bestkera to evaluate the effect of PGP

bacteria on plant growth (Pattern and Glick, 2002).
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Table 5.4. Metal tolerance and PGP characteristics of salebdzteria for inoculation ifB.
napusseeds.

Comp. Strain  Identification Accesion Zn 1mMCd 0.8mM FeOuMFe0.25uM OA ACC IAA Ace Psol N fix

Rh 25 Staphylococcusp. AB009944  +++ +++ - - +++ - - +

Soil 222 Arthrobactersp. EU086826  +++ +++ - - ++ - - - +
Root 228 Pseudomonasp. GU595312 ++ ++ + + + 4+ + -+
Root 246 Serratiasp. HM596429 +++ +++ + + ++ A+t

Root 256 Pseudomonasp. GU595312  +++ + + + - + ++ +
Root 262 Pseudomonasp. GU595312 + + ++ - + o+t +

Compartment of origin of the strain (Comp.), Rhjgoare (Rh), growth in the presence of Zn
(ImM) and Cd (0.8mM), siderophores (FeOuM and FgO\?), Organic acids (OA), ACC
(ACC deaminase activity), IAA (indole-3-acetic agidce (Acetoin), phosphate solubilization
(Psol), nitrogen fixation (N fix). + low, +++ highroduction.

B. napusdid not exhibit significant differences in roongth between seedlings grown
with low concentrations of Zn or Cd (300 uM and |p®I, respectively) and controls
(Figure 5.7). However, root length decreased atdrigloses of both metals (1000 uM
Zn and 300 uM Cd). C highly phytotoxic, even at low concentrations¢@pa et al.,
2008). On the contraryinc (Zn) is an essential micronutrient, requitedplants to
grow, but it becomes toxic at higher levels (Magjeeal., 2013). The positive effect of
bacterial inoculation of the seeds on root growtswbserved only at high doses of
both metals.Pseudomonassp strain 228 and 256, an8erratia sp. strain 246,
significantly increased root length & napuswhen exposed to 1000uM Zn (Figure
5.7a).Arthrobactersp. strain 222 Serratiasp. strain 246Rseudomonasp. 228 and 262
significantly increased root length Bf napusseedlings in the presence of 300 uM Cd
in comparison to non-inoculated ones (Figure 5.7b).

In general, the inoculated bacterial strains wéie & produce siderophores, indole-3-
acetic acid (IAA) and exhibited ACC deaminase aiti¢Table 5.4).Pseudomonasp.
strain 228 anderratiasp. strain 246 also were capable of producing aecgaeids, and
Pseudomonasp. strain 256 could produce acetoin and fix nitrogtoreover, both
Pseudomonastrains could solubilize phosphoroustthrobacter sp. strain 222 and
Pseudomonasp. strain 262 showed high ACC deaminase actvided moderate
production of organic acid®seudomonasp. strain 262 was also capable of producing
acetoin.Arthrobactersp. strain 222 was the only strain that did not possles capacity

to produce siderophores or IAA, but was able tanftrogen.
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Figure 5.7.Root length of 5-dayB. napusseedlings after inoculation of PGP bacterial sai
in presence of (a) Zn and (b) Cd. Asterisks (*)respnt significant differences between non-
inoculated and inoculated plants after one-way AMO&hd Tukey's test (p < 0.05; mean
values + SE; n=4).

A positive effect due to inoculated bacterial stsaon root growth of Cd-expos&i
napuswas also observed by Sheng et al. (2006) afteuiation withPseudomonasp.
andBacillussp., both being IAA producers. Many studies hay®red positive effects
of inoculated bacteria on the plant growth (Gli2R,10). IAA (indole-3-acetic acid) and
acetoin (3-hydroxy-2-butanone) production have bedmown to stimulate root
formation (Duan et al.,, 2013), and ACC (1-aminoopecbpane-1-carboxylic acid)
deaminase activity to protect against the growthibiting effects of various stresses
such as toxic metals (Glick, 2003). The PGP charmtics of the inoculated bacterial
strains played an important role in the root groo#iB. napusseedlings in the presence
of toxic concentrations of Zn and Cd. Further stadiare necessary in order to

investigate the growth-promoting properties of eéhbacterial strains in real soils where
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there is competition between indigenous microogasi and where nutrients are

present in more recalcitrant forms.

5.5. Conclusions

The isolation of bacteria associated wigth napusgrowing on a Zn contaminated site
led to the identification of metal-resistant baieterstrains with potential PGP
characteristics. Seed inoculation of selectedawill endophytic bacteria facilitated root
growth of B. napusseedlings in presence of toxic concentrations eba@d Zn. Future

work should be performed in real soil conditions éealuate the effects of these
bacterial strains on plant growth and metal uptakegrder to select bacterial strains

that can be used to improve remediation and biomagiiction on contaminated soils.
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Chapter 6

Inoculation of plant growth-promoting bacteria in Cd and Zn exposed

Helianthus tuberosus L. under hydroponic conditions

6.1. Abstract

Plant growth-promoting bacterial strains isolatezhf Brassica napusvere inoculated
in two cultivar-clones (VR and D19) éfelianthus tuberosysn order to evaluate their
effects on growth, metal uptake and oxidative sfn@sder hydroponics conditions with
0.1 mM Cd and 1 mM ZrPseudomonasp. 228 Serratiasp. 246 andseudomonasp.
262 enhanced the growth of D19 cultivar-clone iespnce of Cd and Zn. Only
Pseudomonasp. 228 increased Cd uptake. On the other handydtigion ofSerratia
sp. 246, Pseudomonassp. 256 and 228 decreased the contentTBA reactive
compoundsn roots of D19 cultivar-clone grown in presendeZa. The roots of VR
also showed lower levels OfBA reactive compoundsn plants inoculated with
Pseudomonasp. 228. The improvement of growth and the decreasmeifl-induced
stress were more pronounced in the D19 cultivanelthan in VR. After observation
with confocal microscopy, we found that tBenapusendophyte egfPseudomonasp.
262 did not colonize the root interior &f. tuberosus under the studied conditions.
However, the bacterial strains were attached tortlo¢s and root hair surfaces Mf

tuberosussuggesting that interaction between them wabkstad.

Keywords: high biomass crop, Jerusalem artichoke, metatityx green fluorescent

protein, phytotechnologies.
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6.2. Introduction

Helianthus tuberosud.. (Asteraceae) is a high biomass crop used irethanol
production and vegetatively propagatedtblyers (Serieys et al., 2010). Recent studies
have shown the tolerance of this crop to metalSdPb and Zn (Cui et al., 2007; Chen
et al., 2011; Long et al., 2013; Montalban et aD15). Moreover, its cultivation
involves low production costs and minimal diseassblems (Denoroy, 1996; Kays and
Nottingham, 2008). All these characteristics makduberosusa promising candidate

to remediate metal polluted soils, as well as tmlpce a renewable energy resource.

Metal availability, uptake and phytotoxicity areetimain limiting factors during the
application of phytotechnologies in metal-contartedasoils (Mulligan et al., 2001;
Weyens et al., 2009a). Interactions between melatant crops and beneficial bacteria
may increase the efficiency of the phytoextractienhancing biomass production,
metal uptake and tolerance of the plants to heastals (Germida et al., 1998; Genrich
et al., 2000; Rajkumar et al., 2012). Plant gropttbmoting bacteria (PGPB) can
improve plant growth through two strategies: indikg by preventing growth and
activity of plant pathogens by producing antibistiar through competition for space
and nutrients (Lugtenberg and Kamilova, 2009), oeatly by increasing nutrient
uptake and growth through different mechanisms schitrogen fixation{(Roper and
Ladha 1995), synthesis of phytohormones (as IAA, ingdblacetic acid) (Dobbelaere et
al., 1999), solubilization of minerals, and prodwmet of 1-aminocyclopropane-1-
carboxylate (ACC) deaminase (Glick, 1998; Glickakt 2003). Some microorganisms
also present metal-resistance/sequestration sysbymmeans of which, the bacteria are
able to produce natural chelators that can corteibummetal detoxification (Diels et al.,
1999).

Moreover, some bacteria can increase metal andentgravailability by excreting
organic acids, that decrease pH values in rhizasploe enhancing the Fe(lll) mobility
and other cations through siderophores productiégitk and Bashan, 1997; Fasim et
al., 2002). On the contrary, plant-associated bactan adsorb metals by binding them
to anionic functional groups or to extracelluladymoeric substances of the cell wall
(Rouch et al., 1995; Madhaiyan et al., 2007; Vigaal., 2006). This leads to a reduced
metal uptake and translocation inside the planpraving the growth through the
decreased phytotoxicity (Ma et al., 2011; Rajkuetaal., 2012).
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The PGP bacterial strains used in this study wsakated from soil an8rassica napus
growing on a Zn contaminated site. Some of thest¢ebal strains increased the root
length ofBrassica napuseedlings in presence of Cd and Zn unideritro conditions
(see Chapter 5). In the literature, many studie® lewvaluated host plants re-inoculated
with their associated isolated bacteria. Howevemes studies have shown that bacteria
isolated from metal tolerant plants promoted thewdgh of plants from different
taxonomic groups (Ma et al., 2011; Sheng et all22®le et al., 2013; Sessitsch et al.,
2013), and showed high levels of colonization ianpltissues, other than the original
host. Hydroponic experiments provide comparablerapdoducible data obtained under
standardized conditions, avoiding the metal retentprocess that occurs in soils
(Hernandez-Allica et al., 2008; January et al., 800Several works have been
performed under these conditions in order to evaltlze effects of bacteria on growth,
metal uptake and@BA reactive compoundgroduction using different plants and metals
(Rajkumar et al., 2009; Wan et al., 2012; Pandegl.e2013). This approach allows to
evaluate the effects of the bacteria on plant gnomtien there are no other parameters
involved that can mask the bacterial effects, sashthe competition with other

microorganisms (Compant et al., 2010).

The bacterial inoculation strategy is one of thestmitical steps in phytotechnology
applications (Weyens et al., 2009b). The colonizatdf the bacteria has to be
appropriate to promote beneficial effects in plgrdwth and metal uptake (Lugtenberg
et al., 2001). Improving the knowledge about PGEtdy&a colonization processes and
plant-bacteria interactions is necessary to devatogffective inoculation (Compant et
al., 2009). The use of fluorescent proteins in mwasive microscopy is a well-
established and valuable tool in biology and biotetogy (Lagendijk et al., 2010).
Labeling with enhanced green fluorescent proteigiple has allowed to study the
colonization pattern of bacteria in numerous stsidigloemberg and Lugtenberg, 2001;
Germaine et al., 2004; Weyens et al., 2012). G#plheen described as a good marker
for studying bacterial behavior at the cell level the rhizosphere and endophytes
(Bloemberg et al., 2000; Newman et al., 2003).

Since Helianthus tuberosus could be an appropriate candidate for both
phytoremediation and as an energy crop produceraitin of this work was to evaluate
the effects of PGP bacterial strains isolated fBanmapuson growth, metal uptake and
oxidative stress of two cultivars (VR and D19) ldf tuberosusunder Cd and Zn
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exposed hydroponic conditions. A root endophyt® ohapus(Pseudomonasp. 262)

with PGPB characteristics was selected to be ldbelgh the enhanced green
fluorescent protein (egfp):tetracycline® plasmid order to study the bacterial
colonization in the roots dfl. tuberosusunder hydroponic conditions. The colonization

pattern was investigated by Confocal Laser Scaniiicgoscopy.

6.3. Material and methods
6.3.1. Plant material

Tubers of two cultivar-clones @i. tuberosugViolet de Rennes shortened as VR, and
Blanc précoce commonly called D19), were colledtesipring in the field collection of
IMIDRA (Instituto Madrilefio de Investigacion y Desallo Rural, Agrario y
Alimentario; Madrid, Spain) to perform the hydropomexperiments. The tubers were
maintained during two weeks at 4°C for vernalizatiafter this period, the tubers were
vigorously washed in tap water to remove the adheseil, before to set up the

experiments.

6.3.2. PGP bacterial strains

Cultivable bacteria were isolated from soil, rhizlesre, root and stem ddrassica
napusgrowing on a Zn contaminated site in Belgium asas described in Chapter 5.
Three Zn-tolerant bacterial strai(fSerratiasp. strain 246 Pseudomonasp. strain 228
Pseudomonasp. strain 256and four Cd-tolerant bacterial strain&rthrobacter sp.
strain 222 Pseudomonasp. strain 228Pseudomonasp. strain 262and Serratiasp.
strain 246) were selected to inoculate kh tuberosus according to their PGP
characteristics (Table 6.1). Bacterial strains wgavn in 869 liquid medium (Mergeay
et al., 1985) at 30°C under shaking. The bactstigpension (Focfu mL?) was added
into the pots after the appearance of the firstsr¢® days after the sowing).

6.3.3. Inoculation of PGP bacterial strains irH. tuberosus

Tuber slices with buds were germinated in 1L ptagtts filled with moist quartz sand
and placed in a growth chamber at 25°C/12°C, 144f3vhotoperiod. Two slices with

buds were set up per pot and four independentcedps of each treatment were
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provided. The following treatments were establisH@dControl: plants grown in sand
without metal and bacteria; (ii) Non-inoculatedamis grown with metal (Cd or Zn);
(i) plants inoculated with bacterial straindrthrobacter sp. 222,Pseudomonasp.
228, 262 andserratiasp. 246) and grown with Cd; and finally (iv) planhoculated
with bacterial strainsRseudomonasp. 228, 256 an8erratiasp. 246) and grown with
Zn.

After one week of growth, the seedlings were fiegd with %2 diluted Hoagland’s
solution (1 mM Ca (N@.-4H,0, 1.5 mM KNQ, 0.5 mM NHH,PQO, 0.25 mM
MgSQOs 7H,0, 1 M MnSQ-H,0, 12.5 pM HBOs, 0.25 pM (NH)sMo70,, 0.05 pM
CuSQ:-5H,0, 1 M ZnSQ 7H;0, 10 uM NaF8-EDTA, demineralised water buffered
with 1 mM of 2-(N-morpholino)ethanesulfonic acid, pH 5.5+0.5) spikath 0.1mM of
Cd (added as CdS@H,0) or 1mM of Zn (added as Zng@H,0). Control plants were
grown only with %2 diluted Hoagland’s solution. Theetal tolerance ofHelianthus
tuberosushas been poorly studied in the literature, duthi®, the metal doses used in
this experiment were chosen according to the tograhown byHelianthus annuug

the presence of different doses of Cd and Zn uimdeitro conditions (see Chapter 3).
After the appearance of the first roots (5 daysrafie sowing), the bacterial suspension
(10® cfu mLY) in buffer (10 mM MgS@ was added into the pots. Buffer (10 mM
MgSQOy) without bacteriavas added to the controls. After three weeks ofwgroin
presence of Cd or Zn, plants were harvested (Figure One plant per pot was used to
determine dry weight and metal concentration. Tiheroone was used to determine the
concentration of thiobarbituric acid (TBA) reactisempounds.

Figure 6.1.D19 cultivar-clone oH. tuberosusafter3 weeks of growing in presence of 0.1mM
Cd. (a: control; b: non-inoculated; c: inoculateithwSerratia sp. 246; d: inoculated with
Pseudomonasp. 262).
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6.3.4.Plant analysis

After harvest, the roots were rinsed briefly ini sodium ethylenediaminetetraacetic
acid (NaEDTA) to remove the adhered metal containing piagicand then washed in
distilled water. Plants were separated into leastsns and roots, weighed and dried in
a forced air oven for 48 h at 60°C to determinedheweight. Subsequently, the dried
tissues were individually ground and digested (3f) by adding 1mL of HN@(65%
Suprapur®) and 1mL of HCIZ70% Suprapur®). The samples were left overnight an
heated at 130°C for 2 h 30 min in a heating bld2k-Block, DB3D, Techne). After
cooling, the extracts were brought up to 25 mL whlipore water (Figure 6.2) to
measure total concentrations of metals and mactodmutrients by flame Atomic
Absorption Spectrometer AAS Varian Fast Sequemflalel AA240FS. The quality
assurance of the digestion and analytical methods tested including blanks and
certified reference materials (NCS DC73348 BruslanBhes and Leaves, China
National Analysis Center for Iron and Steel, andA&MTL-2 Virginia Tobacco Leaves,
Polish Academy of Sciences and Institute of Nuctéaemistry and Technology) with
every set of samples. The recovery percentagesétals were: Cd (~95%) and Zn
(~101%).

Figure 6.2.Metal extracts brought up with Millipore waterflasks of 25 mL.

6.3.5. Estimation of lipid peroxidation: thiobarbituric acid (TBA) reactive

compounds

The membrane lipid peroxidation of plant tissues weaaluated in terms of the content
of thiobarbituric acid reactive (TBA) reactive cooymnd according to the method of
Reilly and Aust (2001), modified by Catal4 et &010). Samples of leaves and roots
were frozen in liquid M during harvest and stored at -80. Fresh samples of leaves
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and roots (0.2 g) were homogenized on ice with 1 aiLdeionised water and
centrifuged at 16,000 g for 10 min at 4°C. The sna&nts were removed, and the
pellets were re-suspended in 500 uL of 0.01% biggllaydroxy-toluene (BHT) in 80%
ethanol. Then, 900 uL of TBA (2.57 x £®), TCA (9.18 x 10'M) and HCI (3.20 M)
were added to each sample. Samples were vortexadhated in a water bath at 70°C
for 30 min, cooled on ice and then centrifuged &0Q@0 g for 10 min at 4°C. The
absorbance of supernatants was measured at 532nadhmt 600 nm to eliminate the
interference of soluble sugars in the samples.clfibration curve was carried out with
every set of samples, using 1,1,3,3-Tetraethoxygmep (TEP) as precursor of
malondialdehyde (MDA). Absorbances were determinédg UV-vis light

spectrophotometer (Thermo Spectronic Helios Alpha).

6.3.6. Evaluation of the colonization processn situ bacterial localization
6.3.6.1. Bacterial strains and growth conditions

The receptorPseudomonasp. 262 was grown in 284 minimal medium (Schlegell.e
1961) with 0.4 mM of Cd at 30°C. The donBsscherichia colistrain dH5a carrying the
egfp pMP4655 plasmid was grown in 869 medium (Mayget al., 1985) supplemented
with 20pg mt* tetracycline at 30°C. The helpeE, coli strain dH5a carrying the
pRK2013 plasmid was grown in 869 medium at 30°C.n@oand helper were
constructed in the Institute of Biology Leiden, den University (Netherlands)
(Bloemberg et al., 2000).

