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ABSTRACT

Root adaptive responses of tall fescue (Festuca arundinacea) growing in sand treated
with petroleum hydrocarbon contamination

Phytoremediation is a green technique used to restore pbbitess through plant-
initiated biochemical processes. lts effectiveneswgeler, depends on the successful
establishment of plants in the contaminated soil. IsSbat are contaminated with
polycyclic aromatic hydrocarbons (PAHSs), especially loweoolar weight, mobile

PAHSs such as naphthalene pose a significant challentgst Plant roots growing in

these soils exhibit changes to their structure, physiolagygaowth patterns.

Tall fescue (Festuca arundinacea) roots grown in sand contamindteckitler
petroleum crude oil (10.8g total extractable hydrocarbons kgnd dw) or
naphthalene (0.8g Kgsand dw) exhibited a temporary inhibition in elongatiorhwit
accelerated lateral growth (p<0.01), whilst also showing aatiewi from the normal
root orientation responses to gravity. Scanning electron graphs (SEM) revealed
that the stele in the contaminated roots was located fmuttter away from the root
epidermis, because the cortex was larger (p<0.001) due toetlise being more
isodiametric in shape. Once past the initial acclimadisgoeriod of 2.5-3.0 months,
no visual differences were observed between control aatetteplants, but the root

ultrastructural modifications persisted.

The fluorescent hydropibic probe ‘Nile red” was applied to the epidermis of a living
root to mimic and visualise the uptake of naphthalene intordbe through the
transpiration stream. The root sections were aldnestavith 0.1% (w/v) berberine
hemisulphate in order to stain Casparian bands. @yeg images obtained with the
use of Texas red HYQ filter (wavelength 589-615nm) and UV illunonat
(wavelength 345-458nm) revealed the presence of passagencéiis endodermis
and uptake of Nile red into protoxylem vessels beyond the end@def control
roots. On the other hand, the path of Nile red was blockddeaendodermis of
naphthalene- treated roots. The cell walls in the endodesfmhaphthalene-treated
roots were prominently thickened (p<0.001) and lacked passage cétie treated

roots also possessed a well-formed exodermis (p<0.01). Tiesregggest that the
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well-formed endodermis lacking passage cells, the well-formedezmis as well as
the increased cortex zone provided an effective batoighe flux of hydrophobic
xenobiotics towards the inner core of the roots, if previouskposed to the

contaminants.

The SEM images of naphthalene-treated as well as crudesaiéd roots showed
partial collapse in the cortex zone, presumably due to vaitess, but the treated

plants withstood drought stress better than the confaatp

The underlying physiological changes responsible for the me@apsponses of tall
fescue to the exposure to naphthalene contaminationstgdéed through metabolic
profiling of plant roots and shoots. The results indidasgnergistic interactions
between sugars or sugar- like compounds and phenolic compouayglsassist to
create an integrated redox system and contribute to $tiesance in naphthalene-
treated tall fescue. The signal for a compound specutaté# indole acetic acid
(IAA) was either subdued or absent in the tissues of nafgné-treated tall fescue,
suggesting the existence of a detoxification mechanisi@nde pathway in the
treated plants. The ultra-structural and molecular neadibns, resulting from PAH

stress enabled tall fescue to resist tougher challenges.

Anuluxshy Balasubramaniyam [B.Sc., M.Sc.]
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CHAPTER 1

Introduction: Impacts of petroleum hydrocarbon-contamination on plants used
in phytoremediation

1.1 Petroleum hydrocarbon contamination in our environment and the

importance of remediation

Industrial activities such as gasification/ liquefactiorfaxfsil fuels (gasworks sites),
coke production, asphalt production, coal tar production, woothissd processes,
wood preservative production and fuel processing result i3 soiitaminated with
petroleum hydrocarbons. There are at least 350 000 contachistes in Western
Europe (Vandevivere and Verstraete, 2001), and the largest phis abhtamination
is due to petroleum hydrocarbon-based products (Troquet,e2Cl3). Petroleum
crude oil is composed of a complex mixture of hydrocarbam$ @ther organic
compounds. These are categorised in table 1.1. Manyafdtaical components are

toxic, mobile and environmentally persistent (Farrell-Jo2663).

Table 1.1: Principal components of petroleum crude oil and their impattluman health

Category Characteristics Examples Impact on human health
Naphthenes | Ring structures Cyclopentane,| Contact with skin and ey
(Cycloparaffi causes irritation; ingestion (¢
ns/ cyclohexane | this product or subseque
cycloalkanes) vomiting can result in
aspiration of light
hydrocarbon liquid which
can cause pneumoniti
Prolonged breathing ¢

vapours can cause centi
nervous system effects

Normal Straight chain structuregy n-Octane Affects central  nervous
paraffins/ readily  biodegradable system at high
normal occur as homologou concentrations (<0.8mg1)
alkanes series in most crude oil

(C1-C4: gases; C5-CL1¢

liquids; >C17:solids a

ambient temperature

forms a major componer
of crude oil

Iso paraffins/
iso alkanes

Often associated wit
single  carbon  aton
(methyl) branches; fron
C9 upwards, most isg

paraffins are isoprenoids

Pristane,

phytane

Affects central nervous
system at high
concentrations (<0.8mg1)




Aromatics Occur as a series ( Methyl PAH burdens via inhalatior
isomers; simple aromatiq benzene, ingestion and dermg
contain only one aromati absorption cause cancer a
ring, and may be eithe Anthracene | genetic disorders Vi
mono-, di-, or tri- interactions  with  DNA.
substituted; multiple ring Systemic effects have beg
aromatic compounds af observed and the respirato
commonly referred to a tract is thought to be th
polycyclic aromatic predominant target site.
hydrocarbons (PAHS).
Nitrogen, | Typically defined as non| Pyrrole, Affects lung function at high
Sulphur, hydrocarbons concentrations(<0.8mg 1)
Oxygen
compounds Benzofuran
(NSOs)
Asphaltics High molecular weight Considered cancer-causit
and resinous compounds because they contain PAHS

Source of category, characteristics and examples: Faomeds (2003). For Stoddard solvent
that contains a mixture of straight and branched-chain fpaahaphthenes and aromatic
hydrocarbons, the acute dermal LD50 >0.39 kacute oral LD50>0.5g Kg acute inhalation
toxicity <10mg L* within 7.5 hours of exposure. Source of impact on human hdaigh:
Department of health and human services (2010).

Of the various petroleum hydrocarbons, polycyclic aroenaydrocarbons (PAHS) are
considered significant environmental pollutants becauseeaf ¢hrcinogenic and/ or
mutagenic potential, ubiquity and persistence, and theurmowe of these
components in food is a human health concern (Jartské, 2006). Over 53 000
tonnes of polycyclic aromatic hydrocarbons (PAHS) (suifn 1@ individual
compounds) are estimated to reside in the UK environment switlbeing the major
repository (Wild and Jones, 1994). UK spiPAH concentrations generally fall into
the concentration range of 100-54, 50§ kg' (Jones et al., 1989). Heavy urban
traffic and residential and communal heating heavily atiee deposition of PAHs in
soil (Crnkovic’ et al., 2006). PAH concentrations are found to be higher in urban
soils and roadside soils whilst very high concentratibase been reported for

contaminated sites such as old gas works sites (Wild and, Jit).

The US Environmental Protection Agency (EPA) has clasisifi@ PAHs as priority
pollutants (Table 1.2).



Table 1.2:16 EPA PAHSs and their significant physico-chemical charistts

L
(1

PAH No. of | Molecular Octanol water | Solubility in
aromatic weight partition water (mg L!)
rings coefficient

(g mol™) (log Kow )
r;f' T, H" 2 128.2 3.37 31

Naphthaleneqr‘*"" S

= 2 152.2 4.07 3.9

Acenaphthylene™=*" ="

— 2 154.2 4.33 3.8
ey

Acenapthene™#" ™

e 2 166.2 4.18 1.9
Ir};ah " - \p—r'{.
L M
Fluorene ==~
Phenanthrene 3 178.2 4.57 1.1
.-,-—-:"i \.:-}—-.-v
S8
1'—-"" \|=
T E 178.2 454 0.045
e o __:-'J
Anthracene ™ ™
s 3 202.3 5.22 0.26
+ -H.\",r'h.a.]
Fluoranthene™-+
. 4 202.3 5.18 0.132




Benzo [a] anthracene

228.3

6.75

0.011

Chrysene

e

I":-""‘j.-a%__ 1_’__"]

228.3

5.75

0.002

Benzo [b] fluoranthene

252.3

6.57

0.001

Benzo [K] fluoranthene

252.3

6.84

0.0005




Benzo [a] pyrene

252.3

6.04

0.004

Dibenz [a,h,] anthracene

::-"":""H.::‘-‘"":-h-» o

e Ry, e e

278.4

6.75

0.0006

Benzo [g,h,i] perylene

(I

"‘wi::"wé::'

276.3

7.23

0.003

Indeno [1,2,3-cd] pyrene

Joel
L 'Lg

276.3

7.66

0.06

Source of kgw & solubility in water: Farrell-Jones (2003).




1.2 Uptake of organic pollutants by plants

Collins et al. (2006) documented that uptake of organic pollutantgslants from
contaminated soils depends on many factors:
» Abiotic
* Properties of the molecule, ie. logkand molecular weight
» Soil components (clays, iron oxides, organic matter)
» Biotic
« Transpiration rates
* Types and amounts of lipids in root cells
* Enzyme complement
* Root exudates
*  Growth dilution

1.2 a. ABIOTIC FACTORS

Properties of the organic pollutant

The hydrophobicity of a molecule is measured and classifiedrding to its octanol-
water partition coefficient (log Kw), which describes its capacity to dissolve into an
organic solvent (i.e. octanol) relative to an aqueougesbl(i.e. water). Generally,
the hydrophobicity and environmental stability of a PAH molecises with an
increase in size and the number of aromatic ringsssgeses (Kanaly and Harayama,
2000). PAHs with more than three rings are often reteto as high molecular
weight (HMW) PAHs, and those with three or less as foalecular weight (LMW)
PAHs. Some PAHSs are regarded as mobile pollutantscastaminants that can be
leached with water (UNEP, 2008). Apart from naphthale@asomatic ring, linear
PAH, PAHs are practically insoluble in water and are \&oyv to degrade (Smith et
al., 2006; Aprill and Sims, 1990). Naphthalene does not pematlegrades rapidly

to simpler, generally non-toxic compounds (Smith et al., 2006).

Soil composition

Organic chemicals such as PAHs can be sorbed or bound t@lsewaponents in
soil such as clays, iron oxides, and especially organitemaCompetitive sorption
between plant lipids and soil organic carbon resultdess bioavailabilty of the

organic chemicals for plant roots at a higher soil organatter (SOM) content



(Collins et al., 2006 and references therein). Briggs et(18183) for example
examined the uptake of organic compounds by roots cultivated inojyaic
conditions and showed that molecules with a high lggwere taken out of solution

by binding to roots (see Fig.1.1 below)

Hydroponic cultures
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Fig.1.1: Relationship between the octanol water partition amefft (log Kow) and uptake of organic
compounds by roots cultivated in hydroponic conditions (Adajobed Briggs et al., 1983)

Soil-plant transfer of persistent organic chemical resdike PAHs also depends on
soil moisture content (Beck et al., 1996). Normally, PAHaketby crops is favoured
under moist conditions in soils with low organic matt@ntent. In dry soils with high

organic matter content, chemical residues are stronglydbbysoil, retarding uptake
by plant roots (Zohair et al., 2006).

An increase in log Kw of the organic contaminant retards the uptake of organic
chemicals by crops growing in soil (Collins et al., 2006 and eafars therein) (see
Fig.1.2). Soil-crop bio concentration factors (BCFsyaveeported to decrease with
increasing log kkw for PAHs up to about 4.5 (above this log\Wvalue no changes
were discernible). Here, BCF was measured by dividing oongat concentration

in peel and core of the roots by contaminant conceotrati soil (Zohair et al., 2006).
Several researchers including Karickoff (1981) have foundirgap relationships
between the lipophilicity of a chemical and its affinibydorb to soil organic matter.
Non-mobile PAHs with a high log d¢ [e.g. benzo (a) pyrene-a 5 aromatic ring,
branched PAH molecule] tend to partition in the orgdmimic phase (Binet et al



2000; Wild and Jones, 1992), or are retained in the soil asith oésorption, cation
exchange, or precipitation processes, and are thus farbiesavailable to soll
organisms and plants. On the other hand, more wateplschnd more volatile low
molecular weight compounds such as acenapthene, fluandephenanthrene are
more susceptible to crop uptake (Zohatiral., 2006). It should however be noted
that, stable PAHs originating from decades of industrialupoth will have a fa
lower bioavailability as a result of sorption to soil argamatter for long periods of
time compared to those added experimentally (Joner e2G06; Alexander et al
1995). Hence, when predicting uptake of experimentally added RA#igvaluating
their bio-phytoremediation aspect, a correction factwrdorption of PAHs to soil
organic matter needs to be considered. On the other imasdnd and water media,
the PAH molecules are readily bio available, due to theraeasof SOM that PAHs

preferentially bind to, in these media.

Influence of weight fraction of organic carbon (Foc) in soil

Ryan et al. (1988)

5.0
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Fig.1.2: Influence of the weight fraction of organic carbonodfFin soil on uptake of organic
compounds by roots cultivated in soil (Adapted from Ryarl.1888).

Remediation of old industrial sites becomes necessamydeting the demand for
urban housing, office and leisure space (Smith et al., 20R6jnediation of polluted
soils and waters is desirable as the polluted sites pragsottential resource to solve
the food and /or fuel shortages of the world. Also, follmyvingestion by organisms,
PAHs can be metabolically transformed into mutagenigimagenic and teratogenic

agents such as dihydrodiol epoxides at the site of enffizese metabolites bind to



and disrupt DNA and RNA, leading the way to tumour formation.
Benzofluoranthenes, benzo (a) pyrene, benzo (a) ashe, dibenzo (a, h)
anthracene and indeno (1, 2, 3-cd) pyrene are the most jgatemogens among the
PAHs (Wild and Jones, 1994 and references therein) anddstherefore be targeted
on this basis. But, their lower bioavailability means ttity actually present less of
a danger than the more mobile pollutants (i.e. contaminatiidower Kow). So, it is
beneficial to the wider environment to reduce these tharards caused by PAHSs,
especially LMW PAHs (Smith et al., 2006).

Engineering techniques based on physical, chemical andahpratesses have been
used for remediation purposes, but these methods arexpensive and not always
effective (Okoh et al., 2006; Frick et al., 1999). Anotheroopis landfilling of
contaminated soil, but this is also expensive and becomescesasingly greater
problem as landfill sites are now in short supply and apam this, it is not deemed a
sustainable approach to solving the problem.Biological techniques such as
phytoremediation are considered attractive due to thest effectiveness and the
benefit of pollutant mineralization to carbon dioxide andewgOkoh et al., 2006;
Smithetal., 2006). Phytoremediation is a low input biotechnolaggroach: it relies
on the knowledge that natural attenuation by biodegradatidnpagsicochemical
mechanisms will decrease the pollutant concentratiod, i@mparticularly beneficial
where sowing seeds may be the only intervention (Setisth., 2006). Planting PAH-
contaminated sites gives other important benefits sucpr@ection against wind
erosion, reduction of surface water run-off, reinforcemef soil by roots and
aesthetically pleasing impacts on the area (Smith.€2@D06): it can also maintain the

livelihoods of the communities living in these environments.

1.2b. BIOTIC FACTORSRoots

The root is an important feature in phytoremediationabee plant roots are in direct
contact with the contaminants in their surrounding. sdihe presence of hydrocarbon
contaminants modifies the soil structure (Merkl et 2005) and soil structure
influences root growth (Passioura, 1991). Roots modify bicdd@ctivity, structure,
water status and mineral constituents of the surroundindgisedrgaard et al., 2000;

Atkinson, 2000), but will also be modified themselves gy ¢bntaminants. Unlike



animals, higher plants, cannot escape from their surrogagdias they are sessile,
thereby the interactions of their roots with the soil wipcesents many abiotic stress
factors such as water deficiency and toxicity due to the pcesef organic
contaminants and how the plants respond to the stoesktions are critical. In order
to grow in contaminated soils, plants need to adapt tHeessdo their growth
environment that exposes them to stress factors, threugleries of molecular
responses to cope with the adverse conditions. ftegration of many transduced
events into a comprehensive network of signalling pathvi@yas the basis of the
physiological processes for the molecular responseshvemable the plants to adapt
to the adverse conditions. Plant hormones may ambnjunction with other signals
to regulate cellular processes such as division, elomgatid differentiation. Since
stress factors are also major ecological factorsienicing the terrestrial ecosystem,
the mutual concerted relationship between plant roots andnieom®ment which
presents the cues or stimuli for the plants to evatedecular mechanisms of stress
signalling pathways is fundamental. The plant signallinghyways and sensor
network as adaptive mechanisms to environmental stressianial in the contexts of
agricultural environment and sustainable development (Wi,e2@07). Plant roots
have several functions in the terrestrial ecosysean as:
a. feeding soil organisms with carbon substrates and cotitrgpto soil organic
matter through root exudation and root death
b. providing a habitat for mycorrhizal fungi and rhizospherganisms including
PAH-degrading bacteria
c. changing soil pH , and concentrating rare elements asasdibxic PAHS
within the rhizosphere
d. regulating plant growth via sensor-networking, predominantly auglant
hormones playing a central role in sensor network (Wu e2@07) frequently
in conjunction with other signalling molecules such agass and sugar-like
compounds (Bolouri-Moghaddam et al., 2010 and referencesrtherei
e. absorbing soil resources comprised of water and nutrierit#st promoting
formations of hydraulic conduits and redistributions df s@ater and nutrients
within the root growth zone
f. strengthening the soil via humification and stabilisation;venéng soil

erosion by forming a vegetative cover
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g. providing mechanical support for the plants which are ¢sddar keeping a
stable environment, by regulating the global climate as wealr@soting the
sustainability of their surroundings in several ways at wiffe levels such as
molecular, cellular, organ, individual, community, retay ecosystem and
global ecosystem levels (Wu et al., 2007).

h. playing a vital role in sustaining the agricultural environmentndutimes of
stress, via production of higher root mass: higher amounphatosynthetic
sugars are translocated to the roots under stress conditiaizsand Zeiger,
1998). The roots of some crops such as carrot and beetroalsarstorage

organs, providing food for humans and other animals

1.2b1. ROOT SYSTEMS

The pattern of development of a root system is termed evchitecture. The
recognition of different types of root architecture igortant in phytoremediation as
these root morphological variations will influence tlapacities of roots to stimulate
the proliferation of PAH-degrading micro organisms withinthiegosphere as well as
to survive adverse conditions. Most plants produce omeooe orders of lateral root
branches that vary in branching patterns. These higher datlral roots are
generally thinner, shorter and do not live as long as thbkasver orders (Brundrett,
2008, 1999). Root axes which originate directly from the shot¢syare called axile
roots or order 1 axes. Two main types of root system iatmglished according to

the methods of root emergence (Pages et al., 2000).

(1) Primary root systems

Primary root systems originate entirely from a singdet called a radicle, which
emerges soon after germination. Nodal roots successivelydorthe plant stem and
these are called axile roots. With respect to the rodesy®f mature plants for
example in mature maize (Zea mays L.), the primary iatminor constituent (Ober
and Sharp, 2007).

Radicles give rise to"2 and 3 order lateral roots. Most roots in the primary root

systems originate from the branching process. Togetlieitheir initial direction, the
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description of the branching process in root architectue sgecifies the locations
and times of appearance of branches on the motherwbath is the primary root.

Acropetal branching is the predominant type of root brancinmgany species, and it
takes place on young parts of the root (see Fig.1.3). ftVpisally results in a

branching front which follows the apex of the mother root aioae or less definite

distance (generally some centimetres). However, ofpastof branch roots may
appear out of the acropetal sequence in some species. Thetgeal pattern of root

branching is much less clear than the arrangemenaeéseon the stem (Pages et al
2000). The primary root and its branches constitute theow@ipsystem or primary
root system, as seen in the mustard plant.

< Stem
-— Root-soil interface
Older 2% order lateral Base of the root
root Primary/ Mother root

Third order lateral root

<« Younger 2% order
lateral root

Apex of the root

Fig.1.3: Schematic diagram of the primary root system showirgpeetal branching (Adapted from
Pages et al., 2000).

Eudicotyledons/ eudicots (eg. poplar, willow, apple) possess prino®t system
which also shows secondary growth, giving way to mature, thicker “woody” roots

with bark and additional vascular tissue. They produeeseoroots that may live for
a long time and have important roles in transport and arecal support. The root

architecture of eudicotyledons can be referred to asea@ad woody.

12



(i)Adventitious root systems

In these systems, several axile roots are generated froratéim throughout plant
development (Fig.1.4). This type of root system is typafagrasses (Pages et,al
2000). The root architecture of grasses is referred to asufibend is comprised of

fine roots.

Stem

< Root-soil interface

Axile root \ Base of the root

Apex of the root

Fig 1.4: Schematic diagram of the adventitious root system

I
n plant-initiated remediation of PAHs or other organicteminants, maximising
root-soil contact is an important attribute. A high speaibot length (SRL, length
per unit mass) implies an effective and maximised root-smitact. SRL varies
between species. Generally, SRL is lower in the eudiwisg coarse, woody root
architecture (eg. for apple tree, SRL is 5M),ghan in grasses possessing fibrous root
architecture (eg. for ryegrass, SRL is 750M) (Atkinson, 2000). The amount of root
in the soil and root length density (RLD), also vary agispecies and are generally
higher for grasses as seems evident for SRL (Atkird000). Grasses also show fast
growth which is a favourable feature for phytoremediati@rasses are favoured in
the remediation of surface contamination (Brandt et2806; Smith et al., 2006), but
deep rooted plants such as poplar are required to accessnauantits found deep in
the soil profile (Rentz et al., 2003).
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In root system architecture, the growth direction oé ttoots is an important
component. The main guidance system that operates iryaineg root of the
germinating seed is that which senses gravity and this ensatasetroot is directed
downwards (Wilkins, 1999). This guidance system constitutes lmtbing and
response mechanisms with which deviations from the peefatirection of growt
can be corrected (Wilkins, 1999). Some of the long rootse hasry specific
behaviours such as vertical or horizontal growth, dependin the environmental
characteristics, and this strongly determines the dharape of the system, including
such important characteristics as overall width andrd@poutts, 1989). At a smaller
scale, roots generally exhibit some convolutions in responstheomechanical
constraints and unfavourable factors which they experiéPages et al., 2000). As
petroleum hydrocarbon-contamination presents adversetioosdfor the growth of
plant roots (Merkl et al., 2005), it is of interest to studwtgrowth in contaminated
soil affects the growth direction of plant roots thasgess different architecture.

