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Abstract

Phytoremediation has been proposed as a low-aogtpamentally friendly alternative to clean highly
contaminated sites. Phytoremediation using treder ofhe advantage of metal immobilization
(phytostabilization), high hydraulic pumping presesy produce large plant biomass, absorption af tot
dissolved salts within their tissue, long life spaless frequent irrigation and, a massive rodiesyshat
helps soil attachment. Hybrid poplar varieties kmg-lived, perennial, fast growing, and produce a
large amount of foliage to harvest. Boron is areesal micronutrient for plants. Certain locatipaach

as California and Turkey, have suffered from higivom efflux from irrigation waters. It has been
identified some hybrid poplar clones that can wihd elevated concentrations of boron and salinity.
Most studies are based on root to shoot metal loegison mechanisms but there is little evidence of
data showing detoxification strategies in the &pitif tissues to tolerate high B concentrationssit
essential to investigate the compartmentation, aeiement localization and tolerance/detoxification
mechanisms of contaminants at tree crown and ieafids, at a sub-cellular level to identify the
strategies and cellular structures in charge oftrotimg the stress reactions in previously seldcte
hybrid tolerant populus trees. The aim in this gtugs to describe the contaminant allocation i lea
tissues of specialized tolerant and sensitive pogtanes utilizing different histochemical and naier
analytical methods. In the present study, multgdeEment contamination effects on poplar leaves were
ascertained using histochemical observations amdyXmicro analytical method. In addition, foliar
element concentration was measured and comparédbiatass, and physical observations. Results
showed that biomass but not the tree height itteregarding the metal concentration. Most effect
(i.e necrosis) and visible symptoms were observecerapparent in leaf apexes and in younger leaves
than in other leaf parts. Also, leaf branch positadoser to the main stem and leaf tip and margins
presented more contamination symptoms. Intercelkibtdotic deposits are located on a water/mineral
element route and are associated to local cell tidkenings and wart-like protrusions - both are
typical stress reactions. Condensed tannins wemvied in metal chelating. Antioxidant functiongiin

phenolics were involved in metal detoxification.ck@ was a major sink for boron. At the principal



accumulation site of contaminants, coincidence ofaturally resistant tissue on the pathway of an
overloaded nutrient flux, in the lower leaf bladssties, there is a 2-3 cell layer-thick hypodermis.
Hypodermis is a specialized tissue, with low célysiological activity, and, being not involved irtal
processes such as photosynthesis and assimilatepdrt, is an ideal site for B & salt detoxificati
Stress and tolerance reactions indicate that aellthe hypodermis structure are well suited for
accumulation. Cell wall thickening and various syastic defense mechanisms were observed on both
locations were the study was implemented and thpsar to be constitutive in foliage of these clones
Foliage concentrations detected several metal oon&ions (noteworthy Na, B, Cl, Se). Micro
analytical analysis confirmed the metal allocat@s described in histochemical observations. It is
distinguished a tendency from most elements toraatate in the lower mesophyll. For several reasons,
micro analytical analysis should be consideredeaddncies. Better techniques should be implemented
to characterize the allocation of metals in thd kssues, especially for Boron. Implementation of
molecular methods for a better understanding ofeffflax transporters should complement the results

obtained in this study.

Vi
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Chapter 1: Introduction

PHYTORMEDIATION

Phytoremediation uses plants to mitigate contarathabils and groundwater. Chaney (1983)
was the first to introduce the idea of using pldhtg accumulate metals to selectively take ouessive
waste constituents. Moreover, Brooks et al. (1%idjted studies to find plants or “hyperaccumubdtor
that can accumulate excessive amount of metaleiplant tissues. Plants extract necessary orgawic
inorganic compounds found in the soil for its natdunctions. Plants referred as hyperaccumulatans
store large amounts of these compounds or metalthér natural metabolic processes. A complete
review on hyperaccumulating plants and how theykwergiven by Raskin and Ensley (2000) and
Rascio and Navari-1zzo (2011).

When water is extracted from the ground, plantp hellessen erosion, leaching, runoff, and
restraining the movement of pollutant. Soil contaanits are absorbed by plants that can metabolize,
volatilize, or store them as by-products. Additibyathe plant root may form an aerobic environment

where biological activity is enhanced and metal ement is reduced (Robinson et al, 2003).
Types of phytoremediation

Phytoextraction: plants remove metals from the aad concentrate them in the harvestable parts of
plants (Kumar et al., 1995; Table 1.1).
Phytodegradation: plants and microbes uptake artdbmokze organic contaminants, using enzymes or
other metabolites, into less harmful products @abon dioxide or water and halide ions) (Burked a
Schnoor, 1997).
Rhizofiltration: plant roots absorb metals from ming waters (Dushenkov et al., 1995).
Phytovolatilization: volatilization of pollutantsiio the atmosphere via plants (Burken and Schnoor,
1999; Bafiuelos et al., 1997).
Phytomining: extraction of profitable heavy metiitsm otherwise sub-economic ore bodies to generate
a revenue (Robinson et al. 1997a, 1997b),
Phytostabilisation: plants moderate the mobilityl dnoavailability of pollutants in the environment
either by immobilization or by inhibition of migian (Salt et al., 1995; Berti & Cunningham, 2000).

1



Soils polluted with organics compounds are treatsithg conventional methods such as soil

washing, vapor stripping or thermal desorptioninacation and landfilling. Some organic contamisant

can be treated using microbial management. Soilsaounated with metals used to be excavated and

landfilled but nowadays acid leaching, physical asapion, or electrochemical processes is used.

Organic compounds can also be mineralized or dedrédg microbes into simpler compounds. On the

contrary, inorganic compounds must be immobilizedifthe ground or physically extracted.

Another alternative are the different types of phgimediation that can be used for both organic

and inorganic compounds. For instance, succeshfdbgegradation needs organic contaminants to be

available for absorption to, or uptake and metabolby, plant or plant-associated microbial systems.

Table 1.1 Phytoremediation includes the followimggesses and mechanisms of contaminant removal
by Ghosh and Singh (2005).

No. Process Mechanism Contaminant

R}/ Rhizofiltration Rhizosphere accumulation Organics/Inorganics
2. Phytostabilisation Complexation Inorganics

3 Phytoextraction Hyper-accumulation Inorganics

4. Phytovolatilization Volatilisation by leaves Organics/Inorganics
5. Phytotransformation | Degradation in plant Organics

Advantages, implementing and limiting factors for phytoremediation

Phytoremediation

provides many advantageous

femtuseich as

restoration,

local

decontamination, enhancement and maintenance obithegical activity, physical strengthening of

soils, relative cheaper than other options, enwirentally friendly and biorecovery of metals (Baker

al., 1991, 1994). Some important observationsedlat the performance of phytoremediation are:

= Itis a non-disturbing technique, with minimal emmviment damage

= ltis solar-energy-driven

= |t can be used for a great range of pollutants

= |tis much less expensive than conventional rentietiaechniques

» |t may require more than one growing season

= Itis species-dependent

= Treatment is restricted to soil as deep as thesygiem in the plant



» The effectiveness of phytoremediation is dependenthe type of contaminant present in the

system.

Based on the phytoremediation concept, the idealt@ccumulator specie must be able to grow
quickly, tolerate high concentrations of metalpduce a high amount of biomass and, take up high
concentrations of metals from the soil into thetsoand translocate these metals to the shoot system
Trees offer many advantages such as: transpirafi@rge quantities of water; production of lardan
biomass; absorption of total dissolved salts witleir tissue, long life spans, growth on low-fiésti
soils that are not productive for annual cropss lesquent irrigation, encouragement of ecosystem
diversity, a massive root system that helps sédchment (Riddell-Black, 1994; Stomp et al., 1993;

Bariuelos et al., 1999).

Plants used for phytoremediation

Phytoremediation can be used for almost any inacgaand organic contamination.
Approximately 400 plant species from at least 4Biili@s that hyperaccumulate metals have been
reported. Several authors have summarized somigeombst important hyperaccumulators and heavy
metals (Vamerali et al., 2010; Lasat 2002; Adescetual., 2010).

Poplar trees (Populus) have been used mainly asds® or biofuel and ornamental trees or
windbreakers to protect agricultural fields froomdierosion. It was until recently that the use aplpr
trees have taken the attention due to its phygicgberties. Some species are used for the cleasf-up
contaminated soils and groundwater. Hybrid popdaiescreated to fortify a specific strength from two
species. There are more than 35 species of Popks around the world (Figure 1.1). Because of the

deep rooting system and its high biomass, popastare perfect for remediation.



Kingdom Plantae

Subkingdom Traechobionta
Superdivision Spermatophyta
Division Magnoliophyta
Class Magnoliopsida

Subclass Dileniidae

Order Sallicales
Family Salicaceae
Genus  PopulusL.
Sections

Tacamahaca (Balsam poplars)

Plants

Vascular plants
Seed plants
Flowering plants
Dicotyledons

Willow family

Aigeros (Black poplars and cottonwoods)
Leucoides (Necklace poplars or bigleaf poplars)

Abaso (Mexican poplars)

Turanga (Subtropical poplars)

Populus (Aspens and white poplars)

Figure 1.1 Populus taxa

The fossil record first recognize Salicaceae leaxfeBopulus section Abaso in western North
America, from the Palaeocene, around 58 millioryego. These fossils were plants found in riverine
habitats. Poplars belong mainly to riparian habjthut they are also established in drier scrulslamd
forests (Eckenwalder, 1996). The Salicaceae fawmoiytains two main genera, Salix (willows) and
Populus (poplars).The taxonomy of the genus Pophaissbeen divided into six sections (Eckenwalder,
1996): Tacamahaca (balsam poplars) and Aigeros;diges, Abaso, Turanga and Populus (aspens and
white poplars, Figure 1.2). The Salicaceae arecthos, and the masculine or feminine flowers ate se

up in catkins (Rechinger, 1992). Poplars are wiollispated species (Eckenwalder, 1996). Poplar trees

can grow between 15 to 50 meters in high with teumf to 2.5 meters width.



Figure 1.2 Poplar tree, Section Populus (P.Tremula)

Salicaceae has developed many characteristicsoteesin flood and disturbance environments.
Some characteristics include a large productioseefd that are wind spread, a high growth rate ef th
seedlings, a large root system which anchor thetpland bind unstable substrates and, rapid
regeneration (Karrenberg et al., 2002; Stomp e.8B3).

The aggressive root system of poplars is compos#d avdownward sinker roots and lateral
roots which extend horizontally form the radicleatéral and downward roots extend several meters
from the base stem. This allows to access benkfiesources over a large area as well as being

resistance to erosive forces (Pregitzer and Frig#986).