6.3.6.2. Introduction of the egfp: tetracycline inb Pseudomonas sp. strain 262.

Triparental mating was carried out in order to laBseudomonasp. strain 262 with
enhanced green fluorescent protein (egfp): tetftaw® plasmid. The bacterial strains
were grown in 869 medium at 30°C under shaking.w@racurves were obtained by
diluting an overnight culture in order to check te needed to reach the optical
density (OD) appropriated for conjugation. The OBswneasured at 660 nm every 30
min using Visible Diode Array Spectrophotometer, vigpec Plus, Amersham
Biosciences. Once the OD was reached (Donor aqeth€D 0.3-0.4, and receptor OD
0.7), the bacterial strains were centrifuged atO3G@m during 10 min, and then added

to the mating filter in a Petri dish with 869 mediuAfter the conjugation, 284 minimal
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medium supplemented with 0.4mM of Cd and tetraghgc20pug mif) was used to
isolate the receptor labeled strains. Fluoresceftlee strains was checked in a Nikon
80i fluorescence microscope (High-pressure Merdiamyp. Excitation filters: 465-495
nm, dichroic mirror 505 nm, emission filter 515-58%. Objectives used: 40x/0.95 Air
Plan Apo WD 0.14 mm and 100x/1.25 Oil Plan Apo W.D70mm).

6.3.6.3. Inoculation of egf@Pseudomonas sp. strain 262 in roots oH. tuberosus

Tuber slices with buds dfelianthus tuberosusultivar D19 were grown in hydroponic
culture with coarse perlite and a half strength ifiredl Hoagland’s solution (1 mM Ca
(NO3)2-4H:,0, 1.5 mM KNQ, 0.5 mM NHH,PQ,, 0.25 mM MgSQ 7H0, 1 puM
MnSOy- H,O, 12.5 uM HBO;, 0.25 pM (NH)eM0704, 0.05 pM CuS@®5H,0, 1 pM
ZnSQ;- 7H,0, 10 pM NaF&-EDTA, demineralised water buffered with 1 mM ofN2-
morpholino)ethanesulfonic acid, pH 5.5 + 0.5) ungleeenhouse conditions (25°-30°C
temperature and 70-90% relative humidity). The dxat suspension (focfu mL?)
was added into the pots (0.2L) after appearandbeofirst roots (5 days after sowing).

Four repetitions were set up.

6.3.6.4. Confocal laser scanning microscopy

After 48 h of incubation, plant roots were washeddamove weakly bound bacterial
cells and, subsequently, intact root preparatioesevobserved with a Zeiss LSM510
confocal laser scanning microscope (Carl ZeissaJékermany) mounted on an
Axiovert 200M. The objective used was 40x1.1 waitemersion (Zeiss LD C-
Apochomat 40x%/1.1WKorr UV-VIS-IR).

Excitation was performed at the 488 nm line of atoi laser source. Backward GFP
signal was filtered using a 500-550 nm band pdt&s.fimages were edited using the
software Zen 2009 Light Edition (Carl Zeiss Micr@ging GmbH, Jena, Germany).

6.3.7. Statistical analysis

Statistical analysis of data was made by usinglBM SPSS Statistics 19.0 software.
One-way analysis of variance (ANOVA) and Duncam'sttwere applied. Differences

at p <0.05 levels were considered significant.
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6.4. Results and discussion
6.4.1. Biomass and metal uptake

The presence of Cd and Zn significantly decreakedbiomass of both. tuberosus
cultivar-clones in comparison to the control plafigure 6.3). In particular, the aerial
biomass decreased by 57% and the roots by 67%amspkxposed to Cd; and the
reductions reached 70% and 50% in aerial andbioohass, respectively, when plants
were grown in presence of Zn. However, some of itftezulated bacterial strains
enhanced the plant growth under metal exposurgrésence of Zn, inoculation of
Pseudomonasp. 228 significantly increased the aerial and rbmtmass of D19
cultivar-clone. Serratia sp. 246 also increased the aerial biomass of V&euiZn
exposure. Regarding Cd, the additionRsfeudomonasp. 262 andSerratia sp. 246
significantly increased the aerial biomass of DP®@evious studies have shown the
positive effect of PGP bacterial inoculation onmplgrowth under metal exposure
(Zaidi et al., 2006; Sheng and Xia, 2006; Shera).e2008).
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Figure 6.3.Dry weight (mg.plant) of VR and D19H. tuberosusultivar-clones after 3 weeks
of growth with 1mM Zn or 0.1mM Cd, under hydropordonditions. (*) shows significant
differences between inoculated and non-inoculated Buncan’s testy < 0.05; mean values +
SE; n=4.
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Table 6.1.Metal tolerance and PGP characteristics of seldoéeterial strains for inoculation
in H.tuberosusunder hydroponic conditions with Cd and Zn.

Comp. Strain  Identification Accesion Zn 1mMCd 0.8mM FeOuMFe0.25uM OA ACC IAA Ace Psol N fix

Soil 222 Arthrobactersp. EU086826 144 +++ - - ++ - - - +
Root 228 Pseudomonasp. GUS95312 14 ++ + + o+ -+t
Root 246 Serratiasp. HM596429 ., +++ + + ++ A+t

Root 256 Pseudomonasp. GUS95312 4.y + + + S+ 4
Root 262 Pseudomonasp. GUS95312 + ++ - 5o o+

Compartment of origin of the strain (Comp.), groviththe presence of Zn (1mM) and Cd
(0.8mM), siderophores (FeOuM and Fe0.25uM), Orgawids (OA), ACC (ACC deaminase
activity), IAA (indole-3-acetic acid), Ace (Acetdinphosphate solubilization (Psol), nitrogen
fixation (N fix). + low, +++ high production.

In our work, the inoculated bacterial strains shoéwplant growth-promoting
characteristics as production of indole-3-aceticd,a@cetoin and ACC-deaminase
activity that could improve the plant growth (Taldlel). The production of IAA and
acetoin can stimulate root formation (Duan et.2013, Glick et al., 2010), and thereby
increase the nutrients absorption by the plant. AG@minocyclopropane-1-carboxylic
acid) deaminase activity can reduce the ethylemeldegenerated as consequence of
stress, improving the growth of the plant in preseaf toxic metals (Glick, 2003). It is
important to mention that the endophytic bactestghins that increased the growth in
H. tuberosusalso increased the root lengthBrassica napuseedlings in vertical agar
plates with Cd and Zn (See Chapter 5). This suggbst these endophytes are able to
be beneficial for plants from different familiesdagenera and in this case a specific

relation with the initial host plant is not necegsa

The bacterial inoculation affected the metal uptaeboth cultivar-clones oM.
tuberosus(Table 6.2). The Zn concentration significantlyca&ased in roots of VR
cultivar-clone inoculated withPseudomonassp. 228. In D19 cultivar-clone no
significant differences were found between ino@adatand non-inoculated plants.
However it was observed that the Zn concentratemdéd to decrease in roots of
inoculated plants of both cultivars, although ngngicant differences were found in
these cases. In case of Cd, the effect was morgablar The inoculation of
Pseudomonassp. 228 significantly increased Cd concentration raots of D19
compared to non-inoculated plants. In contras, atidition ofPseudomonasp. 262
and Arthrobactersp. 222 decreased the Cd concentration in the @oVR. Serratia

106



sp. 246 and®’seudomonasp. 262 also decreased the concentration of Gleiraerial

parts of VR and roots of D19, respectively.

Metals are almost entirely available to plants gram hydroponic culture. Thereby, the
effect of the bacteria on the plant uptake couldrasked because of the high metal
uptake that usually occurs in hydroponic cultuM&n et al. (2012) did not observe
significant differences in the Cd uptake by hydmipally grownSolanum nigrunafter
Serratia nematodiphilaLREQ7 inoculation in presence of high Cd concdiuns.
These authors concluded that the effect of thenstnaas more significant at low

concentrations (10uM of Cd).

Table 6.2. Total metal concentrations (mg-kdM) in two cultivar-clones oH. tuberosus
grown in absence (control) and in presence of 1nm\vbZ0.1mM Cd.

VR D19
Treatments Zn
Aerial Root Aerial Root

Control 58 + 14a 40 + 10a 75 + 23a 41 + 5a

Zn Non-inoculated 1533 +149b 4533 + 945¢c 1097 + 175862 + 1063bc
Serratiasp. 246 1155+23b 4195 +355bc 1283 +207b 3455+ 1767b
Pseudomonasp. 256 1349 +183b 4368 £442bc 1554 +299b 3484 £ 651b
Pseudomonasp. 228 975 + 154b 2237 +368b 1317 +177b 3504 +1167b

Cd
Control 0.43 +£0.09a 1.2+0.2a 0.6+0.1a 0.52a0.
Cd Non-inoculated 152 + 10c 1118 £ 177def 106 + 44bc 89 8 196¢cde
Arthrobactersp. 222 83 + 6bc 492 + 85hbc 58 + 8b 631 + 140bc
Pseudomonasp. 228 112 + 23bc 1250 + 320ef 106 + 18bc 1365 + 145f
Serratiasp. 246 24 + 4b 908 + 314cde 129 + 45¢c 798 + 65bcd

Pseudomonasp. 262 145 + 29c 487 + 57bc 81 + 5bc 383 +£107b

Different letters represent significant differenpes column and cultivar-clone, after Tukey’s
test,p < 0.05; mean values + SE; n=4.

On the other hand, the decrease in Cd and Zn uptakeoculated plants could be due
to the capacity of some bacteria to adsorb and ibilime toxic ions from the solution
through the production of extracellular polysacdtes and proteins that can bind and
precipitate metals (Burd et al., 1998). It this wé#lye bacteria also can reduce the
phytotoxic effects of the metals improving the plgnowth (Madhaiyan et al., 2007;

Ma et al., 2011; Rajkumar et al., 2009). Severdh@s have observed this effect in
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different plants and growth conditions. Marqueslet(2013) observed that the Cd and
Zn uptake decreased in roots dfelianthus annuusafter inoculation with
Chrysiobacterium humisolated from a Cd-Zn contaminated soil. They lbitied this
effect to the fact that some bacteria can sharentttal load with the plant, decreasing
thereby the metal phytoextraction. Tripathi et (@005) observed that the growth of
Phaseolus vulgarignhanced with the inoculation Bseudomonas putiddNP9 in a
soil spiked with Cd and Pb. They suggested thatrtbeease of growth was possibly
due to the decrease of the metal uptake by the.plaras et al. (2006) reported that the
inoculation of Brevibacillus sp. alleviated the toxicity of Zn iirifolium repensby
reducing the metal uptake by the plant growing afnacontaminated soil. Aafi et al.
(2012) reported that inoculation witBerratia sp. MSMC541 decreased the metal
translocation of.upinus luteusn a soil spiked with As, Cd, Pb and Zn. They caded
that this strain can protect the plant against htetacity by reducing their uptake and
thereby, promoting the plant growth. In our wotie plant biomass of D19 increased in
presence ofPseudomonassp. 228 under Zn exposure, and after addition of
Pseudomonasp. 262 andserratiasp. 246 in presence of Cd. In the case of VR, the
biomass was also increased in plants inoculatdd Satratiasp. 246 in presence of Zn.
The concentration of both metals tended to decramsaots of plants inoculated with
these bacteria, although this decrease was onhjfisnt in the case of D19, after
inoculation with Pseudomonasp. 262 in presence of Cd. Taking into accourd thi
trend, we support the hypothesis that in theseitiond the bacteria could improve the
plant growth through decreasing metal uptake aacktly phytotoxicity.

6.4.2. Nutrient status

In general, the inoculated bacterial strains hackffiect on the nutrient uptake of both
cultivar-clones (Table 6.3 to Table 6.6), but thevere some exceptions. Macro-
nutrients as Na and Ca were significantly lowerdats of VR and D19, respectively,
when plants were inoculated wiBerratiasp. 246,Pseudomonasp. 228 and 256 in
presence of 1mM of Zn (Table 6.3). In the case 4 of Cd, the addition of
Arthrobactersp. 222 Serratiasp. 246,Pseudomonasp. 228 and 262 decreased the K
concentrations in aerial parts of VR (Table 6.40)\the Na concentration in the aerial

part of D19 was significantly lower after inocutatiof Serratiasp. 246.
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Table 6.3.Macro-nutrient concentration (g- 100BM) in aerial part and roots of two cultivar-clanefH. tuberosugrown in absence (control) and presence

of Zn (1 mM).
Zn (1mM)
Control Non-inoculated Serratiasp. 246  Pseudomonasp. 256 Pseudomonasp. 228
Aerial
Ca 28+05¢c 1.8 +0.2 abc 1.6 £0.18 abc 1.22400 1.7 £0.3 abc
VR K 57+08Db 41+0.7a 30+x05a 28+0.3a 7204 a
Mg 0.7+0.1c 0.52 £ 0.05 abc 0.49 £ 0.09 abc @405 ab 0.45+0.09 ab
Na 0.09+£0.03b 0.06 £0.01 a 0.09 £0.02 ab &.091 ab 0.09 £0.01 ab
Ca 25+0.5bc 15+03ab 12+04a 1.310.4 1.2+03a
D19 K 40+05b 29+05a 27x04a 27%x02a .820.19 a
Mg 0.8+0.1 bc 0.36 £0.09 a 0.33+£0.06 a 0.3107 a 0.42 £0.06 ab
Na 0.09 £0.01 ab 0.08 £0.01 ab 0.07 £0.01 ab 48.001a 0.05+0.01a
Root
Ca 0.04£0.01a 0.6+0.2ab 0.22 £0.02 ab 0.6@% b 0.24 £0.04 ab
VR K 1.5+0.5ns 1.8+04 1.50 + 0.07 14+0.1 41@G1
Mg 0.29 £0.04 ns 0.4 £0.07 0.15+0.02 0.16 80.0 0.15+£0.02
Na 0.21 £0.04 ab 0.36 £0.02b 0.10+0.01a &8.0101 a 0.12+0.01 a
Ca 0.11 £0.02 ab 0.58+0.19c 0.23 £0.03 ab 8.095 ab 0.08 £0.04 a
D19 K 1.6+£0.5ns 2305 1.3+£0.2 14+0.1 106
Mg 0.3+0.1ns 0.13+£0.04 0.16 £0.02 0.15+0.02 0.14 £ 0.05
Na 0.16 £0.04 ab 0.16 £0.05 ab 0.12+0.01a 8.0D2 a 0.09£0.03 a

Different letters represent significant differenpes row and cultivar-clone, after Tukey’s tgst 0.05; mean values + SE; n=4. ns: not significant



Table 6.4.Macro-nutrient concentration (g- 100BM) in aerial part and roots of two cultivar-clanefH. tuberosugrown in absence (control) and presence

of Cd (0.1mM).

Cd (0.1mM)
Control Non-inoculated Athrobactersp. 222 Pseudomonasp. 228 Serratiasp. 246 Pseudomonasp. 262
Aerial

Ca 27+0.1d 1.9+0.5bc 1.2+0.1ab 0.9 +el 0.6+0.1ab 1.1+0.1ab
VR K 13+1d 129+0.4d 9+1hbc 5+x1a 3.8+8.2 8x1b

Mg 0.65+0.04 cd 0.57 £ 0.04 abc 0.56 + 0.06 abc 378 0.07 a 0.44 +0.06 ab 0.60 + 0.07 bcd

Na 0.014 + 0.003 a 0.031 +0.008 ab 0.05+0.01ab 0.017 £0.003 a 0.029 + 0.008 a 0.05+0.01 ab

Ca 24+0.6cd 1.4 +0.5 abc 1.1+0.3ab 1.114aM. 1.6 £0.2 abc 0.7+0.1a
D19 K 11+1cd 7+£2Db 7+2bc 8x1b 8.2+0.3bc +ba

Mg 0.79+0.09d 0.53 + 0.09 abc 1.1+0.1abc £ 0002 abc 1.6 +0.06 cd 0.53 + 0.09 abc

Na 0.027 £ 0.007 ab 0.042 + 0.009 ab 0.04 +£0.01bc 0.04+0.01ab 0.08£0.02c 0.032 + 0.008 ab

Root

Ca 0.38 £0.04 ab 0.4 +0.1 abc 0.29+0.05a H.683 bc 0.4 +0.1abc 05+0.1c
VR K 7t1la 5+1bc 3tlab 5+ 1abc 4+1ab Ba

Mg 0.29+0.05 ab 0.17+£0.03 ab 0.17 £0.02 ab 4@.0.01 ab 0.17£0.02 ab 0.23+0.02 ab

Na 0.06 +0.01 ab 0.1+0.01ab 0.16 £ 0.05 ab 8.082 ab 0.072 £ 0.003 ab 0.09+0.01ab

Ca 0.37£0.04 ab 0.6 £0.2 bc 0.46 £ 0.03 abc @4 bc 0.6 +0.1 bc 0.6 £0.1 bc
D19 K 4+1ab 4+1ab 3tlab 3xlab 3xlab 2066 a

Mg 0.15+0.04 b 0.15+0.03 a 0.15+0.01a 0.2106 ab 0.2+0.02 ab 0.15+0.03 a

Na 0.15+0.04Db 0.099 + 0.004 ab 0.07+0.01a 98.0.01ab 0.09 £0.02 ab 0.08 £0.01 ab

Different letters represent significant differenpes row and cultivar-clone, after Tukey’s tgst 0.05; mean values + SE; n=4. ns

: not significant



Micro-nutrient concentrations were also modified some cases after bacterial
inoculation. The addition ofSerratia sp. 246, Pseudomonassp. 228 and 256
significantly decreased the Cu and Fe concentrationroots of VR and D19
respectively, when plants were grown with Zn (Tah&). The concentrations of Cu in
roots of VR were also lower after inoculation whithrobactersp. 222,Serratia sp.
246 andPseudomonasp. 262 under Cd exposure (Table 6.6). HoweSerratia sp.
246 increased the Fe content in the aerial pathbin presence of Zn. This last strain
also increased the plant biomass of VR in presefn@n. The decrease in the nutrient
concentration found in the other cases, could lesgte@ to a bacterial mechanism of
metal sequestration and/or biosorption. Microorgansi have developed complex
mechanisms of metal resistance that can affeantital and nutrients availability (Nies,
1999, Bruins et al., 2000). PGB bacteria can sdrateselements through extracellular
production of polysaccharides or by fixing elemessh as Fe or Cu on the membrane,
cell wall or capsule in the form of hydroxides onge other insoluble metal salts (Chen
and Cutright, 2003; Kidd et al., 2009; Ma et aD12). The bacterial surfaces present
polarizable groups that can interact with catiobsing responsible of the binding
capacity (Vechio et al., 1998). In our work, theess of Cd and Zn could induce the
bacterial mechanisms of metal resistance that eethe metal availability and also the

solubility of other nutrients that could be pretiped on the cell surface.