1.2b2. ROOT GROWTH AND ROOT STRUCTURES

Plant roots grow deeper into the soil, exploring new vokirag soil in order to
acquire nutrients and water. Root tissues are produced byieision in the root
apex and cell expansion in sub apical regions (Fig. 1.5Td)e apical meristem
produces new root cap cells (Fig. 1.5 a & b) in an outward direeind new root
cells in an inward direction. A growing root can be dividetb divisional zone

(meristematic zone), elongation zone, root hair zowkbaanching zone (Fig. 1.5 c¢).

Root cap
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Fig. 1.5:a: Scanning electron micrograph of tall fescue roefs{éca arundinacea) showing root cap.
Key: RC: root cap; Scale: 200 um. b: Epi-fluorescent mgienph of tall fescue root stained with Nile
red (a lipid fluorescent stain) and viewed through Texas re@ KlYer and UV illumination (images
were overlaid using microscopic imaging software), showing captas well as root hairs. Key: RC:
root cap; RH: root hair; Scale: 100 um. c: Schemadigrdm for a longitudinal view of a growing root,
illustrating different growth zones and root structureddpted from Wild et al., 2005). d: Schematic
diagram for a cross sectional view of a growing rasttisned through root hair zone, illustrating
different root structures. e: Schematic diagram for pam cross sectional view of a root sectioned
through root hair zone (Adapted from Brundrett, 2008, 1999).

Root tip

The growing tip of roots is protected by a root cap (see Elg.a-c) consisting of
concentric layers of cells surrounding the apical memistvhere new root cells are
produced. The surface of the root cap of growing roots is ofieared by a thick

layer of mucilage (Rougier and Chaboud, 1985).

The epidermis and root hairs
The epidermis is the outermost layer of roots that fanstas the interface between

plants and the soil.  Epidermal cells may contain cuim insoluble, complex,
protective lipid which is composed of glycerol and fatty acidvagives with a range
of oxygen-containing functional groups and may be adheredthin layer of pectin,
continuous with the pectin which glues the epidermal ¢etigther to the outer cell
walls (Schulz, 2008; Forbes and Watson, 1992). Cutin corestittite structural
component of the cuticle, an outer hydrophobic skin thateptstcells and organs
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from desiccation and acts as a mechanical barrier agpatibgensThe major
hydrophobic constituents of the plant cuticle are thelidde polymers, cutin and
cutan, and a mixture of chloroform-soluble epicuticular amgacuticular lipids,
collectively called waxes. Cuticles have several layersch are defined on the basis
of their position and chemical composition: the cuticuégrer, attached to the cell
wall, and contains polymers, waxes, and polysaccharides etktend from the
underlying cell wall; the cuticle proper, comprised of cutin andhguiticular waxes;
and epicuticular waxes covering the cuticle proper (Fig.1.6l#.thickness of these
layers and their composition depend on the species, raitato location and
developmental stage. The cuticle usually has an amorphppsarance when
observed by electron microscopy (Fig. 1.6 b), but inesghants it presents a lamellar

ultrastructure (Molina, 2010).

(a) _— Epicuticular waxes
Cuticle proper {cutin +
Cuticular layer (cutin +
" waxes + carbohydrates)
’ Middle lameliae

— Primary cell wall
Plasma membrane

\ Cytoplasm
~— Vacuole

(b)

] Cuticle

Epidermal cell wall
100 nm

Fig.1.6: Structure of the plant cuticle. (a) Diagrammatic strrectof epidermis and cuticle. (b)
Ultrastructure of the cuticle of the leaf epidermis of Bidopsis plants (presented directly as in
Molina, 2010).

Cutin is polyester of C16 and C18 oxygenated fatty acids armrgly Monomers
released after chemical cleavage of ester bonds usually include w-hydroxy and -
hydroxy-epoxy fatty acids, which are derived from C16 saturateldC18 unsaturated
fatty acids.Minor amounts of hydroxycinnamic acids have been also regas
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structural components. Cutan is another structural polythegrremains as a non-
depolymerizable fraction after ester-bond hydrolysis of cuitiis; possibly composed
of cutin monomers mostly linked by ether and C-C bondsicGlar waxes include
very long chain alkanes and substituted derivatives sudattgsacids, primary and
secondary alcohols, aldehydes and ketones. Cutin mon@rerssterified to each
other by their primary hydroxyl groups (Fig.1.7) forming a lineatygster. In
addition, esters formed between the carboxyl group of ame daid and a hydroxyl
group of glycerol or a secondary hydroxyl group of anothéty facid allow a
branched structure such as cross-linked and dendrimeric amange However, the
three-dimensional structure of cutin remains unresolveds llso unclear if the
insolubility of the polyester is a consequence of covdiekage to the cell wall or
cutan, or of the high molecular weight of the polymenl(ikk, 2010).

The monomers are mostly linked by

/ primary ester bonds 5
O,R
RX S o S

OOY\MN\/WO
0

\[ o,R'
0 O AAANAANAANANO
OINASASAAANAAAD
(6]
oA AAANAANAANAAOH

Fig. 1.7: A hypothetical arrangement of mamers that could be found in a w-hydroxy fatty acid-rich
cutin. R: aliphatic polyester (Presented directly as in Mol2t,0)

Cutin is similar to suberin in structure and function, bam ®e distinguished by its
chemical composition (see Table 1.3 below) and deposities s
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Table 1.3: Compositional comparison between cutin and sub8wurce: Molina, 2010)

Monomer Cutin Suberin
Glycerol OH Substantial Substantial
HO AL OH
Unsubstituted acids Minor (C15-C1a) Minor (C1-Cas)
OH
QJ\A/\/\/\/\/\/\MCHQ
a,mn-Dicarboxylic acids (C1g-C2s) Minorb Common and
OH OH substantial
OW—WO
w-hydroxy acids Major (C15-C1a) Common and
substantial

OH
ONANAAAAAAAAAOH (C16-Cae)

Substituted w-hydroxy acids (C15-Ciz) Major Minor®
OH
O)\/\/\/\/TWVOH
H
H OH
o’ OH
OH
HOGAAAAAASIASAALOH
0 0
Fatty alcohols Rare and minor Common and
(C15-Cis) Substantial
NN NN
HO CH, (C1a-Ca2)

HOMAAAAANAANAAA AL
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me-Cw dicarboxylates are major monomers in Arabidopsis and Brassica napus cutin (>50%).

°In some cases is substantial. Substituted dicarboxylic acids and o,m-diols are also frequently
found in suberins,

The outer-facing wall of epidermal cells in the leavesl atems contain some
waterproofing, due to the presence of cuticle. Since yaoonts must be able to
absorb water, their epidermal cells do not generally pessaticle, but a very
rudimentary cuticle composed of cutin may occur in theroep&lermal cells of some
roots (Forbes and Watson, 1992). PAHs may be adherednbyatar hydrophobic

16



interaction to the walls of the root epidermal cells dughéhydrophobic character of

cutin.

Root hairs are microscopic extensions of root epiderml$ @nd they greatly
increase the surface area of the root (see Fig. 1.5 BQy provide greater capacity
for absorption of soil ions and, to a lesser extend, @re water. Water enters the
root most readily in the apical part of the root which inctuttee root hair zone (Taiz
and Zeiger, 1998). Studies carried out by Jones et al. (199%nanbium root hairs
using a vibrating microelectrode highlight the importanéeamt hair number for
calcium ion (C4") uptakeand root hair length for potassium ion *JKuptake
(Neergaard et al., 2000). Another study carried out by Gahoodi&letsen (1998)
using radioactive phosphorous*{P provided direct evidence on the substantial
participation of root hairs in the uptake of phosphorous foih

Ample moisture and a good oxygen supply are necessary to @roatondant
development of root hairs, whereas a very concentratiégdadution and extremes of
temperature retard root hair development (Weaver, 1926). gerds hydrophobic
pollutants, a study carried out by Alkio et al. (2005) on Arabidapsisana grown
on phenanthrene-containing growth medium, showed a drastigtimhibf root hair
development. Possibly the presence of hydrophobic petratgainocarbons may act
as a water-impermeable barrier in soil and interferh Whe movement of water in
soil pores, and this consequently will affect the supplwater and oxygen to root
hairs in contaminated soil matrix. Additionally, PABgssess darker, solar radiation
absorbing properties and may raise the soil temperature tvaurbble degrees

(Merkl et al., 2005). The aspects will be further considérd¢tie present work.

Root cortex

The zone between epidermis and endodermis, consistingaioy tayers of cells is
termed cortex. The cortex is the largest organ of pgimaots and is important for
storage and transport (Brundrett, 2008, 1999). Barcelo et al. (1888)dtmown an
increase in the cortical zone due to differences in ttagement and shape of cortex
cells in bush bean stems exposed to cadmium (Cd) toxigisyPAHs could impose
toxic effects on plant roots (Merkl et al., 2005), it is oferest to study the

differences in root cortex due to exposure to PAH contaminati
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Endodermis

The endodermis is the innermost boundary of the cofitesxecutes a major function
in regulating nutrient transfer and solute uptake into roelest Endodermis is
considerd as the plant’s ‘physiological sheath’, a structurally specialised layer, which
also protects the plants against stress (Enstone @08B). The primary cell wall of
all root cells is composed of cellulose microfibrils eoitbed in a highly hydrated,
anmorphous matrix, consisting of two major groups of polysadcdba called
hemicelluloses and pectins, plus a small amount of strucpuodéins (Taiz and
Zeiger, 1998). Endodermis has lignin and to a lesser exibgtis incrusted into the
framework of the primary wall (Shreiber 1996; Shreiber etl®94), forming a well-
characterised feature in the anticlinal walls of its ssetermed Casparian strip
(Enstone et al., 2003). Both lignin and suberin are highlydprabic, preventing
the ready passage of water (and ions) into the root, diffeér in chemical
composition: Lignin (see Fig.1.8) is a highly heterogeneous byiojgs comprised of
phenylpropanoid residues covalently linked by non-specific oxidateactions
triggered by peroxidise, Suberin (see Table 1.3) is a progetipid composed of
glycerol esterified to fatty acids but enriched in carboayld hydroxyl groups
(Schulz, 2008).
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Fig.1.8: Lignin structure
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Several investigators have shown that the endodermis @asdaand blocks the
passage of various ions, heavy metals and fluorescentfidyasentering the stele,
beginning with the classic work of de Rufz de Lavison in 1&s{one et al., 2003).
In many plants, suberin lamellae, the major biopolyneénmshich are suberin and, in
lower amounts, lignin (Zeier, 1999), are deposited as secpmetls in the mature
endodermis (Enstone et al., 2003), mostly in the inner wallsu{$c2008). Suberin
lamellae are hypothesised to consist of a suberin pgifatic domain and a suberin
poly phenolic domain (Bernards, 2002). Suberin lamellae form a hydrophobic
covering around the cell, except in those regions occupigdasmodesmata. Suberin
lamellae protect against pathogen invasion and possibly romigddyring times of
stress (Enstone et al., 2003). Although many species, paryculaoody
eudicotyledons, do not develop cell wall modifications beyond rsultemellae in
their endodermis, most grasses and a few eudicotyledon®pehik, tertiary layers
(Enstone et al., 2003). This tertiary cell wall thickening is gaheasymmetrical,
being thinner on the outer tangential wall than on othersw@&kau, 1965). The
major component of tertiary walls is cellulose, which rbayimpregnated with lignin
(Esau, 1953), but lignin can be the major component of lgsisited tertiary wall
materials (Scott and Peterson, 1979). Suberin is frequabdent or present in
extremely low levels in tertiary walls (Zeier et al., 1998jef and Schreiber, 1998).
Tertiary walls have been assumed to aid in protecting rag&nst the tension,
perhaps due to water stress (Enstone et al., 2003). Due tetenpe of suberin and
lignin, the absorption of water to the cell walls is tieal, whereas absorption of

hydrophobic substances may be favoured, in the mature entiede

Enstone et al. (2003) and Soukup et al. (2004) have reported aleratexd
maturation of endodermis when plants are exposed t@sstenditions such as
salinity and drought. The presence of petroleum hydroocarbosoil presents many
stress factors including water stress for the growtharitpoots (Merkl et al., 2005).
Hence, understanding how the exposure to petroleum hydroeadmamination
influences this root ultrastructure could shed light on trectpral applications in
plant resistance to the contaminated environment. Keytstalcomponents of root
cells, such as cellulose, proteins, hemicellulose, ligmatin, and suberin, differ in
proportion/ volume along a developing root. It is hypothesikat the progressional

changes in cellular structure from the root tip to thenbhing zone is likely to affect
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the uptake of organic chemicals including PAHs (Wild et al., 2088).a study on
the endodermis of plant roots exposed to the petroleurtamamants also merits
attention in the context of uptake of the toxic PAHs layproots.

Stele

The centre of the root is called the vascular cylindestele and is enclosed by the
endodermis. Conducting elements, consisting of xylem andephlare located
within the vascular cylinder. The phloem transports photbsyic sugars from the
leaves to other plant organs such as roots. The xyleselgefinction in the long-
distance transport of water, various nutrients, and sigmnaholecules throughout the

life of the plantg (Raven et al., 1999). Two types of xyleessels are distinguished in

a plant root, according to the time of their maturity): geotoxylem vessels and (b)
metaxylem vessels. Protoxylem vessels mature beforeitteading structures such
as xylem parenchyma, pericylce and endodermis have elongaatdreMprotoxylem
vessels transport water and solute from the root towardshitat during a period of
intense longitudinal growth of the surrounding root tiss(eeg. endodermis). The
primary cell walls of protoxylem vessels are not lignified lagt they mature,
secondary walls are deposited in the form of lignified anninalical, or reticulate
thickenings, allowing the functioning of the protoxylem for sometduring a period
of passive stretching (Barnett, 1981). The protoxylem veseelsemjuently destroyed
by the extension of the surrounding tissues. Riser and rK¢l1692) have
demonstrated localisation of a glycine-rich cell wall proté®RP 1.8) in the
unlignified primary cell walls of the oldest protoxylem elenseaind also in the
corners of the proto- and metaxylem elements of French lbwgaocotyls. Riser and
Keller (1992) suggested that this GRP 1.8 protein is synthesisedyleyn x
parenchyma cells and secreted into the walls of the adjagkam vessels and that
this protein fulfils a repair or “filling-in” function for the primary walls of the dead
protoxylem vessels that were subjected to intense passivensigetcThe metaxylem
vessels usually have reticulate and pitted thickenings aharerafter the surrounding

organs complete their growth. In contrast to protoxylemseiss they are not

destroyed, and constitute the water-conducting tubes ofdh&renplant (Esau, 19}).7

Kubo et al. (2005) reported that the formation of protoxyéam metaxylem vessels

is controlled by transcription factors, suggesting a gemetntrol over the production
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of xylem vessels in plants. Environmental influences coaldehimpacts on the
expression of genes of an organism. Barcelo et al. (198@) sfeown that smaller
xylem vessels were produced in bush bean stems exposed taxi€ityy whereas
Huang et al. (1991) demonstrated smaller and fewer metaxylerals/@éissseminal
wheat roots exposed to higher temperatur€@t0Both Barcelo et al. (1988) and
Huang et al. (1991) also suggested that water economy of ple#s containing
smaller or fewer metaxylem vessels was affected or mealdift would be interesting
to investigate into the differences in the size and nurobéhe xylem vessels in the
roots of the plants grown in soils contaminated with petro hydrocarbons.

The effect of transpiration on transport of organic contaminants fom soil pore
water across the root

The transport of water within the plant, which is knowrtragsslocation, is the major
mechanism for the movement of nutrients and other coemsrifrom soil pore water
to plant (Bell, 1992). Water and solutes are transported upin@rdthe root into
other plant parts through the xylem by mass flow resuftiomy a pressure gradient.
This driving force is created during transpiration, where watdrawn in through the
root system by capillary action to replace evaporativeeld®m stomata within the
leaves (McFarlane, 1995).

Chemical transfers from the soil into the root are prilg mediated by the uptake of
soil pore water during transpiration where contaminamts move from the root
system to stems, leaves, and storage organs through ahspitation stream

(McFarlane, 1995). In order for chemicals to be taken wpplant roots to reach the
xylem, they must first penetrate a number of plant tssthe epidermis, the cortex,
endodermis and pericycle, and need to be dragged along tee tnansportation

pathway (Collins et al., 2006 and references therein; Engtioale, 2003).

Water is transported into the conducting xylem vessels piglastic fluxes or the
symplastic stream. In the apoplastic pathway, watdrraolecules diffuse between
cell walls and through intercellular air spaces whilst ty@apastic pathway allows
entry of molecules into the root cell cytosol aftearsport across the cell membrane
or plasmodesmata (Fig.1.9) (Wild et al., 2005).
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Fig.1.9: A diagram showing apoplastic and symplastic flow of watet solutes through adjacent cells
(Adapted from: Brett and Waldron, 1996).

At the endodermis, which is a layer of cells packed with intercellular space,
separating the cortex from the central cylinder (Esau, 197@lkcules in symplastic
stream are shunted from the symplastic pathway into agiplstream (Wild et al

2005; Enstone et al., 2003). The endodermis effectively furctas an apoplastic
transport barrier and subjects further solute uptake ttmrsoil in the symplast to a
cytoplasmic control (Esau, 1977). Molecules in the aptiplageam or symplastic
pathway can be blocked from entering the stele by the @asphands in the
endodermis (see Fig. 1.10 A). However, not all endoderntial daevelop Casparian
bands or suberin lamellae and these cells are called passitgje Passage cells, if
present, are generally situated opposite to the proto xyldes,pand solutes and
water could enter the vessel elements unimpeded via the pasdisg&nstone et al

2003). Lateral roots generally appearing on a defined numbank$ on the mother
root also face the internal xylem poles of the primary (®ages et al., 2000). If
Casparian bands are formed in the hypodermis, i.e. thexclayer just beneath the
epidermis, it is called exodermis (see Fig. 1.10 D). Hdexmal Casparian band
structures are present in a plant root, the restristion the apoplastic inflow of

solutes occurs near the root surface (see Fig. 1.10 D) fienstal., 2003).
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Fig. 1.10: Partial cross sections showing, A (above): a root withature endodermis and immature or
absent exodermis; D (below): a root with mature endodesimisexodermis, illustrating the movement
of apoplastic ions (red) within roots. Intensity of redns#ies ion concentrations. Key: EN:
endodermis; EX: exodermis; PE: pericycle; TE: tracheseyent; XP: xylem parenchyma. Casparian
bands are indicated by black areas in the walls (AftetdBeset al., 2003).

Nile red as a vital, hydrophobic probe in modelling the passage of hydrophobic
xenobiotics such as PAHs

Nile red (9-diethylamino-5Hbenzo[a] phenoxazine-5-one) (Fig. 1.11) is a fluorescent

dye with a hydrophobic character.

Hac—\N QN
o/ ML
@]

Fig. 1.11: Structure of Nile red

Nile red is poorly soluble in water, and the fluorescent¢he dye is quenched in
water. It is strongly fluorescent, but only in the presemmd a hydrophobic
environment. It dissolves in a variety of organic solvenBartition coefficients of
Nile red relative to water are ~200 (Greenspan and Fowler, 1988)dye is very
soluble in the lipids it is intended to show, but does notoblissthe lipids it is

supposed to reveal (Greenspan et al., 1985). Furthermoreedligains living cells,

being highly membrane-permeable and not acutely toxic to liegllg at nanomolar
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concentrations (Diaetal., 2008). These characteristics make Nile red as aillexc
hydrophobic probe as well as a vital stain (Diaz et al., 2G@8enspan et al., 1985).

A study carried out by Greenspan et al. (1985) on cytoplaspitt dverloading of
cultured aortic smooth muscle cells and peritoneal macggshahowed that, when
measured at excitation wavelengths of 487-489nm and emissiotewgles of 530-
550nm, the fluorescence intensity observed in the preseheeryg low density
lipoprotein was 10-to 20- fold greater than in the presenckepétic microsomal
membranes and was 200-to 400-fold greater than that found waktestefallbumin.
Nile red is also characterised by a shift of emissiomfred to yellow according to
the degree of hydrophobicity of lipophilic substances. Pdipds (i.e.,
phospholipids) which are mostly present in membranesstaieed in red whereas
neutral lipids (esterified cholesterol and triglycerided)ich are present in lipid
droplets are stained in yellow (Diaz et al., 2008 and refergheesin). Diaz et al
(2008) showed a good linear relationship of red and green emss®&r reference
lipids (free cholesterol, oleyl cholesteryl esterpl#in, oleic acid, monoolein and
phosphatidylcholine) stained with Nile red. The study by Deétzal. (2008)
demonstrated that red/yellow emission ratios ranged fromot.8hiblesterol ester to
82.1 for monoolein and that the ratios were highly discriteithdor all lipids tested.
Additionally, Nile red emission is virtually absent in thieie region, so that Nile red
may be used in combination with other important blue-emighirobes such as DAPI
(Diaz et al., 2008). The affinity of Nile Red to bind hgdrophobic molecules
suggested that it might be used as a tool to probe the pasfsagtake of organic

pollutants by roots.

The effect of root lipids content on root uptake of petroleunhydrocarbons

Organic contaminants such as PAHs can be absorbed by tlefooaubsequent
storage, metabolism or translocation via the trandpmastream (Fismes et al., 2002;
U.S.EPA, 1999; Wenzel et al., 1999), and this is termed phytmxin.
Phytoextraction is considered as a minor phytoremediatpathway in the
remediation of petroleum hydrocarbons (Merkl et al., 200Sgveral investigators
such as Verdin et al. (2006), Wild et al. (2005), Alkio et al. (2@G0%) Gao et al
(2004) have documented root absorption and uptake of PAH Atkal. (2005)
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have shown internalisation of phenanthrene in the rooteaidissues of Arabidopsi
thaliana with the use of gas chromatography-mass spectyor(@-MS) and
fluorescence spectrometric techniques. Here plante g'ewn on Murashige and
Skoog (MS) medium supplemented with 0.5 and 0.75 mM of phenaatf®édkio et
al., 2005). Similarly, Verdin et al. (2006) have shown irglatar accumulation of
the low molecular weight PAH, anthracene, in the raalt lpid bodies of chicory
(Chicorium itybus) grown on nutrient medium containing 140my dnthracene
(Fig.1.12). However, it is important to note that the ntda were grown
hydroponically in nutrient medium in both studies, so thatcompetitive sorption
could have occurred between PAHs and the organic carbampwd have been the
case had they been grown in soil. Hence, a correctioorfis sorption of the PAHs
to SOM may need to be applied when predicting PAH uptake id dehditions,
when using the results of these studies.

60 um

Fig. 1.12:Chicory root cells (al)-Bright field and (a2)- fluorescensimg standard DAPI filter set. No
fluorescence was detected in lipid bodies of the cbimtrcomparison to cultures grown in the presence
of PAH (Directly presented as in Verdin et al., 2006)

Another study carried out by Gao et al. (2004) in which 12 diffespacies of plants
were grown in phenanthrene or pyrene-spiked soil, contaihid§% of organic
matter (w/w), revealed that PAHs accumulated in the redth, pyrene levels being
higher than those of phenanthrene. Higher log ¥alues denote a higher degree of
hydrophobicity. Since highly hydrophobic substances can belstksoo lipophilic
plant components easily,this is likely to have resulted from the higher logwK
values of pyrene than that of phenanthrene (Gao et al., 200%his finding is

however, contradictory to the results of the study edraut by Zohair et al. (2006),
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where PAH burden in potatoes and carrots was dominated by ddecatar weight
compounds, and BCFs (soil-crop bio concentration facteesg shown to decrease
with increasing log Kw. The facts that the soil was experimentally spiked WitiHs
and had only 1.45% of organic matter in the study by Gao €2@04), whereas the
crops were grown in organic farm soil with organic mattantent ranging from 3%
to 5% in the study by Zohair et al. (2006) could explain tlfferénces between the

two results.