BORON

Boron (B) is discharged into the environment prillgathrough the weathering of clay-rich
sedimentary rocks, household chemicals, geotheuaabr, borax production, leaching from treated
wood and paper and, sewage dumping. The preser®af in soil is restrained in many regions in the
world with a high rainfall and seasonal water aaiiity. On the contrary, in the aridlands, grouradier
reaches the topsoil by capillary action and vamsito leave solutes in soil (Ozturk et al., 2010).
Naturally-occurring boron reserves occur in the @emnc—Tectonic—Volcanic zone, normally in dry
climates around the world (Ozol, 1977; Alonso et #88). It has been estimated that annually 101,80
ton of B are released in coal fly ash from coal bastion (Bertine and Goldberg, 1971).

Boron is a vital micronutrient for plants, thusysdaan essential role in some plant functions such
as the metabolism of nucleic acids, uptake of' Omot development, flower and fruit formation, Icel
wall synthesis and structure and, carbohydratespaogtins metabolism, phenol, pollen germination,
membrane functionality in higher plants (Eaton, 3;.9Marschner 1995; Loomis and Durst, 1992;
Gauch, 1972; Abdulnour, 2000; Donghua, 2000 Goldkal. 2001; Lou and Yang, 2001).

Residual waters contain several inorganic compoasdsell as some toxic compounds. Boron
has shown to be a problem due to industrial anidwatiral use (Butterwick et al. 1989; Tsadilis 919.
South Australia, Egypt, Irag, Jordan, Libya, Momc&Syria, Turkey (which produces 50% of the
world’s borax), California, and Chile are areashwiioron toxicity problems in agricultural soils
(Norman, 1998; Yau et al., 1995; Lyday, 1982). oeon mining leads to a drastic increase in the

accumulation of boron in agricultural lands (Paaksl Edwards, 2005).

Boron in humans and animals

Boron deficiencies in animals has affected sevinattions such as bone development, brain
roles, macromineral metabolism, energy substrateaiion, immune function and insulin secretion
(Hunt and Nielsen, 1981; Hunt et al., 1994; Penland Eberhardt, 1993; Hegsted et al., 1991; Hunt,
1997; Nielsen, 1997; Bai and Hunt, 1996; Hunt aretbidl, 1992). Boron toxicity in animals usually
occurs after levels exceed 100 iy §oric acid has an acute oral toxicity for micelaats of about

4000 mg kg body wt (Health effects of Boron, 1994). In humaBdeficiency affects the metabolism



of macrominerals, energy, nitrogen, reactive oxygand brain functions such as physcomotor
performance and response to estrogen ingestios@xie1994; Nielsen et al., 1991, 1992). In humans
boron toxicity symptoms include nausea, vomitin@rithea, dermatitis and lethargy (Linden et a.,
1986). Chronic B toxicity signs are described asr@ppetite, nausea, weight loss, and decreasedlsex

activity (Hunt et al., 1993).

Boron in nature

Boron is found in nature mainly as undissociatedchacid B(OH}. Plants uptake B from soil in
the form of boric acid (Brown and Shelp, 1997). &&se boric acid is a non-charged molecule, itiig ve
permeable to the lipid bilayers, thus channel @pprtionally dependent on the concentration gradien
(Brown and Shelp, 1997, Tanaka and Fujiwara 20B8)on is required for plants functions in low
amounts. Plants take up boron concentrations bet@éeto 2.0 mg Kg (Ozturk et al., 2010). In order
to translocate to the shoot system of the plantediires loading xylem and channelized towards the
upwards proportional with the transpiration ratdtirblately, B is stored in a specific location, ubya
edges of mature leaves (Brown and Shelp, 1997).

Soils commonly contain 0.5 mg k@f boron and lower amounts are considered in Zhge of
boron deficiency for most plant species (Eaton,01®prague, 1972). The difference between boron
deficiency and boron toxicity can be of only 5 mg to many agronomic crops (Nable, et al. 1997;
Keren and Bingham 1985). However, significant défece exists between species in their resistance to
boron. Boron deficiency symptoms include inhibitiaf leaf expansion, apical dominance, root
elongation, flower development and fruit seed;rtiexistematic tissue is affected, young leaves becom
chlorotic and malformation may present (Eaton, 394 the other hand, boron toxicity symptoms
present in the edges of the old leaves, where thoesses become chlorotic or necrotic (Bennett, 1993)
This is caused by boron being transported and aglated at the end of the transpiration stream (Qert

1993).

Use of Populustreesfor phytoremediation

Populus spp. was first used effectively for manggiompounds within residual and inorganic

agricultural effluent at lowa, 1988 (Licht, 1991cHaoor et al., 1995). Hybrid poplar diversities éav

7



long lifespan and are perennial, fast growing, @mdduce a great amount of foliage to harvest

(Bafiuelos et al., 1999). In addition, the extensogat system permits quick absorption of large uuds

of water and soluble ions.

Even though some plant species (i.e. Astragaluasdita, spp.) may accumulate much larger

concentrations of many macro/micro nutrients thia@ Populus trees, lower yields compared with

poplars would require tremendous high biomass pletds to reach comparable amounts of B removed

by Populus trees (Table 1.2). Additionally, dry teatyields would increment every year and

consequently more B should be taken up (Bafiuelak,€t999).

Poplar trees have been suggested as potentialgaayimulator for boron (Bafiuelos et al., 1997,

2010). By extracting large amounts of water fong@ration and simultaneously taking up B from the

soil into their aerial parts, poplars can reducke&hing from contaminated soils into receiving evait

(Robinson et al., 2003).

Robinson et al. (2003) reported leaf concentratiangoplar trees as high as 845 and 1200 mg

kg DM grown in soils containing boron concentratitmsween 30 and 40 mg kg

Table 1.2 phytoremediation of metals with Populys. s

Poplar Species Heavy metal |Plant Concentration (mg/Kg Publication

P. Tremula Zn 116-3200 Volenweider et al. (2011); Dos SantasdZtan et al. (2007
Populus x euramericana Zn 130 Di Baccio et al. (2003)

. . Cd 40-160 Lux et al. (2002)
P. euramericana and P. alba pyramidalis
P. deltoides, P. euramericana and Tremufa Cd .6-13 lipovie” et al. (2005); Vollenweider et al. (2011)
Populus x canadensis, Populus delojdes,
Populusxgenerosa, Populus nigra, Populus Cd Roots 9960, leaves 293 Zacchini et al. (2009)
alba, Populus trichocarpa
Trichocarpa x nigra, Deltoides x nigra B 330 - 1200 Banuelos et al. (1999); Robinson €2aD3)
Trichocarpa x nigra, Deloides x nigra Cl 1200 - 6000 Banuelos et al. (2010)




Previous work in Boron phytoremedation

Bafuelos et al. (2010) screened clones from diftegenetically genomic groups among poplar
species to determine their ability to tolerate andvive irrigation with recycled waters high in NaC
salinity and boron under micro-field conditions. ejhconcluded that poplar clones of parentage
trichocarpa x nigra, followed by deltoides x niglamonstrate potential salt and boron tolerance in
recycled waters with high salinity and boron conrcaions. Finally, they suggested combining field
studies with molecular studies to discover the mogtortant factors allowing for tolerant clonesttha
can used to produce predictive molecular markers.

Bafiuelos et al. (1999) showed that B is retaindd Wile or no redistribution once B enters the
leaf. Consequently, there is a cumulative conceatraof B as the leaf ages. Toxicity symptoms
manifest the accumulation of B in the leaves. Alsesults exhibited that lower leaves positions
contained more B than upper leaves positions i elane, regardless of treatment. Lower and upper
leaves contained larger concentrations of B tham stegments in all treatments for all clones. Likew
salinity increased B concentrations in clones winereasing salinity to 7dStn

Vollenweider et al. (2011) investigated compartragoh of heavy metal in leaves of populus
species. The purpose of their study was the amsabyfsihe heavy metals, macro- and micronutrient
distribution in the tree crown and, the micro-lozafion of heavy metal in leaves from the tissuwiao

to a subcellular level.

ANALYTICAL METHODS

An analytical method with high resolution is reeuir in order to study subcellular ion
localization within cells. Energy Dispersive X-RBicroanalysis is a powerful technique that permits
the guantitative analysis of several elements ofsighogical interest at the subcellular scale (Keve
1999). Electron microscopy and X-ray microanalysas describe the elemental constitution in plant
cells produced during histochemical or cytochemasalays (Caissard et al., 1992).

Scanning electron microscopy provides an improveghdr magnification, depth of field,
analytical capabilities, and the benefits of imagecessing as well as the use and image intergmetat

from conventional light microscope. The analyticalpabilities of the SEM deliver elemental and



crystallographic information that would normally kéficult to obtain using other instruments. The
SEM is a powerful and versatile instrument that ad topographic, crystallographic, and chemical
information which creates a major tool in reseaaot technology.

Energy-Dispersive X-Ray Microanalysis (EDXA)

Energy dispersive X-Ray microanalysis in a SEM asdd on that the electron beam excites
atoms to emit X-ray photons which are accumulatgé lsemiconductor crystal. The energy obtained
from the crystal is converted into a voltage pyiseportional to the energy of the X-ray photon. The
voltage pulses are arranged by a multichannel aeglyhus creating the X-ray spectrum (Frey, 2007).
The main components of a typical SEM are electrolmmn, scanning system, detector(s), display,

vacuum system and electronics controls (Figure 1.3)

™ Filament

Control Console

Microscope Columnp

Electron Gun

— Electron Beam

Electron Lenses

> | >
Specimen R
Specimen Stage
Electron Detector (;gr:tr

Figure 1.3 Diagram of EDXA. From Goldstein et 2003).

Scanning Electron Microscope

The electron column comprises an electron gun aadar more electron lenses that guide the

routes of electrons moving down (Figure 1.4). Theebof the column goes under vacuum that create a
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vacuum of about 10-4 Pa (Goldstein et al, 2003¢ @&lectron gun produces electrons and accelerates
them, using an electric field, to obtain kineti@gagy in the range 0.1-40 keV (100-40,000 electroitsy
(Goldstein et al, 2003). All energy-dispersive spmuoeters have a solid-state detector made commonly
of a single crystal of Silicon. When an x-ray esttite crystal, these will be absorbed by interactvah

an electron of one of the silicon atoms, creatifigh energy photoelectron. The expelled photoejact

in time dissipates its energy in interactions (Ke1€99). The beam begins from the final lens it t
specimen compartment, where it interacts with frersnen to a depth of about 1 pm (Goldstein et al,
2003). X-ray photons produce ionization in the diete causing an electrical charge that is amplibg

a preamplifier. Liquid nitrogen is used to cool haletector and preamplifier and minimize electronic
noise (intro energy dis). The electronic systenthaf detector converts the signals to point-by-point
intensity fluctuations on the screen to producenaage (Goldstein et al, 2003). The two signals most
often used to produce SEM images are secondaryaieqSE) and backscattered electrons (BSE). The
quality and resolution of SEM images are functioh tbree major parameters: i) instrument
performance, ii) selection of imaging parameterg.(eperator control), iii) nature of the specimen

(CFAMM).
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Figure 1.4 Diagram for SEM. From CFAMM (http://moeer.ucr.edu/public/manuals/Sem-
intro.pdf)

In addition, the voltage pulses are arranged byuldichannel analyzer, thus making the X-ray
spectrum (Whallon, 1989). In the energy-to-digttahverter, it is measured the height of the voltage
pulse from the pulse processor (or the energy efdiétected x-ray) and given a channel number. The
number of counts in that channel of the multichdnaealyzer is then increased by one. The
multichannel analyzer controls how the signal infation is collected and assembled into a spectrum
(EDXA). The larger the number of counts issued hykement, the larger the peaks obtained. In highly
automated versions, software programs distinguighldacation of spectral peaks, associate them with

tabulated energy values, check for discrepancrestlaen print out a list of the elements present.
Line segments and mapping

Line segments displays the intensity of a desighateay line, element distribution images or

'maps' formed by the SEM. The X-ray spectrum is@néed in digitized form with the X-ray energy in
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the x-axis and the number of counts per chann#ieny-axis. During dot map, the SEM beam at each

point on the image is controlled by the x-ray ottjpom the element of interest (Kevex 1999).