The siderophore synthesis is stimulated in presef¢exic metals, in order to supply

the appropriate amount of ions to the plant andigedthe phytotoxicity symptoms

(Glick and Bashan, 1997; Rajkumar et al., 2009)is TGP characteristic plays an
important role under soil conditions, where therieats are present in for plants
unavailable forms, so it can be expected that uhgeéroponical conditions the effect of
the bacteria in the nutrient uptake is less visildimce the Fe is supplied in the
appropriate concentration with the nutrient solutidhereby, the differences observed
in the nutrient absorption could also be due toittiealance of nutrients created by the

presence of metals in the solution.
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Table 6.5.Micro-nutrient concentration (mg.RgdM) in aerial part and roots of two cultivar-clenefH. tuberosugrown in absence (control) and presence

of Zn (1 mM).
Zn (1mM)
Control Non-inoculated  Serratiasp. 246 Pseudomonasp. 256 Pseudomonasp. 228
Aerial
Cu 13.8+1.6 abc 17.5+13¢c 141 +1.8 abc #4113 abc 17.3+19c
VR Fe 194.1+230e 89.2£12.6 bc 148.4 +13.7d .B13@6.7 cd 82.8 £25.1 abc
Mn 11.3+1.7 abc 14.3+2.8 abc 10.8+0.7 ab #3190 a 16.6 £ 6.1 abc
Cu 16.8 £ 2.8 bc 104+14a 10.6 £ 0.6 ab 13240+abc 104+41a
D19 Fe 145.1+13.8a 80.2 £11.2 abc 445+ 13.6 ab 53888a 67.3+83ab
Mn 445+4.0d 15.7 +3.1 abc 16.7 + 6.3 abc 21518 bc 226+53c
Root
Cu 17.3+5.3ab 189+26¢C 9.8+0.3ab 12.4642 11.4+0.6 ab
VR Fe 118.0 £ 36.4 ab 102.2+18.9 ab 919+78ab 383%59ab 83.2+8.1ab
Mn 22 £02a 24+0.1ab 1.79 +£0.05 ab 1.610 1.8+0.3ab
Cu 104 +15ab 10.6 £ 3.0 ab 9.3+3.0ab 13%4b 6.8x11a
D19 Fe 141.5+271Db 113.6+21.7b 715+6.7a G6H4 a 62.4+11.3a
Mn 6.1+0.7c 45+1.3Dbc 2.8+0.2ab 3.0x19.5 3.3+0.1ab

Different letters represent significant differenpes row and cultivar-clone, after Tukey’s tgst 0.05; mean values = SE; n=4.



Table 6.6.Micro-nutrient concentration (mg.kRgdM) in aerial part and roots of two cultivar-clenefH. tuberosugrown in absence (control) and presence
of Cd (0.1mM).

Cd (0.1mM)
Control Non-inoculated Athrobactersp. 222 Pseudomonasp. 228 Serratiasp. 246 Pseudomonasp. 262
Aerial
Cu 7.4 +1.0 abc 8.0 £ 2.0 abc 30x10a 3.53+ab. 8.0 £ 0.9 abc 8.8+1.3bc
VR Fe 65.9+8.7de  33.2+10.3 abcd 116+7.1a 23.0 abc 20.7+7.0ab 48.1 £ 9.0 abcd
Mn 11.8+1.1c 3.2x04ab 24+06a 15804 15+06a 80x21b
Cu 10.5+23c 94+1l4c 5.1 +£0.8 abc 8.2 +xah6 6.6 £ 1.2 abc 10.2+3.3¢c
D19 Fe 93.2+169e 48.7 £10.1 bcd 41.4 +7.7 abcd .0 838.7 abcd 52.3+12.8 cd 47.4 + 9.4 bed
Mn 125+21c 3.8+0.5ab 1.3+03a 1.1+8.3 26+02a 15+04a
Root
Cu 14.8+1.3bc 195+43c 44+14a 17.16H 11.3+5.8ab 9.8+0.8ab
VR Fe 193.8+46.9c 62.4+13.7b 63.2+21Db 65182 b 60.0£2540b 68.8+16.4b
Mn 34+09c 09+03a 1.0+£0.2ab 26+®m6 a 1.0+£0.1ab 3.2+0.7 bc
Cu 10.2+1.4ab 10.3+x3.1ab 55+08a 10.114aB 10.8+ 1.6 ab 30x11a
D19 Fe 154.8 +49.6 c 343+7.6ab 47.3+5.7 ab £8.9.0 ab 52.7+12.2 ab 10.1+0.8a
Mn 2.7+£0.7 abc 1.5+ 0.7 abc 1.9+0.4 abc 2120Qtabc 05+0.2a 1.1+0.4ab

Different letters represent significant differenpes row and cultivar-clone, after Tukey’s tgst 0.05; mean values + SE; n=4.



6.4.3. Lipid peroxidation

TBA reactive compounds are produced as a consequrperoxidation of lipids in the
membrane. This process is initiated by free radidalke to oxidative stress. An increase
of the content of TBA reactive compounds is anaatbr for physiological stress (Li et
al., 2013). Many studies have reported that lew¢lSBA reactive compounds are
increased in plants exposed to metals as Cd, Zi{\\M@ng et al., 2009; Bauddh et al.,
2012, Li et al., 2013).

In the present work, the exposure to 1 mM Zn addndM Cd significantly enhanced
the TBA reactive compounds in roots of both cultiebbnes ofH. tuberosusafter 3
weeks of growth, since significant differences wknend between controls plants and
plants exposed to metals (Figure 6.4a, b). Howeveere were no significant
differences in the content of TBA reactive compaural leaves of plants grown in
presence of metals in comparison to control pladtsiairi et al. (2009) also observed
this effect in leaves dBrassica juncegrown with 50 uM Cd. According to them, this
observation could be related with an interestinghmaeaism of tolerance of the plant to
avoid the oxidative stress generated by the presefcmetals in the leaves. The
reduction of the concentration of TBA reactive caupds has been described by some
authors to result from an increase in the anti-athg enzyme activities, which reduce

H.O; levels and the damage in the membrane (Zhang, &04&l7).

On the other hand, the addition S€rratia sp. 246,Pseudomonasp. 256 and 228
decreased the content of TBA reactive compoundsats of D19 cultivar-clone grown
in presence of Zn (Figure 6.4a). The roots of VBoahowed lower levels of TBA
reactive compounds in plants inoculated vegeudomonasp. 228. In the case of Cd,
no significant differences were found regarding¢betent of TBA reactive compounds
between inoculated and non-inoculated plants (Ei¢u4b). The decrease in the content
of TBA reactive compounds after PGP bacteria inatooth has been reported by several
authors in different plants. Pandey et al. (201&)orted that the inoculation of
Ochrobactrumstrain CdSP9 decreased the content of TBA reaaompounds in
Oryza sativaexposed to Cd under hydroponic conditions. Wan let(Z2012) also
observed that the addition oBerratia nematodiphila LREO7 decreased the
concentration of TBA reactive compoundsSalanum nigrunin presence of Cd under

hydroponic conditions.
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Figure 6.4. TBA reactive compounds (UM*gFW) in roots of VR and D1®#. tuberosus
cultivar-clones after 3 weeks of growth with 1ImM @h (a) and 0.1mM Cd (b), under
hydroponic conditions. (*) shows significant diféeces between inoculated and non-inoculated
after Duncan’s tesp < 0.05; mean values + SE; n=4.

These results suggest that the inoculated bactanaassist the plant to control the
oxidative damage under metal exposure. In spitiisf it is important to mention that

in our study the concentration of Zn tended to ease in inoculated plants, and this
fact could also explain the decrease in the cordEmBA reactive compounds in plants

inoculated with bacteria.
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6.4.4. Colonization of egfp: tetracycline®Pseudomonas sp. 262 in the roots oH.
tuberosus

Pseudomonasp. strain 262 was able to grow with 0.8 mM of Cd amdveed the
capacity to produce siderophores (in the absendéeof, organic acids, indole acetic
acid, acetoin and ACC deaminase (Table 6.1). Maedhis bacterial straimcreased
the aerial biomass of D19 cultivar-clonehbf tuberosusvhen exposed to 0.1 mM Cd.
Taking this into account, this strain was seled¢tetle labeled with the enhanced green
fluorescent protein (egfp): tetracycline® plasmid order to study the bacterial

colonization in the roots dfl. tuberosus

Figure 6.5A shows that the conjugation was effegtisincePseudomonasp. 262
showed fluorescence aftblue light (488 nm) excitatiorand was able to grow in the
presence of tetracycline (20pgl In Figure 6.5B and C the bacterial strains can b
visualized around the root of. tuberosusafter inoculation under hydroponic
conditions. In Figure 6.6A, egfPseudomonasp. 262 can be visualized as single cells
attached to the root hair surface. Bacterial agése not found in the root interior when
the root was transversally and longitudinally exetb (Figure 6.6B and C). Root
exudates under hydroponic conditions vary from, snddifying the amount of nutrients
available to the bacteria (Compant et al., 201@) &so, the colonization pattern. Ma et
al. (2011) reported thaPseudomonassp. A3R3 isolated from roots oAlyssum
serpyllifoliumshowed a high level of colonization in shoot aodtrinterior ofBrassica
juncea He et al. (2013) also observed thihnellasp. JN6 originally isolated from
Polygonum pubescemrsuld colonize the root, stem and leaf tissueBraksica napus
Rahnella aquatilisSPb, an endophytic bacterial strain frdppmoea batatasvas
inoculated in hybrid poplar and increased the gnowit the cuttings with respect no
non-inoculated, showing the beneficial effects lod¢ tstrains in the plant growth of
another plant not related with the initial hostpléKhan and Doty, 2009).
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B)

Figure 6.5. A: Solution withegfp-labeledPseudomonasp. strain 262vith blue light (488 nm)
excitation.B, C: egfpPseudomonasp. strain 262 and root dfl. tuberosuslweek-plants. The
inoculation was carried out in hydroponic condisowith coarse perlite, under greenhouse
conditions. The picture was taken two days afteritloculation.
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A)

B)
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Q)

Figure 6.6. Confocal image of live egfp-labeld®seudomonasp strain 262in the root of a

freshly prepared intadtielianthus tuberosusoot. Bacteria with blue light (488 nm) excitation
A: Single cells attached to the root hdr. Longitudinal cut of the root (in red), single Isel

attached to the root surfage. Ortho-image of the root (in blue).

Although the endophytic colonization of bacterianon-host plants has been reported in
numerous works, in our study, the bacterial stegjfp-labeled did not colonize the root
interior of H. tuberosudn the studied conditions. Weyens et al. (2012yngared the
colonization of wild-typePseudomonas putid&/619 and the same gfp-labeled strain in
Populus deltoidx (trichocarpax deltoidg. They observed that the colonization of the
gfp-labeled strain was lower than the wild-typed aoncluded that gfp-labeling can
result in a different colonization pattern in compan with the wild-type. In this work,
the inoculated bacterial strains were attachedh@éordot hair surface. It is important to
mention that this bacterial strain increased groe¥tB19 cultivar-clone oH. tuberosus
under 0.1mM Cd exposure, in hydroponic conditidrtss positive effect on the growth
and the visual result of the bacteria attachedi¢ardot hair surface show that there was

a clear interaction between bacteria and planhduhe experiment.
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6.5. Conclusions

The effect of the bacterial strains bh tuberosusggrowth was different depending on
the metal, inoculated bacterial strains and cultclane in our experimental conditions.
The improvement of growth and the decrease of te&alkinduced stress were more
pronounced in D19 cultivar-clone than in VR. Thessdophytes oBrassica napus
enhanced the growth of D19 cultivar-clone in preserof Cd and Zn. Only
Pseudomonassp. 228 increased Cd uptake. After observation gustonfocal
microscopy, we could observe that efpeudomonasp. 262 did not colonize the root
interior of H. tuberosus under hydroponic conditions. However, the baatestrains
were attached to the roots and roots hairs suréddd. tuberosus suggesting that
interaction between them was established. D19 mbooation withPseudomonasp.
228, Serratiasp. 246 andPseudomonasp. 262 could be a suitable strategy to be used
on Cd-Zn contaminated soils due to the improvenoéritiomass reached by bacterial
inoculation. Additional experiments in soils needbe performed in order to evaluate
the efficiency of this strategy when there is cotapee with other microorganisms and
the edaphic process interferes with the metal amtidemts availability.
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Chapter 7

Improvement of growth of Helianthus tuberosus L. on a metal-

contaminated soil by exploiting plant growth-promoing bacteria

7.1. Abstract

Five plant growth-promoting bacterial strains iseth from Brassica napuswere
inoculated in Helianthus tuberosus(D19 cultivar-clone) growing on a Cd-Zn
contaminated soil in order to assess their effoyeio improve plant biomass and metal
uptake. The bacterial strains were added indiviguaid as a consortium. Consortium
inoculation increased the biomass, the Pb and Zakaepn the roots oH. tuberosus,
and the activities of the malic enzyme and isomtrdehydrogenase. Also, the
glutathione reductase activity was higher in leawd plants inoculated with the
consortium. A stimulatory effect on the root harvdlopment was observed after
stereomicroscopic observation of plants inoculatedh the consortium. Root
endophytic bacteria oBrassica napusaffected the root structure d¢f. tuberosus,
indicating that the inoculated bacteria can imprgiant growth in a plant species
different from the original host pland. tuberosusshowed able to accumulate more
than 1000 mg.K§ of Zn in the aerial parts when grown on a metaltaminated soil.
Taking into account the results obtained in thiskyél. tuberosusn combination with
the inoculated consortiuntould be a feasible strategy to be applied on metal

contaminated soils, and mainly in Zn phytoextractio

Keywords: High biomass crop, Jerusalem artichoke, root h@nsortium, nutrient

status.
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7.2. Introduction

Environmental pollution by heavy metals has incegaslue to anthropogenic and
industrial activities (Alloway, 1995; Kabir et al2012), being nowadays a global
problem. According to the European Environment Aye(EEA, 2014), heavy metals
represent 35% of the contaminants that affect soilsuropeMany of these soils have
been marginalized because of risk-based legislaMench et al., 2010) and they
require urgent decontamination actions (Vameralalet2010; Panagos et al., 2013).
Some metals are essential nutrients for organisfabata-Pendias, 2011), but in
generalthey are toxic at high concentrations because ithéyce oxidative stress and
replace metal co-factors in enzymes, affect théogioal function of molecules and
cause metabolic disorders (Stohs and Bagchi, 198&)eover, heavy metals cannot be
degraded, they agersistent in the environment and can be accuntilagefood chains
(Garbisu and Alkorta, 2001; Nawrot et al., 2010).

In the Campine region (northeast of Belgium andtisaaf Netherlands), zinc ore
smelters have increased the total concentrationSdpfPb and Zn in the agricultural
lands due to atmospheric deposition (Witters et2dl12a). Cd, Zn and Pb represent a
serious problem because soil pH is relatively lowl ¢he metals bioavailability is high
in these areas (Ruttens et al., 2010). Soil thidshare based on total soil metal
concentrations (Adriano et al., 2004), but the edeblogical risk in soils is also
determined by the metal speciation and bioavaitgbiBoth parameters define the
metal concentration that can interact with a biaabtarget (Kayser et al., 2001; Meers
et al., 2005). Phytoextractios a low-cost alternative that uses plants to eks® the
concentration and bioavailability of metals andnprove the fertility of the soil (Baker
et al., 1994, Chaney et al., 1997). This technolsggspecially efficient in areas with
diffuse and superficial contamination (0-50cm ad #oil), such as areas polluted due to
aerial depositionGunningham and Berti, 199¥angronsveld et al., 2009). One of the
most critical limitations of this technology is thaeng time required to clean-up the soil
and reach appropriate thresholtu(ligan et al., 2001)The use of high biomass crops
able to extract metals from soil could compensatetlie long time required in this
technology with the production of valuable biom@#an Ginneken et al., 2007; Fassler
et al., 2010a; Witters et al., 2012b).
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Helianthus tuberosud.. (Asteraceae) is a high biomass crop used irethanol
production and vegetatively propagatedtblyers (Serieys et al., 2010). Its cultivation
shows low production costs and minimal disease lpnad (Denoroy, 1996; Kays and
Nottingham, 2008). Recently, some studies have shgmmising results concerning
the ability of this crop to grow in presence of aletsuch as Cd, Pb and Zn (Cui et al.,
2007; Chen et al., 2011; Long et al., 2013; Mor#alet al., 2015). In spite of this, its
response to metals in contaminated soils is stilbrly investigated. All these
characteristics makid. tuberosusa potential candidate to be used in phytotechmedog

as well as to produce a renewable energy resource.

Plant growth-promoting (PGP) bacteria associateth vmetal tolerant crops may
increase the efficiency of phytoextraction by erdwag biomass production and
tolerance of the plants to heavy metals (Germidal.et1998; Genrich et al., 2000;
Rajkumar et al., 2009). These bacteria can impnola@t growth (1) indirectly by
preventing the growth and/or activity of plant pegans through competition for space
and nutrients (Lugtenberg and Kamilova, 2009), 2rdirectly by increasing nutrient
uptake and growth through different mechanisms sschitrogen fixatior{(Roper and
Ladha 1995), synthesis of phytohormones (as IAA, inédblacetic acid) (Dobbelaere et
al., 1999), solubilization of minerals, and prodmgt of 1-aminocyclopropane-1-
carboxylate (ACC) deaminase (Glick, 1998; Glickakt 2003). Some microorganisms
are equipped with metal-resistance/sequestratiatesys, by means of which the
bacteria are able to produce natural chelatorscmatcontribute to metal detoxification
(Diels et al., 1999). Moreover, some bacteria qareiase availability of metals and
nutrients by excreting organic acids, that decrga$en the rhizosphere, or enhancing
the Fe(lll) mobility and other cations through smjghores production (Glick and
Bashan, 1997; Fasim et al., 2002).

The objective of this work was to evaluate the @ffeof PGP bacterial inoculation on
the growth, root structure and metal uptake of DRaRivar-clone ofH. tuberosusn a

Cd-Zn contaminated soil. The activity of enzymeshaf intermediary metabolism and
antioxidant enzymes were determined to evaluateetfeet of bacterial inoculation on

the metal-induced plant stress.
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7.3. Material and methods
7.3.1 Pot experiment
7.3.1.1 Soil characterization

A sandy metal polluted soil (86% sand, 9% silt, ®%y) was collected in the
municipally of Lommel (51°12°'41" N; 5°14'32” E)(Belgium) about 500 m NE dhe

zinc smelter of Balen.

Fresh soil samples were taken from the surfacer I3@-25 cm depth), mixed and
homogenized into one composite sample. A soil supt&aof2 kg was dried and sieved
through a 2-mm sieve and characterized as foll@hexctrical conductivity (EC), pH-
H,O and pH-KCI (1 M KCI) were determined in a rati2.5 soil:water (Walinga et al.,
1989). Total N Kjeldahl, was measured accordindS0@ 11261. Available nutrients
(Ca, K, Mg and P) and metals were extracted usidgM Ca(NQ), (Mench et al.,
1994). Organic matter content was determined byki&aBlack method (Allison,
1965). CEC was determined after saturating theveitil NH,*, according to Van Ranst
et al. (1999). Total soil trace elements were deiteed using inductively coupled
plasma optical emission spectrometry (ICP-OESgratid digestion in a microwave
system (Milestone, 1200 MEGA) according to Van Ragisal. (1999). Quality of the
analyses was verified by including blanks and arezfce soil (CRM 143 R SEWAGE
SLUDGE AMENDED SOIL, Community Bureau of Refererd@CR N° 230).