The study by Gao et al. (2004) showed that different con¢emisaof phenanthrene
and pyrene occurred between different plant species (Fi & 1.14). These
differences were positively correlated (p<0.05) with ropidl contents of the plants
(Phenanthrene’R0.79; Pyrene R=0.86; N=12) (Gao et al., 2004). The contribution
from plant uptake to soil PAH removal was negligible (<0.Gd%phenanthrene and
0.24% for pyrene) in the study by Gao et al. (2004). Sti shidy was suggestive
of translocation from root to shoot as the major pathwlaghoot accumulation of
PAHS.
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Fig. 1.13: Root concentrations of phenanthrene (dw) for plants gigpwirspiked soils (soil pi3.05,
organic matter 1.45%) with initial phenanthrene concentraifd33mg kg ,after 45 days of exposure
to the PAH. Bars show standard error of the meamfat! from: Gao et al., 2004)
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Fig.1.14: Root concentrations of pyrene (dw) for plants growinggiked soils (soil pH 5.05, organic
matter 1.45%) with initial pyrene concentration of 172mg kefter 45 days of exposure to the PAH.
Bars show standard error of the mean (Adapted from: Gab, 2004).

Chiou et al. (2001) also suggested that plant lipids are a nagtorfin causing
differences in plant uptake of lipophilic contaminan#dditionally, peeling carrots
and potatoes removed 55.9-100% of PAH residues, depending onariefy \and
contaminant properties (Zohair et al., 200&jere, the higher lipid content in peels
than that in their corresponding cores could explainréimeoval of organic pollutant
residues by peeling (Fismes et al., 2002; Chiou et al., 2001).tBvagh there was
no correlation for PAHs with either carrots or potatosgpnger correlations of
polychlorinated biphenyls (PCBs) and organochlorine pesticide®$P@ soil and
their uptake by carrots than potatoes were found (Zohair.,e2@06), and this could
be due to the presence of oil channels in carrots (Kipopoet al., 1999; WHO,
1998). Here oil channels refer to secreting ducts tlaeteand store essential oils
and can be found either on the surface of plants ormiitig plant tissue (Glisic et al.,
2007).
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Moreover, a light and laser scanning microscopic studyechout by Scheer (2006)
using 405nm as the excitation wavelength on petroleum crud¢l@®i5g total
extractable hydrocarbons kgsand dw)-treated tall fescue root fragments revealed
oily droplets on the surfaces of the treated roots (Fi§)1.but strong fluorescence
associated with petroleum hydrocarbon molecules wasletected beyond the depth
of 48um (Fig.1.16).

Fig.1.15: Light microscopic observations of crude oil (16.5g totatastable hydrocarbons Kgsand
dw)-contaminated tall fescue root fragment. Scale: A0Qpter Scheer, 2006).

Fig.1.16: Laser scanning microscopic images (Z-series) of the ragtfents of tall fescue grown in
petroleum crude oil-contaminated sand (16.5g total extradtgbi®carbons kgsand dw), at the
depths of

b) opm b) 19.2pum c) 28um and d) 48um (After Scheer, 2006).
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These microscopic observations by Scheer (2006) suggest thatdmdnoenolecules
were adsorbed onto the root surfaces, but penetration of teaséiotic compounds
into the central cylinder where conducting vessels ada; may not have occurred
in tall fescue roots growing in petroleum hydrocarbon-comtatad sand. It has been
assumed that mobile pollutants are drawn into the rhizosphiardranspiration
stream, and that a limited amount of PAH uptake by plahiss place (Harvey et al.,
2001), but the xenobiotic compounds may not reach the xylerselgesvhich
represent the predominant route for the long distaremesportation towards the
shoots. Hence, the PAHs taken up by plant roots may acit tee shoots.

Similarly, Wild et al. (2005) demonstrated that the radial moeseat of anthracene and
phenanthrene did not extend beyond the cortex cellseofoibts of maize and wheat
grown in a contaminated sand medium, over a 56-day grpeiod. Wild et al
(2005) have shown highly focussed streaming of the xenobiotip@amds within the
cortex of the plant roots, but also demonstrated tleakéinobiotic compounds did not
pass beyond the base of the roots into the stems. itigkddly, the uptake and
movement of anthracene within maize cell walls was approgign&t times slower
than that of phenanthrene, presumably reflecting diffaxenn the solubility of the
PAHs tested. Also, the uptake of both anthracene and ptheeae were
approximately 3 times slower in wheat than in maize, perdapsto differences in
lipid composition of the cell walls between the two plgmces (Wild et al., 2005).
Furthermore, similarly as Harms (1996), Wild et al., (2005prte@ that anthracene
was located predominantly within the cell walls. MeagR€&00) suggested that the
plants isolate toxic xenobiotic compounds from the mdialmmowerhouse of the
cytoplasm, by sequestering them in either cell walls oue®s, presumably as a
protective mechanism. Hence, the passage of PAHs abessot tissues could be

predominantly apoplastic.

The effect of enzyme complements on catabolism of hydrodams within the
root tissues

The metabolic breakdown of complex molecules into Bmpnes, often resulting in
a release of energy is termed catabolism. Catabadif petroleum hydrocarbons

within a biological system helps to achieve complete ralimation of the compounds
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to non-toxic end products such as £&hd HO and is typically undertaken by
rhizospheric heterotrophic micro organisms. Plants whichp&@otrophic do not
need to catabolize/ mineralise these compounds for emettggction purposes, but
appear nevertheless to catabolize them to non-toxiometHates that are then stored
in vacuoles or excreted into the cell wall. Since hyadrbans are virtually insoluble
in water, more highly reduced than cellular molecules, dmmacally unreactive,
they require specialised enzymes for their initial oxidatwhich is an essential
prerequisite before they can be incorporated into celliaterial or metabolised.
Oxidation often means the removal of hydrogen atomseatreins from the substrate,
however, in the case of plant oxidation of hydrocarbotie initial step of
hydrocarbon oxidation usually requires the addition of aygen atom from
atmospheric oxygen. There are two classes of diredaton:
a. those in which both atoms of a molecule of &e added to the hydrocarbon,
catalysed by dioxygenases &
b. those in which only one atom of ,@s added, catalysed by mono-oxygenases
(Jenkins, 1992).

The addition of an oxygen atom increases both the solul@hiy the chemical
reactivity of the hydrocarbon (Meulenberg et al., 1997; Wilsmd Jones, 1993;
Sutherland, 1992). However, plants must carry the geneswbde for the synthesis
of these enzymes required for the oxidation of hydrocarbonOxidation of
hydrocarbons within plant tissues depends both on the igasw@hposition of the
plant and the type of hydrocarbon molecules (Phillips et2806; Siciliano et al
2003; Jenkins, 1992).

Short-chain n-alkanes (s{ are soluble in water and can be found in higher
concentrations in water, therefore they are toxic tganisms. They bind to
membrane lipids and proteins and thereby cause disorganigatiohe plasma
membrane. n-Alkanes of the;d>- C,, range are usually readily metabolised, but
higher molecular weight alkanes tend to be solid waaed are not readily
biodegraded. Unsaturated compounds and branched-chain com@waraso less
readily biodegraded. Monocyclic aromatic hydrocarbons catokie, but in low
concentration can be metabolised. Polycyclic aramaydrocarbons (PAHS) with

two to four rings are biodegraded at the rates that decreds increase in the
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number of rings the PAH possesses. PAHs with five orenfosed rings resist
biodegradation. At low concentrations, cycloalkanesdagraded at moderate rates,
but highly condensed cycloalkanes are resistant to biodegrad&aorell-Jones,
2003; Jenkins, 1992).

Adhesion between the cell and a hydrocarbon dropleivielti by solubilisation of the
droplet by specific agents may promote the entry ofdimgplet into the cell. Once
inside a biological system, hydrocarbons, especially naalkg>G or Cp— Cyp) are
initially oxidised to the corresponding alcohol (n-alchhaa the mono-oxygenase
class of enzymes (Jenkins, 1992). Metabolic studies shwwn that a reducing
agent such as NADH or NADPH has to be present, and is edidsncurrently with
the hydrocarbon molecule. Sufficient activation @& thther stable ©molecule to be
split into two atoms is achieved by linking the mono-oxygenanzymes to one or
more of several different electron-carrier systemshsas cytochromesg (Harvey et
al., 2001 and references therein). Pairs of electronsramsferred from NADPH or
NADH via electron-carrier proteins to the mono-oxygenabee enzyme then adds a
single atom from molecular oxygen to the hydrocarbon angg the corresponding
alcohol and water (Fig. 1.17). The mono-oxygenases anetiehydroxylases since a
hydroxyl group is formed. They are also called mixed funct@idases as they

oxidise a wide variety of substrates (Jenkins, 1992).
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Fig. 1.17: The pathway of oxidation of n-alkanes to primary alcehoh cytochrome R, system.
Blue textboxes/ lines/ arrows indicate reduced molecubekiction path; Red textboxes/ lines/ arrows
indicate oxidised molecules/ oxidation path (Adapted fronmkiden1992).

Further oxidation of primary alcohols proceeds via the aldehydlee corresponding
monocarboxylic acid (fatty acid), catalysed by the enzymedalehydrogenase that

removes hydrogen atoms from the hydrocarbons (Jenkins, 18§2)L(18).

(0} H.O
R-CH; | R-CH; OH | R-CHO » R-COOH
NAD(P)H
+H NAD(P)* NAD(P)* NAD(P)H NAD(P)* NAD(P)H
+ H + H

Fig. 1.18: Pathway showing subsequent oxidation of primary alcoholsthie corresponding
monocarboxylic acid. Blue textboxes/ lines/ arrowsdatd reduced molecules/ reduction path; Red
textboxes/ lines/ arrows indicate oxidised molecules/ oxidgiath (Adapted from: Jenkins, 1992).

Subsequent metabolism of fatty acids could occur follgwhe same pathway as that

involved in lipid metabolism, such dsoxidation pathway. This could lead to the
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generation of acetyl CoA, succinyl CoA and pyruvateletwwes and eventually
produce CQand HO (Meagher, 2000; Jenkins, 1992).

The ability of plants to catabolise hydrocarbons, esflg@esomatic hydrocarbons, is
extremely limited, perhaps due to the inadequacy of the enaystems required for
PAH-degradation within plant tissues (Harvey et al., 2001 afefances therein;
Jenkins, 1992). Furthermore, plants do not require these copa@s a source of
carbon and energy as micro organisms do. Nevertheletshaolism of PAHS inside
the plant root tissues may occur, depending on severardasuch as the growth
medium, the genetic composition of the plant, the entration and physico chemical
characteristics of the PAH. Wild et al. (2005) have shdegradation of anthracene
to the partial breakdown products anthrone, anthraquinonend a
hydroxyanthragquinone in the zones of root elongation aaddming of maize root,
through in situ visualisation of the movement of thesaobhiotic compounds that
chemically auto-fluoresce inside living plant tissues, using phaton excitation
microscopy (TPEM). It has been suggested that the act¥ityost enzymes and
enzyme systems change in different growth zones of thearabthat the enzymatic
activity is relatively high in the mature zones. The<dil the zone of elongation
possess a complete profile of enzyme systems and théyaof some enzymes
including those associated with PAH uptake and assimilat@rease after elongation
(Kolek and Kozinka, 1991). Anthracene degradation was principadigreed in the
mature region of the root, presumably because the enzynvedved in PAH-
degradation were sufficiently developed in the mature zotieegplant roots (Wild et
al., 2005).

Furthermore, investigations carried out by Kolb and Harms, 2800kelhoven et al.,
1997, Sandermann, 1994 and Harms et al., 1977 on fluoranthene, pyckibenzo
(a) pyrene in plant cell suspensions demonstrated biddrametion of the PAHs into
hydroxyl-PAHs or PAH-quinones. These PAH metabolites iem@onsidered to be
conjugated with glucose, glucuronic acid or other cell wallpmments via the mono-
oxygenase pathways (Meudec et al., 2006 and referencesthdaevey et al., 2001
and references therein; Kolb and Harms, 2000). Accordir@chmoor et al. (1995),

remediation can occur by the direct uptake of the ecoint@nt into vegetative tissues,
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resulting in transformation by plant enzymes, sequestrawithin the plant, or

transpiration through leaves.

Root Exudates

Roots may modify the physical, chemical and biochemicalacternistics of the soil
in their vicinity (rhizosphere) by not only absorbing nuttgeand other components in
soil pore water, but also by releasing different compoundh as root boarder cells
and root exudates (Grayston et al., 1996). Synthesizing, atatimg and secreting a
diverse array of compounds are specialized processesate@dby roots in the
rhizosphere. The chemicals secreted by roots into thesbroadly classified as
root exudates. Nearly 5% to 21% of all photosynthetically foatbon is transferred
to the rhizosphere through root exudates, representing dicagwicarbon cost to the
plant (Walker et al., 2003). Root exudates have been tradijiatassified into low-
and high-molecular weight compounds. Low-molecularghecompounds such as
amino acids, sugars, organic acids and phenolics compgresengjority of root
exudates. Micro organisms can modify and degrade low mateaeight exudates
like citric acid and phenolic compounds (Engels et al., 200@h-kholecular weight
compounds primarily include mucilage and proteins. Root exudatess chemical
messengers that communicate and initiate biological amgsigal interactions
between roots and soil organisms, and participate in regglate soil microbial
community in the rhizosphere (Walker et al., 2003). Tioeeetthis remarkable
metabolic feature of plant roots is important in plardmoted biodegradation of

organic compounds.

Roots of specific plants may demonstrate diurnal rhythms lacalization of
enhanced exudation as adaptations to particular environnsentfitions (Engels et
al., 2000). For example, enhanced release of organic acmlsosphorous-deficient
rape (Hoffland et al., 1989) or of phytosiderophores in ircicgat maize
(Romheld, 1991) is largely confined to the root tip (apical, @njl this is expected to
increase the efficiency of exudates in mobilizing phospl®rand iron in the
rhizosphere as the density of micro organisms which magbolte exudates is
higher in basal root zones than in the apical regldrerf and Reisenauer, 1988).

Moreover, the distinct diurnal rhythm exhibited by iron-desfint plants (Marschneat
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al., 1986) for the release of phytosiderophores, may aserghe probability that
phytosiderophores mobilize iron in the rhizosphere befeiagodegraded by micro

organisms (Engels et al., 2000).

Root exudation patterns of plant roots can also influenceratex state of the
rhizosphere. For example, the release of reducing substéMeeschner et al., 1986)
such as phenolic acids or carboxylic acids (Dinkelaker.et1896, 1993; Hether et
al., 1984) can increase the availability of Fe and Mn thrdabglreduction of Fe or
Mn oxides, especially in soils of neutral or alkaline (Bhirney and Ashford, 1989).
Contrastingly, excessive uptake of reduced Fe, Mn and sufpisdavoided by an
increase in the redox potential of the rhizosphere osmatants such as rice, by
diffusion of oxygen from the shoot to the roots and subsequed@ase into the

rhizosphere (Trolldenier, 1988).

The presence of petroleum hydrocarbons in soil changesitesphere environment
of plant roots. Survival of any plant species in a padrcgrowth environment
depends chiefly on the ability of the plant to perceive change the local

environment that require an adaptive response. Upon enciograechallenge, roots
typically respond by secreting root exudates (Stintzi andvBep 2000; Stotz et al.,
2000) which participate in root-soil contact as well as positive negative

communication with other plant roots and soil organismalRéf et al., 2003). The
pattern of root exudates is not homogeneous between planespeonder different

environmental conditions or along the root axis of a plaot fWalker et al., 2003).

An investigation conducted by Gao et al. (2010) on the impaabatfexudates on
desorption of phenanthrene and pyrene in soils, kedehat the addition of Atrtificial

Root Exudates (ARE) positively influenced the desorption leénanthrene and
pyrene in test soils. Gao et al. (2010) reported that desorpfiphenanthrene and
pyrene increased with ARE concentration, and particul@igier with the addition of
citric and oxalic acid, but decreased with higher soganoic matter (SOM). They
attributed the increased desorption of phenanthrene amheyn the presence of
AREs to the increased dissolved organic matter (DOM)oiatisn and decreased
SOM, and indicated the dominant influence of organic acidhemesorption of the

PAHs. They also reported that ageing of the PAHs hatkgative impact on
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desorption of the compounds. Gao et al. (2010) implied tbat exudates
conditionally promote the release of PAHs from thé, smihancing the bioavailability
of the PAHs with effects varying with the concentratpf root exudates in soil and
ageing of the PAHs. Root exudation processes may comribuimproving plant
fitness from the point of phytoremediation, because,dtesence of particular root
exudates can stimulate the proliferation of PAH-degradmgro organisms within
the rhizosphere (Phillips et al., 2006; Siciliano et al., 20@330 some root exudates
can keep soils hydrated under drought and drying conditions (Yetlled., 2003) and
can soften hard, resistant soils to facilitate root ghoorel et al., 1991). Since
crude oil may impose mechanical impedance and water scancghaot roots (Merkl
et al., 2005), these features of root exudates could be usefgilitating the root

growth of plants in petroleum hydrocarbon-contaminated.so

Growth dilution due to phytostimulation or rhizo-biodegradation

As plants grow and their biomass increase over the ggpw#ason, the chemical
concentration within plant tissues relative to the fafxchemical uptake would be
diluted (Collins et al., 2006 and references therein). Gralitition could also be
referred to dilution of PAH-concentration within the dynammegion of the
rhizosphere due to increased microbial activities as the whath is important in
promoting phytostimulation increases in terms of massfaseirarea, length and
excretion of root exudates over the growing season, araf iportance in the
successful establishment of plants in PAH-contaminatisl skh has been suggested
that plants accumulate hydrophobic compounds such as P¥Hs rhizosphere after
facilitating their transport toward the roots (Harvey ef 2001; Liste and Alexander,
2000 b). Remediation predominantly occurs by the rhizospdteredated microbial
biodegradation of organic pollutants (Phillips et al., 2006; Gao.e2@d4; Siciliano
et al., 2003; Yang et al., 2001; Schnoor et al., 1995). It hasdmmaanstrated that
when grown in hydrocarbon-contaminated soil, plants incrdaseatabolic potential
of rhizospheric soil (soil within 2mm of plant roots) beaing the composition of
the indigenous microbial communities and proliferating BAH-degrading micro
organisms within the dynamic region of the rhizosphereili@io et al., 2003). Here

microbial catabolic potential relates to several pararsetsuch as substrate
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specificity, inducer specificity, number of catabolic reund kinetics of catabolic
enzymes (Watanabe et al., 2002).

Certain  micro organisms such as bacteria (eg. some espeui the genus
Pseudomonas), filamentous fungi (eg. some species of the G&adssporium) and
yeast (eg. some species of the genus Candida) use petitoyeocarbons as their
sole source of carbon and energy. Additionally, ségracies of micro organisms
are capable of degrading the hydrocarbons including the awrhgtirocarbons,

bringing them back into the carbon cycle and degradiegnth Similar to plants,
micro organisms also possess electron-carrier systenfscititate hydrocarbon-
degradation, perhaps to a greater extent. In additionttzlopme Bsq rubredoxin

systems are also found in bacteria. Rubredoxin is giffegeht from the cytochrome
P4s0 system, and only uses NADH as reductant, but producesathe end-products,
the corresponding primary alcohol and water. The hydboee are finally degraded
to CO, and HO by micro organisms, as they convert these hydrocarimasthe

chemical constituents of the cell (Jenkins, 1992).

Depending on the chemical nature of the individual hydimoss, some compounds
are utilised readily by many micro organisms, whereas sdhe¥ compounds resist
microbial attack and can be utilised by only a few microhicges. Some micro
organisms are not able to assimilate certain hydrocarlmmghey can oxidise these
molecules. In mixed communities of micro organisms suclsals, the partially-

oxidised hydrocarbon produced by one type of micro organismeraa as a growth

substrate for another, leading way to co-metabolism. ,Heeepresence of one micro
organism influencing positively the activity of another isferred to as co-

metabolism. Furthermore, the presence of a hydrooamolecule may induce the
synthesis of two sets of enzymes-one set capable obalisiag the substrate and
another capable of metabolising another substrate. Thilsgsan example of co-
metabolism (Jenkins, 1992).

The rhizosphere contains a rich organic mixture of raatlates, leaked and secreted
compounds, mucilage, and sloughed dead cells, allowing fqortiiéeration of soil
micro organisms (Rentet al., 2003; Lynch, 1990). An increase of rhizosphere

microbial populations over nonrhizosphere populations omtder of 4 to 100 times
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has been documented (Chaineau et al., 2000; Jordahl et al., 1@9de\Cet al.,
1996).

In an investigation carried out by Liste and Alexander (2004),ahe rhizosphere of
several plant species including tall fescue and wheatyrgio soil contaminated with
phenanthrene and pyrene, temporarily contained appreciadrg phenanthrene or
pyrene than the unplanted soils, but the PAHs in th@shizere were degraded with
time. Liste and Alexander (2000 a, b) suggested that theddggna of pyrene and
phenanthrene in the rhizosphere was due to the catabalitiestof the rhizospheric
micro organisms. Additionally, in a study conducted by Siadiat al. (2003) the
number of soil bacteria that contained genes involvethyidrocarbon degradation
were found to be higher in planted treatments composed roixaure of grasses
(Bromus hordeaceougestuca arundinace®romus carninatus Elymus glaucus
Festuca rubaHordeum californicumLeymus triticoides, and Nassella pulchra ) and
legumes (Trefoil fragiferum Trifolium hirtum, and Mulpia microstachys) when

compared to the unplanted control (p<0.05) (Table 1.4).

Table 1.4: Prevalence of soil bacteria that contained genes involvetCidegradation: alkB
(gene encoding alkane mono-oxygenase), ndoB (naphthalene dioxygeaadeXylE
(catechol-2, 3-dioxygenase), isolated on YTS 250 medium fromtgulaand unplanted
treatments; averaged over all the sampling points

Treatments log colony forming units (cfu) gsoil
alkB positive| ndoB positive| xylE positive
bacteria bacteria bacteria

Planted 6.5 6.5 6.5

Unplanted 5.5 <6 5.5

Source: Siciliano et al., (2003)

Degradation of contaminants is principally based on theébohltaactivities of micro
organisms and their enzymes (Okoh et al., 2006; Anderson et al., 19935 been
reported that changes in exudate patterns of plant roots, \ahicinduced by the
presence of petroleum hydrocarbons in the rhizosphere, aise @lteration in the
number and diversity of rhizospheric micro organisms (BPiilét al., 2006; Walton et
al., 1994), with a positive impact on contaminant degradatibime input of easily
degradable root exudates such as organic acids improves physlcahemical soil

conditions and increases humification and adsorptigroiitants in the rhizosphere.
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The root exudates also facilitate desorption of the PAptsmoting their bio-
availability (Gao et al., 2010). The root exudates contributéhéo enhanced
microbial degradation of PAHs in the rhizosphere becahey support larger
microbial populations of PAH degraders (Gao et al., 2004; Haeteal., 2001 and

references therein).