Detection limits and resolution

Concentration in the region of 100 ppm the intgnsieasured on the peak consists mainly of
background. The smallest detectable peak may beedeés three times the standard deviation of the
background count. Reducing the detection limit nexpu more counts, which can be obtained by
increasing the counting time and /or the beam atriehe factors that determine the detection linmts
electron and proton x-ray analysis are the courtimg, the accelerating voltage, the beam curtést,
line used to measure the element and the compogfibboth the sample and the standards. Often the
detection limits in the SEM measurements are detexuin as three standard deviations of the
background (CFAM).

Spatial resolution is governed by the penetratind apreading of the electron beam in the
specimen. The amount of electron current in thal fprobe determines the intensity of the secondary
and backscattered electron and x-ray signals. tinfately, the smaller the electron probe, the loiwer
the probe current available and the poorer is ihibility of image features. The accelerating vgéa
(kilovolts) of the beam determines how faithful ingage will be in representing the actual surfate o
the specimen. The operator must control these hmanameters to achieve optimum results in each
microscopy mode (CFAM).

Sample preparation and cryopreparation

Since the electron probe analyses only to a shallepth, specimens should be well polished so
that surface roughness does not affect the redisy samples are electrically non-conducting and a
conducting surface coat must be applied to prosigeath for the incident electrons to flow to ground
The usual coating material is vacuum-evaporateldora(~10nm thick), which has a minimal influence
on X-ray intensities on account of its low atomiswber.

Current preparation techniques for electron miaspsrimaging at a sub-cellular level, such as
chemical fixation, heavy metal staining and embegdn resin, cause dispersion of disseminated

substances and cannot conserve the original furadtstate of the cells. Cryosectioning of the ripid
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frozen native material represents an alternativihateto analyze the plant material with a higheatish

resolution (Frey et al., 2007).

RESEARCH OBJECTIVES

Boron and salt toxicity caused by different sourcas affected important agriculture and crops
areas around the world. Effective phytomanagemeéitocon should limit the negative effect of this
contaminant on the ground and immediate environméntis generally defined that plants in
phytoremediation employs a strongly enhanced rdtdeavy metal uptake, a faster root-to-shoot
translocation and a greater ability to detoxify aedjuester heavy metals in leaves (Stiles et GLO)2
Nevertheless, except for certain halophytes in Wisialutes such as sorbitol might inactivate exé&ess
(Rozema, 1996), there is little evidence of datashg detoxification strategies in the ability afsues
to tolerate high B concentrations. It is indispdisato investigate the compartmentalization,
microelement localization and tolerance/detoxifmatmechanisms of contaminants at tree crown and
leaf tissues, at a sub-cellular level to identife tstrategies and cellular structures in charge of
controlling the stress reactions in previously sié hybrid tolerant populus trees.

The aim of this study was to characterize boronraethl contaminants allocation in leaf tissues
of selected tolerant vs. sensitive clones combiniffgrent histochemical and micro-analytical metbo
In order to analyze the distribution of boron anohite salts and their element environment at tisswe
cell level, it was applied qualitative X-ray micradysis approaches (i.e. point and shot measureent
after cryo-preparation of foliage plant sampleslefance to contaminant storage and the eventual
structural adaptations will be assessed with hagiohl and cytological analysis using several masho
in transmitted light and fluorescence microscopyu@ural analyses will be conducted in Switzerland
using facilities at WSL and center for Microscopydaimage Analysis (CMB) of the University of
Zurich. The expected results should demonstratédlleeance mechanisms based on safe contaminant

storage and provide insights on the physiologidalpgations in tolerant poplar clones.

The outcomes for the boron/salt allocation and tpdi@toxification mechanisms were:
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It showed why and how the poplar clones toleratd saxic levels of mineral elements such
as B, Na, Cl.

It identified where the elements are accumulatexkkttissue and organ level. This
knowledge is fundamental also in view of the cleh@hprovement.

It found data to compare with other allocation/talee studies in poplars and other plant
material. Also, it will allow to know how efficierdre the strategies used by the investigated
poplars on a mechanistic point of view.

It characterized the elements state of the traagdolccontaminants and may thus identify one
of several elements ligands; this knowledge malyrimiged with findings by genomic
approaches and thus provide guidelines for bioteahdevelopments

It provided useful indications on the intoxicatddr material disposal and best harvesting

procedures.
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Chapter 2: Microelement localization and cellular markersin leaves of Populus spp.

INTRODUCTION

Excessive concentrations of boron (B) are toxionfiast plants (Nable et al., 1997). Some effects
of B toxicity include reduced growth in shoots aradises chlorosis in leaves (Nable et al., 1997 Bei
al., 2004; Reid and Fitzpatrick, 2009). Translamatof B is insignificant in many plant species dahd
tends to store in old leaves. Leaf tissues arenéiaken extracting metals from contaminated soils
because the movement of mineral/elements in pliantetermined by leaf transpiration (Marschner,
1995). Understanding the process of how the leallesate and detoxicate metal contamination may
provide evidence to infer tolerance mechanismsastular plant to metal stress.

Irrigation water quality and drainage water disposa the western San Joaquin Valley of
Central California, have been significant for iedgd agriculture, after inorganic salt contaminants
particularly boron and other soluble salts accutediat Kesterson National Wildlife Refuge (Ohleridor
et al.,, 1986). Evidence suggests that recyclingesavater originating from agricultural drainage o
from shallow ground waters is a desirable sitedisposing of the saline water (Oster, 1994). Rinyc
of residual waters for irrigation could have apglion for more than 250,000 acres of drainage-
impacted soils of the Western San Joaquin Vallegnehough long-term use needs a serious evaluation
that includes irrigation and irrigation deliveryssgms (Dudley et al., 2008), and salt managem@nt.
practical water reuse strategy in Central Califamvould require the selection of salt and boroartit
crops and trees for use with waters high in saligtg., 10 dS/m) and boron (10 mg/L) (Lin et al.,
2002).

Tissue and cellular allocation of Boron in plants

Comprehending the process to reduce toxicity igreeat interest because it offers the means of
manipulating metal tolerance to develop crops fowtpremediation purposes, especially highly
contaminated soils (Salt et el., 1998). Characéon of boron distribution in shoot tissues ofteg
plants is limited to a few, mostly herbaceous, pkpecies. Little is known of how the plant tisscas

manage such high toxicity B levels at a subcellldael (Reid and Patrick, 2009).
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G. arrostil. and P. distans are known B hyperacdators with concentrations that reached
~2400 and~6000 mg B kg DW, in the roots and shoot tissues, respectiv8lylgs et al, 2010).
Recently, Ture and Bell (2004) analyzed severatisgehat have grown in soils containing high lsvel
of boron. At the end of the study, 38 families Inglmg to 88 taxa (57 species, 20 subspecies, and 11
varieties) were determined. Two plant taxa werentbwith the highest concentrations Catapodium
rigidum (L.) and Gypsophylla perfoliata L.

Stiles et al. (2010) have offer three hypotheseBoot tolerant B species may respond to high
concentrations of toxicity.

1) The plant is capable to restrict the accumutabb B to above-ground biomass (Hayes and
Reid, 2004);

(2) The plant restricts the distribution of B fromots to shoots when supply concentrations
reach >100 mg B/L. Then, it loses its ability tetrect translocation of B from the root to shoot;

(3) The plant is able to tolerate high concentratiof B in both root and shoot tissues. After
1250 mg B [}, the plant behaves as hyperaccumulator to hahdlkigh toxicity concentrations.

So far, these hypotheses has been presented in baesant species but little information is
found regarding the toxicity mechanisms in the lessues and how such high levels of metal are

tolerated.

Stress and tolerance structures

Various studies have identified the cell wall as thain deposit structure for B for different plant
species (Dannel et al. 1998; Kobayashi et al. 1¢vand Brown 1994; Martini and Thellier 1993).
Dannel et al. (2001) presents a review with thetrposminent results in Boron absorption from thé so
and translocation from roots to shoots and storagéant tissues.

Boric acid is distributed from roots to leaves xidem vessels (Raven, 1980). Via the petioles,
the xylem stream moves into the leaf where it ignigatransported in the veins to sites of fast
evaporation, such as leaf tips or leaf marginst¢Baacher 2000).

The water insoluble B bonds to pectic polysacchariespecially rhamnogalacturonan Il (RG-II).

Yamauchi et al. (1986) were the first to preseatlikelihood of cell wall polysaccharides which tain
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B. The majority of cell wall B is present as a B-R@omplex, with RG-II being the selected carridr
B (Matoh et al., 1996).

It was proposed that pectin is involved in the ictehn of plant defense responses based on the
capacity of oligogalacturonides from plant cell lwabr pectins (Spiro et al., 1993) to origin the
production of phytoalexins (Nothnagel et al., 1988)d reactive oxygen species (Ridley et al., 2001)
Thickened and pectin-rich cell walls (Bowes, 1991ight be thus a significant B sink.