7.3.12. Pore water solution analysis

Pore water samples of each treatment were takey Bizon Soil Moisture Samplers
(Rhizon SMS MOM,; Eijkelkamp Agrisearch Equipmentg§beek, The Netherlands).
The rhizons (10cm length, pore diameter 0.12 - Quif were inserted into the pot at an
angle of 45° (Figure 7.1). Soil pore water solutiwas extracted by attaching 30 ml
plastic syringes to each Rhizon (Meers et al., 20@pproximately 10 ml of each pore
water solution sample was taken to analyze thevhitble fraction of metals and
nutrients, in previously acidified samples with L iHNO;3 (65% Suprapur®). In total,
three samplings of pore water were performed. Sasnplere taken three days after

each bacterial inoculation.
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Figure 7.1.Rhizons SMS MOM inserted into the pots.

7.3.1.3.Plant material

Tubers of D19 cultivar-clone (Blanc précoce}bftuberosusvere collected in the field
collection of IMIDRA (Instituto Madrilefio de Invagacion y Desarrollo Rural, Agrario
y Alimentario; Madrid, Spain) to perform the soikperiment. The tubers were
maintained during two weeks at 4°C for vernalizatefore setting up the experiments.

7.3.1.4. PGP bacterial strains

Cultivable bacteria were isolated from rhizospheoat and stem oBrassica napus
grown in Zn contaminated soil (See Chapter 5). Daeteria were genotypically
characterized, and tested for metal resistance parential plant growth-promoting
characteristics (nitrogen fixation, phosphate sdikdtion, ACC deaminase activity,
production of siderophores, organic acids, acetmma indole-3-acetic acid). Five
bacterial strains Arthrobacter sp. strain 222 Pseudomonassp. strain 228
Pseudomonasp. strain 256Pseudomonasp. strain 262and Serratiasp. strain 246)
were selected to inoculate kh tuberosudD19 cultivar-clone, according to their PGP
characteristics (Table 7.1). The bacterial straiese inoculated individually and as
consortium (comprising the five bacterial strairBacterial strains were grown in 869
liquid medium (Mergeay et al., 1985) at 30°C unsleaking.
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Table 7.1. Metal tolerance and PGP characteristics of salebimcteria for inoculation in
H.tuberosusunder hydroponic and soil conditions.

Comp. Strain  Identification Accesion Zn 1mMCd 0.8mM FeOuMFe0.25uM OA ACC IAA Ace Psol N fix

Soil 222 Arthrobactersp. EU086826  +++ +++ - - ++ - - - +
Root 228 Pseudomonasp. GU595312 ++ ++ + + +  ++ + -+t
Root 246 Serratiasp. HM596429 +++ +++ + + ++ A+t

Root 256 Pseudomonasp. GU595312  +++ + + + - + ++ +
Root 262 Pseudomonasp. GU595312 + + ++ - + A+ +

Compartment of origin of the strain (Comp.), growth presence of Zn (ImM) and Cd
(0.8mM), siderophores (FeOuM and Fe0.25uM), Orgawids (OA), ACC (ACC deaminase
activity), IAA (indole-3-acetic acid), Ace (Acetginphosphate solubilization (Psol), nitrogen
fixation (N fix). + low, +++ high production.

7.3.1.5. Growth conditions

The pot experiment was carried out in a greenhausser controlled conditions.
Temperature and humidity were regulated by an aatiomventilating and heating
system (25°-30°C temperature, 70-90% relative hugidluber slices with buds were
grown in 2L plastic pots filled with Cd-Zn contarmated soil during 4 weeks. The
treatments established are shown in Table 7.2.t& tf 120 pots were used in the
experiment. Two slices with buds were set up pér Plants were watered every three
days. The bacterial suspension®tfu mL?) in tap water was added into the pots after
the appearance of the first roots (5 days afterirepw Moreover, bacteria were
inoculated once per week, during three weeks.

After four weeks from the first inoculation, plantgre harvested, washed thoroughly in
tap water and rinsed twice in distilled water. Qrighe sampled plants was dried to
analyze biomass, and total metal concentratioru¢gig.2). The other one was frozen in
liquid N, to measure the enzyme activities. At the end ef @érperiment, soil was
sampled to analyze the physicochemical properimesiding availability of nutrients

and metals.
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Table 7.2.Experimental design of the pot experiment.

Treatments n° pots
Soil 10

Soil + Arthrobactersp. 222
Soil + Pseudomonasp. 228
Soil + Serratiasp. 246

Soil + Pseudomonasp. 256
Soil + Pseudomonasp. 262
Soil + Consortium

Soil + H. tuberosus 20
Soil + H. tuberosus + Arthrobactesp. 222 10
Soil + H. tuberosus + Pseudomonap. 228 10
Soil + H. tuberosus + Serratiasp. 246 10
Soil + H. tuberosus + Pseudomonap. 256 10
Soil + H. tuberosus + Pseudomonsg. 262 10
Soil + H. tuberosus +Consortium 10

ooga g A

Figure 7.2.H. tuberosugplants growing under greenhouse conditions.

7.3.1.6. Enzymatic activities

Roots and the last completely developed leavesdi plant were sampled for enzyme
measurements. The plant material was frozen inditja during harvest and stored at -
80 °C until analysis. Frozen samples (200 mg) a¥és and roots were homogenized
under ice-cold conditions using a mortar and pesthe extraction was performed with
5 mg of insoluble polyvinyl pyrolidone (PVP) in 21®.1 M Tris-HCI buffer (pH 7.8)
containing 1 mM DDT and 1 mM EDTA. Subsequentle #xtracts were centrifuged
during 10 min at 16100 g, 4°C. The enzyme actisitievere measured
spectrophotometrically (Shimadzu UV-1800, UV Spemghiotometer, Shimadzu
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Scientific Instruments Inc., Columbia, MD, USA) the supernatant at 25°C. The
glutathione reductase (GR, EC 1.6.4.2) capacity detisrmined based on the reduction
of GSSG in presence of NADPH at 340 nm. NAD(P)Hatgbng enzymes as malic

enzyme (ME, EC 1.1.1.40), NADP-dependent isocit@dédydrogenase (ICDH, EC

1.1.1.42) and glutamate dehydrogenase (GDH, EQ.2)4were monitored also at 340
nm (Bergmeyer et al., 1974). Peroxidase (EC 1.9).Activity was analyzed using

guaiacol or syringaldazine as a substrate. Guaigmaloxidase (GPOD) and

syringaldazine peroxidase (SPOD) activity were mesa$s at 436 and 530 nm,

respectively (Bergmeyer et al., 1974; Imberty et084).

7.3.1.7. Plant analysis

The plants were separated into leaves, stems atd, ihhen weighed and dried in a
forced air oven for 48 h at 60°C. The dry weigherevdetermined. The dried tissues
were grounded and digested according to Weyend. €2@L0). Metal and nutrient
concentrations wenmmeasured in the digested extracts using inductieelpled plasma
optical emissionspectrometry (ICP-OES). Quality of the analyses wesfied by
including blanks and a reference material (Spineatiified reference material; NIST
SRM 1570a). The recovery percentages for metalse:v@at (~95%), Pb (~89%) and Zn
(~101%).

7.3.1.8. Translocation factor

The translocation factor (TF) was calculated tcedwaine relative translocation of the

metals from the root to the aerial part of the p{&ong et al., 2013).

TF= [metallerial part/ [metal}oot

7.3.2. Root morphological analysis

A second experiment was performed in order to complae root structure of non-
inoculated plants with plants inoculated with thensortium. The experiment was
carried out in a greenhouse under controlled canditas mentioned above (25°-30°C
temperature, 70-95% relative humidity). Tuber d&iosith buds ofH. tuberosus

cultivar-clone D19, were grown in 1L plastic pot#hwCd-Zn contaminated soil of
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Lommel. Two slices with buds were planted per pud &ve replicates per treatment
were set up. The plants were inoculated Witthrobactersp. strain 222Pseudomonas
sp. strain 228Serratiasp. strain 246Pseudomonasp. strain 256 anBseudomonasp.
strain 262 as a consortium. Bacterial strains wgmawn in 869 liquid medium
(Mergeay et al., 1985) at 30°C under shaking. Taetdsial suspension (i@fu mL?)

in tap water was added into the pots after the ajgpee of the first roots (5 days after
sowing). Once a week, inoculation was carried &ldénts were watered every three
days. After two weeks of growth, plants were hategsarefully. Roots were immersed
in water to remove the soil, and then the root wese dipped in crystal violet solution
(0.075% in 70% ethanol) during 1 min (Dobbelaeraalet 1999). Subsequently, the
roots were rinsed in water during 2 min, and obsgémnwith a Zoom stereomicroscope
(Nikon SMZ800).

7.3.3. Statistical analysis

The data were analyzed by a General Lineal Model Bnncan’s test using the
statistical package IBM SPSS version19.0. The walyieen in the tables and figures
indicate mean valueststandard error (SE). Diffeesnat p < 0.05 levels were
considered significant. Dunnett’s test was useelvaduate significant differences in the
case of dry weight and enzyme activities due toekgerimental design established

(double amount of controls than treatments).

7.4. Result and discussion
7.4.1. Soil characterization

The properties of the soil used in this experimarg shown in Table 7.3. Metal
bioavailability depends on the physical and chehpecaperties of the element, but it is
also highly affected by the soil properties (Kayssr al., 2001). High metal
bioavailability represents a serious environmeptablem because of metal leaching to
the groundwater (Meers et al., 2007; Ruttens eR@all0). The concentration of Cd and
Zn extracted with Ca(N§), indicated that both metals are relatively solupt#entially
bioavailable, and mobile in the soil. The sandy iture (with only 5 % of clays), and
low pH (5.5) also favour the mobility of both metah soils (Korte et al., 1976).
However, Pb could be immobilized by the organic teratAlthough the acid pH
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increases the Pb solubility, its mobilization isiniaregulated by the organic matter of
the soil (Kabata-Pendias, 2011). Logan et al. (19@ported the elevated binding
capacity that present Pb with the components ofstiie organic matter even at pH

values around 5.

The total concentrations of Cd (10 mg*kgPb (210 mg-Kkg) and Zn (631 mg-KY are
above the “normal” values (0.5 mg-kgf Cd, 40 mg-kg of Pb, and 70 mg- kgof Zn)

for sandy soils in Flanders (De Temmerman et 8032 The values are also exceeding
the Soil Clean-up Standards (2 mgtkaf Cd, 200 mg-Kg of Pb, and 333 mg- Kgof
Zn) established by the Flemish legislation on smmhediation (VLAREBO, 2009). The
Pb concentration is on the limit of the legislatibfowever, Cd and Zn concentrations
are far above of the permitted levels.

Table 7.3.Characteristics of the contaminated soil useténpot experiment.

Soil properties

pH-KCI 5.5
pH-H,O 6.3
EC (dS ) 0.07
CEC (cmolc kg) 7.6
Total organic matter (%) 1.6
Total N Kjeldahl (%) 0.11
Ca(NQ,), extractable (mg K§:
Macronutrients: K 64
Mg 31
Na 304
P 12
Micronutrients: Cu 0.41
Fe 1.9
Mn 0.81
Metals: Cd 1.4
Pb 0.78
Zn 72
Total concentration (mg ki
Cd 10
Pb 210
Zn 631

CEC- cation exchange capacity; EC-electrical cotidiiy:
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7.4.2. Effect on biomass and metal uptake

Figure 7.3 shows the dry weight ldf tuberosuggrown in the Cd-Zn contaminated soll.
The independent inoculation of each bacterial istdsdl not affect the dry weight .
tuberosus.However, the dry weight of leaves and roots sigaiftly increased when
plants were inoculated with the consortium (Figiu® 7.4).

400 -
350 -
300 -
250 -

200
B Leaf

Ostem

150 + Oroot

Dry Weight (mg.plant)

100 -

50 4

Control Arthrobacter sp. Pseudomonas Serratia sp. 246  Pseudomonas  Pseudomonas — Consortium
222 sp. 228 sp. 256 sp. 262

Figure 7.3.Dry weight (mg.plart) of H. tuberosuggrown in a Cd-Zn contaminated soil. (¥)
shows significant differences after Dunnett’s test, 0.05; mean values + SE; oy =20, N
(bacteria inoculated)_'lo-

Figure 7.4.Control plants on the left, and plants inoculatgtth consortium on the right.
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The competition between the inoculated bacteriahirss and the endemic soill
microorganisms could reduce the effect of the ihetted bacteria on the plant growth
(Weyens et al., 2009; Compant et al., 2010). Thimpetition could be minimized by
using the bacterial consortiunihe results are in accordance with other authaas th
observed the potential of some bacterial straitim@¢ogether as a consortium versus
the individual application of the same bacteriakisis. Malekzadeh et al. (2012)
observed that the inoculation of a consortium fatn®y Bacillus mycoidesand
Micrococcus roseustrains increased the Cd uptake in maize more tt@arndividual
inoculation of these strains in a pot experimerthva Cd-contaminated soiBiomass
production ofBrassica junceagrown on Pb—-Zn mine tailings was enhanced upon
inoculation with a PGPR consortiunonsisting ofAzotobacter chroococcutdKN5,
Bacillus megateriunHKP-1, and Bacillus mucilaginosusiKK-1 (Wu et al., 2006).
Langella et al. (2014) reported a significant erdeament of the biomass and uptake of
Festuca rubraandAgrostis capillarisafter inoculation with a bacterial consortium 6f 1
different bacterial strains in a pot experimentrmat multi-polluted soil. All these data
suggest that in soil conditions, where the comipetivith other microorganisms is
high, the use of consortia and the interactions dbhaur between bacteria seem to have
a significant advantage.

In general, the addition of the bacterial straingnificantly decreased metal
accumulation in the leaves B tuberosugTable 7.4). The concentration of Pb and Zn
decreased in the leaves of. tuberosusinoculated with Arthrobacter sp. 222,
Pseudomonasp. 256,Pseudomonasp. 262 and the consortium. Leaves of plants
inoculated withSerratiasp. 246 also showed lower concentrations of Zn teawves of
control plants. Cd accumulation was less affectechbculation of the bacterial strains.
The concentration of this element in leaves way detreased with the inoculation of
Arthrobactersp. 222. In the stems, no significant differencesenfound regarding Cd
and Pb uptake of inoculated and control plantsy@nthe case of Zn, the concentration
in stems decreased after additionRsfeudomonasp. 256 and the consortium. Some
authors have reported that certain plant-associadéeteria can adsorb metals, and in
this way reduce the plant metal uptake and alsotrideslocation inside the plant.
Madhaiyan et al. (2007) observed that inoculatioth Wethylobacterium oryzaand
Burkholderiasp. reduced Ni and Cd accumulation of tomato plandown in a Ni and

Cd polluted soil. Vivas et al. (2006) also foundttmoculation ofTrifolium repenswith
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Brevibacillussp. B-I decreased Zn uptake when plants were giovenZn spiked soil.
Marques et al. (2013) reported similar effect$laglianthus annuuglants, in which Cd
and Zn uptake decreased after inoculation w@hrysiobacterium humiin soil
conditions. The reduction of the metal uptake wtsbated to an increased metal
biosorption by the bacteria through binding metalanionic functional groups or its
chelation by extracellular polymeric substancesdemiphores and organic acids (Rouch
et al., 1995; Ma et al., 2011a; Rajkumar et alL,2Z0Moreover, bacteria can modify the
metal bioavailability by producing ammonia or orgabases that induce the metal
precipitation in the rhizosphere or via metal rasugoxidation (Chen and Cutright,
2003).

In our work, the joint action of the consortium anhbed the Zn and Pb uptake in roots
of H. tuberosussuggesting a different behavior of the strainemvkthey were added
individually or in a consortiumOnly Pseudomonasp. 262 was able to increase the Pb
uptake in roots oH. tuberosusvhen it was individually inoculated. According ttus,
Pseudomonasp. 262 could play an important role in the cotigor with regards to Pb
uptake. This strain showed a higher capacity tayee siderophores than the rest of the
bacterial strains tested (Table 7.1), which codfdca to the metal uptake by the plant.
Braud et al. (2009) observed an increase in PbGandptake of maize plants from a
contaminated soil after inoculation wiflseudomonas aeruginosahich showed a
high ability to produce siderophores. Jiang e{2008) also reported an increase in the
Cd and Pb uptake by maize and tomato plants afteuiation withBurkholderiasp.
J62 able to produce siderophores. Siderophoreeg®s$sgher affinity for Fe(lll) than
for other elements (Diels et al., 1999). Howevegyt can form complexes of lower
stability with metals such as Zn, Cu, Cd and Plhaecing their accumulation by the
plant (Glick and Bashan, 1997).

The metal translocation factor and accumulatiortepas vary considerably for each
element, plant and growth condition (Alloway, 19%ernandez-Allica et al., 2008;
Dickinson et al., 2009). The translocation fact@swalculated to evaluate the metal
mobility in H. tuberosus(Table 7.4). Only Zn showed an effective transiora(TF
values> 1).
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Table 7.4.Total metal concentration (mg.k@M) in D19 cultivar ofH. tuberosusafter 4 weeks of growth in a Cd-Zn polluted soil.

Cd Pb Zn
Leaf Stem Root TF Leaf Stem Root TF Leaf Stem Root TF

Control 73+08b 59+06ab 331+46ns 04164+11b 94+11ns 824+53a 3 1048.3+63.4c 3799+31.4b .B83®M39a 1.7

Arthrobactersp. 222 48+05a 6.5+0.6ab 342148 0.3 .3¥1.3a 7.7+04 97.3+ 13.6ab 0. 74052% 338.8+39.9ab 1047 +1142ab 1.0

Pseudomonasp. 228 6.7+0.7ab 6.6+0.8ab 442 +5.3 D.36.2%1.6b 86+1.1 109.8 +7.9 ab 0.p 927.98Hme 310.1+45.1ab1145.1+1226ab 1.1

Serratiasp. 246 6.5+0.7ab 7.3x09ab 32.1+3.8 D.43.4%09ab 7.9+1.2 86.4+8.7a o.p 766.0 47ah 287.5+43.3ab 856.5+104.1a 1.2
Pseudomonasp. 256 6.9 £ 0.5 ab 84+12b 33.4+3.7 05 5#1ll1a 104+15 87.1+46a 0.B 7119+ &@R7 272.0+219a 912.1+98.7ab 1.1

Pseudomonasp. 262 6.6+09ab 7.1+04ab 32.1+3.8 D.41.7%05a 9.1+0.8 1356 +24.1b o.p 607.7 D21 288.6 +25.1ab 880.7+106.0ab 1.0
Consortium 73+06b 48+11a 455+3.2 0.3 22%04a 8.2+17 136.2+21.9hb (ORI 7242 46d 227.7+30.1a 1247.6+1209b 0.8

Different letters represent significant differenpes column after Duncan’s tept< 0.05; mean values = SE; n=5. TF: translocatamtdr. ns: not significant.