Siciliano et al. (2003) reported that mineralization of nhalene was higher in the
rhizosphere of tall fescue (Festuca arundinacea) grown inroorated soil, than it
was in the bulk soil (p<0.05). In contrast to this, growioge clover (Trifolium

hirtum) resulted in lower PAH-degradation activity in the risjzloere compared to
that in bulk soil (p<0.05) (Siciliano et al., 2003). Otheveistigators have also
reported a strong species dependence on the ability of phyuiegime systems to
promote PAH-degradation. This may be attributed to root exymdterns but also to
differences in the root architecture of the plants irstjae (Siciliano et al., 2003).

In a study carried out on benzo (a) pyrene [B(a)P] digi@n using ryegrass (Lolium
perenne L.), the extractable B(a)P concentration inptaeted soil was found to be
significantly lower than that in the unplanted consoll at the concentration of 50
mg B(a)P kg , suggesting a potential of ryegrass to remediate B(a)Raroardted

soil at this concentration (Xing et al., 2006). Similarlywis observed that the
concentration of B(a)P in soil in which alfalfa (Medicagdiwa) was grown over a
period of 90 days, was significantly lower (p <0.05) than iplamted soil (Liu et al.,

2004). In addition to that, Reilley et al. (1996) demonstraté@nced degradation of

anthracene and pyrene by fescue (Festuca spp.) and alfatfecéige sativa).

Also, it has been observed that PAH-degradation ratesased when alfalfa was
inoculated with the arbuscular mycorrhizal fungus Glomugsdmium (Liu et al
2004). Moreover, anthracene degradation has been reporttde ipresence of
chicory plants, and it was found that the degradation wdsehighen the roots were
colonised by the arbuscular mycorrhizae, Glomus intraradices (Vetdih 2006).
Studies by Binet et al. (2001) also show the degradationtbifaene was greater in
the presence of mycorrhizal ryegrass roots than in theneab&sef mycorrhizal

colonisation.
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Positive contribution of arbuscular mycorrhizal (AM) §us in phytoremediation is
possible through improved root growth by facilitating water aattient acquisition -
important limiting factors in PAH-contaminated soil. Extradical mycelium

extending from root system can influence PAH degradatiaougih mycorrhiza-
associated PAH degrading micro flora (Joner and Leyal, 2@@d)the AM fungus
may also participate in the PAH-degradation more dirgéily.1.19) (Verdin et al.

2006).

25 pm

25 um

Fig.1.19: Accumulation of anthracene into fungal hyphae (b) and furakes(c) of an AM fungus
Glomus caledonium that was colonizing chicory roots grown rmthracene supplemented medium
(X100 objective lens). 1. Bright field and 2. Fluorescence udiangdard DAPI filter set (Directly
presented as in Verdin et al., 2006).

The degree of hydrocarbon-degradation was found to be gmedber rhizosphere of
grasses, possibly due to the differences in cell wall coemenand root exudate
patterns (Merkl et al., 2005; Shann and Boyle, 1994; Andersoal.gt1993).
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However, not all grasses contribute positively to renteiaand the fact that a plant
is unaffected by contamination is not to be attributed tghdn degradation of
contaminants. In a study carried out by Merkl et al. (2005@ils planted with
Brachiaria brizantha and Cyperus aggregatus, that both showeghatugical
changes in contaminated compared to uncontaminated adik thigher degradation
of petroleum than unplanted soil. On the other handsigwificant difference was
found in the decrease of petroleum concentrations betveeeoil planted with
Eleusine indica, which was unaffected by growth in contaminatedasailits control.
The reason why Eleusine indica did not have a significant impadegradation is
perhaps due to its small root surface area, being in itselarge enough to promote
the proliferation of hydrocarbon-degrading micro organismsrkMet al., 2005 a).
The characteristics of soil, the type and amountibEantaminants, the species of
plants and their root architecture, the indigenous mitscafin the soil and the
environmental conditions (i.e. temperature, rainfall) ladiit the effectiveness of
phytoremediation (Brandt et al., 2006; Siciliano et al , 2003), wkg$entially

depends on rhizobiodegradation promoting growth dilutionerriiizosphere

1.3 Influence of plants in restoring soils contaminated with pebleum
hydrocarbons

Plants enhance the degradation of petroleum hydrocarlmo®ili by supporting
higher hydrocarbon-degrading microbial populations in theosphere than are
found in the bulk soil, (Siciliamet al., 2003), increasing the bioavailability of PAHS,
by influencing desorption of PAHs from the soil (Gao et 2010), and stabilisation
of organic pollutants by polymerisation actions such asifization (Harvey et al
2001; Walton et al., 1994), whilst also allowing a limited amountpbéke into their
cell walls and vacuoles (Wild et al., 2005; Harvey et al., 2001reierences therein).
The main pathway of phytoremediation is phytostimatator rhizo biodegradation,
in which the remediation of organic pollutants occursnigadue to the catabolic
activities of micro organisms proliferated by the preseoicplant roots within the
dynamic region of the rhizosphere (Wild et al., 2005 and reée®therein; Siciliano
et al.,, 2003). Root architecture, root exudate patterns, cell cmatpbonents and
genetic composition of the plant in question may gaaes plants better potential for
phytoremediation (Phillips et al., 2006; Siciliano et al., 2003).

45



1.9 Contaminant exposure pathways and entry of contaminants into wildlife food
chain
Plants growing in PAH-contaminated soils can potentially tak®AHs via i) uptake
of PAHs in the soil solution through root tissues, ii)apson of PAHs to the root
surfaces, iii) foliar uptake of PAHs which have volatidiseom the soil surface, and
iv) absorption of PAHs from the atmosphere to leafae$ (Collins et al., 2006;
Wild and Jones, 1991) (Fig.1.20).
Transport in the

transpiration stream Evaporation and
/V volatilisation from leaf

iv)Absorption  of — 1 <— | iii) Foliar uptake of PAHs
PAHs from the o o NN L/ which have volatilised from the
atmosphere to lea soil surface
surfaces via
particulate T
depositions |
y 0
o0 0
0
0
: ; 0
i) Desorption of PAHs from o [ :
soil followed by root uptakel ii) Absorption of PAHSs to the
from soil solution root surfaces

Fig.1.20: Principal pathways for plant uptake of PAHs (Adapted froriit@oet al., 2006)

Many studies indicated if PAHs are taken up within plasugs they are sequestered
in either cell wall following conjugation with glucose and/ or estkcell wall
components or vacuoles. Little is known about the bitehity of bound
metabolites, but there may be a need to prevent thementeof PAHSs into wildlife

food chains (Harvey et al., 2001).

1.10Impacts of petroleum hydrocarbon contamination on plants

For phytoremediation to be successful, plants have tblesstahemselves and grow

in contaminated soils which present many stress factorsh&m such as water,
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oxygen and nutrient deficiency and phytotoxicity (Merkl et 2005). Plants promote
restoration of contaminated sites through plant-initiatedch®mical processes,
predominantly via stimulating the proliferation of PAH-deding micro organisms
within the rhizosphere (Wild et al., 2005 and referencesiter So, a sufficient root
growth is essential in phytoremediation applicationgrder to support the growth of
PAH-degrading micro organisms.

It has been reported that petroleum hydrocarbons inhilit pyrowth, and root
growth in particular (Merkl et al., 2005; Xu and Johnson, 19%tier and Peoples,
1954). Several studies carried out on the morphologitiereinces in plants exposed
to petroleum hydrocarbons showed that plant developmelotding root and shoot
biomass, root length and root elongation rate are reduced dugroteth in
contaminated soil, whereas the root diameter was found ®ihaxeased under these
conditions (Merkl et al., 2005; Bengough, 2003; Bouma et al., 2000; &oat,
1990).

Whilst root biomass data express the input of the plant rimbd construction and
maintenance (Bouma et al., 1996), a high specific root leagtbnsidered important
in terms of water and nutrient acquisition per unitarbon expenditure (Fitter, 1996;
Yanai et al., 1995). Hence the reduction in root biomass pedfie root length in
plants grown in polluted soil suggest that the plants taaedésadvantage. Plant roots
become coarse in crude-oil-contaminated soil, possiblg atess response to the
combination of mechanical impedance, drought conditions, tetyre stress and
nutrient deficiency which may be imposed on plant roots bgenil contamination
(Merkl et al., 2005). The thicker roots might also resutinf the increased
lignification of cell walls which could be a stress resg® (Taiz and Zeiger, 1998;
Boot and Mensink, 1990) induced by plant metabolism of petroleydnocarbons
using reducing equivalents (NADH), and thus raising the retifxssof the plant cell

(Harvey et al., 2001 and references therein)
Also, when plants are exposed to stress, root growth ramaléEnstone et al.,

2003). Bengough (2003) found that mechanical impedance slows rogagedm. As

heavy crude oil consists of high asphaltenes contentaminated soil has a higher
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mechanical resistance to plant roots than uncontaminate@sok! et al., 2005 a).
The mechanical resistance together with other stressitmms could be accountable
for the decline in root elongation rate, when plants arevgran hydrocarbon-
contaminated soil. Moreover, Rentz et al. (2003) obsdihatdpoplar tree roots were
unable to penetrate the petroleum smear zones, staigeds lthat form when
petroleum hydrocarbons are sorbed in the unsaturatedazomien floating organic
contaminants rise and fall with the water table (i.eHmath, Ohio) (Fig. 1.21).
Together with relatively high total petroleum hydrocarbonaentrations, anaerobic
conditions, which are possibly caused by micro organismsegsutfilize the oxygen
to metabolize the carbon sources (Lynch, 1990), often ciesise the petroleum
smear zones (Lee et al.,, 2001). Layer compaction mag imwbited poplar root
growth at the Heath, Ohio, demonstration site, butstiatage of oxygen could also
have played a significant role (Rentz et al., 2003).

Fig.1.21: Two year old poplar root excavated from Heath, Ohiotqriemediation site, showing 0.8m
of root penetration, which stopped short of the smeae £b.0m depth) (Presented directly as in Rentz
et al., 2003).

Contrastingly, stimulation in plant growth has beenutoented following low-level
crude oil contamination (McCann et al., 2000; Baker, 19M8¢Cann et al. (2000)
conducted a laboratory study on the aquatic macrophyte, Myriophyjucatam
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grown in test tubes, to determine the effect of creosoeamination (according to
Mueller et al., 1989, typically, creosote is composed of @pprately 85% PAHS,
10% phenolics, and 5% nitrogen-, sulphur-, and oxygen-contal@tegocyclics) on
the health of this species. Biphasic responses wers\@os for shoot length, node
production and biomass, with shoot length showing statlsticsignificant
stimulation at a creosote concentration of 13.3riig(McCann et al., 2000). Root
number was significantly higher at a creosote concéatraf 3.6mg L* but this was
the result of adventitious roots being produced along the Heafjtthe stem, as
opposed to just at the base of the plant. Root length wemsl fto be significantly
reduced at 4.5mg 'L creosote concentration, even though this was within the
concentration range that stimulated shoot growth. I8ojricrease in shoot growth
observed in Myriophyllum spicatum here, at low-level creosoteerration (<13.3
mg L) may not be a healthy plant response, as root lengthswmasitaneously
inhibited (McCann et al, 2000). The opposing effects observedombgcause some
components of creosote may have stimulatory effecplant growth while others
have an inhibitory effect, at the same nominal conegintr (McCann et al., 2000).
Additionally, an increase in pink pigmentation and changethe location of root
initiation were observed in the creosote concentratmge that affected root length
and numbers. This show the plants were stressed andgr@reng abnormally
(McCann et al., 2000).

Moreover, in phenanthreneeated 21 days’ old Arabidopsis plants, the transcript
levels of expansins (EXP8), genes which have known rolesli wall loosening and
cell enlargement, were found to be reduced in the revemsetiption (RT) PCR
experiments (Alkio et al., 2005). Phenanthrene-exposed pédsts showed an
increase in MRNA steady-state levels for PR1, a patiesige related protein which
takes part in defence pathways (Alkio et al., 2005). Furttwesrya microcosm study
carried out to determine the effect of oil sands efflu@ntcattail and clover showed
anacamulation of novel dehydrins, stress proteins that protecttplagainst drought
in the plants grown in the impacted site (Crowe et al., 200h)s may be however,
the result of the osmotic nature of the effluent amd necessarily due to the

hydrocarbon contamination (Crowe et al., 2001).
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Additionally, a diversion in the normal metabolic pathwafy plants under the
influence of hydrocarbon-contamination has been report&gnificant decrease in
the typical aromatic scent of vetiver (Vetiveria zizades L. Nash) roots was
observed when the plants were grown in soil contaminatédcrude oil (5% wiw),
suggesting a change in plant metabolism (Brandt et al.,)2006

Most studies carried out on the effects of organic coimants on plant growth used
seedlings which were germinated in uncontaminated conditiénew studies have
reported the impacts of PAHs on germination. Smith e{24106), for example,
carried out a germination and subsequent growth trial plants in soil spiked with a
mixture of 7 PAHs (i.e. naphthalene, acenaphthene, fluorpteenanthrene,
anthracene, fluoranthene, pyrene) that matched tmpasition of the coal tar-
contaminated soil sample at a total concentration of 10Rgt and soil from a
former coking plant heavily contaminated with aged PAHs eoncentration of 5000
mg kg" .The control and PAH-spiking treatments used a freelinedabrown forest
soil (pH 7) with a sand: silt: clay: organic matter ratio of 83: 10.3: 1.1: 5l6e aged
soil, containing 15 of the priority PAHs was obtained franformer coking plant
(CPL, Chesterfield, UK). It was classed as a sandw lsail with 58% sand and a
33% OM content (pH.5). The soil contained the following metals:

Arsenic (18mg kg), Cadmium (2mg kg), Chromium (59mg k@), Copper (36mg
kg™), Mercury (<0.5mg kg), Nickel (49mg kg), Lead (174mg k§), and Zinc (193
mg kg?). The soil also contained sulphate (53m@)k(Source: Smith et al., 20086).

The main findings of this study are summarised in table 1.5
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Table 1.5: Effect of PAH contamination on germination and subsequemithr

Soil type & PAH concentration

Treatment effect after 12 weel

50 S W e d
2 S 2 % 3 § growth
D 3 (] =3
s | B,
) Qg o | Coking plant soil 5000mg kg less dry foliage weight (p<0.05
S g 2 R than the control
3 < | & [ Soil spiked with coal tar 1000mg Rg | none
— » 0
g | & PAH spiked soil 2000mg Kg none
4 ® 7 o | Coking plant soil 5000mg kg less dry foliage weight (p<0.05
2 c®| s than the control
T 2 £ | & | soil spiked with coal tar1000mg Rg | less dry foliage weight (p<0.05
o 3o than the control
D § PAH spiked soil 2000mg Ky none
o - o | Coking plant soil 5000mg kg less dry foliage weight (p<0.05
@ 2| o than the control
= € | @ | soil spiked with coal tar000mg kg | none
A
(@)
& = PAH spiked soil 1000mg Ky less dry foliage weight (p<0.05
o than the control
o 5 o | Coking plant soil 5000mg kg none
= = | o
% 5 & | soil spiked with coal tar1000mg &g none
o o
5] e
8 % PAH spiked soil 1000mg Ky none
E D
[}
%2
= m o — | Coking plant soil 5000mg kg less dry foliage weight (p<0.05
e 3 sz | & than the control
=4 o v S | soil spiked with coal tar1000mg kg less dry foliage weight (p<0.05
o P 3
S o ® than the control
g PAH spiked soil 1000mg Kb less dry foliage weight (p<0.05
than the control
o ° - — | Coking plant soil 5000mg Kg less dry foliage weight (p<0.05
o S = X than the control
o Ol = 5 soil spiked with coal tar1000mg Kg less dry foliage weight (p<0.05
% o= ® than the control
= PAH spiked soil 1000 mgky less dry foliage weight (p<0.05
than the control
< 5 o — | Coking plant soil 5000mg kg less dry foliage weight (p<0.05
= o 5 = than the control
f 2 5 soil spiked with coal tar1000mg Kg less dry foliage weight (p<0.05
&) 3| ©® than the control
o PAH spiked soil 1000mg kg none

Source: Smith et al., (2006). No significant reductiogénmination % was observed in any

treatment, during the monitoring period of 2 weeks, following sgy8mith et al., 2006).
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Here the hydrocarbon-contamination did not affect themgetion of the plant
species tested, even though the subsequent growth waea@ffapart from perennial
ryegrass whose dry foliage weight was not affected by theaoanation after the 12
weeks of growth. However, Adam and Duncan (1999) who condlacstudy on the
effect of diesel fuel on the growth of 22 plant speciasluding grasses, herbs,
legumes and commercial crops, reported delayed seed emergew reduced
germination rates for a variety of plant species datikely low diesel oil
concentrations (25-50g Ky (Fig. 1.22-1.24).

Creeping bent
Chewing's fescue|
Cocksfoot

Rough meadow gras
Sheep's fescu

Black grass

Annual canary gras
Westerwold's ryegras
Strong creeping red fescu
Highland bent

Sweet vernal gras

0 20 40 60 80 100

Germination rates (¥

B Omg kg-1m 25 mg kg-1% 50 mg kg-1

Fig.1.22: Germination rates (%) of different grasses exposed to \Gg@ncentrations of diesel ail,
measured 14 days after planting af @(Adapted from: Adam and Duncan, 1999).
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Folder burnet
Black medick

Little yellow trefoil
Red clover
Common vetch
White clover

Lucerne

0 20 40 60 80 100

Germination rates (¥

B 0Omg kg-1m 25 mg kg-1® 50 mg kg-1

Fig.1.23: Germination rates (%) of different herbs and legumes exposedrying concentrations of
diesel oil, measured 14 days after planting &QQAdapted from: Adam and Duncan, 1999).

Flax cv.viking

Flaxcv.elise

Oil seed rape
cv.martina

Oil seed rape
cv.rocket

20 40 60 80 100 120

Germination rates (¥

o

B 0Omg kg-1m 25 mg kg-1® 50 mg kg-1

Fig.1.24: Germination rates (%) of different commercial crops exposegatying concentrations of
diesel oil, measured 14 days after planting &tQQAdapted from: Adam and Duncan, 1999).

Adam and Duncan’s germination study showed differences between and within plant

species with regard to their ability to germinate in diedecontaminated soil. Here
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the herbs, legumes and commercial crops tested appeantmiected by 25g kg
diesel oil contamination, whereas rough meadow grass faasd to be quite
intolerant at this concentration. At 50gkdiesel oil contamination, half of the 22
plant species screened failed to reach a germinatiererptal to 50% of the control
rate. Two species of grass (cocksfoot and rough meadow fadsd to germinate at
all at this concentration (Adam and Duncan, 1999). Tihwirfg conflicts with the
results of the study carried out by Smith et al. (2006), wlumd that the same two
species were able to germinate successfully in spite afdh@amination. Diesel oil
is a complex mixture of hydrocarbons containing more p@téntoxic, volatile, low
molecular weight molecules, than the aged contaminaiits] whereas the aged soils
contain a larger proportion of high molecular weight ecales that are less bio-
available (Adam and Duncan, 1999), and this could explainitfezethces between
the results of the studies conducted by Smith et al. (20@6)Adam and Duncan
(1999).

Similar to the results of the study by Smith et al. (2086sequent growth was
affected in plants grown in soil contaminated with dieskl The overall heights of
plants grown in diesel oil-contaminated soil were stuntedpared to control plants
grown in uncontaminated soil. Specific effects of diesatamination on particular
plants are given in table 1.6. Since some plant speeigsimated as successfully as
the controls, yet their development was impaired by tlesence of diesel, delayed
seed emergence as a cause for the growth differencesuled out (Adam ah
Duncan, 1999).

Table 1.6: Effect of diesel contamination on the subsequent growth offepgleints

Name of the plant Effect of diesel contamination on the subsequer
growth of the plant

Oil seed rape (cv Martina) Noticeable reduction in the production of shi
growth and root biomass

Canary grass Production of adventitious roots on the stem

Flax Lateral roots were increased.

Source: Adam and Duncan (1999)
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In summary, the exposure of petroleum hydrocarbon can&dion affects
germination, affects plant growth and induces structur@l@ysiological changes in
plants. Plants also show defence responses to growthdindaybon-contaminated
mediums at molecular levels. Plant growth adaptatbifsr with the species of host
plant, the type, amount and duration of contaminant exposis well as the
characteristics of the environment in which the plamnésgrown.

1.10 Summary

Petroleum hydrocarbon contamination is an environmentadcern. Of the
hydrocarbons, PAHs are the major worry because theyeaaasy health problems
including cancer and the inflammation of tissue in humatisq et al., 2005). So, it
iS necessary to remediate contaminated sites. Sitesdiffuse low to medium level
pollution can be remediated with the use of biologicathmégues, such as
phytoremediation (Schroder et al., 2002). Phytoremediasceni environmentally
friendly, cost effective remediation method, in whiclargs are used to restore the
polluted sites. The aim of planting hydrocarbon-contaraohaites is to break down
and remove the hydrocarbon molecules. This is achieved bgmbination of
mechanisms of plant and soil interactions that imprthe physical and chemical
properties of contaminated soil, raising soil microlaativity, and increasing the
contact between rhizosphere microbes and the toxic compouniriie contaminated
soil (Smith et al., 2006; Aprill and Sims, 1990). Limited PAH upthieplant roots
also takes place (Wild et al., 2005; Gao et al.,, 2004; Harvegl.e2001 and
reverences therein). This is influenced by both theracgaontent of the soil in which
the plants are grown and the plant root lipid conte@tdlihs et al., 2006; Gao et al.,
2004).

Hydrocarbon contamination creates unfavourable solil itiond for plant growth,
such as inhomogeneous spread of water, oxygen and nutrien¢mgf, temperature
stress, phytotoxicity and mechanical impedance to plant rbteek( et al., 2005 a).
Phytoremediation as an-situ clean up technology has the following challenge

a. Improve the poor germination of seeds in hydrocarbon-oaingted soil

b. Increase the life span of the plants which are grovaoitaminated soil
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c. Encourage the growth of plant roots which are essentialpfoliferating
hydrocarbon-degrading micro organisms in the rhizosphere
d. Avoid the danger of toxic molecules entering the foodrchim root uptake

Different plant species show various stress responsgsdaptations to survive the
stress conditions caused by hydrocarbon-pollution. The mssgoof plants also vary
with the type and amount of the contaminant as well astidnraf exposure.
Phytoremediation can be feasible if appropriate plantispece selected. They must
have the seed structure to germinate in hydrocarbon-pollutédskow sufficient
morphological plasticity to survive stress situatiomgluced by hydrocarbon-
contamination, have an extended rhizosphere and approp@itexudate patterns,
positively influence the growth of hydrocarbon-degrading emi@rganisms in
contaminated soil, and should also limit the uptake of taxitecules through various
adaptations to the root ultrastructure and cell wall compond?ients chosen should
also be native to the area to be remediated so thatilidoe tolerant to the soil and
environmental conditions. Additionally, plants that negulittle attention are
preferable because cost is an important factor (Smitl. e2006). Plants with deep,
fibrous roots and fast growth, such as grasses, are ggnecaisidered useful in
phytoremediation (Brandt et al., 2006).