Some authors have corroborated that flavonoids atheér phenolics are used as strong
antioxidants for plants, thus improving stressramee (Rice-Evans et al. 1997; Barbehenn et ab6;20
Hagerman et al,. 1998; Mellway and Contable, 2008 ditionally, a higher accumulation of phenolic
compounds (especially condensed non-soluble tanmwas detected in leaves of P. euphratica (salt
tolerant) than in those of P. canescens Sm. (saflittve) (Janz et al. 2010). In another studyraases
in antioxidative complexes were correlated to iases in polyphenols caused by chemical effectaits th
resulted in ameliorative results on stressed plgMsithukumarasamy et al., 2000). Phenolics
compounds can prevent negative effects of oxidatixess by recovering free radicals, thus, presgrvi
cell and tissue integrity (Janz et al. 2010). Raotgtional proanthocyanidins are good chelators ¢hat
form stable complexes with many metal ions (Kennaadg Powell, 1985; Okuda et al., 1982; Slabbert,
1991; Powell and Rate, 1987). It can be conclutiatl tnore polyphenols produced indicate that more
antioxidants are available to ameliorate stresscedt

Depending where metals are accumulated at tisstieelhlevel, they can generate either little
(Cosio et al. 2006) or a sequence of oxidativesstreactions leading to hypersensitive-like respsns
(Vollenweider et al. 2003; Matrtin et al. 2006).

This chapter aimed to examine the B allocatiorhattissue and cell levels in the leaves, and to
detect the associated structural changes and toaathaze the main plant responses. Different
histological approaches in light microscopy werenbmed and changes in structural composition
within cells and leaf blade were analyzed. Streksance mechanisms and cellular markers are gbinte

and classified according to physiological response.
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MATERIALSAND METHODS

Three of the top Populus clones rated as “Goodfopmiers during microfield studies conducted
by Banuelos et al. (2010) were selected to groweumdverse field soil conditions because they were
repeatedly the heartiest clones during the firkdcs®n process. These clones are: 13-366 (datdn
as RRR Yellow, tolerant), 345-1 (designated as RRH, intermediate), and 347-14 (designated as
RRR Blue, sensitive). In spring of 2006, 80 cutiingere taken respectively from the parents of these
selected three clones, and planted at Red RockhRianthe Western San Joaquin Valley in Central
California at an altitude of 80 m above sea leweach clone was planted 3 m apart and replicated fo
times within one block; there were a total of 20dis running north and south. The environment at
Red Rock Ranch is very dry, hot, and exposed tb hght intensity. The average summer (June —
August) temperature at Red Rock Ranch ranges frtwglraof approximately 35 degrees C during the
day to a low of approximately 16 degrees C at nighhe average winter temperature (January and
February) at Red Rock Ranch ranges from a higlppifaximately 12 degrees C during the day to a low
of approximately 3 degrees C at night. The redathumidity ranges from approximately 28% to
approximately 70% in the summer (June — August), @pproximately 70% to approximately 95% in
the winter (January and February). Horizontal iscdaiation averages approximately 8 kWHiinin
July with an annual total ranging from approximgat&l8 MWh/m2 to approximately 2.0 MWh/m
There is virtually no rainfall for four months froday through September, and evapotranspiration
(ETo) remains high with daily rates of approximgtélmm (7 L/n%/d).

Red Rock Ranch has clay soils, containing high eotrations of salt (N&O,, NaCl, CaCj,
NaSeQ, CaSQ, NaB4Os(OH)4, and CaBO4(OH)s) and boron. The Red Rock Ranch soil composition
is classified as an Oxalis silty clay loam (finemtraorillonitic, thermic Pachic Haploxeral with a Nve
developed salinity profile. Soil salinity variesofn approximately 4 dS/m to approximately 8 dS/m,
while soluble boron varies from approximately 4 mgg approximately 7 mg/L. The presence of poor
quality shallow groundwater underneath the tredsct{fates between approximately 1 m to
approximately 3 m from soil surface) contributed a@dditional salt and boron stress for the trees.
Periodic groundwater sampling showed that ECe amdrbranged from 10 dS/m to 18 dS/m and 10

mg/L to 18 mg/L, respectively.
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Two locations were used as treatment location dasggl as: Diener and Parlier. Diener location
(Five points, CA) was irrigated under field conalits (multiple element contamination). Parlier |omat
(Parlier, CA) receives normal irrigation withoutyatreatment and it was used as control. Sampling
design consists of three clones (three replicaie$otation) with two locations at two differentanrch
positions (high and low) from two clusters (11-2stib-lethal and 1-1-1 thriving) of a total of 24
samples.

After 6 years of growth under these adverse cambtidescribed above), the leaf samples were
collected by Dr. P. Wollenweider. Samples were ésted as branch samples up to 30-35 inches. They
were processed for high pressure freezing (HPFhinit8 hours and by this time showed more
evidence of injury due to storage.

Additional leaf sample aided out for drying and setgpuent element analysis on the 01.10.10,
thus 4 days after sampling. These leaves incluied3t used for microscopy sampling +2 closest
neighbors, 3 just further were sampled in viewargual boron analysis once in Zurich.

Samples stored in 1-hexadecene, 20 °C up to 6.&hwior to infiltration by evacuation (N550
mm Hg) and HPF using and HPM 010 machine (pres&@@:mili-second, -157 °C; 2-5") using a 200
pum deep, gauged platelets (leaf blades thickndésaated at about 120 pum). Sample loaded on platelet
in 1-hexadecene and transferred to the specimelehol

Sampling at leaf level was performed at the midaibleaf. Each time, 20.8 mm disks were
sampled. There were 2 types of preparation veineafdlade. Each sample corresponds to a gro@p of
leaves. Two branch positions were sampled, in griecat shoot basis and at shoot top (by the ¢éisgu

sampling (the growth was completed and the budaddj.

Histochemical Analyses

The experiments were performed in the facility lvé tSwiss Federal Institute of Forest, Snow
and Landscape Research (WSL) at Birmensdorf, SMatzeé. For the microscopical analyses, leaf disks
were sampled either in the middle portion or in éipex and the base of one leaf at two differenbsho

positions, according to the visible symptoms.
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Leaf material was sampled from the middle leaf ipartof an older leaf on one plant per
treatment. Polysaccharides (starch and sugar$)]ass, pectin and phenolic compounds were observed
in 1 metachromatic and three stained sections. hi$telogical and cytological structure was further
analyzed with semi-thin sections. Sections 2.5 jnmoktwere cut with a Reichert ultramicrotome,
stained and mounted in DePex for light microscopg Huorescence microscopy. Five cuttings from
three clones, two leaves and two different leaftposs per treatment were examined each time.

Sample sections were observed using a Leica migpesteitz DM/RB, 5x to 100x objectives
and diascopic light illumination. Observation byudtescence microscopy (epifluorescence filter
combination: excitation band pass filter 340-380, mmission long-pass filter 425 nm). Micrographs
were taken using the digital Leica DC500 camerarfated by the Leica DC500 TWAIN software
embedded in the Image Access Enterprise 5 (Imdgiattbrugg, Switzerland) image management
system. The histochemical and histological markeese selected so as to indicate the kind of

physiological response and its localization inlded, as a consequence of B stress.
Statistics

Statistical analysis was performed using the ANOp#Acedure of SPSS version 20.0 (SPSS
Inc., Chicago IL) and a pairwise comparison procediiukey test) for significant differences. Foe th

leaf samples, a 2-way factorial ANOVA was conductesing location, leaf position and clone as

independent factors. All data in figures and talbégsesent means of replicates + standard error.
RESULTS

Morphology and biomass

Physical differences between the two locations dear noticeable. Tree height was slightly
affected by the application of the multiple contaation (Figure 2.1). In contrast, biomass was
statistically significantly for the location, clorand the interaction location and clone (Table.ZThe
clone 13-366 showed a higher (138.7°chiomass increase followed by clone 345-1 andecl®4i7-14,

respectively (Figure 2.2).
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Tree Height Diener

Parlier
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Figure 2.1 Tree heights for the three differenhel®at the two locations. All values represent reean
SE.

Table 2.1 Basal Area from three Poplar clones
Basal Area (cm?)

Diener Control
3451 76.03 (+ 1.78)* 8.86 (£17.2)%
347-1 51.23 (+ 1.32)" 8.54 (+ 15.4)%
13-366  138.7 (+ 0.98)° 11.67 (+ 22.9)%

All values represent means + SE of four replicates (N=6)
Small letters indicate significant differences between locations
(Tukey HSD, p<0.05)

22



BA shoots per trees Diener

Parlier

140
120

100

345-1 347-14 13-366
Clones

Figure 2.2 Basal area for the three different cosethe two locations. All values represent meaSg.
Small letters indicate significant differences

The symptoms were most pronounced in leaves neashtbot base (data not shown). Necrosis
percent is apparent in treated clones especialtiiencluster thriving cluster (Table 2.2). Necrosiss
statistically significant in cluster and leaf brangosition. No necrosis was observed in Parlieatioo.
Visual effects detect necrosis in leaf tips andgmes. This is in agreement with other studies (Rstes

al., 2011).

Table 2.2 Percent necrosis per cluster

Cluster
11-2-4 1-1-1
% Necrosis 7.92 (£ 1.82) 28.3 (£5.9)
Range % 2.5-15 5-45

All values represent means + SE of six replicates (N=6)
Necrosis is only observed in treated samples
p<0.001
Physical leaf measurements (weight and area) weed to calculate the leaf mass per area
(LMA). Higher LMA values were estimated at Dien@at in Parlier location (Table 2.3). LMA was

statistically significant in the location (Dienes Yarlier) and the interaction location and leafnich

position. Leaf branch position was higher closethtomain stem (leaf position 1 vs leaf positionR)r
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comparison, decidous trees median value (75°gfon different species was reported (Poorter et al

2009).

Table 2.3 Biomass: Leaf mass per area on different leaf positions
Leaf mass per area in gr m?

Diener Parlier
Leaf Position 1 111.4 (£ 3.0) 79.6 (£4.8)
Leaf Position 2 108.8 (£ 17.0) 98.5 (£ 2.6)
Decidous spp* 75

All values represent means + SE of six replicates (N=6)
No significant difference between means
* Decidous trees median value (N=420). From Poorter et al. 2009

All the elements of interest (B, Na, Cl) are poasly correlated (Table 2.4). Boron and sodium
are positively correlated to branch height, distaot branch from base, necrosis percentage, leas ma
per area, average basal area and negatively deddlathe number of shoots per tree. Chlorinenlg o
negatively correlated to tree height. Bafuelosle(2010) found a positive correlation between the
increase in salinity and the decrease in poplawtyro The effects of B and sodium are clearly
interconnected. Interestingly, there is no effettBoand Na in the three heights. Additionally, the
increase of B-Na levels intensifies the necrosiseoled and the biomass is increased. In contfast, t
increase of B-Na levels reduces the number of shpet tree and their distance to the branch basis b
increase the branch height.

In addition, chlorine is also positively correlatexlCu and negatively correlated to Ca and P.
Boron and Sodium have the same positive (Cl, Ag,&d Co, Se and Zn) and negative (Fe, K, Mg, Ni
and Pb) correlation (Figure 2.4).