Zn is an essential micronutrient with moderate niylinside the plant; while Pb has a
low mobility because it is tightly bound in rootllsgMalone et al., 1974; Meyers et al.,
2008). Chen et al. (2009) collecteld tuberosugplants grown in a smelter-contaminated
soil (silty clay loamy, pH 6.2) with 3044 mgkgof Pb. In these conditiond.
tuberosusaccumulated 430 mg.Rgof Pb in roots, and 127 mg.kgf Pb in shoots.
Although, this plant was not able to translocateifPlield conditions, these authors
reported its high ability to grow in highly Pb canminated soils.

The concentration of Zn in the aerial parttbf tuberosus(Table 7.4) exceeded the
phytotoxicity values (>100-400 mg-Kgproposed by Kabata-Pendias (2011) in aerial
tissues of a wide range of plants. In the casedft@e concentrations were within the
values described as excessive or toxic (5-30 m: Kthis suggests tha. tuberosus
shows an appropriate mechanism to tolerate thegalsmi@ its tissues. Long et al.
(2013) evaluated the chlorophyll contentHn tuberosusin presence of 10 mg.Rgof

Cd in a spiked soil, and concluded that the photihstic organs oH. tuberosusare
tolerant to Cd stress. Our results are also ineageat with Cui et al. (2007) that
observed the high ability ¢f. tuberosugo extract Zn from soils that are contaminated
with Cd, Cu, Pb and Zn, in comparison with othepst. In this workH. tuberosusvas
able to accumulate 1000 mg.kg Zn in the aerial parts. Similar values were foimd
herbaceous crops considered competent Zn phytoetsa such aBrassica spp.
(1400-2000 mg-K§ Phaseolus vulgari§1400 mg-kg) andZea mayg1200 mg-kd)

grown in contaminated soils (Vamerali et al., 2010)

7.4.3. Nutrient status

In general, the bacterial inoculation did not affecthe macro-nutrient status in roots
and leaves offl. tuberosugplants grown in the experimental conditions ddwsatiin this
study (Table 7.5). The concentrations of Mg, P Knith stems decreased when plants
were treated with the consortium and individuallghmPseudomonasp. 228 and 256.
Also, the presence oberratia sp. 246 decreased the K concentration in stems. In
contrast, the concentration of Na increased in stesh plants inoculated with
Pseudomonasp. 256, 262 and with the consortium. Na was thly element that
increased in the stems after bacterial inoculatiloa,rest of the nutrients were lower in

stems of plants inoculated with bacteria than intcds. The leaves ofl. tuberosus
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accumulate high concentrations of mineral nutriemd proteins; while the stems are
rich in carbohydrates and fibers (Seiler et al9@Denoroy et al., 1996). In this work,
the low nutrient accumulation in the stems couldals® accentuated by the binding
capacity of bacteria, and thereby, the signifiahfierences were found in stems but not

in leaves or roots.

Micro-nutrient concentrations were affected by ith@culated bacteria (Table 7.6). The
Cu concentration was lower in leaves and stemsadulated plants than in controls.
The Mn concentration decreased in roots of inoedlgblants, although significant
differences were only found in the casePRseudomonasp. 262. The Fe concentration
in the leaf was also reduced in presence of bactexricept wittPseudomonasp. 228.
The roots of plants inoculated with the consortialso showed lower concentrations of
Fe than roots of control plants. The inoculateddréal strains showed the capacity to
produce siderophores during the phenotypic chaiaaten in selective medium (Table
7.2). However, the micro-nutrient uptake was neteased due to bacterial inoculation
under soil conditions. The inoculation of plantsthwibacteria able to produce
siderophores could also reduce the uptake of tedmments, depending on the plant,
bacteria and metal (Sessitsch et al., 2013). Dingpkd. (2008) observed a reduction of
Ni accumulation by cowpea plants inoculated witieptomyces acidiscabieghich
was able to produce siderophores. Fe and Mn canbalsmmobilized on the bacterial
surface in the form of hydroxides or some othemlumsle metal salts due to the

siderophores production (Ma et al., 2011a).

In the literature, the mineral nutrition &f. tuberosushas been poorly investigated.
Most of the studies are focused on the nutrientestrin the tubers but not in the rest of
the plant. For this reason, the nutrient conceotratofH. tuberosusre compared with
previous references éfelianthus annuyssince it is the closest related species (Serieys
et al., 2010). The concentrations of Mg and K wew the concentrations considered
as optimal forH. annuusgrowth (Fassler et al., 2010b). On the contrary,aGd P

concentrations were within the adequate ranges.
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Table 7.5.Total macro-nutrient concentrations (g- 160V) in D19 cultivar ofH. tuberosugyrown in a Cd-Zn contaminated soil.

Ca

K

Mg

Leaf

Stem

Root

Leaf Stem

Root Leaf Stem Root

Control
Arthrobactersp. 222
Pseudomonasp. 228
Serratiasp. 246
Pseudomonasp. 256
Pseudomonasp. 262
Consortium

0.14 +0.01ns 0.60 £0.05ns

0.13£0.02
0.15+0.01
0.15+0.01
0.13+0.01
0.14+0.01

0.60 +0.08
0.48 +0.06
0.55 +0.09
0.45 +0.07
0.60 £0.05

0.13 +0.01 0.45 +0.07

0.42 26| 0.36 £+0.01ns0.35+0.05b 0.31£0.02nH.023+£0.002ns 0.08+0.1b 0.14+0.01 ns

0.46 +0.04
0.50 +0.03
0.45 +0.01
0.41 +0.02
0.43 +£0.03

0.34 +0.04.29G- 0.04 ab
0.35+0.02 .21 0.03 a
0.38 £0.02 .21 0.04 a
0.38 £+0.02 .18G: 0.04 a
0.38 +0.01.28¢- 0.03 ab

0.47 +0.083 .35(:0.02 0.19+0.03 a

0.27 £0.02 0.022 £0.003  0.06 +0.01 ab 0.1520.0
0.29 +0.04 0.022 +0.001 0.05+@&01 0.18+0.01
0.28 £0.02 0.023+£0.003 0.06 +@bP1 0.14+0.01
0.33+0.04 0.021 +0.002 0.04 +&01 0.16 +£0.02

0.28 £0.02 0.021 £0.002 0.07 +£0.01 ab 0.1340.0

0.27 +£0.04 0.019 +0.0010.05 +0.01 a 0.17 +£0.02

Na P

_____ Leaf Stem Root Leaf Stem Root

_____ 0.95+0.07ab 0.77+0.21a 2.10+x0.22b 0.42020s 0.45 +0.04b 0.30 £0.04 ns
1.10+0.14b 0.61+0.11a 2.17+0.28b 0.34040 0.35 £+0.02ab 0.27 +0.03
1.26+£054b 0.80+0.26a 1.84+0.37(ab 0.39.08 0.28 +0.03a 0.30 £0.01
0.75+0.09a 0.69+0.12a 2.10+0.24b 0.38080 0.30 +0.05ab 0.26 +0.03
1.22+043b 221+0.38b 1.25+0.13a 0.39.040 0.25 £+0.05a 0.35 £0.03
0.62+0.14a 135+0.19b 1.11+0.28§a 0.40080 0.37 +0.03ab 0.28 +0.03
1.23+£0.31lb 2.19+048b 1.17+0.45a 0.34020. 0.24 £0.03a 0.30 £0.04

Different letters represent significant differenpes column after Duncan’s tept< 0.05; mean values = SE; n=5. ns: not significant



Table 7.6.Total micro-nutrient concentrations (rag* DM) in D19 cultivar ofH. tuberosugrown in a Cd-Zn contaminated soil.

Cu Fe Mn
Leaf Stem Root Leaf Stem Root Leaf Stem Root

Control 187+11b 64+04b 138+0.7)a 196 5¢c 31.3+50ns 211.3+39.1b 58+0.6&3.3+22hb 231+4.1b
Arthrobactersp. 222  13.7+2.3a 5.1+03ab 16.3+2.0jab84.11+21.3 ab 252+27 126.6+42.6ab45+1.3b 10.9+3.0a 143+2.3ab
Pseudomonasp. 228 15.0+0.7a 4.7+04a 17.7+1.6pbc 8.9 28.6 bc 27.4+3.7 146.1+60.4aB6.4+2.3b 13.6+3.1ab 129+3.2ab
Serratiasp. 246 139+11a 46+06a 14.6+0.6/ab 1986.6ab 2909+42 186.9+36.1|al2.9+4.3ab 16.4 +6.2ab 16.6 +0.6 ab
Pseudomonasp. 256 13.0+05a 4.6+08a 159+0.7phc .387.6a 32977 250.4 +31.9b 17.2+6.7a@3.9+7.1b 17.1+5.2ab
Pseudomonasp. 262 11.8+1.3a 55+04ab 195+1.7bc .2Z#86.7a 40.0+8.4 115.1+56.1fal6.2 +3.2a 20.1 £6.0b 11.0+3.1a
Consortium 121+03a 4.1+05a 21.0+27c .172B9%a 28.2+9.1 50.6 +11.6 p 14.6 £5.5a0.5 +2.6a 19.5+3.7ab

Different letters represent significant differenpes column after Duncan’s tept< 0.05; mean values + SE; n=5. ns: not significant



Micronutrients showed values within the adequateceatration range foH. annuus
growth (Fassler et al., 2010a). The plant nutradrgorption in soils depends on several
factors such as soil properties, nutrient availghiplant requirements and its capacity
to absorb them (Baker, 1981). Nutrient concentrativary between species and also
depend on plant age at the harvest time (Fassér, 2010b). The nutrient absorption is
high in the three first months of growing and begim decrease after this period in most
of the plants (Smith et al., 1997). kh tuberosughe deficiency in K or Mg disturbs the
tuber morphogenesis more than the aerial growtfa(&oal., 1990). Thus, the biomass
of H. tuberosuswvas not diminished in our experiment since thengslavere growing
during one month, despite of the low concentratioinik and Mg found. In general, the
plants did not show deficiency symptoms along tkigeement.H. tuberosusan grow

in poor soils and its cultivation does not requmecessarily fertilization (Kays and
Nottingham, 2008). This crop is able to grow in m&sils, including sandy soils, and
for that reason it has been used as anti-erositir terraces or unstable sand (Denoroy,
1996). The high adaptability of this plant to a aidhriety of soils makes of this crop a

suitable candidate to be used in phytotechnologies.

7.4.4. Effect of the inoculated bacteria in the aotity of antioxidants enzymes

Plants have efficient mechanisms to avoid metalciiyx in metabolically active
compartments of the cells (Ma et al., 2005; Ponegtaal., 2009). It is well known that
metals induce oxidative stress in plants and irseréhe production of reactive oxygen
species (ROS). The levels of ROS are controllethbyaction of antioxidant enzymes
(Nehnevajova et al., 2012; Lin and Aarts, 2012)e Hotivities of antioxidant enzymes
such as glutathione reductase (GR), guaiacol pdasei (GPOD), syringaldazine
peroxidase (SPOD), and also the activities of ereyrelated to the Krebs cycle such as
isocitrate dehydrogenasa (ICDH), glutamate dehyeiniage (GDH) and malic enzyme
(ME) were measured as representative enzymes iedolv the response to Cd-Zn
exposure (Vangronsveld and Clijsters, 1994; Noetod Foyer, 1998; Sytar et al.,
2013). The results showed differences in the enzayetigities in root and leaf, and also
depending on the bacterial strain that was inoedlafFigure 7.5 and 7.6). The
enzymatic activity was measured in roots and le@idd. tuberosusafter 4 weeks of
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growth in a Cd-Zn contaminated soil. Significantfetiences between inoculated and
non-inoculated plants were found only in the atiggi of ME, ICDH and GR.

The ME and ICDH activities were significantly highe roots of plants inoculated with
the consortium than the other treatments (Figuf. 7/Since the activity of both
enzymes is induced by metal toxicity (Vangrons\aaid Clijsters, 1994) to compensate
the decrease of ATP and NADPH generated by the lysetsitive photosynthetic
reactions (Ernst, 1980), the high enzymatic activibserved could be related with the
higher concentrations of Pb and Zn that were actateuli in roots of plants inoculated
with the consortium in comparison to control pla@fable 7.4). This increase in the
metal concentration in the plant tissues may becisted with an efficient enzymatic
system that allows the assimilation of toxic metale the plant.

1200 -
1000 -
800 -
600 -
400 -

O ME

200 - OIDH

ME and IDH in root (Ug'FW)

Figure 7.5.Malic enzyme (ME) and isocitrate dehydrogenase {IBetivity (U.g* FW) in root
of H. tuberosusgrown in a Cd-Zn contaminated soil. (*) shows figant differences after
Dunnett’s testp < 0.05; mean values *+ SE oy =10, Npacteria inoculateh =5-

GR converts the oxidized form of glutathione (GS$5ESH. This enzyme plays a key
role in the antioxidant defense processes, by ieuGSSG, thus allowing a high
GSH/GSSG ratio to be maintained (Bhaduri and Fulek@12; Sytar et al., 2013). In
our work, the GR activities were higher in leavds ptants inoculated with the

consortium andPseudomonasp. 262 than in the other conditions (Figura 6a).
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Figure 7.6. Glutathione reductase (GR) activity (J.§W) in leaf (a) and root (b) oH.
tuberosugrown in a Cd-Zn contaminated soil. (*) shows #igant differences after Dunnett’s
test,p < 0.05; mean values * SE oy =10, Nipacteria inoculateh =D-

In both cases the plants accumulated higher leokl&n and Pb in the roots than
controls, but this increase was not observed iwvelea Garcia et al. (2006) and
Nehnevajova et al. (2012) also found increased GiRites in leaves oH. annuus

under Cd and Zn excess. Cd and Zn induce the aahitiee defense mechanisms in
plants by different pathways, but when both mesa¢spresent in combination, Zn plays
a synergistic role in Cd-induced antioxidative defe because of its role as cofactor
(Lin and Aarts, 2012). In this way, the presenc&min combination with Cd increases
the activities of antioxidant enzymes, such as GRe(if et al., 2011; Sanaeiostovar et
al., 2012). Numerous authors have reported thesaser of the activity of enzymes
related with the anti-oxidative stress of plantsthe presence of metals (Weckx and
Clijsters, 1997; Fornazier et al., 2002; Verma &nbey et al., 2003; Cuypers et al.,
2011). However, the increase of the antioxidarpaases in order to avoid the negative

consequences of metal stress is limited. The expo&u elevated concentrations of
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reactive metals could result in decreasing thevidiels of antioxidative enzymes
(Bhaduri and Fulekar, 2012). As shown in Figuréb7tBe GR activity was significantly
lower in roots oH. tuberosusnoculated withPseudomonasp. 228 and the consortium
than in control plants. Rosa et al. (2003) alseoled that the GR activity decreased in
roots ofVicia fabawhen plants were exposed to high concentratior@@dpfby contrast
the GR activity increased when the Cd concentrataiminished. They suggested that
the decrease of GR in roots could be due to areaser of the metal toxicity for the
plant. Metals generate reactive radicals, resulitngellular damage such as depletion
of enzyme activities (Stohs and Bagchi, 1995). &ieski and Joy (1986) and Gallego et
al. (1996) also observed a decreased GR activitRigum sativumand H. annuus
respectively, exposed to Cu, Zn and Cd. Accordimghis, the GR in roots off.

tuberosusould be depleted due to Cd and Zn excess.

7.4.5. Phytovailability of metals in soil

The phytoavailability depicts the soluble fractionthe soil that is available for plants
(Sposito, 1989; Song et al., 2004; Meers et alD720PGP bacteria have the ability to
increase the phytoavailability of nutrients and atgetn soils through organic acids and
siderophores production or phosphorous solubibratNumerous works have shown
that bacteria could solubilize metals and nutriemtsoils, and improve the metal uptake
by the plant (Sessitsch et al., 2013). Chen gR8l13) observed that the water-soluble
Cd contents in the rhizosphere soils of the rapatplinoculated witBurkholderiasp.
J62 andP. thivervalensisY-1-3-9 increased from 59% to 237% compared to the
controls, after two months of growth. However, soawthors observed the opposite
effect. Madhaiyan et al. (2007) reported that theainavailability in soil decreased after
bacterial inoculation, suggesting that the bacteaald immobilize metals in the
rhizosphere. Kidambi et al. (1995) mentioned that presence of metals enhanced the
microbial exopolymer production that can bind metaid nutrients. This behaviour has

an advantage for the bacteria to resist toxic catnagons of metals.

In this context, the pH, electrical conductivitydaphytoavailability of metals and
nutrients were evaluated in soil for each treatméhable 7.7). The electrical
conductivity was not significantly affected by thacterial inoculation. The pH of the
soil used in this study was relatively low, makihgnore difficult to observe the effect
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of the bacteria on the availability of elementsairshort period experiment. However,
some significant differences were found betweere Isail and soil wittH. tuberosus
The pH-water of the soil increased lh tuberosusinoculated withArthrobacter sp.
222, in comparison with the bare soil inoculatethwine same bacteria. In this case, the
combination plant-bacteria increased the pH; witgichld reduce the metal and nutrient
uptake of the plant. On the contrary, the pH-KGtrdased witlPseudomonasp. 256
and 262 inoculated in bare soil in comparison ik control, suggesting the capacity
of both strains to acidify the pH when they are asdociated to the plant. The soil pH-
KCI also decreased iH. tuberosusnoculated with the consortium, but in this case t
differences were not significant. The trend obseérie in agreement with the high
accumulation of Zn that was found in the consortidine decrease in the pH of this

treatment could increase the Zn availability, inyang the uptake of this metal.

Significant differences were found only in the cadeCd, K and Mn extracted by
Ca(NGy), (Table 7.7). The other elements were not affetigdacterial inoculation.
The concentration of Ca(N{3 extractable Pb is not shown in Table 7.7 becausas
below the detection limits. The Cd availability demsed in pots witil. tuberosusn
comparison with bare soil, possibly due to the plaptake, but no significant
differences were observed between inoculated bact€he K availability was also
significantly lower in soils wittH. tuberosughan in bare soil, due to the uptake by the
plant. H. tuberosusrequires high levels of K and Ca during its groW@assells and
Deadman, 1993). As it was mentioned above, thip @dighly effective in extracting
these nutrients from the soil. This can explain significant decrease found in the
Ca(NQ), extractable K concentration of soils with tuberosusThe Mn availability
increased inH. tuberosusinoculated withPseudomonasp. 262 in comparison to

controls, suggesting a possible ability of thisistito solubilize this nutrient.