1.11 Research questions

1. Hydrocarbon contamination affects germination and subsequenthgmf
different species of plants differently and this also ddpeon the type and
amount of the contaminants (Smith et al., 2006; Adam and Duri€99).
What are the reasons for the failure/success of seethirggion and
subsequent growth of different plants due to exposure to hydhmcar
contamination (e.g. petroleum crude oil, PAHS)?

2. Petroleum hydrocarbon-contamination presents adversditoms for the
growth of plant roots (Merkl et al., 2005). How does growth smil
contaminated with petroleum hydrocarbons affect the groawtéction of
plant roots that possess different root architecturehanddoes this influence
the establishment of plants in contaminated soils?

3. Root hairs: what is the effect of growth in petroleum hgdrbon-

contaminated soils on root hair abundance and length?
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4. Environmental cues motivate modifications in structurad altrastructural
features of plants (Agarwal, 2006). What are the changesoinstructural
and ultrastructural features i.e. effect on root corengodermis, size and
number of xylem vessels, and stele that arise from throm hydrocarbon-
contaminated soils?

5. Can Nile red be used as a tool to probe the uptake of arganobiotics from
soil into roots?

6. How do the root ultrastructural adaptations of a plant grownsail
contaminated with naphthalene, which is a bio available RAd&i could
impart toxic effects on plants, influence the pathwayrobeyanic xenobiotic
compound, modelled by the passage of Nile red across thessmd?

7. Adaptation of an organism to changes in its growth enviromni® not
possible without changes in metabolism. What are tFerences in the
metabolic profiles of a plant grown in soil contamirbtéth naphthalene?

1.8 Project lay-out

The mechanisms of interaction between petroleum hydrocarbotamination in soil
and plants have not been clearly revealed yet. Time dithis research was to
investigate the impacts that petroleum hydrocarbon-contéioinan soil may have
on plants, plant roots in particular. Scanning electr@hegi-fluorescent microscopic
techniques coupled with the chemical analysis of plantaetdr using gas
chromatography-mass spectrometry were used to investigate sthuctural,
ultrastructural and metabolic modifications of plamisiag from growth in petroleum
hydrocarbon-contaminated soil as well as the presen&Abif in plant cells. The
metabolic profiling of plant roots and shoots also rendersnsight into the stress-
related physiology of plants grown in hydrocarbon-contatemhaoil. Here, sand
was used instead of soil in order to avoid the complexitgaxhlby the interaction of
petroleum hydrocarbons with soil organic matter. Theegatojvork plan included the
following activities in evaluating the morphologicaldaphysiological responses of
plants to petroleum hydrocarbon-contamination:
e Growing different species of plants (tall fescue, brotep bent, carrot,
beetroot and parsnip) in petroleum crude oil-contaminated aangell as

uncontaminated sand from seeds, using pots and rhizo-boxasually
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monitoring the differences in growth patterns of plants tuexposure to
crude oil-contamination (see chapter 3).

e Scanning electron microscopic analysis of roots of pldtal fescue and
beetroot) grown in crude oil-contaminated sand and cleanteadéntify the
structural and ultrastructural differences between thatsrdrom different
treatments (see chapter 3).

e A preliminary study on the effect of different PAHs (ndgtiene, anthracene,
fluoranthene and benzo (a) pyrene) on the germinatidrsabsequent growth
of tall fescue (Festuca arundinacea). A detailed study on ftleet eff
naphthalene-contamination on seed germination, growthrpsitend root
ultrastructural features of tall fescue as well as oe tmater balance
parameters (e.g. matrix potential) of sand (see chapter 4)

e Examination of use of Nile red to probe the uptake of P&BIs1 soil into
roots (see chapter 4).

¢ Investigating the passage of naphthalene across rootstisétedl fescue using
Nile red, as a fluorescent molecular probe, using epirfscent microscopic
techniques (see chapter 4).

e Metabolic profiling of the root and shoot extracts of tadicige plants grown in
clean sand and naphthalene-contaminated sand, using gesatdgraphy-
mass spectrometric techniques (see chapter 5).

The results of this investigation will be used to evaluate thability of

phytoremediation as a treatment tool for petroleum hydrocadontaminated soil.
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CHAPTER 2
Materials and Methods
2.1 Introduction

This chapter presents details of the materials andadstbsed during the study in
evaluating the responses of plants to petroleum contéionnia soil. An outline of
the quality assurance and control (QA/QC) measures usearder to provide

confidence in the results is given at the end of thegptdr.

2.2 Soil water

2.2.1 Determination of soil water-holding capacity

When solil is saturated, all the pores of the soil alleof water, but after some time,
the gravitational water drains out, leaving the soil ad feapacity (soil water-holding
capacity). Soil water-holding capacity was determined asleétbelow:

Soil was autoclaved and allowed to air-dry in a laminar flolirezt for 24 hours. The
mass of a wet filter paper in a glass funnel was meas@ed e glass funnel and
filter paper were dried at 166 for an hour, and cooled in a desiccator. The mass of
the dry filter paper and glass funnel was measured (Bl)(e&8mut 20g) was added to
the filter in the funnel and weighed (C). The funnel wagyged and the soil was
submerged with distilled water (dB) in the funnel for 1 hour. The plug was
removed and the soil was allowed to drain for 1 hour evith foil to avoid
evaporation. The mass of the wet soil, filter paper antiél were measured (D), then
the set was dried at 185 for 24 hours and cooled in a desiccator before measuring
the dry mass (E). The soil water-holding capacity (WM@s calculated on the basis
of:

E-B=Soilyy

D-A =SOilyet

(Soilwet - Soilyy)/ Soiky =WHC (ml O g* soil dw)
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2.2.2 Determination of soil moisture content

Amount of moisture present in a unit of soil sampleeisned soil water content or
soil moisture content. The soil water content (WC3 walculated on the basis of:
C-B=Soikample

(SOilsample- SOildry)/ SOikiy=WC (ml H,O g* soil dw)

(Soilyry /S0Oikampig*100=% dry weight (w/w)

The water content figures were used to calculate the anedwmét soil required to

make up specific amount of soil in dry weight.

2.2.3 Determination of soil water potential

Soil water potential is the energy state of watehangoil and reflects how water will
move in a soil as well as from the soil to the plartiere, dielectric water potential
sensors (Model: MPS-1; Manufacturer: Decagon Devices Werg used to measure
the water potential of naphthalene-treated and cle&n sbhe MPS-1 measures the
dielectric permittivity of two engineered, porous ceramhisks sandwiched between
stainless steel screens and the MPS-1 circuit board teuneetheir water content and
then derive their water potential. The dielectric peiittt of water in the ceramic

disks is 80 compared to a dielectric permittivity of 5 fa teramic material and 1 for
the air. The principle behind this technique is the secanddf thermodynamics

which states that connected systems with differing gnliesgels will move towards an

equilibrium energy level. Here, a solid matrix equdition technique is used. The
ceramic material with a static matrix of pores iganuced into the soil and allowed
to come into hydraulic equilibrium with the soil water. the two are in equilibrium,

measuring the water potential of the ceramic disks will ¢ieewater potential of the
soil. Here water potential refers to matrix potentidlich is the most important
component of water potential with regard to plant watetiozla (Decagon Devices
Inc., 2007).

MPS-1 sensors were installed into soil at the bottoth@fhole dug above 2cm from
the base of the 10L plastic pots. The sandy soil wekeplaaround the sensor with

good contact to all ceramic surfaces, and the hole wasfliackwith care. The
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stereo plug of the MPS-1 sensors was plugged into one &f/éhports on the EM50
datalogger. ECKD Utility was used to configure the ports for an MPS-1 ansetoa
measurement interval (60 minutes) for the logger. Theveatiér potential readings

were read off from the screen of the datalogger.

2.3 Preparing treatment soil for contaminated treatment
2.3.1 Spiking soils with polycyclic aromatic hydrocarbonaKiB)

Spiking soil with polycyclic aromatic hydrocarbons (PArSs carried out according
to the methods described by Johnson et al. (2004). Glassvaasrevashed with
dichloromethane (DCM) to degrease. Soil was air-dridigr(air-drying the soil
contained 3-10% of water content as determined by gravimedgtinigues)
immediately prior to spiking and placed in the beaker ler addition of the PAH.
The required amount of PAH was dissolved in 50ml of DCWhis dissolved PAH
was added in aliquots to a quarter of the amount of soil ngeded spiked. The
beaker was washed with 10ml DCM and the washings were added soit. The
solvent was evaporated in the fume cupboard. During tivergoevaporation, the
soil was stirred with a stainless steel spatula redgate ensure homogeneity. Once
all the PAH solution was added, the soil was left overnigtite fume cupboard prior
to mixing with the remaining soil. Mixing the spiked and npiked (3/4 of the total
amount of soil) soil was carried out in a sterile glasakler in the fume cupboard, to

give the required PAH concentration per kg soil.

The initial PAH concentration per kg soil was determinedgi&C-FID techniques.
Two and a half grams (2.5g) of sand (ww) and 2.5g of anhydropSQyavere taken
into a labelled extraction tube (volume: 10ml; make: Scha@pul toluene (20ppm)
was added as the internal standard and the sand was extracted in 7800ul DCM and
1200ul dH,O on a rotary extraction unit for 4 hours at 40 rpm. After extraction,
the tubes containing the extracts were stood still, allowhegextracts to settle for a
few minutes. The extract was run through a column of anhydropSQyaaken in a
clean 25ml glass column and the filtrate was collectedlatielled, clean 10ml glass
vials. The filtrates were transferred into labelled GQsvand analysed by GC-FID
(Make: Agilent Technologies 6850 Network GC System; SoftwarentStation).

GC conditions used were as follows:
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Injection: Jul; Temperaturgrogram: 56C to 300C at the rate of & min* and held
at 300°C for 10 minutes. Helium was used as the carrier gas thwitrconstant flow

rate set at 1ml mih Column: DB-5MS capillary column.

2.3.2 Mixing clean sand with petroleum crude oil-contamuohatnd

The petroleum crude oil-contaminated sand was obtained dromjor oil company
(Shell). The following categories of hydrocarbons weresgmein the crude oil (HC)-
contaminated sand (Table 2.1).

Table 2.1: The different categories of petroleum hydrocarbons of alsatilhad soaked liquid
petroleum leaked from a petroleum storage tank and their otwatiens and percentages as a
fraction of total dichloromethane (DCM)-extractable pktum hydrocarbons (TEH) (soll
supplier: Shell Company, UK; soil analysis was carried out by AlrohriJK).

Category mg kg* Percentage as a fractiqg
of total DCM-
extractable petroleum
hydrocarbons (%)

Aliphatic hydrocarbons 11, 900 18.25
Aromatic hydrocarbons 4,200 6.44
Aromatic hydrocarbons (>Czs) | 3, 900 5.98
Total higher molecular weight 26, 900 41.26

petroleum hydrocarbons (3C
Total dichloromethane (DCM)- 65, 200
extractable hydrocarbons (TEH)

The contaminated sand which had soaked liquid petroleum Idiakeda petroleum
storage tank was thoroughly mixed with clean sand to a final otatien of 35g kg

total dichloromethane (DCM)-extractable hydrocarbons (THRbBizo-box and pot
experiments were conducted using this material. This meweagmixed thoroughly

with clean sand in appropriate ratios to get the desired ddfidentrations.

The initial TEH concentrations per kg sand used in exmarismwere determined
using gravimetric technique. Soil extraction and filtratgvocedures were the same
as in PAH extraction and filtration. Here, the fitaa were collected into pre-
weighed 10ml glass vials. The solvent was left to evapoiratthe fume hood
overnight. The vials containing dry TEH were weighed the&t rday and the

concentration of TEH per kg sand was calculated on tisis.ba
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2.4 Setting up rhizo-boxes

Rhizo-boxes were constructed from 2 sheets of glass (12cmmy1@eparated by
plastic spacers (2cm x1cm) held together with clips (Fit). Z-he rhizo-boxes were
cleaned with 70% (v/v) ethanol and dried in a laminar flobirgst.

Glass plate

\|/ Clean sand area

Seed

Flastic spacer 4

Clip ——4§) @< i

Plastic spacer

Treatment area

N

Plastic spacer

Fig. 2.1: Rhizo-box set up

The treatment soil was packed at a moisture content of (l6%) (the moisture
content % was determined by gravimetric techniques) in the rluxesb(depth in
profile 1-8cm). A top layer of clean sand (depth 2cm) added as a seed bed. The
walls of the rhizo-boxes were wrapped in aluminium foil t@vent the photo
degradation of petroleum hydrocarbons and to avoid angrae\effect of light on
root growth. The rhizo-boxes were placed indoors on a wirsith and kept at an
angle of 38 from vertical so that the roots growing downwards coulcdbbserved

through the front glass covers (according to Kechawi., 2007) (Fig.2.2).
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Fig.2.2: Rhizo-boxes kept at an angle of 3®m vertical

2.5 Seeding

Seeds were disinfected by soaking in 30%0Hfor 20 minutes, washed 3 times in
sterile dHO (according to Binet et al., 2001) and sown in the top ciaawl layer
(Fig.2.1). In some experiments, seeds were directlynsmwcontaminated sand,
whereas in some others seeds were germinated on autosiliees (i.e. 126C, 11

minutes, 15 psi) rock-wool cubes in a tray of water 4€20

2.6 Experimental designs, plant material and growth conditions

2.6.1 Experimental designs, plant material and growth tiondiused in chapter 3

Plants were grown in sand contaminated with aged crude o8/(16.5g TEH kg
sand dw) in plastic pots/ rhizo-boxes afQ{Table 2.2). Plants in plastic pots were
grown in the glasshouse whereas those in rhizo-boxesgvewn on a window sill in
the laboratory. In the experiment using a mixture oégga, compost was added in
some crude oil (HC)-treatments (Table 2.2). The seeds gemminated in a clean
layer of agricultural sand to avoid germination failureon® plants were also grown
in clean sand for direct comparison. The sand used oedtaio organic matter.

These experiments were therefore not subject to any caratrbrganic matter
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interactions. For fertilization, a slow release pléodad (osmocote) was mixed with

sand to a concentration of 4.5gksand (dw). Watering was carried out on a daily

basis, adjusting to 80% (w/w) of the soil’s water holding capacity, to replace

transpiration losses.

Table 2.2: Experimental design used in chapter 3

arundinacea)

Plant species Pots/ g TEH | No. of | No. of | Additional
Rhizo- | kg™ rep. plants
boxes sand per rep.
(dw)
Carrot (Daucus carota) Pots (1L) | 10.8 3 10
Beetroot (Beta vulgaris) | Pots (1L) | 10.8 3 10
Parsnip (Parsnica sativa) | Pots (1L) | 10.8 3 10
A mixture of grasses [tal Pots (2L) | 10.8 6 ~50 In some HC-
fescue (Festuci treatments,
arundinacea), brown to compost wag
bent (Agrostis capillarie: added
L.) and perennial ryegras
(Lolium perenne L.)]
Tall  fescue  (Festuci Rhizo- 165 &3 rep| 10
arundinacea) boxes 10.8 for
each
Brown top bent (Agrostig¢ Rhizo- 165 &|3 rep| 15
capillaries L.) boxes 10.8 for
each
Tall fescue (Festuci Pots (1L) | 10.8 10 ~25

Abbreviations used in table 2.2:

HC: crude oil; No.: Number; rep.: replicate; TEH: TdCM (dichloromethane) extractable

hydrocarbons.
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2.6.2 Experimental designs, plant material and growth tondiused in chapter 4

a. Preliminary investigation (section 4.3a)

Table 2.3: Experimental design used in chapter 4, section 4.3a

Plant species mg PAH kg | No. of | No. of | Additional
sand (dw) rep. plants
per rep.
al. Tall fescue (Festuci 0-1000 for B(a)P, 3 rep| 10 The concentrations of (
arundinacea) Flt and Nap for 4, 40 and 1000mg PAL
each kg' sand (dw) were use|
in different layers in the
gradient rhizo-fox
experiment
a2. Tall fescue (Festuci 1000 (Ant) 3 rep| 10 Seeds were germinated
arundinacea) for a 2cm thick layer of cleal
each sand
a2. Brown top bent 1000 (Ant) 3 rep| 10 Seeds were germinated
(Agrostis capillaries for a 2cm thick layer of cleal
L.) each sand
a3 Tall fescue (Festuci 800 (Nap) 3 rep| 10 Seeds were germinated
arundinacea) for rockwool cubes and
each weeks old seedlings wel

transplanted into rhizo
boxes containing eithe
clean or treated sand

Abbreviations used in table 2.3:

Ant: Anthracene; B(a)P: Benzo (a) pyrene; Flt: FluoramtheNap: Naphthalene; No.:
Number; rep: replicate

Some plants were also grown in clean sand for diregtpanison. Plants were fed
with a liquid fertiliser (lawn food; N: P: K=15:3:3) on a onceekily basis. Watering

was carried out on a daily basis, adjusting to 80 % (w/w) of the soil’s water holding

capacity, to replace transpiration losses.

b. Main study using naphthalene as a model PAH (sections 4.3b-4.3e)

bl. 15ml of tall fescue seeds (origin: Kent; supplier: Esgate seeds, UK) were

germinated directly either in clean sand or sand contaednaith naphthalene (0.8g

kg dw) in 15cm diameter plastic pots. 6 replicates per rireat were established

and each replicate contained ~90 plants after 1 month sészks were sown.

b2. 100ml of tall fescue seeds (origin: Kent; supplier: Bgate seeds, UK) were

germinated directly either in clean sand or sand contaednaith naphthalene (0.8g

kg™ dw) in 10L plastic pots.
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Table 2.4: Experimental design showing number of replicates establisirethéo water
balance study described in chapter 4 (Chapter 4; Sectidn4t.3)

Treatment Planted (to bq Planted (not to bq Unplanted (to be
water stressed an water stressed) water stressed an
probes installed) probes installed)

Control 2 replicates 7 replicates 2 replicates

Naphthalene 2 replicates 7 replicates 2 replicates

Each planted pot contained ~400 plants after 1 month s¥ecks svere sown.

b3. Tall fescue seeds (origin: Kent; supplier: Emorsgate sed&jswere germinated
on autoclave-sterilized (i.e. 126, 11 minutes, 15psi) rockwool cubes in a tray of
water at 20C. The seedlings were placed at a 45cm distance awayd 250W
Grow Light (Model: Envirolite, 6400 K) on a 16 hour light and @&ihdark cycle
upon germination, but were moved to a 30cm distance aftezek of growth. Six
centimetre (6cm) - diameter plastic pots were filledhwiiaphthalene-spiked sand
(0.8g kg" dw) or non-spiked (control) sand. A space was made in thegmiite to
position the rockwool cube (containing the seedlings) witht @f pressure applied.
The rockwool cubes with plants were transferred to the pote the roots reached
the base of the rock- wool cubes. The pots weeeglan individual trays. Eight (8)

replicates were established and each replicate containegplarit®.

The pots were randomized and the plants were grown in ehglass at XC on a 16
hour light and 8 hour dark cycle upon germination, watered agguinless exposed
to water stress and fed with a liquid fertiliser (lawn fobid;P: K=15:3:3) on a once

weekly basis.

2.6.3 Experimental designs, plant material and growth tondiused in chapter 5
Same as described in 2.6.2 b1l.

2.7 Recording root shoot development and root hair analysis

Periodical recording of plant root development was cdoiat by tracing the roots on
acetate transparencies and measuring root lengths with idheofathread and
measuring ruler. Shoot height was also measured and recpediedically. Roots

were systematically sampled, stained with the vitahsEaians blue for 15 minutes

67



and root hairs (transparent as well as those stained blue)ceanted in 1cm root
segments under a light microscope. Root segments (setabrig3 as a fraction of
root length above the root tip) were also viewed through a scarelewron

microscope (Cambridge model SEM90).

2.8 Root shoot biomass analysis

Plants were harvested after ~3-6 months of growth in tlestd untreated sand. The
amount of root and shoot biomass was measured on a freght wasis. For dry
weight analysis, 3-6 replicates of weighed plant tissue weed in an oven at 80
for 24 hours. They were reweighed after drying and the wabetent was
determined gravimetrically from the water losses and riegulchange in mass
associated with the drying. The dry weight percentage aber wantent percentage

of plant tissues were calculated from the water cortedtiresh weight values.

2.9 Scanning Electron Microscopy (SEM)
2.9.1 Preparation of fixatives
Cacodylate buffer (pH.2)

Solution A: 0.2M solution of sodium cacodylate [42.8g of N&l{GAsO,.3H,0 in
1000 ml of dHO].

Solution B: 0.2 M hydrochloric acid solution (HCI)

A 4.2ml measure of solution B was added to 50ml of solutioantl, made up with
dH,O to 200ml (according to Hayat, 1986).

Glutaraldehyde-Cacodylate fixative

An 8ml measure of 25% (w/v) glutaraldehyde was added to 50ml of @&cbUdylate
buffer, and made up with d@ to 100ml (according to Hayat, 1986). The
concentration of prepared glutaraldehyde is 2% (w/v), anchtiarity of the buffer is
0.1 M (Hayat, 1986).
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Osmium tetroxide solution for post-fixation of plant tissues

Osmium tetroxide (Os£) was bought as glass ampoules containing 0.1g of osmium
tetroxide. To prepare 10ml of 1% (w/v) osmium tetroxioleison:

A 10ml aliquot of dHO was measured into a stoppered bottle. The neck of the
ampoule was scored, and broken with the ampoule tightlpped in tissue paper.
The complete ampoule was added to the bottle, and the stemieced. The bottle
was agitated using an ultrasonic bath to ensure the ntenté the ampoule were
completely dissolved in the distilled water. A 0.1g maE®smium tetroxide was
dissolved in 10ml of dkD in an ultrasonic bath to produce a 1% (w/v) soluti®he
whole procedure was carried out in the fume cabinet and thmanee osmium

solution was used within 1 week.

2.9.2 Fixation steps

1. Root samples were washed thoroughly in,@Ho remove loosely adhering
materials without disturbing the specimen surfaces.

2. Roots were cut into approximately 1mm long segments in 0.1 dddgdate
buffer on a sheet of dental wax (Sigma Aldrich) usingharp razor blade.
Samples were placed in buffer solution (5ml) in 12oilwme exetainers fitted
with rubber septa. The trapped air was evacuated with @urag@ump to
prevent cavitations in the xylem vessels.