The excessive levels of boron and sodium showedahee effects on the plant and in the trends
with other elements. This provides evidence to bdista the mutual connection between this two

elements and their possible effects on poplar trees
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Changesin leaf structure

The most typical changes in Populus tree leavessponse to the metal contamination occurred
in the lower leaf blade. The cell wall chemistrysmaodified, especially in the outer cell wall layer
(Figure 2.3A versus Figure 2.3B). Changes in pdésand spongy cells observed by light microscopy
(Figures 2.3A versus 2.3B) included progressived wealll thickening, condensation of the nuclei-
chloroplasts (Figure 2.3E) and occasional accunomaif vacuolar phenolics. Cell content is typio#l
low activity cell with a few organelles, thin cytepm and, huge vacuole (Figure 2.3 D). Plastids are
probably in the form of leucoplast (containing rarsh, differently of spongy parenchyma cells).ICel
walls structures are similar to that in the lowgidermis. Cells walls are thickened with at leapeatin
layer and a cellulose-rich inner layer. The areaeradfected in all the clones was the lower mesbphy
The spongy parenchyma cells presented tannins adation as well as pectinic wart-like droplets in
some cells (Figure 2.3D vs Figure 2.3C). Lower epids showed squeezed cytorhisis at some places

(not shown).
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Figure 2.3 Histological changes in Populus trees on leaf blade tissue. Tissues showed injuries of varying
degrees for the different leaf stroctores. The greatest effects manifest in the lower mesophyll in the lower
epidermis (LE) and spongy parenchyma (SP) with a clear thickening of the cell walls (tcw). Palisade paren-
chyma (PP) showed a more uniform structural changes than spongy parenchyma with dense chleroplasts
{dch), dense nucle: (dn) phenolic accumulation on both and sometimes incloding pectinic wart-like droplets
{(pw). The lower epidermis was more affected than the upper epidermis (UE). Vacuoles (v) accumulated
phenolic material (ph). Effect in the lower blade epidermis are shown in C-E. In control leaves (C). no cell
wall thickening is present, In Diener leaves (D), is observed tannin accunmlation (tn, red spots), thickening
of cell walls and large vacuoles. (E) Palisade parenchyma in contaminated leaves showed condensed chloro-
past (ch) with tannins. Abbreviations: ve, veinlet; ch, chloroplast; n. nuclens. Control: A.C; Diener: B, D
Bars: 100 pm (A B). 10 um (C. 1)}, 20 um (E). Staining was with toludine blue and p-phenylenediamine
(A-D}, and viewed with phase contrast mj.cmaccér;,r {C.D_E).



Chloroplast accumulation on Parlier leaves showelget higher than the Diener leaves (Figure 2.4A vs
2.4D). Pectin-rich outer layer on the cell wallghgkened in comparison with the control cellsg{ie
2.4A vs 2.4D). Oligomeric proanthocyanidins (=comskd tannins) were also deposited at the same cell
wall locations (Figure 2.4A and Figure 2.4E). Stamolysaccharides were accumulated in higher
magnitude in Diener leaves than in control lea¥egure 2.4B vs Figure 2.4E). The inner cellulogsri
layer did not show any change for both locationgyfe 2.4C vs Figure 2.4F). This may indicate no

reaction to accumulation in contrast to pectin taye
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Figure 2.4 Structural changes in the structuressinailative cells inside the leaf mesophyll of Plosu
trees induced by metal contamination. Control (&)sccontain vast amount of chloroplast (ch) and
some cells present tannins (tn). In contrast, celi®ntaminated samples (D) showed intercellular
abiotic deposits (acc), thickening of pectin-riaktar cell cell-wall layers, and some cell present
pectinic wart-like droplets (pcw). Control cells)(8howed polysaccharides (eg. starch) distribution

the spongy parenchyma (SP). Contaminated cellexEipit thickening in the cell walls on both

spongy parenchyma and lower epidermis (LE), withgresence of tannins and higher accumulation of
starch (st). Cells from control location and contzated (C vs F) showed same thickness of the

cellulose-rich inner layer in the cell wall (ce)eWwlation method: Coriphosphine (A, D), CalcoflgBr
E) and PAS (C, F). Abbreviations: nucleus (n). BaGum (A-F).
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Intercellular abiotic deposits in the form of gréarumaterial accumulated in the lower leaf blade
apoplast (Figure 2.4A, 2.4B). It is located on aesanineral element route and is associated tol loca
cell wall thickenings and wart-like protrusions etbh are typical stress reactions (Helmer et alg720
The interccellular deposits were observed on botatlons for most of the clones. This may be an
indication of the normal efflux mechanism in popiaes. In order to understand better the natutkeof
intercellular deposits, it was measured the nunatbeleposits per length tissue (Figure 2.6). Theial

for Diener location is higher than in the controtation. This indicates the relationship between th

deposits and the contamination site.

Figure 2.5 Intercellular abiotic deposits. (A) Tlhever mesophyll intercellular space showed granular
material (B, indicated with arrows) accumulatedhe apoplast. Samples were stained with toluidine
blue and p-phenylenediamine (A), and viewed withgghcontrast microscopy (B). Abbreviations:
lower epidermis (LE), spongy parenchyma (SP), rlgus), accumulation deposits (acc). Bars: A 25
pm, B 10 um.
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Number of deposits per um of tissue
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Figure 2.6 Intercellular number of deposits relagioip with location. Statistical significant difearce
p< 0.05

Table 2.5 Physiological response and cellular markers in poplar leaf tissues.

Physiological response Observed cellular markers Figurers References
B storage a)Cell wall thickening Fig.2B,2D,3D a)Cosioetal.2006; Hermleetal. 2007
b) Proanthocyanidins Fig. 2D, 2E, 3A, 3 b) McDonald et al., 1996; Kennedy and Powell, 1985;
Okuda et al., 1982; Slabbert, 1991; Powell and Rate, 1987
c) Pectin Fig.3D, 3E c) Yamauchi et al., 1986; Matoh et al., 1993;
d) Phenol compounds Fig. 2B d) Janz et al. 2010; Rice-Evans et al. 1997;

Barbehenn et al., 2006; Hagerman et al,. 1998;
Mellway and Contable, 2009

e) Intercellular abiotic Fig.3D, 4A
deposit
f) Pectinic wart-like droplet Fig. 2D, 3D f) Hermle et al. 2007

DISCUSSION

Biomass and morphol ogy

Poplars on a tree level have showed the strategulbstitute rather than to repair its injured
leaves (Gunthardt-Goerg and Vollenweider et alQ3}0 Statistical analyses show little differences

between clones even though the three clones hawensisignificant differences in other studies
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(Bafiuelos et al., 1999, 2010). It is ascertaineddifferences in the biomass but not in the traghte
regarding the metal contamination. Trees, on ai-plunual basis, suffered from the multiple
contamination despite their tolerance. A recentythas shown this correlation (Rees et al., 2011).
Most visible symptoms in leaves are segregatedpt@rid margins. Symptoms were generally more
apparent in leaf apexes and in younger leavesithather leaf parts. Leaf branch position closethi®

main stem showed the higher necrosis percent iesa

Intercellular deposit

Observed deposits of abiotic origin, various celllwthickening and, symplastic defense
reactions were seen with little difference betwd#enDiener and Parlier leaves. The thick cell walid
the rather insensitive ongoing cell physiology msses therein might contribute to the leaf tolezanc

salt stress, given the water and mineral elemarefl occurring in the lower leaf blade tissues

Histochemistry

Characteristic changes in the structure of cell$ el walls were associated with increases in
metal exposure. Besides injury to different orglaselseveral markers indicated specific adaptatodns
the cell physiology to B storage (Table 2.5).

Condensed tannins were apparently involved in notdxification. Visible injured spots in the
leaves of poplar trees resulted from distinct geoapnecrotic cells in the assimilative tissue kaeohby
degenerating cells filled with phenolic compouncluding proanthocyanidines. They can thus
complex different metals with more or less effiagr{Okuda et al., 1982; Slabbert, 1991; Powell and
Rate, 1987). Antioxidant functions of proanthocylms could also mitigate the oxidative stress cduse
by metal contamination (Janz et al. 2010; Rice-Bwaral. 1997). Pectin was certainly a main B lgdi
in pectin-rich sites.

Contaminant distribution at leaf level appears ¢oumulate primarily in epidermis and lower
leaf blade tissues. In this latter location, thepear to relate to significantly increased amorghou
deposits in the intercellular space. The majoritgadl B is associated with pectins within the cedll.

The localization of B in the cell wall, its assdea with cell wall pectins, and the contingent

effects of B on cell wall extensibility suggesttiBaplays a critical, although poorly defined, ratethe
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cell wall structure of higher plants. The localiratof B in plant cell walls may indicate that Bsha
structural role in the cell wall matrix or, altetivaly, that B is required for the synthesis of nesll
wall material.

Boron accumulates along the mineral nutrient pajhweapecially close to its end point where
water is then evapotranspirated. The tolerance amsim appears to be a coincidence of a naturally
resistant tissue on the pathway of an overloadedentl flux. At the principal accumulation site of
contaminants in the lower leaf blade tissues, tieee2-3 cell layer-thick hypodermis, a structrarely
observed in poplar foliage and non-xerophyte sgecldis tissue has thickened cell walls, a good
allocation site for boron, and these cell walls dsnfurther thickened in response to contaminant
accumulation. Hypodermis is a specialized tissu#) Wow cell physiological activity, and, being not
involved in vital processes such as photosynthasts assimilates transport, is an ideal site fomB a
salinity detoxification. This hypodermis structwras also observed in the three clones from Padret,
thus appear to be constitutive in foliage of thelsees.

In conclusion, tolerance stress observations resndkk All the symptoms that poplar clones
presented are indicative of extra cellular oxidatsiress, 2) there are relatively few changesenctil
structures between control and contaminated samp)dake only reaction seen is the thickening dif ce
wall. B-salt storage in the intercellular spacéneatthan in tissues demonstrated to be a saferadilbm
mechanism. In general, stress and tolerance reactnalicate that cells in the hypodermis strucane

well suited for accumulation.
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Chapter 3: Element localization in leaves of Populus spp.

I ntroduction

Numerous metals in contaminated soils are storeplants that can disturb plant metabolism
(Siedlecka, 1995), translocation to shoots (Marechh995) and accumulation within the many cell and
tissue compartments (Verkleij and Schat, 1990; t£12306). Several tree species can grow at places
with moderate to fairly large contamination (Watrgbuand Dickinson, 1995; Lepp and Madejon,
2007). They also been proposed for phytoremediaparposes (Robinson et al.,, 2003; 2007),
implementing their rapid growth and large biomdsaufeysens et al., 2004, 2005). It is indispenstble
provide evidence in order to understand metal wiakirees and at the same time, implement novel
applications aiming tree tolerance mechanisms.

Some regions of Central California have identifisdsaline residual waters, moderate to high
levels of unusual naturally occurring boron (B).riBaacid (as water-soluble B) concentrations of g m
B L' in soils and irrigation water can be lethal fomrarous agricultural crops (Keren and Bingham,
1985; Maas 1987) as it can be easily absorbedéplént.