Pore water solution has been described as useflultdoassess the readily available
metal fractions in soil experiments (Chapman et24102; Prokop et al., 2003; Shan et
al., 2003). In particular, rhizon samplers havenbeged in numerous studies to extract
the nutrients and trace elements potentially alkaléor the plant from the soil (Knight
et al., 1998; Cabrera, 1998; Meers et al.,, 2006)izéh samplers were inserted
immediately next to the plant with the objectivenoddelling the elements available in
the rhizosphere dfl. tuberosusThree samplings were performed along the exp&time
and differences between them were statisticallyuatad (Annex ).
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Table 7.7.Physicochemical properties of the soil in eachttrent.

Ca (NOs)-extractable (mg.kgh)

Treatments EC (dS m?) pH-water pH-KCI Cd Cu Fe K Mg Mn Na P S Zn
Sail (Control) 0.071+0.002ab  6.34 +0.0labcd  5.50.03ef 1.36+0.02c 0.41+0.0lns 1.9+0.Ins .8630.8c 30.6+0.5ns 0.81+0.04ab 304 +16ab 1120.3ab 136+15ab 72+ lab
soil+ Arthrobactersp. 222 0.073+0.007b  6.32 % 0.03abc 559+0.04f 1.35+0.02c  0.40+0.02 1.9#0.1 65.5+1.8c 3305 0.80+0.02ab 303+23ab 11.1+05ab 116ab 73+ 2ab
soil+ Pseudomonasp. 228 0.064 +0.004a  6.34+0.04abcd 554 +@®5 1.27+0.03bc 040+004  1.8+02 60.9+0.5¢ 29.4+0.6 0.74+0.04a 270+3lab 135+15ab 4#Aldab  69+3ab
soil + Serratiasp. 246 0.072+0.006ab  6.39+0.03bcd  5.53 +k@8f 1.26+0.03bc  0.39+0.01  1.5+0.1 60.55c2. 30.5+04 1.05+0.15ab 319+3lab  10.5+0.2al02+14ab 71+ lab
soil + Pseudomonasp. 256 0.063 + 0.002a 6.24 +0.03a 5.47 +0.02bcd.27 +0.02bc  0.38+0.01  15%0.1 59.0+1.1c .6300.2 0.87+0.05ab  252+32a 11.8+05ab 138ab 75+ 1lab
soil + Pseudomonasp. 262 0.060 +0.004a  6.25+0.02ab 5.45+0.01ab1.26 + 0.03bc  0.39+0.03  1.5+0.1 50.9+1.6c .3310.8 0.93+0.08ab 269+19ab 12.9+0.lab 99 75 + 3ab
soil + Consortium 0.065+0.008ab  6.40+0.03cd 55®.02def 1.18+0.02ab  0.39+0.02 1.9+0.1 3@022c  31.7+1.2 087+009ab 334+45ab 11045ab 104 + 21ab 67 +2a
soil +H. tuberosus (Control) 0.072+0.005ab  6.39 +0.02bcd 546 +0dbc  1.22+0.0lab 045+004 20+0.6 356-ah2 31.9+02 1.21+013ab 339+23ab 12.8+18abl40+23ab  72+1ab
soil +H. tuberosus- Arthrobactersp. 222 0.067 + 0.002a 6.47+0.06d  550+0.04bcd1.26+0.03bc  044+0.03 16+02  31.2+20ab31.6+05 092+0.07ab 309+17ab 11.6+0.8ab 0#19ab 74 2ab
soil +H. tuberosus Pseudomonasp. 228  0.061+0.006a  6.29 +0.05abc 550 + @®8b 1.23+0.05bc  0.42+0.03 2.1+03  33.6866 31.3+x09 1.60+0.14bc  305+37ab  13.4+0.4b123+14ab 74+ 1lab
soil +H. tuberosus+ Serratiasp. 246 0.071+0.004ab  6.46+0.02d  550+004bc 1.26 +0.04dbc  0.41+002  1.6+0.1 432+33b309+03 150+0.11lbc 357+22ab 11.4+0.3ab O#A%5ab  73+2ab
soil +H. tuberosus+ Pseudomonasp. 256  0.073+0.005b  6.27 +0.03abc ~ 5.45+ B0la 1.22+0.02bc  041+0.01  1.7+0.1  36.6+24ab28.7+1.9 1.08+0.1lab 343+62ab 11.9+0.2ab 6#B1b 70+ 1ab
soil +H. tuberosust Pseudomonasp. 262  0.068 + 0.002ab ~ 6.30 + 0.05abc ~ 5.50 #@@& 1.16+0.04ab  042+003 2.0+0.1  31.6486. 32.7+06 190+027c  374+45b 12.6+05ad41+18ab 70+ 1lab
soil +H. tuberosus+ Consortium 0.073+0.010b  6.28 + 0.05abc 5.3808a 1.17+0.02ab  0.42+0.01  1.8+0.1  32.33aF. 30.6+09 1.00+0.08ab 336+46ab 12.0 +D.4al4l+07ab 70+ 1ab

Different letters represent significant differenpes column after Duncan’s tept< 0.05; mean values + SE; n=4.



Concentrations of K, Na, Mg and Zn in the pore wagelution varied along the
experiment in the treatments with plant. In geneted concentration of K decreased in
the last sampling in comparison with the first sbngpin rhizospheric soil ofH.
tuberosus This decrease in K concentration is also in agesg with the high capacity
of H. tuberosusto extract K from the soil, as mentioned above.ctmtrast, the
concentration of Na increased in the last samptampared to the first sampling.
Taking into account that this increase also occurime control plants, we can
hypothesize that the plant exudates were playingoae important role in the Na
availability than the bacteria. The concentratiohdvig and Zn decreased in the last
sampling in comparison with the first sampling largs inoculated witiPseudomonas
sp. 228, but both elements were not modified inrdst of the cases. Considering the
treatments in bare soil, onArthrobactersp. 222 affected the mobility of the elements
in the soil. The concentrations of Ca, Cd, Mg, 8 @n decreased in the last sampling
in comparison with the first sampling in soil inteted with this strain. This bacterial
strain is the only one that comes from the soil,itsis expected to have more
pronounced effects on bare soil than the rest @fsthains that were isolated from the

roots.

Every sampling was studied separately, but dueddnbmogeneity observed, the values
were expressed as mean values of the three samgirable 7.8). In general, the
concentrations of Ca, Cd, K, Mg and Na in the pwater solution were higher in bare
soil than in pots withH. tuberosusiue to the fact that these elements were accuedulat
by the plant. Although this decrease was only $iggmt in the case of K, similar trends
were observed for the other elements. In case ofttiee effect was different. The
inoculation of the consortium in bare soil decreladee Fe concentration in pore water,
however, the joint effect of the consortium and pkent increased the Fe concentration
in comparison with the other treatments. Althotigt Fe was present in the pore water
solution, it was not taken up by the plants as #hown in Table 7.6, possibly because it

was precipitated at pH-water 6.3.
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Table 7.8.Mean values of the three samplings of pore watkitisns (mg.L") per treatment.

Pore water solution

Treatments
Ca Cd Cu Fe K Mg Mn Na P S Zn
soil (Control) 61+9ab  0.025 +0.003ab 0.052 + 01 0.11 +0.04ab 30+3d 6.1+1.2ab 0.03+0.02ns76 +4de 1.2+0.1ns 63+6ns 1.9+0.3ab
soil+ Arthrobactersp. 222 67 + 3ab 0.025 + 0.001ab 0.044 + 0.002ab®.09 + 0.01ab 29+2d 59+0.3ab 0.03 +0.01 1Bed 1.0+0.1 56 +2 1.9+0.1ab
soil+ Pseudomonasp. 228 64 +12ab  0.023 + 0.002ab 0.042 +0.003a .10 H0.03ab 28+3cd 5.5+%1.2ab 0.03+0.01 Pole 1.1+£0.1 59+7 1.8 £0.2ab
soil + Serratiasp. 246 52 +4a 0.027 +0.006b 0.048 + 0.007abc $004ab 27+5cd 6.3%2.1b 0.04 +0.02 73 +6bcd.3+0.2 56 +7 1.6+0.1a
soil + Pseudomonasp. 256 67 +15ab  0.025 + 0.003ab 0.045 £ 0.004ab®.13 £ 0.06ab 30 +4d 5.8+1.3ab 0.03 £0.02 +@3a 1.2+0.1 54+5 2.0+0.3b
soil + Pseudomonasp. 262 65 + 5ab 0.023 + 0.001ab 0.047 £ 0.003ab®.11 £+ 0.03ab 27 +1cd 5.8+0.4ab 0.04+0.02 6akcd 1.1+0.1 54+ 4 1.9+0.1ab
soil + Consortium 69 +9b 0.024 + 0.003ab 0.042@08a 0.08 £0.01a 29 +3d 5.8+ 1.0ab 0.02+0.01 3+8e 1.1+0.1 62+9 1.9+0.3ab
soil +H. tuberosus (Control) 53 £ 6a 0.022 + 0.001ab 0.052 +0.004bc .19+ 0.04ab 20+3ab 4.4 +0.6a 0.05+£0.02 66b& 1.2+0.1 56+9 1.7 £0.1ab
soil + H. tuberosus- Arthrobactersp. 222 55 + 6ab 0.021 £ 0.002a 0.043 £0.002ab 09 £0.01ab 14+2a 5.0+0.6ab 0.02+0.01 74de5¢c 1.3+0.1 58+5 1.6+0.1a
soil +H. tuberosus- Pseudomonasp. 228 53+ 7a 0.020 +0.002a 0.045 £ 0.003abc 3 H@.05ab 22+5bc 4.5+0.6ab 0.04 +0.02 64+ 2a1.4+0.1 50+8 1.6 +0,2a
soil + H. tuberosus Serratiasp. 246 51+13a 0.021 £ 0.004ab 0.046 £ 0.001ab®.11 + 0.03ab 18+4ab 4.9+0.7ab 0.02+0.01 Béde 1.2+0.1 62+8 1.6+0.3a
soil +H. tuberosus- Pseudomonasp. 256 55 + 5ab 0.021 +0.002a 0.048 +0.003abc 14 0.03ab  19+2ab 4.8+0.4ab 0.02+0.01 63@hkcd 13+0.1 53+6 1.7 £0.2ab
soil +H. tuberosusr Pseudomonasp. 262 54 + 7ab 0.022 £ 0.002ab 0.044 £ 0.005ab®.09 + 0.01ab 17+2ab 4.9 +0.6ab 0.02 £0.01 28hkcd 1.3+0.1 55+7 1.8 +0.2ab
soil + H. tuberosus- Consortium 57 +9ab 0.022 + 0.003ab 0.049 +3a00 0.17 £ 0.05b 17+3ab 5.4 +0.9ab 0.05+0.0Z2 £3abcd 1.4+0.1 58+8 1.9 +0.3ab

Different letters represent significant differenpes column after Duncan’s tept< 0.05; mean values = SE; n=12.



7.4.6. Effect of consortium inoculation on the rootmorphology of H. tuberosus

The inoculation of the consortium promoted the roat development iH. tuberosus
in comparison to the control plants (Figure 7.7A, Blant growth-promoting activity of
some rhizosphere microorganisms has been relatédgb toroduction of substances that
modify root development (Bloemberg and Lugtenb@@)1). De Souza et al. (1999)
and Lopez-Bucio et al. (2007) observed an incréaghe root hairs formation after
bacterial inoculation inBrassica junceaand Arabidopsis thaliana respectively.
Dobbelaere et al. (1999) also observed an incrigadee root hair formation of wheat
seedlings after inoculating\zospirillum sp, and attributed this effect to its IAA
production. Four of the bacterial strains of ounsmrtium Pseudomonasp. 228, 256,
262 andSerratiasp. 246) showed the capacity to produce IAA (T&blg, which could
play an important role in the root hair developmeévoreover, two of these bacterial
strains Pseudomonasp. 256 and 262) were able to produce acetoins Vblatile
compound has also been described as root growthqgten (Ryu et al., 2003; Duan et.
al., 2013, Glick et al., 2010). PGP-bacteria camprowe plant growth under metal
exposure by increasing the root surface area aingbitwaluction (Sessitsch et al., 2013),
in this way also the nutrient and metal uptake lmy plant can be facilitated. Bacteria
can enhance root growth directly affecting to tbetisystem architecture by secretion
of plant growth-promoting substances such as auaimk cytokinins or in an indirect
way, by the production of antibiotics, which promgilant growth by inhibiting the

growth of harmful microorganisms in the rhizhosgh@ropez-Bucio et al., 2007).

It is important to mention that four of the bacistrains used to form the consortium
(Pseudomonasp. 228, 256, 262 arfekerratiasp. 246) were isolated as root endophytes
from Brassica napugSee Chapter 5). The increase of root hairsl.inuberosusafter
inoculation with these bacterial strains, also dest@tes that bacterial strains
originating from other hostplants can affect thetrstructure of plants from a different
taxonomic group, having in this case not necessargpecific relation with the initial
host plant. This result is in agreement with oftedies that observed positive effects of
bacteria isolated from metal tolerant plants on gnewth of plants from different
families (Ma et al., 2011b; Sheng et al., 2012;dtlal., 2013).
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Figure 7.7. Effect of consortiun inoculation on the root hair development week-oldH.
tuberosusplants.Left roots represent controls and right roots ateen from inoculated po
with the consortium. A: root tip; B: immediatelyterf root tip

7.5. Conclusions

Inoculation of theconsortiumincreased the biomass ldf tuberosu19 cultiva-clone
growing in a CdZn contaminated soil, and also the Pb and Zn uptakiee roots afte
one month of growing?seudomon: sp. 262 increased the Pb uptake in the roots \
it was individually inoculatedH. tuberosusinoculated with the consortium show
high activity d malic enzyme, isocitrate dedrogenase in root@nd glutathione
reductasen leaves that could be related wthe assimilation of metals into the pl:

The consortium inoculatiorstimulated root hair development &f. tuberosu D19

cultivar-clone.Bacterial strains isolated froiBrassica napusoots affected the rot
structure ofH. tuberosusndicating thatbeneficial bacteriaéffects do not have to |
necessarilylimited to thei initial host plant.H. tuberosusD19 cultiva-clone in

combination with thenoculatedconsotium could be a promising toon contaminated
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soils with Cd, Pb and Zn that allows to increasamass production and thereby, the
amount of metal extracted by the plaft.tuberosusould be a suitable crop to be used

as Zn phytoextractor.
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Chapter 8

General discussion and conclusions

8.1. General discussion

One of the most critical limitations of metal phgktraction is the long time required to
clean-up metal contaminated soils and reach theopppte thresholds. The use of high
biomass crops able to extract metals from soil ¢admpensate for the long time
required applying this technology with the prodactof valuable biomass and with an
improvement of the soil propertiéBickinson et al., 2009; Fassler et al., 2010; Tygew
et al., 2010; Witters et al., 2012). To develops thirategy, the plant is required to
tolerate the concentrations of metals accumulatedtsi tissues without significant
biomass reduction, especially in the aerial pdréd will be harvested to produce bio-
energy (Maxted et al., 2007; Vangronsveld et @I09.

Brassica napusindHelianthus annuusre high biomass crops well-known because of
their high capacity to grow on soils contaminateithwCd, Pb and Zn (Hernandez-
Allica et al., 2008; Adesodun et al., 2010). Howetbkere are not many studies about
their toxicity to Cr (VI) and As (V), as well asdin germination rate and tolerance to
these metals in the early stages of growing. On dtieer hand,Brachypodium
distachyonis the first pooid grass to be sequenced and hexs teeently proposed as a
model grass for improving food crops and developiay sustainable energy (Bevan et
al., 2010). Our work provides the first data widgards to the metal tolerance Bf
distachyonduring the first stages of growingncreasing the knowledge about metal
tolerance and uptake in this new model grass coelp to understand the mechanisms
of toxicity at the molecular level, and genes amotgins involved in the response of
plants to high concentrations of metals. The abditB. distachyorseeds to germinate
and growin vitro with Cd, As(V), Zn, or Cr(VIl) was compared withethwo well-
known metal tolerant energy crofassica napusindHelianthus annuusn order to

evaluate its capacity to grow in the presence dafae

The experiments conducted undervitro conditions allowed to realize preliminary

studies concerning the metal toleranc&otlistachyonB. napusandH. annuusduring
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their first growth stages. The plant tolerance weasluated based on the germination
rate and shoot and root length in agar medium doogrto Peralta et al. (2001),
Buendia-Gonzalez et al. (2010) and Di Lonardo et(2011). These experiments in
sterile conditionsallow to distinguish the natural plant responsesnfrothers derived
from the relation with microorganisms (Reynoso-CGaseet al., 2008). Moreover, agar
medium does not modify the root growth as hydrop®miecause it is a solid medium,
and avoids the transfer of the seedlings after getion that may cause damage to the
roots, since seeds can germinate and grow in time saedium (Tschan et al., 2009).
Our results showed that plant growth decreased dose dependent manner in all
species, but the effect was different accordingnegal and plant species. Considering
shoot growth,H. annuusand B. napusexhibited similar responses to grow in the
presence of Zn. Both crops decreased their shagtiHeat 0.3 mM of Zn. Our results
are in agreement with Bernhard et al. (2005) anth&tedez-Allica et al. (2008) who
also reported the reduction Bf napusandH. annuusgrowth in the presence of high Zn
concentrations under hydroponic conditions. Howeterdistachyonshowed a high
capacity to grow with 1 mM of Zn in the medium. T$teoot length remained the same
at the different doses of Zn, and root length dt differ significantly from the control
values, indicating the high tolerance of this grtas&n.

As it was expected. napusshowed a higher capacity to grow in the presehce0b
mM of Cd than the other two species. Many studigehremarked the high biomass
production ofB. napusin the presence of Cd concentrations that are timxienost of
the crops, being proposed for this reason as Cdopkiyactor by several authors
(Nouairi et al., 2009; Selvam et al., 2009). Ourrkveeported also the ability dB.
napusandH. annuusseedlings to grow in the presence of 0.07 andrMLof As (V).

B. distachyorwas more sensitive to As (V) than the other twacE®e since its biomass
was reduced from the lowest dose that was appled results are in agreement with
Liu et al. (2012), Chaturvedi et al. (2006) and @tcet al. (2011) who observed the
capacity ofBrassicaspp to grow in As (V) spiked soils, and also with Maia et al.
(2007) who reported the ability . annuusto grow in the presence of As in field
conditions. In spite of these works, Vamerali et(@010) and Cavalca et al. (2013)
remarked that the literature about the tolerancen&frgy crops to As is still limited,
making it necessary to perform more studies aldui@ability of high biomass crops to
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grow in the presence of this metalloid, in order ealuate their possible future

application on arsenic contaminated sites.