3. Root segments were transferred to 2% (w/v) glutaraldehyde &3 glals and
left for 1 hour at room temperature. This was followed HyuHer rinses of
20 minutes each.

4. Samples were fixed for 1 hour in 1% (w/v) Qssdlution followed by two 20

minute rinses with dpO.

2.9.3 Dehydration steps

1. Samples were dehydrated in ethanol (EtOH) in the fofigworder of

increasing concentrations:
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Table 2.5: Concentrations of ethanol (EtOH) and duration of soaking pissues in EtOH
during dehydration

Solution % EtOH % dH O No. of washes Duration of
each wash
(minutes)
Solution 1 30 70 2 30
Solution 2 50 50 2 30
Solution 3 70 30 2 30
Solution 4 80 20 2 30
Solution 5 90 10 2 30
Solution 6 95 5 2 30
Solution 7 100 0 1 30

100 % EtOH was dried with molecular sieves (Sigma Aldrictpromluce dry EtOH.
Samples in 100 % EtOH were transferred to dry EtOH beforearjipint drying.

2. Critical point drying

Root samples were dried using an EMITECH K-850 critical poigerd(CPD) to
avoid surface tension and prevent sample distortion gluhe desiccation process.
Samples, desiccated in 100% ethanol, were placed in cellblaskets in the CPD
sample chamber and cooled {5 The chamber was then flushed several times with
CO,, to replace 100% EtOH-intermediate solvent in the dryinggss, until no EtOH
was present in the vented gas. The sample temperaturthevasaised to 3% and
1350 psi (above the critical point of ®1 and 1072 psi) before allowing the €®
purge very slowly (1000ml mifj from the sample chamber. The dried samples were

stored in a desiccator before mounting on stubs for scanl@ogan microscopy.

2.9.4 Mounting and viewing root sections with a scanning electiormseope (SEM)

The critical point dried samples were mounted on aliumnstubs (Sigma Aldrich)
using carbon tabs (Sigma Aldrich), coated with gold for Butd@s with a sputter
coater (model: Edwards S150B; pressure: 1mbar), and viewed wil9@mor S360
Cambridge model scanning electron microscope with a 20 kVrefetteam at an

18mm working distance.
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2.11 Bpi-fluorescerce Microscopy

2._10.1 Procedure for staining Casparian band structures for uepescence
microscopy

Both naphthalene-treated and control roots were sedtianene third as a fraction of
the root length above the root tip. Thin cross sections weduced by drawing the
corner of a sharp razor blade across the roots in afitminof 1 x PBS (Phosphate
Buffered Saline) on parafilm on the surface of a dentak wheet. Staining was
carried out according to Brundrett et al. (1988). Freehactibese were transferred
into a small watchglass and the sections were stam@dL% (w/v) berberine hemi-
sulphate (Sigma; minimum 95%) which specifically stains Caspdrands, in dkO
for 1 hour. The sections were rinsed through severaigdsof dHO and excess
water was blotted off after each transfer. The rooti@estwere transferred into
0.5% (w/v) aniline blue [water soluble (WS)] (Agar Scientifio) dH,O for 30
minutes and then were rinsed in the same way. Here, caamerg with aniline blue
was carried out in order to quench unwanted fluorescenceilistagices other than
Casparian bands. The sections were transferred into Q) FeCk (Fisher
Scientific; assay>97%) in 50% (v/v) glycerine (Aldrich édhical Co.Ltd.; 98%)
(prepared by adding glycerine to filtered aqueous §e@hd after several minutes in
this solution, transferred to slides and mounted in #m@es solution. The Fegl

mountant prevents decolourization.

2.10.2 Microscopic settings and obtaining images of rootsestawith berberine
hemisulphate

Sections were observed using Nikon 90i Eclipse epi-fluerese microscope with
UV illumination through a UV-2A filter block (excitation at 345nemission at

458nm). Photographs were taken within a few hours of staining.

2.10.3 Nile red stain preparation

A 2-3mg measure of the Nile red dye (Invitrogen) was feared into a 1.5ml
Eppendorf micraeentrifuge tube with 250ul of 1 x PBS (Phosphate Buffered Saline)
solution diluted with dHO from a 10 x PBS solution (to make a litre of 10 x PBS:
dissolve 80g NaCl, 2g KCI, 14.4g PO, .2H,0 and 2.4g KHPQ, into 800ml of
dH,0, before making it up to 1L with d&. Adjust the pHo 6.8 with NaOH or HCI)
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and 750ul of glycerol (the glycerol pipettes more easily if it is warmed up in the
microwave for about 15 seconds). The Nile red dye waslsdess into the mixture
through microwave heating, giving the solution a bright puga®ur. The excess
Nile red stain that was not dissolved was collected at déise bf the tube through
centrifugation at 6300 rpm for 30 seconds using a micro degexi The supernatant
was removed from the particulate residue and was used nalstaioots.

2.10.4 Procedure for staining vital roots with Nile red

Tall fescue plants grown in clean and naphthalene-camééed sand were used for
this purpose from the age of 2.5 months to 6 months. Rbatsvere still joined to

living plants were exposed by using a soft brush to removeatih@. A small piece of
rock-wool (pre-soaked in water) was placed into the cavitywéen the exposed roots
and the sand. Nile red solution was applied to these reatglaas the piece of rock-
wool backing, using a soft brush. The Nile red solution viss a@pplied to another
piece of rock-wool to form a protective stain-coverdedeve, before returning the
root-ball to its pot. This was to mark the stained roote plants were watered as

usual and the stained roots were sampled after 48 hours.

2.10.5 Root preparation and fixing

The sampled roots were washed in 1 x PBS solution and fixexd 2f6 (w/v)
paraformaldehyde (PFA) fixing solution for 1 hour. The P$&dution was prepared
by diluting 5ml of 10 x PBS with 30ml of @ and was heated to @ in a
microwave before adding 1g PFA (the PFA must be added ifuthe hood after
heating) and 500ul of 5 M NaOH (NaOH breaks the PFA ring allowing it to interact
with the sample). The PFA solution should be madectlyr before its use. After
fixing with PFA, the roots were washed in a buffer made fle@g of glycine
dissolved in 1L of 1 x PBS, to remove any un-reactedhgide groups. The samples

were then washed in 1 x PBS, and stored in fridge.

2.10.6 Sectioning the roots

Roots were immobilized in a few drops of 1 x PBS within foldedfa on a dental

wax surface, and then sectioned by drawing the cornesbéig double-edged razor
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blade across them repeatedly. The sections producédsiway were transferred to
slides and mounted in Vectashield.

2.14.7 Microscopic settings and obtaining images of roots stairigdNile red

Sections were viewed using an epi-fluorescence microscopenl#pse 90i) fitted
with a digital camera. Nile red fluorescence was viewet a visual red excitation
source through a Texas red HYQ filter block (excitatidn589nm; emission at
615nm) against a real light image backdrop. The images weratted using the

epi-fluorescence microscopic imaging software.

2.14.8 Overlaying images using microscopic imaging software

Nile red solution was applied gently to the living root watkoft brush. The stained
roots were sampled after 48 hours, fixed in 2% (w/v) parafloi@hgde and stored in
a refrigerator at % to be used for berberine hemisulphate staining. The fixets
were sectioned by hand in a few drops of PBS in parafilm dental wax surface.
Berberine hemisulphate staining process was carried ootdiog to Brundrett et al
1988 (see section 2.10.1). The root sections were trarsternmicroscopic slides
and mounted in Fegmountant. The distance travelled by Nile red was investijat
using an epifluorescence microscope (Nikon Eclipse 90i) usex@s red HYQ filter
(589nm peak excitation and 615nm peak emission). The root sampiesalso
viewed with UV illumination (345nm peak excitation; 458nm peak epmgsi
Photographs were taken within a few hours of berberine hgphate staining. The
images showing the path of Nile red were overlaid witlr therberine hemisulphate+

aniline blue stained counterparts using microscopic imagiftyae.

2.15 Gas chromatography-mass spectrometry (GC-MS)

2.11.1 Sampling

Roots and leaves were sampled from 6 months old living plemtsboth treatments

on the same day at the same time period (early aftajndoesh fully expanded

leaves and roots from similar depths in the pots were tetleitom each replicated
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pot (3 rep) from each treatment. Sand was brushed off ihemoots and roots were
washed thoroughly with ci®.

2.11.2 Sample preparation

Samples were immediately frozen in liquid nitrogen and fgensed. Samples were
freeze-dried using the following protocol:
e Freezing: at -4%C for 210 minutes at 200mTorr
e Primary drying: at -1%C for 600 minutes at 200mTorr; then &C0for 200
minutes at 100mTorr
e Secondary drying: at 22 for 180 minutes at 100mTorr
Vials containing samples were capped tightly and store8@€ in the freezer until

further analysis.

2.11.3 Extraction and derivatization

The extraction protocol was adapted from Du et al., (20119zErdried tissue
powders (0.1g) were transferred into 10ml extraction tubelof. Hundred micro
litres (100pl) of ribitol (2mg [}) as internal standard and 4.2ml 80% HPLC grade
agueous methanol (v/v) were added and the tissue samglesntracted on a rotator
extraction unit at 40 rpm for 120 minutes. The tubes comigimixtracts were
subsequently incubated in a water bath &iC7fbr 15 minutes and centrifuged at
2000g for 5 minutes. Seven hundred and fifty micro litres |(N56f chloroform was
added to the extracts in order to separate out the non gudae. The mixture was
vortexed thoroughly and centrifuged at 20009 for 2 minutes. Radro litres (4Qul)

of the polar phase was transferred into GC-vials anddahents were evaporated in a
centrifugal concentrator for 25 minutes under vacuum at r@onperature. The dried
polar phase was oximated with 40ul of methoxyamination rea@eethoxyamine
hydrochloride dissolved in anhydrous pyridine at the conagatr of 2Gng ml™) at
37°C for 90 minutes. Here the carbonyl groups are the main tsarfpe
methoximation (see Fig. 2.3). Subsequehilaion was carried out with 70ul of
MSTFA (N-Methyl-N-trimethylsilyl-trifluoroacetamide) at 8¢ for 30 minutes.
Here hydroxyl groups are the primary targets for silylatie® (8ig. 2.4). The ratio of

the volume of derivatising agent to sample was increaseénsure complete
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derivatization. After derivatization procedure, the viatsntaining samples were
briefly centrifuged for 5 seconds and the vials were teftdol in the fume hood for a
few minutes, before analysis by GC-MS.

+ H3C— O— NHHCI

N/ O¥
Hs N HCI, H,O

Rl—C—R2

Fig. 2.3An example of oximation (Adapted from Dettmer et al., 2007)

i i
R— C— OH ¥ FsC—— C — |N—Si(CH3)3
l CHs
0 0
I ) I
R— C— O—=Si(CH3); F;C —— C — NH

CHs

Fig. 2.4An example of silylation (Adapted from Dettmer et al02p0
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2.11.4 Gas chromatography- mass spectrometry (GC-MS) analys

Samples were analysed with PerkinElmer AutoSystem XL gas chromatograph
coupled with a TurboMass mass spectrometer (PerkinBmerWaltham, MS).The
published method (Du et al., 2011) was used with minor modditatiA 1pl aliquot

of the derivatised extract was injected into a Zebron ZB-17 baffilary column

(30m x 0.25mm x 0.38m) (Phenomenex, Torrance, CA, US). The inlet temperature
was set at 26C. After a 5-minute solvent delay, initial GC oven terapare was set
at 80C. Two minutes after injection, the GC oven temperature nased to 28T
(5°C min%), and finally held at 28T for 13 minutes. The injection temperature was
set to 280C and the ion source temperature was adjusted t&C20delium was used
as the carrier gas with a constant flow rate set &tmini*. The measurements were
made with positive electron impact ionisation (70 eV) m filll scan mode (m/z 30-
550). The metabolites were identified using MassLynx 4.0 sadtWerkinElmer
Inc.) coupled with a commercially available compound libr&&T Mass Spectral
Database 2.0 (PerkinElmer Inc., Waltham, MS).

2.11.5 Data analysis

The individual spectra and chromatograms from GC-MS dlaawere deconvoluted
with the aid of Automated Mass Spectral Deconvolution leahtification System

(AMDIS) spectral deconvolution software package v2.69 (NIST,th8esburg),

freely available at http://chemdata.nist.gov/mass-spc/arndisl;arﬂty out baseline

corrections and purify spectrum from background noise. DASA1deconvolution
settings were as follow: adjacent peak subtraction was ftesolution was medium,
sensitivity was low, shape requirement was high and caemovidth was kept at 12.
The ELU files generated by AMDIS were then fed to SpectGtinoeline services
<http://spectconnect.mit.edu/> to align batches of ELU filgem related
chromatograms and to filter peaks. The integrated Egyenerated by SpectConnect
were used for data normalisation and subsequent statistioalysis. Data
normalisation was performed on Excel spreadsheet. Targetpaunds were
identified by fragmentation patterns and matching spectaar@ference library (NIST

Mass Spectral Database v. 2.0).
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2.16 Quantification of naphthalene in root shoot tissues of tall fescue g gas
chromatography-flame ionisation detection (GCFID) technique

2.12.1 Sampling

Same as 2.11.1

2.12.2 Sample preparation
Same as 2.11.2

2.12.3 Extraction and analysis

Freeze-dried tissue powders (0.1g) were transferred into Xratéon tubes
(Schott). The following sets of extraction tubes waepared:
1. 0.1g sample, 100ul toluene (20 ppm) as internal standard and 2oitlo
dichloromethane (DCM)methanol: water (3:3:2 v/v) (3 reps)
2. 0.1g sample, 100ul toluene (20 ppm) as internal standard draf 2oid n-
pentane: dimethyl formamide (DMF) (3:2 v/v) (3 reps)
3. 100ul toluene (20 ppm) as internal standard and 1350 pl of DCbtodtitm:
n-pentane (1:1: 1.6 v/v) (2 reps).

The samples were extracted on a rotator extraction urid apm for 120 minutes.
The tubes containing extracts were agitated using an ulicabath at 28C for 30
minutes and centrifuged at 2000g for 5 minutes. Seven hundredtgmdidro litres
(750ul) of chloroform was added to the extracts extractddldM: methanol: water
(No.1). The mixture was vortexed thoroughly and centrifugegD@0g for 2 minutes.
Non polar fractions were collected using glass capillapetpes from the bottom
layers from extraction 1 (extracting solvent: DCM: naatbl: water + chloroform
addition) and from the top layer from extraction 2 (agting solvent: n-pentane:
DMF) into labelled glass vials. The pooled non-polaagghwas transferred into
labelled GC vials and analysed by GC-FID (Make: Agilent Telkdgies 6850
Network GC System; Software: ChemStation). GC-conditiee the same as used
in PAH determination (see section 2.3.1The presence of naphthalene in tissue
samples was confirmed by running naphthalene standard on &@ilar conditions
and comparing the retention time of the standard with tiiathe peaks for the

compounds eluted from tissue extracts.
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2.17 Statistical analysis

Statistical significance was determined by a combined approach of Student’s t-test in
Microsoft Excel and a two-sampledst in Genstat. Fisher’s exact test was performed
on the epi-fluorescent photomicrographs taken for eaftarelnt treatment (chapter
4).

2.14 Quality assurance and control
2.14.1 Introduction

Systematic methods were used to achieve the requirediastBn A system
(replications and direct comparisons) was used to delivafidence in terms of the
accuracy and reproducibility of the results, and in dematsgraan effect against
untreated plants. The outputs were also related to sifmidings reported in the

literature.

2.14.2 Labelling systems

Rhizo-boxes, pots, vials, tubes, specimen stubs and atl ietlbgant materials were
clearly labelled with unique identifying references writtéher on adhesive labels or

permanent ink, whichever was most suitable.

2.14.3 Calibration and controlling parameters

Equipment (balance) was always calibrated to ensure thedififiot fall outside the
acceptable range. Root sample size for SEM preparatiorcara@solled not to fall
beyond the 1mrrange to ensure adequate fixation. Pressure and tempersree
controlled during critical point drying procedure (1072 psi antC3i{Postek et a|
1980). The pressure and timing were controlled during sputtemgoaiinalytical
reagent grade chemicals were used and glassware was alagaghly cleaned.

Controls were established in experiments for direct coisar

2.14.4 Homogenization

During the preparation of replicates, a third of the mixgked soil was transferred

between the replicates and the sample prepared for steeff€). The contents were
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mixed again before transferring approximately half of what \edts between the
replicates and storage sample, and then mixed again Ibefoséerring the remainder.
This ensured that the material was uniformly distributedveeh the different
replicates, as soil particles that are either densemaller tend to accumulate at the
base of the pile.

2.14.5 Replication

Replication was used to identify the level of variabilityand between the different
treatments, confirming the reproducibility of the resutibtained, limiting the
potential for systemic errors.
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CHAPTER 3

Changes in root growth patterns and root ultra-structure arising from growth in
sand contaminated with petroleum crude oil

3.1 Introduction

Phytoremediation is a green technique that aims toeupliants to cleanse or amend
polluted soils such as old gas work sites, to achieve coenpieteralization of the
contaminants to non toxic end products such as carbon diexidevater, through
plant-initiated biochemical processes. It has been denaved that enhanced
degradation of petroleum hydrocarbons occurs in the rhisoepdue to plant-
initiated changes in number and composition of micromahmunities (Siciliano et
al., 2003), stabilisation of pollutants by polymerisatiorctieas such as humification
(Harveyetal., 2001; Walton et al.., 1994) and a limited amount of plaratkep{Gao
et al., 2004; Harvey et al., 2001). A healthy root growth aadtmstablishment in
contaminated soils are essential for the plants towage remediation in the
rhizosphere (Johnson et al., 2004). However, the presempedrofeum hydrocarbon
contamination in soil may create an unfavourable envirohrf@anthe successful
development of plant roots (Brandt et al., 2006; Merkl ¢t2805). In addition to the
complexity of plant physiology and biochemistry (Meagl2§00), root architecture
is of importance in the successful growth of plant raotsontaminated soils and the
success of plant-initiated remediation of toxic organimpounds (Phillips et al
2006; Siciliano et al., 2003). This study is aimed at addressenguestion of how
the root growth patterns are affected when different plaecies that possess
different root architecture are grown in crude oil-treateddsa Roots change
physically and physiologically not only with age, but also tluehanges in their
environment (Enstone et al., 2003), and environmental stimnlhwtivate chemical,
biological and mechanical processes of a living systemr{#aja2006) which pave
way to differences in gross ultrastructure. The root stitvetural modifications in
tall fescue (Festuca arundinacea) and beetroot (Beta vulgaris) duevtb gr@wrude
oil-treated sand (10.8g total extractable hydrocarboitsgd dw) were studied with
the aid of scanning electron microscopic techniques, to demansimatffect against
untreated plants. The results of this investigation weesl ue choose the plant

species that illustrated better establishment in crudecoittaminated sand which
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could also indicate better phytoremediation potential, @rba plant species tested

(parsnip, carrot, beetroot, brown top bent and tall fescue).

3.2 Results

a. Sensitivity of three different plant species that posses@p root system
(parsnip, carrot and beetroot) to the exposure to crude oil cdamination

Growth in sand contaminated with petroleum crude oil atabncentration of 10.8g
total extractable hydrocarbons kgand (dw) (throughout this chapter crude oil is
referred to as HC) stimulated different responsesiriget different plant species. To
facilitate germination a layer of non-contaminated, clagricultural sand was used as
a seed bed. Still, the contamination totally preventedgdvenination of parsnip

(Parsnica sativa).

Carrot Daucus carota) germinated successfully with a score of 100%héuilant
growth was severely stunted in HC-treatment (Fig. 3.1& F2y.3. Also, from &
week of growth onwards, the carrot plants started to die iH@w¢reatment. After 4
weeks, only 53.33 % of germinated plants were alive in HCnhezatt whereas in
control treatment none of the plants died during tied that lasted for 3 months.
Furthermore, at the age of 3 months, the carrot plexpesed to HC-contamination
were ~6 times smaller in size (p<0.01) (Fig. 3.2; Table 3.1) aighee ~8 times less

than the control plants.
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Fig.3.1: Shoot development of carrot during the first 3 weeks (N=3&).05 in the first two weeks;
p<0.01 in week 3; t-test). Error bar shows staddaror of the mean. Shoot measurements were
discontinued after 3 weeks of growth due to the death of ¢hexted plants marked for shoot
elongation study in HC-treatment.

Control

Fig.3.2: Carrot grown in clean sand (left) and HC-contaminatedl gaght) for 3 months. Plant
growth was significantly stunted in HC-treatment. The plangth was reduced by ~6 times in HC-
treatment when compared to the controls (p<0.01; N=3{}-te
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Table 3.1: Plant growth parameters of carrot grown in clean and td&té¢d sand for 3
months. All t-tests are for differences between coranal treated plants.

Plant growth | Control N HC- N p valueas

parameters | Mean (+SE) contaminated determined by
Mean (xSE) Student’s t-

test

Root length | 11.67(x1.20)| 3 2.17(x0.44) |3 p<0.01

(cm)

Shoot height | 16.67(x2.03) | 3 2.83(x0.60) |3 p<0.01

(cm)

Whole plant | 28.33(x2.67) | 3 5.00(x1.00) |3 p<0.01

length (cm)

Plant weight 2.33 Composite | 0.30 Composite | -

(fw) (9) analysis analysis

Root: shoot 1.27 Composite | 0.42 Composite | -

(fw) analysis analysis

N=No. of samples; SE = standard error; p = probgbili

The germination percentage of beetroot (Beta vulgaris) w&s160% in HC- treated
sand, while the controls exhibited a 100% germination (p<0.05)caAst, beetroot
also showed a dwarfed growth in HC-treatment (Fig.3.3 - Bjg.3.Similarly as
carrot, from & week of plant growth onwards, beetroot plants in HC-treatsiarted
to die. After 4 weeks, only 55.55% of the germinated plants wikve s HC-
treatment, whilst 90% plants were alive and healthy in cotteatment (37% live
HC-treated beetroot when compared to the controls). Thé&do¢eplants in HC
treatment had red/ purple tinted leaves in comparisoretbright green leaves of the
control plants (Fig. 3.4). By the end of 3 months,Hi&treated beetroot plants were
~4.5 times smaller (p<0.001) (Fig. 3.5; Table 3.2) and 17.5 timelighan the

control plants.
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Fig.3.3: Shoot development of beetroot during the first 3 weeks (N=3®,.01 in the first two
weeks; p<0.001 in week 3; t-test). Error bar shows stanéaror of the mean. Shoot
measurements were discontinued after 3 weeks of growth dhe tetth of the selected plants
marked for shoot elongation study in HC-treatment.

HC-treated Control

Fig. 3.4: Photograph of beetroot plants growing in HC-contamihdlieft) and clean sand (right) for
2.5 months. Note the dark red or purple tinted leaves im9lkexposed to HC-contamination, when
compared to the bright green leaves in control plantiseofame age.
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HC-treated

Fig.3.5: Beetroot grown in clean sand (left) and HC-contaminated ¢aght) for 3 months. Plant
growth was greatly stunted in HC-treatment. The plangth was reduced by ~4.5 times in HC-
treatment when compared to the controls (p<0.001; N=3 (cpribaltreated); t-tekt

Table 3.2: Plant growth parameters of beetroot grown in clean a@etrelated sand for 3
months. All t-tests are for differences between coratnal treated plants.