The tolerance and accumulation of boron in plaa@rgued to be mainly by sequestration in the
cell walls, however, some species accumulate Biffierdnt compartments in cell and tissues (Table
3.1). Dannel et al (1999) suggested that aftereaming the external B supply by a factor of 16,000
sunflower plants, cell walls in roots and leavesoahcrease by a factor of 2.8 and 22, respectively
They argued that cell walls behave as chemicalrabsavhere B binds and cannot be easily mobilized
or detached. Even at low B supply, significant amewf B were found in the symplasm of roots and
leaves, although empty binding sites were availablbe cell wall (Dannel et al., 1998). This susfge
that B found in the symplasm plays an importantcfiom in the plant metabolism. Kobayashi et al
(1997) established that around 90% of B is bounthé&cell wall in cultured tobacco cells. Several
authors have proved that the majority of cellulais Bresent in cell wall and there is an exclusbiB
from the symplasm (Matoh, 1997; Durst and Loom884, Hu and Brown, 1994, Loomis and Durst,
1992; Matoh et al., 1992).
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Dannel et al. (1995) prove that irrespective ofupy 1-1000 umol I, B concentrations in the
apoplasmic liquid was generally 10 to 4 times loWwn respective cell sap, demonstrating alsotheat
presence of B inside lead cells over a large réhgepplies.

Pfeffer et al. (2001) analyzed the subcellular campentation of B in sunflower roots, where
36% is in free space, 39% in the cell wall, 20%ha cytosol and 6% in the vacuole. Another study
(Martini and Thellier, 1993) reported leaves invdoplants with total of 96% B located in the cedlls
and 4% in the cytosol. It can be inferred that boir® not allocated exclusively to one single cell
compartment. In fact, boron is located in all slllot& compartments with different levels. Givereth
chemical properties of B and the high membrane pahtfity for B, this element is likely to be presen
in all major cell compartments. The variety of désindicated in several papers show that subeellul
compartmentalization of B is affected by numeroastdrs such as plant organ, plant species and

genotypes, B supply and B status of the plant (Ekenal., 2002).

Table 3.1 Tissue, cell and subcellular micro-localization of B in foliage of vascular plants.

Species Exposure/duration Tissue Cell compartment Reference
Cell wall Cytosol Protoplast Vacuole Free space

Helianthus annuus * 0.1 to 1600 uM/L Leaf/root +++ Dannel et al. 1998
Nicotianatobacum L. *  1mg/L; 1week Cultured cells +++ Kobayashi et al. 1997
Nicotianatobacum L. * 100 uM/L; 3d Cultured cells +++ Hu and Brown 1994
Lemna minor 160 uM/L; 21.5 hrs Cultured cells ++ ++ ++ + Thellier et al 1979
Helianthus annuus * 100 uM/L; 9d Roots ++ + + ++ Pfeffer et al 2001

1uM/L; 9d Roots +++ ++ +
Trifolium " 16 pM/L; 3 wks Leaves +++ + Martini and Thellier 1992
Chara coralin " 50 uM/L; 96 hrs Cultured cells ++ + Stangoulis et al 2000

* Exposure to elevated B on experimentally contaminated substrate
A Exposure to elevated B in hydroponic conditions.

" Exposure to elevated B on aseptic conditions

+indicate the level of accumulation

Moreover, soluble B was found to increase substlytin the intracellular compartments of
leaves at high B supply. Wimmer et al. (2002) codet that B toxicity in wheat leaves is likely te b

caused by an increase in intracellular soluble B.
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Populus species have been suggested as potentead $or revegetation of B in contaminate
sites because of their high tolerance to extreniensetal contamination (Bafiuelos et al. 1999, 2010;
Robinson et al. 2007, 2009). Rees et al. (20112P0bserved that the leaf B levels in poplar trees
increased up to 1,350 mg kgvhen increasing soil B concentrations to 13—14kmd, irrespective of
the B distribution. As consequence, the averagetsBaconcentration was found around 500 mg‘kg

were in the range 800-1660 mg kg

Boron comparmentation

Molecular mechanisms explaining boron tolerance tradslocation from roots to the above-
ground biomass have been identified by severaloasitfTakano et al. 2002; Miwa et al. 2006; Miwa et
al. 2007). However, very little information has hedcumented related to microelement localization i
leaf tissues, where most toxicity is present. Evademay provide that no single mechanism can ad¢coun
for tolerance to a wide range of metals.

The study of B compartmentalization at a subcelligael has been a difficult task due mainly to
limitations in the B analysis. Primarily, the ddten limits are fairly high in contrast with B
concentration in plant samples. Another reasohddack of radioactive B isotopes that can fad#itine
efflux studies to calculate subcellular compartraépation of B in plant cells (Dannel et al., 200R)is
almost nonexistent the studies to analyze the leidifiicity symptoms and the presence of B in the
plant tissues because of the low sensitivity fargl technical difficulties. Some successful ana e
energy dispersive X-ray micro-analysis (EDXMA), aten spectroscopic imaging (ESI) and electron
energy loss spectroscopy (EELS) to plot subcelldilstribution of metals (Bringezu et al., 1999; yre¢
al., 2000; Kupper et al., 1999; Nassiri et al., 1;9%0jcik et al., 2005; Zhao et al., 2000). Howe\ae
low sensitivity and interference with other ionse(i C) have not permitted the detection and
visualization of B. Other techniques (AAS, SIMSg appropriate to find metal storage location but no
to localize metal allocation precisely.

Analyzing how the leaves allocate and detoxify metataminants imported through the veins

may therefore help us to understand the toleraneehemisms of plants to metal stress. The
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concentration of 22 elements was measured in padigdots of the total foliage. The metals leatéti
compartmentalization was analyzed using X-ray naigedysis.

Chemically-fixed bulk-leaf samples were analyzed dnergy-dispersive X-ray microanalysis
(EDXMA) using field emission scanning electron nescopy (FESEM) to map several macro- and
micro-elements at tissue and cell level.

The aims in this study were to asses, for threel®&adnt and sensitive clones of hybrid Populus
spp., (1) how much B was allocated on leaves amipaoing with foliage data and (2) where B was
allocated in the leaves tissues at a subcellulael I detect the associated structural changest@and
characterize the main plant responses. Observegtegm and foliage concentrations were compared
with biomass parameters and metal accumulatiohendifferent plant structures to evaluate the éffec
of B localization on plant performance. Resultsnfreahapter two would be compared in order to
additionally investigate the B allocation strategiand to designate symptoms of B toxicity and the

distribution of B throughout the leaf at a subdalfdevel in Populus trees.

MATERIALSAND METHODS

Poplar trees were growth, irrigated, treated, hetegeand transported as previously mentioned in
chapter 2. Leaf materials were prepared and amdfarefoliage element concentration as described in
Bafuelos and Akohoue (1994) and Bafiuelos et al.0)20
Sampling cryopreparation and fixation

Sample preparation and microanalysis were perforatéde ZMB in the University of Zurich.
Five vials containing around 5 samples each, witd fo ten leaf disks replicates were stored initiq
nitrogen. Freeze substitution was prepared usingallEM AFS2. Aluminum disks containing leaf strips
were transferred into an Eppendorf tube. The titapsed between sample extraction and transfer of
plunge-frozen cells into substitution medium rarekgeeded 1 min. After transfer, vials were sealsd
the specimens were cryo-substituted in anhydroesoae at -80°C for 25 h. During this period, the
medium gradually melted and the cells were chenyideded and dehydrated. After substitution, vials
were removed and allowed to come to room temperatamples were washed in anhydrous acetone to

remove excess fixative and then dehydrated usiigatfpoint drying (CPD) using critical point dnye
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Bal-tec CPD030. CPD eliminates liquids from the plamand evades surface tension effects (drying
artifacts) by never letting a liquid/gas interfacepresent. The technique requires the use of argan
solvents such as ethanol and carbon dioxide amtéenediate fluid. The cell content was exposgd b
removing 100 um shavings using a hand-microtomenandnted on aluminum stubs with carbon tape
and sticky tabs and carbon coated (20 nm) in a MERD Bal-tec Modular High Vacuum Coating
System.

Samples were also processed for transmission etectricroscopy (TEM; for details, see
Gunthardt-Goerg et al. 1997 and Vollenweider eR@0D3). Twelve Parlier and twelve Diener samples
fixed in TEM-grade buffered (pH 7.0) glutaraldehyoflewhich 9 samples were processed in view of

TEM analyses.

EDXA

Specimens were analyzed using a variable presqwaltisal FESEM (Zeiss Supra 50VP)
equipped with secondary electron (SE), back seattetectron (RBSD) and X-ray (EDX) detectors.
Specimens were observed at 400-3000x magnificatioan accelerating voltage of 10 kV, a 30 mm
condenser diaphragm, and 20 s spectrum collechoestwere selected to measure up to the heaviest
elements in leaf tissues and prevent beam damdgee Begments with twelve Point & Shoot (P&S)
measurements (from the lower epidermis to the uppgtermis) per segment have been made for each
sample. Measurements were replicated three timesgmeple and averaged following systematic P&S
measurements, based on the method in Eschrich @9&8). The three segments are averaged for each
P&S and, normalized for Peak and background r&tib)(

Microanalytical measurements and spectrum analysie interfaced by the GENESIS software
(EDAX, Mahwah, USA) using the standardless procedwith automatic background subtraction,
matrix correction and normalization of element datd00% (ratio of the element intensity in sample
vsS. a preparation with pure element under same ittons). Total of 9 elements were measured

(aluminum, boron, sodium, calcium, potassium, atirsulfur, magnesium and silicon).
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Statistics

For the leaf samples, a 2-way factorial ANOVA wamdaucted using location and clone as
independent factors. For the root samples, a 2{faeatprial ANOVA was conducted for the factors

clone and location and the interaction clonex|arati

RESULTS

Soil metal concentration was influenced by the fioca conditions (Table 3.2). All the
macronutrients (except for P) exhibit higher cornions on all the depths in comparison with Rarli
location (Figure 3.1). For the micronutrients, bok8) showed higher accumulation for all the depths
Iron (Fe) levels are the same for both locationly ah depth of 0-12 cm, and then levels decrease fo
Diener. Chlorine (Cl) was not detected in the Radibcation. This may be due to the mobility oficl
soils. Cupper (Cu) showed same levels until thehd8p-48 cm, where the levels in Diener increase.
Manganese (Mn) is high at depths between 0-12 anbfener location and then values drop. Nickel
(Ni) showed the same pattern as Mn. Zinc levels lave for all the depths in Diener location in

comparison with Parlier.