The biomass of the three crops strongly decreasé#uki presence of the lowest dose of
Cr (VI). The high sensitivity that these crops skdwo this metal dose indicates that
the doses used were too high to test the tolerahtteese crops. Fozia et al. (2008) also
observed that the shoot length léélianthus annuusvas reduced by 50% in a spiked
soil with 60 mg/kg of Cr (VI). Terzi et al. (2014yaluated the Cr (VI) tolerance of
different cultivars ofBrassica napusunder hydroponic conditions. They reported that
the biomass was also reduced by 40% and 70% demermai the cultivar in the
presence of 100uM of Cr (VI). The conductedvitro experiments provided useful
information about the impact of toxic metals on fhst stages of plant growth. The
comparison of our results with other works perfodnire different conditions showed
that these tests are appropriated to evaluateldiné folerance to metals in a short term.
According to Peralta et al. (2001), Reynoso-Cuetad. (2008) and Buendia-Gonzalez
et al. (2010), the use @i vitro tests as a preceding step to soil experimentsidwelp

to predict the physiological responses of plantthi presence of metals. In addition,
these experiments allowed to evaluate the tolerasfcéhe new model grassB.
distachyon.This grass showed a high tolerance to Zn duringfitise growth stages,
suggesting that it could be a suitable model plargtudy energy crops tolerant to this
metal, and the mechanisms involved in the respansés stress at molecular level.

Recently, the Environmental Committee of the Euasp®arliament endorsed a law
where the production of traditional biofuels in ey soils must be limited and new
alternative ways should be used to produce biof(Eetsironmental Committee of the
European Parliament, 2015). The use of healthg $oiproduce bio-energy reduces the
area available for food and feed crop productionisTincreases pressure to free up
more land, such as deforestation. Deforestationtself increases greenhouse gas
emissions, which may level off part or in some saseen eliminate the beneficial
effects of using biofuels. The use of energy crapke to grow in metal contaminated
soils could be an alternative way to produce biergy, avoiding the utilization of
healthy soils to produce energy (Robinson et @032 French et al., 2006; Field et al.,
2008; Witters et al., 2009). Based on the neethtbdnergy crops able to grow in metal
contaminated soils with high biomass production kxvd requirements of cultivation,
H. tuberosusvas selected to evaluate its effectiveness toskd in phytotechnologies.
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Although some authors have shown the ability of ffiant to grow in the presence of
metals (Cui et al., 2007; Chen et al., 2011; Longle 2013), its response to metals has

been poorly studied.

H. tuberosuss propagated by tubers, differently from the otbeps, which made it
difficult to grow undetin vitro conditions with agar. After successive tests intagled
conditions, a hydroponic system with substrate seected as the most appropriate
method to evaluate its ability to grow and accureulaetals, according to Chen et al.
(2011). This growth system allowed to hold the tutved at the same time to develop

the root system in controlled conditions.

Under hydroponic conditions]. tuberosushowed a similar response Ko annuusto
grow with 0.1 mM Cd and 1 mM Zn, since plant growtas reduced below 50% in
both crops. Similar behavior between both specias expected because they are
closely related crops (Kays and Nottingham, 2008jeys et al., 2010). However, its
propagation by tubers provides interesting advasaguch as the high ability of
colonization and capture resources in the soil, High adaptability to grow on poor
soils and resist severe climatic conditions, suchr@st or drought (Denoroy, 1996; Kim
and Kim, 2014), which can be useful to reduce thedypction costs in

phytotechnologies.

H. tuberosusgrew well in the presence of multiple metal(loid)ader hydroponic
conditions, since its above-ground biomass wageuthiced in the presence of Cd, Cu,
Pb, Zn or As(V), Cd and Ni, added as a mixture. $peciation analysis showed that
metals and nutrients were present in species &laita the plants. In addition, the pH
and electrical conductivity were determined befamd after each change of the nutrient
solution to check possible variations in the avmliy of elements. The pH was
maintained at 5.5 + 0.5 and the electrical conditgtiat 1.11 + 0.16 dS.thshowing
that the availability of metal(loid)s and nutriemtas constant along the experiment. In
the studied conditions, complex interactions amagals could reduce the toxicity of
the multi-polluted mixture (An et al., 2004; Sunatt, 2009; Papazoglou et al., 2011)
through antagonistic effects, and also increasentkél uptake through synergistic
interactions (Smilde et al., 1992; Luo and RimniE395). These interactions could
explain the high concentration of metal(loid)s fdun the plant tissues at the end of the

experiment. Plant growth was strongly affectedhmsy¢oncentration of Cr (VI) that was
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used in the experiment, suggesting that this cdraton was too elevated to evaluate
the tolerance of this crop to Cr (VI).

The two cultivar-clones (VR and D19) &f. tuberosusused in this study have been
highlighted by their high yield in field condition(Serieys et al., 2010; Sanz-Gallego,
2012). With the aim of selecting the best candidatghytotechnologies, the responses
of both cultivar-clones to metals were evaluatedthB cultivar-clones showed
differences in metal accumulation where, D19 shoaedffective mobilization of Pb
to the harvestable parts and the best capacitgrntmve metal(loid)s from the studied
solutions. Pogrzeba et al. (2011) reported thetwlmf H. tuberosugo mobilize Pb to
the aerial parts in comparison with other energpsy and also Cui et al. (2007) and
Chen et al. (2009) observed the natural capacityHoftuberosusto grow in a
contaminated soil with elevated concentration of Rbcording to these results, this
crop could be a promising candidate to obtain besrand at the same time, remove

metals from the soil, especially in Pb contaminateshs.

Both cultivar-clones showed similar nutrient reguilents, since no significant
differences were found between them in control @onds. D19 showed higher
concentrations of metal(loid)s in the aerial paate the roots than VR, but both
cultivar-clones showed the same response of ntitmigtake in the presence of metals,
independent of the treatment. This different respoto metal could be due to the
presence of a mechanism of VR to avoid the excessetal(loid)s in the plant, and a
better strategy of D19 to tolerate the high lewa#ighese elements inside its tissues.
Taking this into account, D19 presents charactesighat are more appropriate to be

used as metal phytoextractor.

It is well known that the main limiting factors tmplement phytoextraction in metal-
contaminated soils are metal availability, metalalp and translocation by the plant
and phytotoxicity (Meers et al., 2008; Weyens et 2009). The interaction between
plant growth-promoting bacteria (PGPB) and plarde enhance biomass production
and metal tolerance of the host plant by decreagimgotoxic symptoms (Genrich et
al., 2000; Rajkumar et al., 2012). Several stuti@ge shown that the production of
bacterial siderophores, IAA, ACC deaminase and hnetastance/sequestration
systems are stimulated by metal exposure (Glick818%els et al., 1999; Dell’ Amico

et al., 2005). In our study, a total of 426 mormlgidally different cultivable bacterial
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strains were isolated from bulk soil, rhizosphen#, soots and stems of th. napus

plants grown in a metal contaminated soil. Mosttloé bacterial strains showed
potential plant-growth promoting characteristicsing the phenotypic tests in selective
media, suggesting that metal contaminated soiltgxeiselective pressure for bacteria
able to tolerate metals and to produce benefimahpounds that can improve plant
growth, and at the same time improve the proliferabf bacteria associated to the

plant.

Although most of the bacterial strains showed ptaoivth promoting characteristics,
one bacterial strain from bulk soidthrobactersp. 222) associated ®. napus and
four root endophytesPGeudomonasp. 228,Serratiasp. 246,Pseudomonasp. 256,
Pseudomonasp. 262) showed the highest production of ACC deas@ activity,
indole-3-acetic acid, siderophores, acetoin, oaids and capacity to solubilize
phosphate and fix nitrogen. For this reason, tlsésens were selected to be inoculated
as potential plant-growth promoting bacterial stsaiThe inoculation of the selected
bacterial strains inB. napusseeds enhanced the root growth in the presence of
concentrations of Cd and Zn that were highly tdkic the non-inoculated seedlings.
These data confirm the ability of the selectedirstrdo improve the plant growth in
presence of toxic metals. At doses of 1000 uM Zah 3@0 uM Cd, the five bacterial
strains played an important role in the root depelent during the first stages of the
plant growth. However, at doses of 300 uM Zn andquB0Cd, B. napusdid not show
toxicity symptoms and the bacteria did not enharom# growth. These data are in
agreement with the hypothesis indicated above, Wwhiggests that the plant growth-
promoting bacterial mechanisms are stimulated undetal-induced stress. In the
experiment withB. napus the metal doses of 300 pM Zn and 50 pM Cd did not
generate toxicity symptoms to the plant, and neitiieluced the bacterial PGP
characteristics. Thereby, the growth promoting affeof the bacteria on tH&. napus

growth were only observed when plants were exptséakic concentration of metals.

In the literature, many authors have evaluatedribeulation of host plants with their
associated bacteria (Germaine et al., 2004; Li.e2@07; Gosh et al., 2011; Sessitsch et
al., 2013), but some studies have also shown theteba isolated from metal tolerant
plants can also promote the growth of plants frafferent taxonomic groups (Ma et
al., 2011; Sheng et al., 2012; He et al., 2013)thin present study, bacterial strains

associated witlB. napuswere also able to increase the biomaskl.ofuberosusunder
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hydroponic conditions with increased Cd and Zn eotr@tions, and also when bacteria
were added as consortium in a Cd-Zn contaminatéd Iscaddition to plant growth
promotion, the inoculated strains also decreased ptoduction of TBA reactive
compoundsand stimulated the activities of glutathione rdadse, malic enzyme and
isocitrate dehydrogenase. These effects on thet glhpsiology indicated that the
bacteria established an interaction wih tuberosusD19. This close interaction was
also supported by the egfp-bacteria attached tortlo¢ hair surface and by the

stimulation of the root hair development of plaimisculated with bacteria.

Gfp has been described as a practicable markéudy the bacterial behavior at the cell
level in the rhizosphere or inside plant tissueloéBiberg et al., 2000dewman et al.,
2003; Germaine et al., 2004). However, some authors haported that the
colonization of the gfp-labeled strain is lower ththe wild-type, and thereby the
labelling modified the colonization pattern of theld-type (Weyens et al., 2012).
Under hydroponic conditions, the egiseudomonasp. 262 was attached to the root
hair surface but it was not found inside the robHo tuberosusD19. However, we
cannot discard that the wild type could show dédfégrbehavior and be able to colonize
the tissues inside the root in other conditionsspite of this, the obtained results
illustrate that there was a clear interaction betwbacteria an#i. tuberosu19, and
that, in the presence of metals the bacterial r@r&olated fromB. napuscan also
establish an interaction with plants that are agbhomically related.

Under hydroponic conditions, the inoculation of thacterial strains had a more
pronounced effect on the D19 cultivar-clone tharilenVR. Inoculation of the bacterial
strains improved the growth of D19 in the presesic€d and Zn, while in the case of
VR cultivar-clone the increase in growth was onlggquced under Zn-exposure. In case
of Cd, the bacterial strains did not affect thevgioof VR plants. In addition, D19
showed a higher biomass production than VR, a tbe#ipacity to extract metals from
the multi-polluted solutions, and tolerated therside the tissues. Based on the results
obtained in the hydroponic experiments, D19 wasehas a more suitable candidate
to be inoculated with the selected bacterial ssranm Cd-Zn polluted soil.

As it was expected, the effects of the bacterialiiss inoculated separately on the plant
growth were more visible under hydroponic thanoil sonditions. In the hydroponic

experiment the metals were completely availabléd¢oplant, which generated a higher
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phytotoxicity than in soil conditions. Thereby, ttiéferences between inoculated plants
and controls were less pronounced in soil tharydrdponic conditions. This fact could
mask the positive effect of the bacteria on thewginowhen they were inoculated
separately in the soil. Moreover, in soil there muenerous parameters involved that can
decrease the effects of the inoculated bacteri® ¢Hompetition with other
microorganisms being one of the most important (Gam et al., 2010; Lebeau et al.,
2011). The colonization, survival and activity dine most important factors when the
bacteria are inoculated in soil conditions (Lugtengband Kamilova, 2009). In spite of
this, the consortium inoculation improved the growt H. tuberosud19 in a Cd-Zn
contaminated soil, showing that soil conditions, where the competition with athe
microorganisms is high, the use of consortia amitiberactions that occur between
strains seem to provide a significant advantadgese results are in accordance with
other authors that observed the potential of soamebial strains acting together as a
consortium versus the individual application of geme bacterial strains (Wu et al.,
2006;Malekzadeh et al., 2012angella et al., 2014).

PGP bacteria can enhance plant growth throughrediffenechanisms that are acting at
the same time. For this reason it is difficult wolv which mechanisms are behind the
increased plant growth and metal uptake. In thidystthe inoculation oPseudomonas
sp. 228,Pseudomonasp. 262 andSerratia sp. 246 enhanced the growth Ht
tuberosusunder hydroponic conditions in the presence of &d Zn. The metal
concentrations of both elements decreased in robtglants inoculated with these
bacterial strains. This decrease was only sigmficen plants inoculated with
Pseudomonasp. 262, but similar trends were observed in therotwo strains. These
data could support the hypothesis that in the studionditions the bacteria could
improve the plant growth through decreasing mepshke and phytotoxicity symptoms
by sharing the metal load with the plant. Similadymetals, the decrease in the amount
of nutrients observed if. tuberosusinoculated with these bacteria could also be
related with the bacterial mechanism of metal ssmagon and/or biosorption.
Microorganisms have developed complex mechanismsetfal resistance that can
affect metals and nutrients availability (Nies, 298ruins et al., 2000). PGB bacteria
can sequestrate metals and nutrients through eltrks production of polysaccharides
or by fixing these elements on the membrane, call wr capsule in the form of
hydroxides or some other insoluble metal salts (Céued Cutright, 2003; Kidd et al.,
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2009; Ma et al., 2011). The bacterial surfaces gmegpolarizable groups that can
interact with cations, being responsible for thedog capacity (Vecchio et al., 1998).
In the present study, the excess of Cd and Zn aithddxe nutrient solution could induce
the bacterial mechanisms of metal resistance #thice the metal availability, and also
the solubility of other nutrients that could be gp#ated in the cell surface. These
results are in agreement with the studies of Magdtmaet al. (2007), Vivas et al. (2006)
and Marques et al. (2013) that also observed aedserin the metal uptake of plants
inoculated with different bacterial strains. Accoiglto them, bacteria can protect the
plant against metal toxicity by reducing their i@aand phytotoxicity, and thereby,
promoting the plant growth.

In soil conditions, the joint action of the consam enhanced the Zn and Pb uptake in
roots ofH. tuberosusdD19, indicating a different behavior when the istnaere added
individually or in combinationPseudomonasp. 262 was the only strain that increased
the Pb uptake in roots ¢f. tuberosusD19 when it was individually inoculated. This
suggests thaPseudomonasp. 262 could be playing a more important roletha
consortium with regards to Pb uptake than the dtlaeterial straingd. tuberosud19
inoculated with the consortium showed the highesicentrations of Zn and Pb in the
roots. The decrease in the soil pH, and the iner@ashe root hair development could
help to enhance the metal uptake by the plant. iflci®ase in the metal uptake could
induce the activities of glutathione reductase, itnaénzyme and isocitrate
dehydrogenase in order to protect the plant agamethl induced oxidative stress,
which can explain the high enzymatic activity olveerin the roots of plants inoculated

with the consortium.

Based on the results obtained in the phenotypis,tése bacterial strains that formed
the consortium could improve the growth and mefathke ofH. tuberosusD19 by
producing ACC deaminase, indole-3-acetic acid, acetsiderophores, and organic
acids. The production of these plant-growth prongtsubstances was not evaluated
under soil conditions. However, the high capacityttese bacteria to produce PGP
substances in the selective media, and the pogtieets of the inoculation with respect
to non-inoculated conditions, indicates that thelsaracteristics can be related to the
improvement of growth and metal uptake. In particuindole-3-acetic acid and acetoin
have been associated with the enhancement of thetlgrof lateral and adventitious
roots. Both compounds can increase the root haieldpment, and thereby the root

169



surface, improving the element uptake, and alsortime exudation that stimulates
bacterial proliferation on the roots (Dobbelaeralet 1999). Siderophores and organic
acid production can also play an important rolé¢h@ increase of the metal uptake by
the plant, since the soil pH was acidifying, and toncentration of Fe in pore water
solution increased in cadd. tuberosusD19 was inoculated with the consortium.
According to the results obtained in the pot sajperiment, we hypothesize that the
bacterial strains acting as consortium increasadtgrowth and metal uptake in a Cd-
Zn contaminated soil by decreasing phytotoxicityrtetals, and by increasing the root

surface through the enhancement of root hair devednt.

H. tuberosudD19 showed an effective translocation of Zn, lagdio an accumulation
of more than 1000 mg.KgZn in the aerial parts from the Cd-Zn contaminateil used

in this study. Similar values of accumulation wkrend in herbaceous crops considered
competent Zn phytoextrators in soil conditions (\éaahi et al., 2010), suggesting that
H. tuberosugould be used as Zn phytoextractor. The resuits0 in agreement with
Cui et al. (2007) who observed the high ability Hbf tuberosusto extract Zn from
contaminated soils, in comparison with other cropee capacity of this crop to
translocate Zn in a Cd-Zn contaminated soil, aral dbility observed under multi-
polluted hydroponic conditions to extract Pb frdme solutions, suggest the use of this
crop on soils contaminated with both metals. Besities, the combination of this crop
with the evaluated bacterial consortium could eckahe biomass production and the
phytoextraction of both metals in contaminated sreat suitable for feed and food

production.

In addition to its tolerance to grow in the presenttoxic metalsH. tuberosugpresents
agronomic characteristics required in phytotechgie®, such as high ability to extract
nutrients from the soil, particulary K, and beirffjogent in its use (Soja et al., 1990;
Sanz-Gallego, 2012H. tuberosugrequires high levels of K and Ca during its growth
(Cassells and Deadman, 1993). This requirement @zserved in the pot soil
experiment. During the experiment, the K and Cailabgity decreased in the
rhizospheric soil oH. tuberosud 19, due to the consumption by the plant. In spite of
this, H. tuberosud19 showed concentrations of nutrients such aaMbK considered
too low to reach an appropriate growth of the plemtong-term conditions. IH.
tuberosusthe deficiency in nutrients disturbs the tuber phmgenesis more than the
aerial growth (Soja et al., 1990). Thus, the bisnatH. tuberosusD19 was not
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diminished in our experiment since the plants wigmving during one month, despite
of the low concentrations of some nutrients. In shedied soil, fertilization could be
required to reach a reasonable biomass productiorthis crop in long-term
experiments. Moreover, after addition of the baateonsortium, the levels of nutrients
as Mg, K, P, Fe and Cu decreased in the plant. dlbs suggests that an extra input of
nutrients could enhance the plant growth and &edtcterial proliferation.

In spite of this, it is important to mention thét tuberosusan grow in poor soils (Kays
and Nottingham, 2008), including sandy soils (Deyp1996). Soil pH or texture have
only slight or no impact on the crop growth (Comsl d&alisse, 1980), thereby this crop
can be easily cultivated in a wide range of sdileggrove et al., 1991; Kim and Kim,
2014). The high adaptability of this plant to a eihriety of soils makes of this crop a

suitable candidate to be used in phytotechnologies.