Plant growth | Control N HC- N p valueas

parameters | Mean (xSE) contaminated determined by
Mean (iSE) Student’s t-

test

Root length | 17.33(x2.85) | 3 4.30(x0.38) |5 p<0.01

(cm)

Shoot height | 19.67(x0.33) | 3 3.90(x0.60) |5 p<0.001

(cm)

Whole plant | 37.00(x2.52) | 3 8.20(x0.81) |5 p<0.001

length (cm)

Plant weight | 8.00 Composite | 0.46 Composite | -

(fw) (9) analysis analysis

Root: shoot | 0.24 Composite | 0.20 Composite | -

(fw) analysis analysis

N= No. of samples; SE = standard error; p = probgbili
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b. Deviations in growth patterns of a grass mixture that possessdibrous root
system due to the exposure to crude oil contamination

A glasshouse pot experiment was established to study how rine il
contamination [10.8g total extractable hydrocarboridand (dw)] affect the growth
patterns of a mixture of grasses containing tall fescuety€@sarundinacea), brown
top bent (Agrostis capillaries L.) and perennial ryegrass (Loliummperé.). In some
HC-treatments, compost was added, in order to study the impeotrpost addition
on root growth in HC-treated sand. Seeds were germinatad2om layer of non-
contaminated, clean agricultural sand for all treatmeriéants were destructively
sampled 3 months after germination and the plant growtterpa were visually

examined.

At the age of three months, the control plants weresely populated and their roots
had reached the bottom of the 2L plastic pots, producing a deege root mass
(Fig.3.6a). The HC-treated plants showed a lesser ddpsify01) (Table 3.3), and
possessed a differentially shaped root mass with a surtboese root system,
illustrating a preference of the plants to avoid contatiina(Fig. 3.6b). In HC-

treatments, in which compost was added, the plants greweaifis areas only,

leaving patches of bare soil. The total density offgieopulation was much lower in
HC-treatment that has compost addition, when compared totitts (p<0.001) as

well as treated with HC without compost (p<0.01), but thetg illustrated a deeply
penetrated root system with longer roots (p<0.01) (Fig. 3.6ceTaB). At 3 months

of age, there were no significant differences in root letogtween control and HC-
treatment without compost addition (Table 3.3). The shaei® shorter in HC-

treatment, when compared to the controls (p<0.05), buditfegences in shoot height
between control and HC-treated with compost addition wmetesignificant (Table

3.3).
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Fig. 3.6: Root growth characteristics of a grass mixture (&8ttie, perennial ryegrass and brown top
bent) grown in clean sand (a), HC-treated sand withaapost addition (b) and HC-treated sand with
compost addition (c) for 3 months. In control treatment (fgnts produced dense fibrous roots that
extended into the sand to the depth of the pot. In HOregrtwithout compost addition (b), plant
roots appeared to turn away from the contaminated reairix back into the top layer of the
horticultural sand, producing a dense surface root masdC-treatment that has compost addition (c),
the roots penetrated deep into the pot, producing a deepysiemm, but the total plant populationsva
lower when compared to the controls (p<0.001) and the E&@rrent without compost addition
(p<0.01).

Table 3.3: Plant growth parameters of a grass mixture containindesdue, brown top bent
and perennial ryegrass grown in clean sand and HC-treatetithat is either amended or not
amended with compost, for 3 months

Plant a. Control N b. HC- N c. HC- p valueas
growth Mean (xSE) contaminated contaminateq determined
parameters Mean (+SE) with by
compost Student’s
addition t-test
Mean (+SE)
Population | 92.33(x3.93) | 3 63.33(x4.41)| 3 35.00(x2.89)| 3 p<0.01
density pots pots pots | between a
(%) of of of &bandb
plan plants plants| g C:
ts p<0.001
between a
&c
Root 8.13 (x0.95) | 4 7.7(x0.41) |4 23.40(x3.99)| 4 p<0.01
length between a
(cm) &candb
& c; NS
between a
&b
Shoot 21.05 (¢1.34)| 10 | 17.00(¢1.20)| 10 20.10(x0.89)| 10 p<0.05
height between a
(cm) & b; NS
between a
&candb
& c.

N=No. of samples; SE = standard error; p = probigbiNS=not significant
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bl. Differences in growth patterns of tall fescue (Festucarundinacea) arising
from growth in crude oil-treated sand

b1l-1. Growth differences when exposed to a higher concentration of contaminants

[16.5 g total extractable hydrocarbokg® sand (dw)] and periodical monitoring of
root shoot elongation

A rhizo-box experiment was established to study the impactxpbsure to HC-
contamination at a higher concentration [16.5g total extbdethydrocarbons Kg
sand (dw)] on the growth of tall fescue (Festuca arundinaceh}oamonitor the
shoot and root development of the plants periodically. 2¢n layer of non-
contaminated clean sand was used as a seed bed to facilkiatmagen. No
differences were observed in germination between coatd HC-treatment, but the

shoot and root elongation of plants was reduced in HC-treauméh~2.5 months of
plant growth (Fig. 3.7, 3.8 & 3.9).

i

hl\lllﬂlm‘ﬂlﬂlmﬁ

ANYIONT NI 3OVW

20 30 40 %0 60 7O

.,“;T:Il\|IIl|lllllIIIl|tlll![lllllllll]ll“lml||l||1lll||lﬂ|1|ll|[l

o

Fig. 3.7: Tall fescue grown in clean sand (a) and HC-treated sar[i@al extractable hydrocarbons
kg™ sand (dw)] (b) for ~2months.
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Fig. 3.8: Line graph showing the shoot elongation of 3 seleptedts from each different treatment
Student’s t-test was applied to each sampling period; p<0.05 on day 3B3@&ndError bar shows
standard error of the mean.
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Fig.3.9: Line graph showing the root elongation of 3 selectedtplfrom each different treatment.
Student’s t-test was applied to each sampling period; p<0.05 on day@p<sh001 on day 53, 59 and
66. Error bar shows standard error of the mean.

Two months after germination, some plant roots were destelictsampled and
stained with the vital stain Evans blue to study the impiiGscontamination on the
vitality of root hairs. The root sections viewed under atligicroscope showed that
higher percentage of root hairs stained blue in tr2ted roots (89% root hairs in
HC-treated roots stained blue, whereas 47% root hairs stainexd itbl controls),

illustrating the HC-contamination affects the vitality it hairs negatively. The
results also showed that the HC-treated roots had ar lesseber of root hairs
(p<0.001) (Fig. 3.10). The scanning electron micrographs of ptantsegments
showed the HC-treated roots possessed fewer but alserstumt hairs (Fig. 3.11).
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Fig. 3.10:Bar graph showing the difference in number of roothag well as the number of vital root
hairs per cm segment of roots of 2 months old tall fest@monstrated by a light microscopic study
Error bar shows standard deviation (N=3; p<0.001; t-test).

Fig. 3.11: Scanning electron micrographs of control (a) and HCarkdb) tall fescue showing
fragments of roots of 2 months old plants sectioned athirceas a fraction of root length above the
root tip. H: root hair. Scale: 200um.

b1l-2. Growth differences when exposed to a lower concentration of contaminants
[10.8 g total extractable hydrocarbdag® sand (dw)]

A glasshouse pot experiment was established to study thetimipaxposure to HC-
contamination at a lower concentration [10.8g total exatdethydrocarbons Kgsand

(dw)] on the growth of tall fescue (F.arundinacea). A 2crarl@§ non-contaminated
clean sand was used as a seed bed to facilitate germinatiordifferences were

observed either in germination or in shoot developmenwd®t control and HC-
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treatment, but a clear-cut difference was observedainpigmentation during the first
month of plant growth. All HC-treated plants (10 replisat® pots; each pot
contained ~25 plants) showed lack of dark pigmentation wdwnpared to the
controls. As shown in Fig. 3.6b, during the initial 3 thsnof plant growth, the HC-
treated plants exhibited a deviation from normal root oakoh responses to gravity,
producing a dense, surface root mass.  With time, howeuérfesgue roots
penetrated the contaminated soil matrix and grew successfult. It was also
observed that the HC-treated roots had straightenedeatskages, even though the
curvatures were still partially expressed (Fig.3.12).

Fig.3.12: Root shape of tall fescue after growing in clean (a)H@ereated (b) sand for 14 months

The scanning electron microscopic (SEM) images of roetealed significant
differences in the number and length of root hairs betweearirol and treated tall
fescue, 14 months after germination. The control plaotsr were covered with
many, long root hairs (Fig.3.13a), whilst the HC-treated roossgssed significantly
less (p<0.001) but also shorter root hairs (p<0.001) (Fig. 3. Rt hairs in treated
roots [241.86 (£34.69) uhwere about one third the length of those of the control
roots [767.1(x94.58um (p<0.001).
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Fig.3.13: Scanning electron micrographs of control (a) and HC-tdefip tall fescue showing cross
sections of roots of 14 months old plants sectioned athirteas a fraction of root length above the
root tip. H: root hair. Scale: 200um.

b2. Differences in growth patterns of brown top bent (Agrostiscapillaries L.)
arising from growth in crude oil-treated sand

Similarly as described in section bl-1, a rhizo-box experimes established using
brown top bent (A. capillaries L.). In comparison to thergeation rate of 95.56
(x2.22) % in control treatment, only 15.5&2.22) % seeds germinated in HC-
treatment (p<0.001) (Fig. 3.14; Table 3.4). Two months aftenigation, the shoot
height of HC-treated brown top bent was ~3 times lowen tihat of the controls
(p<0.001) (Fig. 3.14; Table 3.4). The root length of the treatedsplaas 1.4 time
shorter than that of the controls (p<0.001) (Table 3.4¢ {feated roots possessed
fewer root hairs among which only a lesser number was wtatl hairs (p<0.001)
(Table 3.4). The HC-treated roots had 10% of vital rootshawhereas the control

roots possessed 56% of vital root hairs.

92



Fig.3.14: Brown top bent grown in clean sand (a) and HC-treated §16.5g total extractable
hydrocarbons k§sand (dw)] (b) for ~2months. Similar results were obtainednvthe plants were
grown in sand treated with a lower concentration otaminants [10.8g total extractable hydrocarbons
kg sand (dw)].

Table 3.4: Plant growth parameters of brown top bent grown in clemhHC-treated sand
[16.5g total extractable hydrocarbons*kgand (dw)] for ~2 months. All t-tests are for
differences between control and treated plants.

Plant growth | Control N HC- N p valueas

parameters | Mean (xSE) contaminated determined by
Mean (iSE) Student’s t-

test

Population 95.56 (+2.22) | 3 rhizo- 15.56 (x2.22) | 3 rhizo- p<0.001

density (%) boxes of boxes of

(also reflects plants plants

germination

score)

Shoot height | 10.80 (x1.11) | 3 3.67 (x0.33) |3 p<0.001

(cm)

Root length | 5.20(x0.44) |3 3.77 (x0.14) 3 p<0.01

(cm)

No. of root 120 (£2) 3 21 (£3) 3 p<0.001

hairs per cm

segment

No. of vital 67 (x2) 3 2 (1) 3 p<0.001

root hairs per

cm segment

N=No. of samples; SE = standard error; p = probigbili
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c. Root ultrastructural differences arising from growth in crude oil-treated sand
(10.8g total extractable hydrocarbons kg sand dw)

A scanning electron microscopic study was carried out brietscue and beetroot
plant roots after 3 months of growth in respective treatmeThe root ultrastructural
modifications of tall fescue were investigated through SEbhhiques also after 6
months and 14 months of plant growth in HC-treated sakual.SEM study was not
carried out on beetroot roots older than 3 months as #wspfailed to survive the
HC-contamination (10.8g total extractable hydrocarbon$dand dw) longer than 3

months.

A preliminary scanning electron microscopic study reveated the root hair zone
begins more or less at the position of one third asaidn of root length above the
root tip in tall fescue (Fig.3.15). Hence, generally the sotre sectioned at one
third as a fraction of root length throughout this invesiiga

,.;:.\..‘f <9, 1004
e~ Vi
Sectioned at 1/3 as a fraction of roc Sectioned at 1/4 as a fraction of roc
length above the root tip length above the root tip

Fig.3.15: Scanning electron micrographs of roots of tall fescwesiica arundinacea) grown in clean
(a) andHC-contaminated sand at the concentration of 10.8g TEFs&gd dw (b), showing transversal
sections, taken at one third (a) and one fourth (b) as @ofraaft root length above the root tip. Scale:
100 um. Key: E: endodermis; X: metaxylem vessel. Metaxyessels were not present in the
contaminated root, presumably because the root wéersed below the maturation/ root hair zone.
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cl. Ultrastructural modifications illustrated by beetroot (Beta vulgaiis) roots

HC-treated beetroot plants were ~4.5 times smaller than thieotglants (Fig.3.5;
Table 3.2) and therefore difficult to compare. Stilk scanning electron micrographs
of treated beetroot roots exhibited enhanced thickening in thelerds and smaller

xylem vessels in comparison to their control counterpags3A6).

Control

HC-treated

Fig.3.16: Scanning electron micrographs of 3 months old corfpland HC-treated (b) beetroot
showing transversal root sections at 1/3 as a fraaiforoot length above the root tip. Note the
extensive thickening in the endodermis area (E) in btetsetienote the following: E: endodermis; X:
xylem vessel

c2. Ultrastructural modifications illustrated by tall fescue (Fesuca arundinaced
roots

No distinct differences in the root ultrastructure of 3nths old tall fescue were
observed between control and HC-treatment without conguirition (Fig. 3.17 a &
Fig. 3.17 b), but the roots grown in HC-treated sand which wanded with the
addition of compost possessed an enhanced cell wall thickespegially in their

endodermis, and meta xylem vessels with a narrower(Bage3.17 c).
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a. Control b. HC-treated C. HC-treated with compost
- T XA

Fig.3.17: Scanning electron micrographs of tall fescue roots grimwclean sand (a), HC-treated sand
(b) and HC-treated sand that had compost added to it (c), foon3hs showing transversal root
sections at the position of 1/3 as a fraction of leagth abovethe root tip. Scale: 50um. Letters
denote the following: E: endodermis; X: metaxylem vesseNote the differences in cell wall
thickening especially in the endodermis and the reducedetiarof metaxylem vessel in plant root
that was growing in HC-treated sand amended with confppst

The roots of tall fescue grown in HC-treated sand that wahamended with compost
also showed an extensive thickening in the cell walls, edjyeriathe endodermis,
when compared to the controls, at the age of 6 monthsmE@ths of growth)
(Fig.3.18).

a. Control b. HC-treated

Fig. 3.18: Scanning electron micrographs of control (a) and HCirkéb) tall fescue plants showing
transversal root sections at 1/3 as a fraction of lewgth above the root tip. Age of plants: 6 months.
Scale: 50pm. Letters denote the following: E: endodermis; X: metaxylem vessel. Note the differences
in cell wall thickening especially in endodermis thickeningHC-treated plant root. At the time of
sampling (6 months after germination), the roots weovigng in HC-treated matrix.
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Differences in root cortex between treatments could natidied with the scanning
electron micrographs obtained during the earlier plant tiroperiod, as the root
cortices were not preserved since critical point drying stas not included in the
sample processing techniques employed earlier. Root samplescritical point
dried before taking the SEM images of root sections otglgrown in clean and HC-
treated sand for 14 months. Dramatically pronounced diftesemwere observed in
the root ultrastructure between control and HC-treatedastlue after 14 months of
growth in respective treatments (Fig.3.1HC-treated tall fescue roots had bigger
root diameters (527.4pum £ 29.11 pm) than the controls (457.8um + 19.86 um) at the
position of 1/3 as a fraction of root length above the rqo{{E<0.05) (Table 3.5).
HC-treated plant roots had significantly enlarged cortex zame@a compared to the
control roots (p<0.001) (Table 3.5), but showed no noticeabfereliices in the
number of cortex cells (Fig. 3.19). In the HC-contangdgplant roots, the cortex
cells were more of an isodiametric shape (Fig. 3.19 eytddh contrasted with the
more longitudinal cortical cell arrangement in contpddnt roots (Fig. 3.19 a, b).
Also, partially collapsed cells were observed in the codesa in treated roots
(Fig.3.19 c). There were no significant differences itestiilameters between the two
treatments (Table 3.5), but enhanced wall thickenings werervelosén the cells
around and inside stele and distinctively in the endoderrigs aethe contaminated
plant roots (Fig. 3.19 c, d) (p<0.001) (Table 3.5), as observin iearlier SEM study
(Fig. 3.18b). Furthermore, the cells inside the steléhef HC-treated roots were
noticeably smaller (Fig. 3.19 d). The SEM images of cros$ sections showed a
decrease in the size of the vessel elements in thérééfed roots (Fig. 3.19 c, d)
(p<0.001) (Table 3.5). Furthermore, there was an increaseaiinthickening of
xylem elements in HC-contaminated plant roots when comparetieip control
counterparts (Fig. 3.19 d) (p<0.001) (Table 3.5).
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Fig. 3.19: Scanning electron micrographs of 14 months old controb)and HC-treated (c, d) tal
fescue showing cross sections of roots sectioned ahodeas a fraction of root length above the root
tip. Scale: a, ¢: 1Q0n; b, d: 5Qum. Letters denote the following: C: cortex; E: endodermis; S: stele;

X: metaxylem vessel. Arrow in ¢ indicates partiabllapsed cortex cells/ distortions in cortical area.

Table 3.5: Descriptive statistics for root ultrastructural parametarsl4 months old tall
fescue roots at the position of 1/3 as a fraction of root lemgplre the root tip. All t-tests are
for differences between control and treated plants.

Root ultrastructural Control N | HC-contaminated | N | p valueas

parameters Mean (xSE) Mean (xSE) determined by
Student’s t-
test

Root diameter (um) 457.78 (£19.86) 8 | 527.46 (¥29.11) 6 p<0.05

Stele diameter(um) 196.78 (x10.77) 8 | 193.77(+9.59) 6 NS

Stele  diameter:Rog 0.43 (+0.01) 8 | 0.37(x0.02) 6 p<0.01

diameter ratio

Cortex zone area(nmn| 0.12 (+0.004) 8 | 0.22 (+0.02) 6 p<0.001

Totazl metaxylem areq 4339.00(x386.08) | 8 | 683.07 (x96.42) 6 p<0.001

(nm°)

Metaxylem wall| 0.63 (x0.09) 8 | 2.14 (x0.12) 6 | p<0.001

thickness (pum)

Endodermis wall 2.21(+0.20) 8 | 5.99 (x0.07) 6 | p<0.001

thickness (pum)

N=No. of samples; SE = standard error; p = probigbiNS= not significant
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Figure 3.20 summarises the relationship between xylem wallnéssk and meta-
xylem area in the roots of tall fescue grown in clean sad=#C-treated sand for 14

months.

HC-treated

N

(6)]
1
LI

Control

Metaxylem wall thickness (umr

0 2000 4000 6000 8000

Metaxylem area (um

Fig.3.20: The relationship between metaxylem wall thickness atal tmetaxylem area in control
(indicated by blue diamonds; r=0.25) and HC-treated (indicateddgqeares; r=-0.53), 14 months
old tall fescue plant roots at the position of one tasd fraction of root length above the root tip.

d. A biphasic dose response illustrated by crude oil-treated tafescue (Festuca
arundinacea) to enhanced drought conditions

Fourteen months old tall fescue plants were left witheatering for a period of 2
weeks. Unexpectedly, the plants (10 replicates of pots eaufaining ~25 plants)
grown in HC-treated sand (10.8g total extractable hydrocarboffsskgd dw)
remained visually unaltered, whereas the control plamsved signs of wilting and
started to die off. The differences in visual drought esside between treatments

were significant (p<0.001).
3.3 Discussion
Roots of land plants are in direct contact with theit savironment in which they

perform their functions of anchorage, absorption, cotidocand storage of water,

nutrients, and foods. When the soil is contaminated KH&h the soil characteristics
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change. Due to the hydrophobicity of the HC molecules wiwiap around the soil
particles, water spreads inhomogeneously in HC-treated Aadifference in the
water drainage pattern between HC-treated soil matrix bathsand was observed
consistently. Water appeared to stay on top of the cométed soil matrix (Fig.3.21)
and then quickly ran through the holes at the bottothe@pots and through the very
small gaps in rhizo-boxes which contained HC-treated saBdker (1973) had
reported that water drains rapidly in oil-impregnated sdileraan initial water
logging. This may lead to deficiency of available water gtant root absorption,

subsequently reducing mineral and oxygen intake.

Fig.3.21: Photograph showing water staying on top of the HCasuirtated soil matrix, before quickly
running through the holes at the bottom of the pot

This anomaly in water drainage patterns may contribuleatching of nitrogen (N), a
major element which is required in relatively large quaegiin connection with all
growth processes in plants including the synthesis ofrapiiyll. The HC-

contamination may also affect the soil pH which strgnigffluences nitrification

(Leggo and Ledesert, 2010); therefore this may also have \@mrsadeffect on N
available for absorption by plant roots, especially in stmt has a very low
buffering capacity. Additionally, Newman and Reynolds (20@2jorted that the
presence of HC-molecules increases the C: N ratio én sthil, decreasing the

availability of N for plant root absorption. So the changekeaf colour and stunted

10C



growth of carrot, beetroot and tall fescue (only duringitliteal growth period of up

to 2.5 months) plants growing in HC-contaminated conditimay suggest that the
treated plants were suffering from N deficiency. Stuntedvdrcand lack of dark

pigmentation can be produced by the deficiency of elemathiesr than N, such as
phosphorous (P) magnesium (Mg), sulphur (S), manganesg dMl iron (Fe). So
generally plant nutrition may be poor in HC-contaminatateatrix due to leaching,
inhomogeneous spreading of water and higher levels of C ¢onidr® competitions
between proliferated micro organisms in the rhizosphereHGttreated plants
(Siciliano et al., 2003) and plant roots for nutrients nlag aontribute to the scarcity
in the supply of nutrients available for plants (Merkakt 2005).

Furthermore, the components of HC could be phytotoxice HIiE-treated beetroot
plant leaves exhibited dark red/ purple discolouration. Vazgqtet (1989) reported
reddish-brown discolouration at the base of the leafddaof cadmium (Cd)-treated
bean plants (Phaseolus wulgaris), and attributed it to Cd-taxidibg discolouration
of HC-treated beetroot leaves and the plants’ premature death may also suggest that
HC contamination imposes toxic effects on plants. Sk, dark red/ purple leaf
colouration of HC-treated beetroot could be due to P eefyi as reported by
(Wallace, 1943), which could have been caused by water deficidvloyeover, the
HC-treated tall fescue and brown top bent possessed a lassdrer of vital root
hairs per cm segment of roots (p<0.001), suggesting toxic Hsawevater stress

effects of HC on plant roots.