Table 3.2 Total macro-micro nutrients and trace elements concentrations at different soil depths
Elements Location
Diener Parlier t
0-12 12-24 24-36 36-48 0-12
Mean SE Mean SE Mean SE Mean SE Mean SE
Cl mg/L 1057.03 + 199.9 45759 + 118.68 355.48 + 82.2 32369 + 4321 ND + 0
Ag ug/kg ND + 0 ND + 0 ND + 0 ND + 0 024 + 0.05
Al ug’kg 2559 + 7.05 9.85 1.01 1953 + 6.71 1854 + 7.86 178 + 0.3
As ug/kg 6.17 =+ 0.93 404 =+ 0.62 287 0.41 273 + 0.24 2814 + 146
B mg/kg 509 =+ 0.07 268 + 0.73 184 + 0.4 191 =+ 0.22 006 + 0.01
Ca mg/kg 569.87 + 6.99 307.24 + 121.94 186.32 + 57.92 207.46 + 42.64 2158 + 146
Cd ug’kg ND + 0 ND + 0 ND + 0 ND + 0 0.04 + 0.01
Co ug/kg 298 + 1.27 0.18 + 0.1 0.06 =+ 0.04 0.07 =+ 0.04 184 + 0.4
Cr ug/kg 005 =+ 0.03 0 =+ 0 -0.01 = 0.01 0 =+ 0 272 + 039
Cu ug/kg 21.32 1.45 1057 =+ 2.82 898 + 1.23 4756 + 25.4 2724 + 152
Fe mg/kg 16 + 0.15 089 + 0.36 054 + 0.17 061 + 0.14 144 + 025
K ma/kg 1871 + 1.55 122 + 3.21 778 2.65 6.72 + 1.36 568 + 0.48
Mg mg/kg 76.39 + 3.53 4235 18.53 28.67 + 10.57 32.04 + 7.97 6 + 077
Mn ug/kg 89.78 + 412 1049 + 5.47 498 =+ 22 354 + 0.96 334 + 7.08
Mo ug/kg 66.03 =+ 0.29 65.75 + 5.69 7812 0.28 69.32 + 1.77 546 + 0.62
Na mg/kg 119313 + 17825 640.52 + 157.47 54737 + 100.73 54416 + 46.41 453 + 4.59
Ni ug/kg 15.62 + 2.24 89 1.23 6.57 =+ 1.45 716 % 1.27 746 + 0.76
P ma/kg 058 =+ 0.16 022 = 0.12 013 + 0.07 0.08 + 0.04 166 + 0.17
Pb ug/kg ND + 0 ND + 0 ND + 0 ND + 0 148 + 025
S mg/kg 87258 + 11.81 54479 + 194.44 41201 + 11373 446.78 + 76.26 868 + 0.81
Se ug/kg 1251 + 1.95 6.87 + 2.74 37 1.46 279 + 0.67 074 + 0.04
Zn ug/kg 042 + 0.18 032 + 0.11 18 + 0.95 023 + 0.08 724 + 0.56

SE= Standard error; ND= No detectable; N=6
1 Parlier depths from 12-24, 24-36 and 36-48 contain generally the same concentrations of extractable elements as presented for 0-12
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In trace and beneficial elements, aluminum (Al),lybdenum (Mo) and selenium (Se) have
higher concentrations than Parlier. Arsenic (As)l @hromium (Cr) levels in Diener are low for all
depths. Chromium showed no detectable levels tathegvalues in Diener location. For cobalt (Co),
the levels displayed the same as those at defkl@fcm, and then it drops for Diener plot. Cadmium

silver and lead levels were below detection limmt®iener location.
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Figure 3.1 Soil plots. The x-axis indicates the
concentration and the y-axis are the depths (cm). Ag,
Cd, and Pb were skipped due to no detectable levels.
All values represent means (N=12).

Depths from 12-24. 24-36 and, 36-48 contain
generally the same concentrations of extractable

elements as presented for 0-12" in Parlier soils.
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Trace elements
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Tree growth on metal contaminated soil under fietahditions led to significantly enhanced
metal concentrations in the foliage of Populusdr@egure 3.2, Table 3.3). The foliage concentratd
aluminum, calcium (Ca), copper, molybdenum, anéus@S) (range Al: 0.001-0.018 mg kgCa: 1500-
2000 mg kg, Cu: 4.3-7.3 mg kg Mo: 0.2-0.6, S: 2800-6300 mg Kgshowed the same distribution
(except Mo clone 347-14 and S clone 13-366) fohbotations. Concentrations for iron, potassium (K)
magnesium (Mg), nickel, phosphorous (P) and ledn) @splayed higher concentrations in Parlier
location than under field conditions. Only Fe (tfetd), Mg (two-fold) and Pb (seven-fold) showed a
large difference between both locations. The reistgr (Ag), arsenic, boron, chlorine, cadmium (Cd)
cobalt, chromium, manganese, sodium (Na), selenmime, (Zn) exhibited higher concentrations in the
Diener location. As, Cl, Cd, Co and Zn concentratim Diener’s plot showed around two to three times
higher concentrations in comparison with Parlieatoon (Cr and Mn were only a small fraction above
the levels in comparison with Parlier). The gretati$erences between both locations were for N& (4
fold, range 138-5688 mg Ky, Ag (33-fold, range 0.0002-0.018 mgRgSe (30-fold, range 0.001-1.25
mg kg') and B (12-fold range 1580-129 mg Rdror the analysis of variance (Table 3.4), most
elements are significant different to location @picAl, Ca, Cr, Cu, Mn, Mo and S). For the factor
clone, only Ag, As, Cu, Mg, Mo and PB are signifitadifferences. This could imply that there islditt
difference between clones. B and Na are only sigant for location. For the interaction locatioriee,

only Ag and Pb are significant difference.
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Table 3.3 Foliage concetrations for each clone at differentlocations.

Elements Location

Diener Parlier

345-1 347-14 13-366 345-1 347-14 13-366

Mean SE Mean SE Mean SE Mean SE Mean SE Mean SE
cl [mg/kg] 10573.18 +  460.44 4107.99 = 301.36 6360.39 =+ 1812.04 6700.93 +  562.98 4080.96 +  317.48 2697.08 +  319.57
Ag [mg/kg] 001 0.00 001 0.00 0.02 0.00 0.00 0.00 0.00 0.00 0.00 0.00
Al [mg/kg] 41.62 = 3.17 40.80 = 7.81 2477 ¢ 4.88 48.83 = 7.65 3913 4.02 31.04 4.52
As [mg/kg] 0.58 =+ 0.07 081 =+ 0.12 089 =+ 0.08 022 0.03 020 =+ 0.04 027 =+ 0.07
B [mg/kg] 1232.65 + 72.04 1580.82 267.48 1302.32 # 154.44 195.73 35.70 129.59 8.29 198.28 & 28.99
Ca [mg/kg] 15404.37 +  562.83 19181.59 + 1655.68 18690.95 + 3210.24 16754.58 + 1047.15 19919.22 +  657.18 1743873 + 1255.49
Cd [mg/kg] 096 =+ 0.09 103 0.16 144 + 0.31 031 0.05 029 0.04 057 =+ 0.17
Co [mg/kg] 1.76 + 0.21 161 + 0.24 230 + 0.46 0.47 + 0.04 0.51 0.04 0.90 + 0.02
Cr [mg/kg] 025 =+ 0.04 019 =+ 0.05 012 =+ 0.04 017 =+ 0.06 0.09 =+ 0.03 0.09 =+ 0.05
Cu [mg/kg] 730 ¢ 0.71 563 ¢ 0.14 4.83 + 0.35 634 + 0.41 560 + 0.54 438 + 0.36
Fe [mg/kg] 104.72 ¢ 11.08 98.13 8.12 90.43 + 13.80 222,95 + 24.13 201.43 # 16.91 17152 + 16.22
K [mg/kg] 10912.35 + 1002.94 9717.49 = 945.09 5898.04 + 502.27 17509.29 + 2815.69 13251.60 + 1605.71 16284.25 + 2648.05
Mg [mg/kg] 2990.10 +  347.92 3580.94 + 301.78 2681.13 + 292.24 437430 +  612.40 6199.22 +  586.29 437820 +  370.05
Mn [mg/kg] 59.13 + 4.77 67.50 + 18.68 75.64 + 16.63 31.89 + 1.94 43.00 = 5.13 74.60 + 9.61
Mo [mg/kg] 030 =+ 0.06 032 0.04 020 =+ 0.01 029 0.05 060 =+ 0.05 029 0.01
Na [mg/kg] 553830 + 1036.06 4449.47 1295.72 5688.20 + 1317.48 159.55 + 11.87 15222 & 21.40 13854 & 28.92
Ni [mg/kg] 6.63 = 1.68 5.00 =+ 0.84 483 + 1.07 9.62 + 113 818 0.79 7.66 = 0.86
P [mg/kg] 1099.08 =+ 84.05 1270.96 = 44.01 1239.29 = 14.82 1398.35 + 13442 1461.48 + 13151 1739.82 + 120.01
Pb [mg/kg] 011 0.01 0.09 0.01 0.08 0.01 076 0.07 0.67 + 0.07 045 0.03
S [mg/kg] 2880.08 +  484.32 3910.76 + 731.51 6351.25 &+ 550.14 270191 + 126.80 3307.57 + 253.42 3969.32 + 36248
Se [mg/kg] 102 = 0.18 108 0.22 125 + 0.25 0.01 =+ 0.00 001 =+ 0.00 0.04 = 0.01
Zn [mg/kg] 37.89 8.50 46.55 + 9.36 42.58 + 9.51 1113 ¢ 0.63 1245 + 1.00 16.20 + 3.20

SE= Standard error; N=4

Table 3.4 The statistical significance, according to the analysis of variance,
of the effects of location, clone and the interaction location and clone (- indicates P = 0.05)

Location Clone Location*Clone
cl - - -
Ag <0.001 .001 .001
Al - - -
As <0.001 .040 -
B .001 - -
Ca - - -
cd .033 - -
Co .011 - -
Cr - - -
Cu - .002 -
Fe <0.001 - -
K .003 - -
Mg <0.001 .025 -
Mn - - -
Mo - .047 -
Na .007 - -
Ni .042 - -
P .002 - -
Pb <0.001 .001 .002
S - - -
Se .005 - -
Zn .018 - -
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Figure 3.2 Foliage concentrations in poplar clones. All values are means (Diener. with treatment vs Parlier. control)

and bars are standard error (N=12)
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Metal and boron allocation

Due to technical difficulties, such as the low st@wisy for boron and because of their rough
surface and unstandardized thickness, critical tp@ined material was unfit for quantitative
microanalysis. Boron mostly appears as a shoulglainat the C peak (Figure 3.3A). Peak count is low
and often close to background level. The resuli® lha be interpreted as tendencies.