The bacterial inoculation after the appearanceheffirst roots permits to evaluate the
bacterial effects on the development of the plaming) the first weeks of growth under
metal exposure. The beneficial effects of PGP Mbiactan particular added as
consortium, on the growth and metal uptakélofuberosu€19in short-term exposure
have been demonstrated in this study. Short-teroeuiation experiments allow to
study the bacterial mechanisms involved in plaotwgh and metal mobilization, and to
select potential bacterial strains able to imprbi@nass in real conditions (Madhaiyan
et al., 2007; Jiang et al., 2008; Braud et al.,20@urther studies in soil must be
performed withH. tuberosusn combination with the selected consortium inesrtb
ensure the sustainable implementation of this telclyy for producing biomass and at
the same time remediate contaminated soils. Thavslirof the consortium must be
evaluated in long-term experiments, and in commnavith an appropriate fertilization
that can assure optimal plant growth and bactprallferation. The use dfl. tuberosus
D19 in combination with the selected consortiumlddae a suitable strategy to be used

in phytoextraction of contaminated soils with Zrddb.
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8.2. General conclusions

1. B. distachyonis able to grow in the presence of high doses rofddring the first
growth stages. This grass could be a suitable muaédet to study energy crops tolerant
to this metal, and the mechanisms implicated inrésponse to Zn stress at molecular

level.

2. VR and D19 cultivar-clones df. tuberosusshow different responses to multiple
metal(loid)s exposure:

- VR seems to possess mechanisms to avoid the ehtmgetals inside the
tissues.

- D19 presents a better capacity to take up matadstolerates them inside the
plant.

3. The selected PGP bacterial strains can imprdaet growth, even in a different
species than the initial host plant.

4. The bacterial strains inoculated as consortinoneiase growth and metal uptake of
the D19 cultivar-cloneof H. tuberosusin a Cd-Zn contaminated soil by decreasing
phytotoxicity to metals and by increasing root ltevelopment.

5. H. tuberosu$19 responds to Pb and Zn excess by increasingdiigties of malic
enzyme and isocitrate dehydrogenase in roots, lamatigione reductase in leaves.

6. H. tuberosu$19is a suitable crop to be used in metal contaminatdd and mainly
as Zn phytoextractor.

7. The inoculation of the evaluated consortium ioves the biomass production laf
tuberosud19 and thereby, the amount of metals extracted byctioig.

8. Bacteria-assisted phytoextraction usindgdeliantus tuberosus could be a feasible
strategy to remediate metal contaminated soils andabtain at the same time
valuable biomass.
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ANNEX |

Genotypic and phenotypic characteristics of alltéaal strains isolated from soil (So),
rhizosphere (Rh), roots (R) and stems (SBiafssica napuplants growing in a Cd-Zn
polluted soil. Bacterial strains were tested fotaheesistance (0.8 mM Cd or 1mM Zn)
and potential plant growth-promoting charactersstiproduction of ACC deaminase
(ACC), acetoin (Acetoin), siderophores (FeO anddR25), indole-3-acetic acid (I1AA),
nitrogen fixation (Nfix), organic acids (OA), and phosphorus solubti@a (P sol).
Comp: compartment; nd: not detected.

Comp Strain  Identification Accesion Cd0.8 Znl ACC AcetoinFe0 Fe0.25 IAA N fix OA Psol
Sol 160 Arthrobacter AJ785759 nd nd ++ - - - - nd - -
Sol 161 Arthrobacter AJ785759 +++ +++ - - - - - - - -
Sol 162 Arthrobacter AJ785759 ++ +++ + - - - - nd - -
Sol 163 Arthrobacter AJ785759 - - + - - - - - -
Sol 164 Arthrobacter AJ785759 ++ ++ - - - - - - - -
So3 204 Arthrobacter AJ785759 +++ +++ + - - - - - - -
So3 193 Arthrobacter EU086811 +++ +++ - - - - - - - -
Sol 171 Arthrobacter EU086826 - - + - - - - - -
Sol 177 Arthrobacter EU086826 - - + - - - - - -
So3 212 Arthrobacter EU086826 - - - nd - - - - -
So3 213 Arthrobacter EU086826 - - - nd - - - - -
So3 214 Arthrobacter EU086826 - - - nd - - - nd nd -
So3 215 Arthrobacter EU086826 - - + - - - - - -
So3 216 Arthrobacter EU086826 + +++ - - - - - - -+
So3 222 Arthrobacter EU086826 +++ +++ - - - - +++ - - +
So3 196 Arthrobacter FN908760 +++ +++ + - - - - - - -
So3 197 Arthrobacter FN908760 +++ +++ + - - - - - - +
So3 198 Arthrobacter FN908760 +++ +++ + - - - - - - -
So3 217 Arthrobacter FN908760 + +++ - - - - - - - -
So3 223 Arthrobacter FN908760 +++ +++ - - + + - -+ -
So3 224 Arthrobacter FN908760 nd nd nd nd nd nd nd - nd -
So3 218 Arthrobacter HQ398376 - - + - - - - - -
So3 219 Arthrobacter HQ398376 nd nd nd nd nd nd nd - nd -
So3 220 Arthrobacter HQ398376 nd nd ++ nd nd nd nd - nd -
Sol 176 Bacillus AJ494727 nd nd - - - - - nd -
So2 178 Bacillus DQ207365 + - ++ + + + - nd -
So2 179 Bacillus DQ207365 +++ - ++ - + + - - -
So2 180 Bacillus DQ207365 +++ +++ ++ - + + - - -
So2 181 Bacillus DQ207365 - - - - - - - + -
So3 206 Bacillus DQ207365 nd nd - nd nd nd - - -
So3 226 Bacillus DQ207365 - - - - nd nd nd - nd
So2 189 Bacillus EF173317 nd nd + - - - + nd +
Sol 170 Bacillus EF528275 - - + ++ nd nd - - -
Sol 172 Bacillus EF528275 +++ +++ nd nd nd - nd - dn -
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ANNEX II

Statistical analyses per treatment to evaluaterdiffices between samplings of pore water
solution along the pot soil experiment.

Soil
Ca Mg
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
1 3 54,4067 2 3 5,6133
2 3 63,0467 3 3 5,8967
3 3 65,3433 1 3 6,6933
Sig. ,443 Sig. ,582
Cd P
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
2 3 ,02333 3 3 1,0600
3 3 ,02433 2 3 1,1600
1 3 ,02867 1 3 1,2600
Sig. ,330 Sig. 441
K S
Duncan®® Duncan®”*
Subset Subset
Sampling N Sampling N
1 1
1 3 28,8633 1 3 54,3333
2 3 30,5467 2 3 59,9767
3 3 31,0300 3 3 72,4467
Sig. ,642 Sig. ,080
Na Zn
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
1 3 70,6633 2 3 1,5867
2 3 74,4333 3 3 1,9000
3 3 82,9200 1 3 2,0800
Sig. ,068 Sig. ,250
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Soil+ Arthrobacter sp 222

Ca Na
Duncan®® Duncan®®
Subset Subset
Sampling Sampling
1 2 1 2 3
3 60,5333 1 64,6100
2 63,5767 2 71,9933
1 77,5467 3 82,5800
Sig. 588 1,000 Sig. 1,000 1,000 1,000
Cd
Duncan®® Duncan®®
Subset Subset
Sampling Sampling
1 2 1
2 ,02300 2 1,0200
3 ,02300 3 1,0233
1 ,02933 1 1,0533
Sig. 1,000 1,000 Sig. 711
K S
Duncan®® Duncan®®
Subset Subset
Sampling Sampling N
1 1 2
3 28,7467 1 3 49,8233
2 29,1000 2 3 55,7667
1 29,9200 3 3 63,6867
Sig. ,651 Sig. ,097 1,000
Mg Zn
Duncan®® Duncan®®
Subset Subset
Sampling Sampling N
1 2 1 2
3 5,2633 3 3 1,7567
2 5,4733 2 3 1,7600
1 6,8800 1 3 2,1567
Sig. ,683 1,000 Sig. 977 1,000
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Soil+ Pseudomonas sp 228

Ca Na
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
2 3 57,2700 1 3 70,8500
3 3 61,3633 2 3 72,0133
1 3 73,0333 3 3 83,5633
Sig. 414 Sig. ,158
Cd P
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
2 3 ,02167 3 3 1,0767
3 3 ,02200 1 3 1,1533
1 3 ,02567 2 3 1,2033
Sig. 275 Sig. 533
K S
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
2 3 26,6833 2 3 54,3867
1 3 28,0600 1 3 56,7733
3 3 28,1533 3 3 65,5300
Sig. 706 Sig. ,301
Mg Zn
Duncan®® Duncan®®
Subset Subset
Sampling N Sampling N
1 1
2 3 4,8067 2 3 1,6133
3 3 5,1733 3 3 1,7033
1 3 6,4767 1 3 1,9700
Sig. 367 Sig. 344
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Soil + Serratia sp. 246

Ca
Duncan®®
Subset
Sampling N
1
3 3 52,0567
2 3 52,6000
1 3 52,7000
Sig. ,898
Cd
Duncan®®
Subset
Sampling N
1
3 3 ,02633
1 3 ,02733
2 3 ,02733
Sig. ,914
K
Duncan®®
Subset
Sampling N
1
1 3 26,5367
2 3 27,4967
3 3 28,1033
Sig. ,839
Mg
Duncan®®
Subset
Sampling N
1
2 3 5,9667
3 3 5,9833
1 3 6,9767
Sig. 754

Na
Duncan®®
Subset
Sampling N
1
1 3 67,8967
2 3 70,4400
3 3 81,4833
Sig. ,206
[=]
Duncan®®
Subset
Sampling N
1
3 3 1,1800
2 3 1,2800
1 3 1,4500
Sig. ,405
S
Duncan®®
Subset
Sampling N
1
1 3 52,6633
2 3 54,0167
3 3 62,5600
Sig. ,394
Zn
Duncan®®
Subset
Sampling
1 2
2 1,4533
1 1,6433
3 1,6567
Sig. 1,000 ,841
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Soil + Pseudomonas sp. 256

Ca
Duncan®®
Subset
Sampling
1
3 56,3117
2 64,0483
1 76,7433
Sig. 074
Cd
Duncan®®
Subset
Sampling
1
3 ,02233
2 ,02383
1 ,02667
Sig. ,086
K
Duncan®®
Subset
Sampling
1
3 26,6017
2 28,8000
1 29,3117
Sig. ,332
Mg
Duncan®®
Subset
Sampling
1 2
3 4,9000
2 5,5350 | 5,5350
1 6,9300
Sig. 470 ,124

Na
Duncan®®
Subset
Sampling N
1
1 6 60,5517
2 6 66,5450
3 6 69,3483
Sig. ,200
[=]
Duncan®®
Subset
Sampling N
1
1 6 1,1483
3 6 1,1567
2 6 1,1917
Sig. 728
S
Duncan®®
Subset
Sampling N
1
2 6 50,6983
1 6 52,1250
3 6 60,0133
Sig. ,129
Zn
Duncan®®
Subset
Sampling N
1
3 6 1,7500
2 6 1,8867
1 6 2,2117
Sig. ,065




Soil + Consortium

Ca Na
Duncan®"® Duncan®"®
Subset Subset
Sampling N Sampling N
1 1
2 3 67,0000 1 3 71,7067
3 3 67,9033 2 3 81,9500
1 3 72,6500 3 3 94,3533
Sig. 700 Sig. ,097
Cd P
Duncan®"® Duncan®"®
Subset Subset
Sampling N Sampling N
1 1
2 3 ,02367 3 3 1,0733
3 3 ,02367 1 3 1,1467
1 3 ,02467 2 3 1,1533
Sig. 804 Sig. 624
K S
Duncan®"® Duncan®"®
Subset Subset
Sampling N Sampling N
1 1
1 3 28 2867 1 3 54,5267
2 3 29 8567 2 3 62,4700
3 3 301567 3 3 67,6767
sia. 665 Sig. 342
Mg Zn
Duncan®”® Duncan®"®
Subset Subset
Sampling N Sampling N
1 1
2 3 55067 2 3 1,8167
3 3 5,6167 3 3 1.8567
1 3 6,2033 1 3 19900
Sig. 659 Sig. 671
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Soil + H. tuberosus

Ca
Duncan®®
Subset
Sampling
1
3 47,4025
2 50,0275
1 64,6733
Sig. ,096
Cd
Duncan®®
Subset
Sampling
1
3 ,02050
2 ,02150
1 ,02400
Sig. ,091
K
Duncan®®
Subset
Sampling
1 2
3 13,5575
2 22,4425
1 25,6833
Sig. 1,000 423
Mg
Duncan®®
Subset
Sampling
1
3 4,0750
2 4,3275
1 4,8200
Sig. ,438

Na
Duncan®”
Subset
Sampling
1 2
1 51,9867
2 63,7550 63,7550
3 78,5200
Sig. ,168 ,094
[=]
Duncan®®
Subset
Sampling
1
3 1,1425
2 1,2650
1 1,3400
Sig. ,200
S
Duncan®”
Subset
Sampling
1
1 44,0567
2 55,9650
3 64,2400
Sig. ,190
Zn
Duncan®®
Subset
Sampling
1
3 1,5800
2 1,6275
1 1,8367
Sig. 144




Soil + H. tuberosus + Arthrobacter sp. 222

Ca
Duncan®®
Subset
Sampling N
1
3 4 45,6300
2 4 52,7125
1 3 69,9867
Sig. ,053
Cd
Duncan®®
Subset
Sampling N
1
3 4 ,01825
2 4 ,02075
1 3 ,02533
Sig. ,055
K
Duncan®®
Subset
Sampling
1 2
3 9,0525
2 15,2350 15,2350
1 20,2867
Sig. ,073 ,131
Mg
Duncan®®
Subset
Sampling N
1
3 4 4,1325
2 4 4,7225
1 3 6,3500
Sig. ,068
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Na
Duncan®’
Subset
Sampling
1 2
1 61,4800
2 71,3900
3 86,3025
Sig. ,146 1,000
P
Duncan®’
Subset
Sampling N
1
1 3 1,2167
3 4 1,3200
2 4 1,3500
Sig. ,155
S
Duncan®”*
Subset
Sampling N
1
2 4 57,5675
3 4 58,5375
1 3 59,6700
Sig. ,803
Zn
Duncan®"*
Subset
Sampling N
1
3 4 1,3950
2 4 1,6125
1 3 1,6900
Sig. ,184




Soil + H. tuberosus + Pseudomonas sp. 228

Ca
Duncan®®
Subset
Sampling N
1
3 4 48,1550
2 4 50,4100
1 3 63,9600
Sig. ,120
Cd
Duncan®®
Subset
Sampling N
1
3 4 ,01725
2 4 ,02000
1 3 ,02333
Sig. 118
K
Duncan®®
Subset
Sampling
1 2
3 12,8525
2 23,6675 | 23,6675
1 31,7733
Sig. ,148 ,264
Mg
Duncan®®
Subset
Sampling
1 2
3 3,4275
2 4,4875 4,4875
1 5,8700
Sig. ,209 ,113

Na
Duncan®’
Subset
Sampling
1 2 3
1 52,9500
2 63,7350
3 73,3075
Sig. 1,000 1,000 1,000
[=]
Duncan®’
Subset
Sampling
1
1 1,3500
3 1,5475
2 1,9950
Sig. ,335
Duncan®”*
Subset
Sampling
1
3 45,1050
2 48,9425
1 58,6100
Sig. ,354
Zn
Duncan®"*
Subset
Sampling
1 2
3 1,2950
2 1,6150 1,6150
1 1,9633
Sig. ,167 ,137
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Soil + H. tuberosus + Serratia sp. 246

Ca
Duncan®®
Subset
Sampling N
1
3 4 47,1350
1 3 50,3700
2 4 56,5450
Sig. 542
Cd
Duncan®”
Subset
Sampling N
1
1 3 ,01767
2 4 ,02200
3 4 ,02350
Sig. ,361
K
Duncan®®
Subset
Sampling N
1
3 4 14,8100
2 4 19,2900
1 3 21,3833
Sig. ,308
Mg
Duncan®”
Subset
Sampling N
1
1 3 4,5500
2 4 4,9175
3 4 5,2025
Sig. 731

Na
Duncan®”
Subset
Sampling N
1 2
1 3 55,1433
2 4 72,5675 72,5675
3 4 90,0300
Sig. ,074 ,074
[=]
Duncan®®
Subset
Sampling N
1
3 4 1,1700
2 4 1,2575
1 3 1,2833
Sig. ,402
S
Duncan®”
Subset
Sampling N
1
1 3 49,2833
2 4 60,0800
3 4 72,7425
Sig. ,351
Zn
Duncan®”
Subset
Sampling N
1
1 3 1,2333
2 4 1,6425
3 4 1,8025
Sig. 314
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Soil + H. tuberosus + Pseudomonas sp. 262

Ca
Duncan®®
Subset
Sampling
1
3 47,4933
2 49,4050
1 67,8967
Sig. ,107
Cd
Duncan®®
Subset
Sampling
1
3 ,02033
2 ,02050
1 ,02667
Sig. ,069
K
Duncan®®
Subset
Sampling
1 2
3 10,8700
2 16,3400
1 23,6067
Sig. ,072 1,000
Mg
Duncan®®
Subset
Sampling
1
3 4,3033
2 4,4525
1 6,2100
Sig. ,095

Na
Duncan®"*
Subset
Sampling
1 2 3
1 58,2700
2 69,8350
3 80,2833
Sig. 1,000 1,000 1,000
[=]
Duncan®"*
Subset
Sampling N
1
1 3 1,2400
2 4 1,2900
3 3 1,3267
Sig. ,329
S
Duncan®’
Subset
Sampling N
1
2 4 53,5300
1 3 53,7967
3 3 59,2167
Sig. 644
Zn
Duncan®’
Subset
Sampling N
1
2 4 1,5725
3 3 1,6433
1 3 2,2467
Sig. ,066




Soil + H. tuberosus + Consortium

Ca
Duncan®®
Subset
Sampling
1
3 51,4725
2 52,0975
1 70,7200
Sig. ,164
Cd
Duncan®®
Subset
Sampling
1
2 ,01975
3 ,02200
1 ,02567
Sig. 277
K
Duncan®®
Subset
Sampling
1 2
3 10,9150
2 17,3400 | 17,3400
1 24,9867
Sig. ,219 ,151
Mg
Duncan®®
Subset
Sampling N
1
3 4 4,7600
2 4 4,8275
1 3 6,9667
Sig. ,139

Na
Duncan®”
Subset
Sampling
1 2
1 61,2533
2 70,2775
3 81,0550
Sig. ,058 1,000
[=]
Duncan®®
Subset
Sampling N
1
3 4 1,2700
2 4 1,4075
1 3 1,4133
Sig. 507
S
Duncan®®
Subset
Sampling N
1
2 4 52,4425
1 3 56,9367
3 4 63,3725
Sig. 506
Zn
Duncan®®
Subset
Sampling N
1
2 4 1,6875
3 4 1,7550
1 3 2,2133
Sig. ,209
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