Element detection permitted the visualization of #lement of interest along the leaf blade
(Figure 3.3A and 3.3B). Carbon is a structure ddpat Boron shows correlation with carbon and it
shows little detectable levels. Sodium has a lapgsk (>270 counts) and is independent of all other
peaks (noteworthy Al). Aluminum appears occasignhlit rare. Chloride is less frequent than Na but
signal may relate to salt contamination. Siliconaidrequent element, sometimes with high peaks,
noteworthy on both epidermises. Calcium is occadiamd apparently depending on calcium oxalate
crystal occurrence.

Boron levels showed same levels as those for thigePBcation and is most consistent in the
spongy parenchyma (SP) for the three clones (Figue Na exhibits higher levels for Diener and tmos
accumulation are found the SP. Cl showed the saw#sl as the control location and it is found mostl
in the SP and the lower epidermis (LE). Ca alsonvgibthe same levels as those in Parlier but most of
Ca is accumulated in the epidermis. Mg is also medated in the epidermis but it displays higher
accumulation than Parlier. Al is mostly accumulatethe upper epidermis (UE) without any difference
between locations. K levels are below those ini®aand it is accumulated in the hypodermis stngctu
P displays a higher concentration in Parlier plad & is found mainly in the hypodermis and palesad
parenchyma. S did not show any level differenceveen both locations and it is most predominantly
found in the SP. Silicon was found with high levels both epidermis but without any difference for
both locations. Na, Ca, Mg, Al, K, P and S showeghsistent results with those in foliage

concentrations.
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Figure 3.3A. FESEM images and Element Detection. Top. line segment analyzed and overlap element spectriumn.
Bottom, element spectrum for C, Na, B, CL. Si Ca, AL Note: The v-axis is the number of counts it hits the
element of interest. Diener saniple. White line indicates the segment analyzed. From left to right, lower epidermis
to upper epidermis.
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Transmission Electron Microscopy

The cell content is characterized by a prominectigke (about 95% of cell volume) surrounded
by a thin cytoplasm with a few leucoplasts, mitauthta and a nucleus showing little activity (Figure
3.5B). The vacuole appears to be filled by moréess coarsely granulated material. The cell content
structure is typical for hypodermis, is similarepidermis and contrasts with that found in mesdphyl
Cells are generally necrotic or strongly degenerai® indicated by poor compartmentation and breaks
in the plasmallemma, cytoplasm and tonoplast. Afmoug intercellular material and dark particles are
adsorbed on the outer hypodermis thick cell wallpétlermis cells show a thick cell wall, except by
plasmodesmata. Granular particles are adsorbedheomuter cell wall surface, mainly in the middle
lamella, as they decrease in frequency towardsehevall inner layers and they do not show up with
the cells. Some cells showed evidence of autophagimesses. The adjacent epidermis cells appeared t
be better preserved. Its middle lamella and ougdr walls appeared to accumulate electron-dense
particles similar to those on the outer hypoderoei$ wall. In contrast, the samples in the Panfikat
were similar to Diener but with more artefacts,sléstercellular material accumulation, thinner cell

walls and better preserved cell vitality (FigurBB).
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Figure 3.5 Cytological changes in the structure of assimilative cells inside the leaf mesophyll of Populus
clones induced by metal contamination. Compared with parlier tissue (A), cells in the lower mesophyll (B,
C, D) showed thickened cell walls. Granular particles are adsorbed on the outer cell wall surface (arrow-
heads: B, E). Vacuole occupy most of the cell content (B.) surrounded with a thin cytoplasm and a nucleus
showing little activity. Abbreviations: ch, chloroplasts; m. mitochondria; n, nucleus: v, vacuole. Bars: A, B,
C, 2uny; D, 0.5 um. Sections were examined m a TEM Plulips CM 208 transmission electron microscope
operated at 80 keV.
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DISCUSSION

Foliage accumulation

According to Kabata-Pendias and Pendias (2001 eT@ap. 31) metal contamination in silty and
loamy soils limits on both locations remains undee acceptable range, except for Mo and Se.
Molybdenum in soils for this study range 0.1-7.2 g' and Se range 0.02-1.9 mg %kgThe
concentrations detected for Mo reached around 8&giignd 12.5 mg Kg for Se.

Also, based on Kabata-Pendias and Pendias (20Qie B&, p. 83) and Raskin and Ensley
(2000, Table 12-1, p. 194), foliage concentratiars within the normal range for most elements. Zn
(Diener location) and clone 13-366 for Cu showeéictncy levels. Interestingly, Boron exhibited
“excessive or toxic” levels (50-200 mgKgfor both locations. Boron is an essential nutrfen poplar
trees at leaf concentrations between 40-50 m{ (kgjlls and Jones, 1996). However, Bafiuelos et al.
(2010) found that no visual B toxicity symptoms w@resented in all tested clones until concentnatio
around 300 mg Kg DM. Also, the level of B accumulation in the leavier poplar trees is strongly
correlated to water uptake (Bafuelos et al., 20B@yon is poorly translocated inside phloem and
poplars tend to accumulate high levels of elemenésy conditions by the end of the vegetation seas
It is hypothesized that tolerance mechanisms obsgeon Parlier location are based on the strong
abilities for this clones to accumulate severaiaets. This might cause some tissue and cell irgody
accelerate the senescence. Given the thresholchtedi by Kabata et al. (2001) the toxic effecgny,
should be small.

In contrast to reduced tree biomass from chapteh&,contaminated foliage shows elevated
specific leaf area at the Diener's plot. This migiéte to increased cell wall/defense structuréand to

higher inorganic content.

Metal allocation

The results of the microlocalization study wereagointing, as untrustworthy levels of the
element of interest were detectable with FESEM. e\, future developments of the technique might
further improve the detectability. These complmas have prevented us from obtaining reliable

measurements. Careful must be taken to interpeetebults obtained. The results should be congidere
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as potential tendencies. Boron and sodium tenddaraulate in the cell symplast and cell walls ia th
spongy parenchyma which in agreement with whabgseoved in chapter 2. Some macronutrients, such
as K, P, S, and Cl also showed a tendency to adetenun the lower mesophyll. Al, Ca, Mg and Si
were found with greater accumulation mostly on #pmdermis but considerable accumulation is
observed along the leaf tissues. All the elemem®hserved within expected normal distributioroasr
the leaf tissues. Boron as an important elemetitarcell wall function is observed in most cellgcgss
metal concentration is managed by the spongy phyem& cells and the hypodermis structure. The
intracellular localization of B in plant cells amehtatively concluded that B is localized mainlytire
apoplast and a significant amount of B does notioat the cytoplasm (Matoh 1997; Wimmer et al.,
2003). Furthermore, TEM images illustrate the @hee mechanism (i.e. the primary allocation of
contaminants to well protected and physiologicdiiffe sensitive hypodermis) identified in poplar
foliage samples.

This study was carried under field conditions andltiple element contamination using three
previously selected “good” performers’ hybrid paoptdones. The influence of metal contamination is
not controlled and the effects presented couldmaig from one or more element.

In conclusion, the observations in this study idedt a 2-3 cells thick layer in the lower
mesophyll as specialized tolerant structure. has involved in essential plant activities and thain
role is the handling of mineral and nutrients moeam Moreover, the cells within the hypodermis are
well suited to support toxic concentrations. Theenals are accumulated and localized in the form of
granular saturated complexes within the intercatlahaterial which merely act as store houses amsl th
the injurious consequences of the metals cannetf@rence with the normal metabolism.

Balsamo and Thomson (1995) described hypodermd$ calpable of function as storage
reservoirs for salt and suggested its role as aguyl for salt accumulation and storage. An incedas
secretion of proteins, triggered by salinity, i®guced in the hypodermis which may be an important
site of salt sequestration away from the photostithapparatus (Ball and Anderson, 1986).

Furthermore, hypodermal cell were more sensitivehenges to salinity response. A similar mechanism
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was observed in mangrove plants, where nitric okideced an increased Naequestration inside the
vacuoles of the epidermis and the hypodermal (€len et al., 2010).

Finally, some cautions should be considered wheafoieing these type of studies. Careful
application of washing media and washing times khavoid, or at least minimize, efflux of
intracellular B into the washing solution, whichnocgause a misreading/miscalculations. Since thet pla
membrane has a high permeability to boric acidr{talis et al., 2000), such as efflux is very lked
occur. More promising techniques are needed thatles direct visualization of metals in leavesl|scel
and subcellular organelles in situ. One of thesenming techniques is Focused lon Beam- Scanning
Electron Microscope (FIB-SEM) with mass spectroméMS). The ion beam is used to mill material
from the surface and identify the elements in a Mise tolerance mechanisms proposed in this study
should be confirmed using molecular approacheslé¢atify potential efflux transporters in charge of

handling the boron mobility within the leaf cellcaleaf tissues.
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Chapter 4: General Conclusions

The goals of this study were to investigate the mantmentalization, microelement localization
and tolerance/detoxification mechanisms of contamis at tree crown and leaf tissues, at a sublkaellu
level to identify the strategies and cellular stmwes in charge of controlling the stress reactions
previously selected hybrid tolerant populus trddse achievements of this research are summarized as
follows:

A) Biomass and not tree height was, generally affebtetligh metal concentration. Most effects
and visible symptoms were observed more appardetafrapexes and in younger leaves than in
other leaf parts. Also, leaf branch position clogeithe main stem and leaf tip and margins
presented more contamination symptoms.

B) It was observed several stress reaction withinlghé tissues: Intercellular abiotic deposits are
located on a water/mineral element route and asecested to local cell wall thickenings and
wart-like protrusions - both are typical stressctiems. Condensed tannins were involved in
metal chelating. Antioxidant functions from phegsliwere involved in metal detoxification.
Pectin-rich cell wall layer was a major sink forrbo.

C) At the principal accumulation site of contaminam@incidence of a naturally resistant tissue on
the pathway of an overloaded nutrient flux, in toeer leaf blade tissues, there is a 2-3 cell
layer-thick hypodermis. Hypodermis is a specialisgedue, with low cell physiological activity,
and, being not involved in vital processes sucpladosynthesis and assimilates transport, is an
ideal site for B & salt detoxification.

D) Foliage concentrations detected several metal oontdions (noteworthy Na, B, Cl, Se). Only
the elements of interest were found within the ¢davels.

E) Micro analytical analysis and histochemical obseoves confirmed that metals allocation have a
tendency to accumulate in the lower mesophyll endtnucture called hypodermis. Such structure

has not been seen in this populus and non-xeroplpiecies.
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Overall, these results have provided evidence of, wthere and why the metal contamination is
managed in poplar leaf tissues. The results hagstiicted a clear group of cells within the lower
mesophyll in charge of controlling and handlingest reactions. The intercellular structure works as
store house were stress reactions are handledsandnaequence no interfering with other important
metabolic function within the leaf tissues. Futwerk should be aimed to implement to characterize
molecular studies in order to identify the effluanisporters in this structure. Also, the developnoén
new technologies and methods will facilitate theteaheompartmentation in leaf tissues, especially fo

Boron.
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