Whilst the control roots were woolly with many, long root Bathe HC-treated tall
fescue roots possessed significantly less (p<0.001), but shisaer root hairs
(p<0.001). These results were consistent for both youiiggr3.11) and older roots
(Fig. 3.13). Ample moisture and a good oxygen supply are negassgromote

abundant development of root hairs (Taiz and Zeiger, 1998y&Veh926). Hence,
the inhibited development of root hairs in HC-treated fedicue as well as in HC-
treated brown top bent could be due to lack of moisture and nxgugeplies. Since
root hairs are significant in increasing the surface are#ht absorption of soil ions

and to a lesser extent soil pore water (Taiz and Zei$98), the reduction of root
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hairs observed in HC-treated plant roots would reduce the mioeralbsorption by
plant roots, consequently affecting the nutrient statiBeoplants.

During the first 3 months of growth, the HC-treated gnassts showed deviations
from normal root orientation responses to gravity (Fig. 3.8h nature, gravity is the
main stimulus in directing the downward growth of the rootesys However, roots
also respond to other stimuli in their environment ((Pagesl.et2@00), such as
differences in the amount of moisture and oxygen supghesroots being attracted
towards moist soil areas and favourable oxygen suppliea\{®/e1926). Under such
influences, the root tip pursues a general downward coursedin the soil, its slight
movement from side to side aiding it in penetrating theezbeneath, which presents
unfavourable conditions (Weaver, 1926). The turning of the ro@t& into the clean
layer of sand, the curvatures and the change in shape obdt mass of the treated
plants (Fig. 3.6b) may be due to the limited supplies of oxggehmoisture in the
HC-contaminated zones. On the other hand, plants gromMCureated sand which
was amended with compost were growing straight into theaounated matrix
(Fig.3.6¢), producing much longer roots than the controls a@dtrelated plants
without compost addition, of the same age (p<0.01). This stgytjeat the compost
either absorbed the HC components, reducing their colat®ems in the sand or
alternatively produced a preferential pathway for the root®ltow. However, the
plant population density in HC-treated sand amended with com@sstower when
compared to the controls (p<0.001) and HC-treatment withootpost addition

(p<0.01), perhaps because the compost used was immature.

The HC-treated tall fescue and beetroot roots exhibited tang&xe thickening in
their root cell walls, especially in their endodermis, as aslsmaller xylem vessels.
The 3 months old HC-treated tall fescue roots, which sawiendency to coil back
into the top layer of clean, agricultural sand, howeva, bt have an extensive
thickening or smaller xylem vessels (Fig. 3.17b). The rooteeplants of the same
age, grown in HC-treated sand amended with compost, thatotishow deviations
from normal root growth orientation, exhibited a clearigcérnible enhanced cell
wall thickening, particularly in the endodermis, and xylem vesgitlsnarrower bore
(Fig. 3.17c). Environmental stresses are known to induceased lignifications in

cell walls and enhanced development of the endodermis (Souklip 2204; Enstone
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et al., 2003). The clearly observed enhanced thickeningsciarly in the
endodermis of plant roots growing in the HC-treated matray suggest that the
endodermis acts as a barrier to HC contaminants, piagetitem from being taken
up into xylem vessels via apoplastic fluxes. Barceld.gt1888) reported a decrease
in vessel size in Cd-treated bush bean stems. A suibttd@trease in the size and
number of xylem elements were also observed in seminaltwbhets exposed to
higher temperatures (20) by Huang et al. (1991). So, the decrease of xylem vessel
size in plant roots growing in HC-treated sand in our studso auggests that
unfavourable conditions are imposed on plant roots by the H@awcwonants.
Decrease of metaxylem vessels, presumably due to enhanitedickaning, and the
endodermis thickenings were more prominently observed ifetsdlue roots growing
in HC-treated sand for a longer period of time (14 montRg). 3.19). In addition to
the characteristics of the species, place and timerigin, the root structure is
influenced by the environmental conditions. The morerti¢ elongates from the
base; the higher can get the environmental influence (&odod Haas, 2009). The
dramatically pronounced differences in root anatomy betwdiefiesaue roots grown
in clean sand and HC-treated sand for 14 months, were perthapsto higher
environmental influence, as the roots at this time paudtdlongated further from the

base and were deep inside the HC-treated matrix.

The curvatures of HC-treated tall fescue roots were obdetw be straightened at
later stages (after the acclimatisation period of 3 n®)ntkuggesting that the
deviations from normal root orientations towards gravityemenly temporary. The
results suggest that the roots had retained a commitmergitgtastimulus vertical

orientation, and reverted to it, perhaps, following changeshe biomechanical
properties of cell walls responsible for wall elasticity tine zone of curvature
(Stankovic et al., 1998). Stankovic et al. (1998) conducted a studautmnomic

straightening of gravitropic curvature of cress roots. Meidy showed that curved
roots returned closer to the prestimulus vertical, indigathe existence of an
inherent, autonomic or default tendency for disoriedtapegans to revert to a
previous equilibrium orientation. Their study also showrat the curvatures were
not completely reversed in cress roots. Even thohghraot mass of the older tall
fescue plants was not restricted to clean zone and mgtcuevy, some curvatures

continued to be expressed in HC-treated roots in our study 3Ai2b), possibly due
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to the existing environmental vectors such as limited moistndeoxygen supplies in

the contaminated zone.

Partially collapsed cortex cells were observed in théegaarea in HC-contaminated
tall fescue roots (Fig. 3.19 ¢). Enstone et al. (2003) denavedtpartial collapse of
the cortex in seminal roots of wheat seedlings exposeatier stress conditions. So,
the partially collapsed cells in the cortical zone of tascue roots exposed to HC
contamination suggests that water is a key limiting resaaregC-contaminated soil
resulting in plants suffering from water stress. Theravaer bore of metaxylem
vessels in roots growing in HC-treated sand may suggesthinatdter economy of
the plants can be affected. The decrease in size ahxydssels exhibited by HC-
treated tall fescue is possibly an insurance strategyegslnts to limit the water loss
due to transpiration by reducing the bore of the xylem vessedsipply leaves with

water and nutrients, when lower amounts of water are &laila

Increased cortex zone due to isodiametric shaped coelexwere observed in HC-
treated tall fescue roots. Similarly, Barcelo et 4988) reported an increased cortex
zone in Cd-treated bush bean stems due to isodiametrstadyed cortex cells. So,
the arrangement of more or less isodiametric shape@xcosglls observed in HC-
treated tall fescue roots (Fig.3.19 c¢) may indicate a respohggant roots to
phytotoxicity imposed by the presence of HC contaminanthdansoil environment.
By increasing cortical zone area, the plants could iserdhe distance the toxic
substances in the cellular pathway have to travel in dodegach the xylem vessels,
restricting the toxicants in the soil pore water fromeeing the stele via symplastic
stream. Most importantly, the extensively thickened endnidein HC-treated roots
could restrict the entry of HC contaminants into theer core of the roots via

apoplastic fluxes.

The modifications in root ultrastructural features of H€ated tall fescue suggest
both symptoms akin to water stress and structural defencesttiee penetration of

HC-contaminants into the inner core of the roots. A ratheexpected result was
obtained when the older tall fescue plants (14 montlagef were subjected to water

stress, by not watering the plants for two weeks. Thrabplants began to show
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wilting appearance and started to die off, whereas theretiied tall fescue proved to
be resilient. These pave way to the hypothesis thatrdeence of HC contaminants
in soil creates scarcity of plant available water, stating drought adaptive

responses in tall fescue roots and motivating the formatie@barrier to water loss,

which consequently restricts the entry of the xenobiotrdgarbons into the inner

core of the roots. This hypothesis was tested and thiésrese discussed in chapter
4,

The severely stunted growth of beetroot plants grown in ld@«d sand made it
difficult to compare the root anatomy between control edted plants of the same
age. Still, the HC-treated beetroot roots illustrated »tensive thickening in the
endodermis and smaller xylem vessels as the HC-treatddsalie roots. However,
beetroot failed to establish in the HC-contaminated sandreabeall fescue was
well-adapted to survive the stress conditions caused by Htsooration,
particularly after an acclimatisation period of 3 monthisie morphological plasticity
illustrated by tall fescue roots in delaying the contacthwiie contaminants by
turning back into the non-contaminated seed bed could ¢@veibuted towards the
plants’ successful establishment in HC-treated sand. Still, brown top bent, which also
possesses similar root architecture as tall fescue showexmarkably reduced
germination (p<0.001) and much inhibited growth (p<0.001) due toxjpesare to
HC-contaminants. Hence, the structural and ultrastructtivatacteristics of plant
roots are not the only features accountable for the sdatessablishment of a plant
species in HC-treated sand. Metabolically induced changsponsible for the
adaptability of tall fescue to growth in sand treated withhttzgdene (a readily bio
available PAH which is also a component of HC) were studied the results are

discussed in chapter 5.
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CHAPTER 4

Responses of tall fescue (Festuca arundinacea) to growth in ndphlene-
contaminated sand: xenobiotic stress versus water stress

4.1 Introduction

Plants respond to environmental constraints by modifyingr teguctural and

ultrastructural features (Agarwal, 2006), in order to adaptheo dhanges in their
growth environment. Results in chapter 3 showed that growsand contaminated
with petroleum crude oil (HC), caused extensive endoderelaall thickening,

increased cortical zone and partial collapse of theegart the roots of tall fescue
(Festuca arundinacea). Enstone et al. (2003) demonstrated pdidpseof cortex

in seminal wheat roots as a symptom of water stress, whisteelerated maturation
of endodermis has been documented under stress condiionkup et al., 2004;
Enstone et al.,, 2003). An increased cortical zone has Iseggested as a
phenomenon to restrict entry of toxic compounds intoither core of the roots and
shoots (Collins et al2006 and references therein; Barcel’o et al., 1988). So, the
modifications in root features observed in HC-treatedfeatue roots in our study
(Chapter 3), suggests that interplay of drought stress respangexenobiotic stress

responses occurs in tall fescue roots when grown in H@ettemils.

The water status of plant tissues is determined by therpabf water exchange
between the plant and the environment (Slatyer, 1967). Matins in root

ultrastructure bear direct relevance to the chanmgésctional properties of the roots.
Casparian Strip has the dual functions of preventingtineex cells from drying out
in water deficit conditions (Jupp and Newman, 1987) as well egitkg out foreign

bodies that may be harmful to the plants, from beidiyeled into the inner core of
the roots (Enstone et al., 2003). Hence it was of importémcevestigate the
differences between control and contamination-treatexht ptoots in terms of
Casparian strip, together with other root ultrastructuralufes (e.g. root cortex).
Berberine hemisulphate is known to stain Casparian spaeifically and has been
used by Brundrett et al. (1988) in their study of plant tissdéesimilar approach was
used here to study the difference in the abundance spabian band structures

between control and treated roots.
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Crude oil (HC) is a highly heterogeneous material contaialighatic and aromatic
hydrocarbons including polycyclic aromatic hydrocarbons (BAH PAHs are
considered as particularly harmful environmental pollutanesabse of their
carcinogenic and/ or mutagenic potential, ubiquity and persstédanska et al
2006). PAHs can be of either high molecular weight (HMWlpar molecular weight
(LMW), and differ in their water solubility and volatilityHere, a preliminary study
was carried out to test the effect of exposure to differéiidPon seed germination
and subsequent plant development. The PAHs selected waghthalene,
fluoranthene, anthracene and benzo (a) pyrene (up tocemtoation of 1000mg Ky
sand dw) that show differences in their physico chemibakacteristics such as
molecular weight, solubility in water and volatility (Siedle below).

Table 4.1: Physico-chemical parameters of naphthalene, fluorantizemnieracene and benzo
(a) pyrene [B(a)P]

PAH Vapour pressur¢ Henry’s law | Solubility  in | Molecular
(Pa) constant (H) water (mg ') | weight

(Pa.mimol™®  at

ode (g mol™)
Naphthalene 1.04x10 57.4 31 128.2
Fluoranthene 7.00x10° 1.1 0.26 202.3
Anthracene 1.00x10° 3.28 0.045 178.2
Benzo (a) pyrend 7.00x10’ 0.01 0.004 252.3
[B(a)P]

Source of vapour pressure and H for naphthalene, anthracenB(ayiRt Mackay et al
(2000); Source of vapour pressure for fluorantheWeéiova, 2009; Source of H for
fluoranthene: De Maagd et al. (1998)enry’s law constant (H) (Pa.m®mol™) is the ratio of
partial pressure in air (Pa) to the concentration in watet () and it expresses the relative
air-water partitioning tendency (Mackay et al., 20@8urce of solubility in water: Farrell-
Jones (2003).

Based on the results of the initial study, naphthalenechasen as the model toxic
PAH which is present in crude oil (exact concentratioRnomwn) to further the
investigation, probing into the responses of plants to mstiess and xenobiotic
stress. Simultaneously, the water balance aspectmptithalene-treated sand as

opposed to the non-contaminated, clean sand were investigated.

Water is held in soil in various ways:



a. Chemical water: This is an integral part of the molecslaucture of soil
minerals, held tightly by the electrostatic forces togudaces of clay crystals
and other minerals.

b. Gravitational water: This is held in large soil pores andndraut rapidly
under the action of gravity (Fig. 4.1A).

c. Capillary water: This is held in pores that are small enoaghald water
against gravity, whilst allowing roots to absorb it. This watecurs as a film
around soil particles and in the pores between them, ahé iain source of
plant moisture (Fig. 4.1B). As this water is withdrawhe targer pores drain
first followed by the smaller pores. The finer pores presesistance to the
removal of water. As water is withdrawn, the film bees thinner and harder
to detach from the soil particles. The particles andgofehe soil act like a
wick and the capillary action can move upwards through sdib .Bometres, in
response to suction.

When soil is saturated, all the pores are full of wdiat,after some time (usually

a day), all gravitational water drains out, leaving the abifield capacity (soll

water-holding capacity) (Fig.4.1B). At soil water-holdingpecity, plants draw

water out of the capillary pores readily. When no moréewean be withdrawn,

and the only water left is in the micro-pores, the sodaid to be at wilting point

(Fig.4.1C) (Better soil§, Www.soilwater.com}au

A ] C

b6 o &
i.‘,ﬁv-[ [»l r

Saturation  Field Capacity Wilting Point
All poras are full of  Availoble woter for Mo more water is
walar. Gravilational plant grawih available fo glants

waler 15 |ost

Fig.4.1: lllustration of saturation, field capacity and wilting pb{Apart from labelling A, B and C, the
figure is directly presented as in Dept of Agriculturel8tin, 462, 1960)
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Soil factors have major impacts on soil water statusvaater supply to plant roots
(Slatyer, 1967). In soil-water relations, water contamd water potential of soil are
of principal importance. Water content can be perceigeg@naintegral component of
the hydrological cycle (Orfanwend Eitzinger, 2010) and is useful when it comes to
describe the water balance of a soil, such as how nmwatér is moving in, out, or
being stored in a soil (Slatyer, 1967). The water poteotisoil relates to the energy
status of the soil pore water andn show how water will move in a soil as well as
from the soil to the plant. Additionally, water potahttan be used to determine
plant availability of water and soil stressviany different factors contribute to the

total water potential'f’;) of soil

Here, ¥, Wg Yo and ¥y are pressure, gravitational, osmotic, and matric

components respectively. Among these different compsenenatrix potential is

crucial for plant water relations. When water is imtaet with hydrophilic solid

particles such as sand particlfmihesiw intermolecular fordes form between the

water and the solid. The forces between the water mekeeund the sand particles in

combination with attraction among water molecules gise tg surface tensipn and

the formation of menisgi within the sand matrix. To dkehese menisci, force/

pressure has to be applied. The magnitude of matrix poteef@&nds on the width
of the menisci and the chemical composition of thedsalatrix. Strong (very
negative) matrix potentials bind water to soil particleshimitvery dry soils. Plants
then have to create even more negative matrix potemtitis tiny pores in the cell
walls of their leaves and establish a water deficit gradio extract water from the
soil and allow physiological activity to continue through peyiods (Taiz and Zeiger,
1998 and references thereinHere MPS-1 sensors that function according to the
equilibrium law (2% law of thermodynamics) were introduced into the soildivect
measurements of soil water potential, and gravimetric techsieyeee employed for

soil water content measurements.

The changes in root growth patterns and root ultrastructuralbfescue due to
growth in naphthalene-treated sand under both well-wétane drought conditions

were studied and directly compared with those of the paotsn in clean sand. Nile
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red, a vital fluorescent lipid stain was used to staindbé ultrastructures that possess
a hydrophobic character and to probe the uptake of naphéhadeich is hydrophobic
in nature, across the root tissues. As the octanol watétion coefficient of Nile red
is in similar range as naphthalene (Greenspan et al., 1985)proved a powerful
technique to visualize the path of naphthalene into tirgliroots of tall fescue.

A generalised root can be divided into different zoneshsas root cap, divisional
zone, elongation zone, root hair zone and branching Zbine.elongation zone
represents a region of intense growth, through contimoat exploration into
previously unoccupied soils (Wild et al., 2005), whereas thehaioizone represents
a region of tissue involved in intense absorption of soienals (Taiz and Zeiger,
1998), and perhaps soil-bound organic chemicals as well. dllseate in continual
transition, but essentially remains the same age fon geowth zone (Wild et al.,
2005). A preliminary scanning electron microscopic study fledethat the root hair
zone begins more or less at the position of one tlsiral faaction of root length above
the root tip in tall fescue (Fig. 3.15A, B). Hence, generdily root ultrastructural
adaptations and the entry of Nile red across the root #Hssuere studied
predominantly at one third as a fraction of root lengthughmut this investigation, as

in the previous chapter (chapters 3).

The results as regards the impacts of naphthalene mimwtidon in soil on seed
germination, changes in root growth patterns and root structodautirastructural
features are discussed in the light of soil water st@esl xenobiotic stress.

4.2 Materials and Methods

4.2.1 Spiking sand with polycyclic aromatic hydrocarbons (PAHS)

Spiking sand with PAHs was carried out according to thehodst described by
Johnson et al. (2004) (Further details are given in se2titd).
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4.2.2 An initial gradient rhizo-box experiment to examine the effg of
naphthalene, fluoranthene, and benzo (a) pyrene [B(a)P] oreed germination
and plant development:

In order to study the effects of different PAHs thatvgltbfferences in their physico
chemical characteristics, on plants, at various corggmis, a preliminary, gradient
rhizo-box experiment was conducted, in which different eatrations of
fluoranthene, naphthalene, and benzo (a) pyrene [ B{@f used in different layers
(Fig. 4.2; Table 4.2). Here the 3 above mentioned PAHs sedexted on the basis
of:

Naphthalene: The most volatilel¢nry’s law constant (H): 57.4 Pa.ffimol™ at 25C;
Source: Mackayet al., 2000) and water-soluble (31 m@';LSource: Farrell-Jones,
2003) LMW PAH among the EPA PAHs

Fluoranthene: The most abundant EPA PAH in rural, urbawedsas forest soils
(Wild and Jones, 1995).

Benzo (a) Pyrene: A HMW PAH with carcinogenic propertiearell-Jones, 2003)

Layer No. 1

Layer No. 2

wjf; Layer No. 3

Flasnlbere g = Layer No. 4

Fig.4.2: Rhizo-box set up showing the different layers consistihdifferent concentrations of PAH
(e.g. fluoranthene).

Table 4.2: PAH concentrations used in the different layers in the gnadiézo-box
experiment

Layer No. Experimentally added PAH concentration (mg-kg

1 0

2 4 (urban soil concentration) (Wild and Jones, 19945

3 40 (minimum target level) (Wild and Jones, 1995)

4 1000 (most experimented level) (Smith et al., 200
Binet et al., 2001)
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Tall fescue seeds (5 seeds) were sown in the top layesr (ldg. 1) and seed
germination and plant growth were monitored. Controltineats were established
using non-contaminated sand in all 4 layers. Three repticat¥e established for

each treatment.

4.2.3 Experimental protocol to test the effect of exposur®e anthracene at the
concentration of 1000mdkq*sand dw on seed germination and plant

development

A 2cm thick layer of clean, agricultural sand was used ssed bed to facilitate seed
germination and growth of tall fescue (5 seeds were sowrmach €hizo-box) and
brown top bent (Agrostis capillaries L.) (15 seeds were sowndh d@zo-box) in
anthracene-treated (1000mg PAH'kgnd dw) sand in separate rhizo-box&ontrol
treatments were established using non-contaminated saidee replicates were

established for each treatment.

4.2.4 Experimental protocol to test the effect of exposur® haphthalene at the
concentration of 800mq kd' sand dw on tall fescue: Seed germination in
rockwool cubes

Tall fescue seeds (10) (origin: Kent; supplier: Emorsgate sedswere germinated
on autoclave-sterilized (126, 11 minutes, 15psi) rockwool cubes in a tray of water
at 20C. The seedlings were placed at a 45cm distance awaydr250W Grow
Light (Model: Envirolite, 6400 K) on a 16 hour light and 8 halark cycle upon
germination, but were moved to a 30cm distance after 1 weegkoafth. Six cm
diameter plastic pots and 12cmx12cmx2cm rhizo-boxes weed fillth naphthalene-
spiked sand (800mg Kaiw) or non-spiked (control) sand. A space was made in the
pot centre to position the rockwool cube (containing theallsegs) with a bit of
pressure applied. The rockwool cubes with plants werefénaed to the pots and
rhizo-boxes once the roots reached the base of the rotkwbes (at 2 weeks since
sowing). The pots were placed in individual trays. @icates (4 replicates for

rhizo-box set up and 4 for pot set up) were established.

4.2.5 Experimental protocol to test the impacts of naphthaleneontamination on
seed germination and plant growth patterns: Direct sowing in sand ntkum

Fifteen ml of tall fescue seeds (origin: Kent, Amenity; sgplEmorsgate seeds,

UK) were germinated directly either in clean sand or sandtacanated with

112



naphthalene (800mg Kgdw) in 15cm diameter plastic pots. Six replicates per
treatment (3 replicates for Kent origin, 3 for Amenitygo) were established and
each replicate contained ~90 plants after 1 month sineelssevere sown.
Additionally, 100ml tall fescue seeds (origin: Kent; supplier.oEsgate seeds, UK)
were sown in either clean sand or sand contaminated withttiglene (800mg Ky
dw) in 10L plastic pots. Three replicates per treatmesite established using 10L
pots and each replicate contained ~400 plants after 1 maowtd seeds were sown.
Furthermore, 2 replicates of unplanted treatments auntpieither clean sand or
naphthalene-treated sand were established using 10L potsS-1Mdensors were
installed in the 10L pots. The pots were randomized and thésplgere grown in a
glasshouse at 20 on a 16 hour light and 8 hour dark cycle upon germination.

4.2.6 Watering and nutrition

Plants were watered regularly to 80% of water holding c&ypduiater holding
capacity of the clean sand was used for the determinatioatering regime) and fed
with a liquid fertiliser (lawn food; N: P: K=15:3:3; 6.7ml liquierfilizer per L of

water) on a once weekly basis, unless exposed to water. stress

4.2.7 Determination of water potential of naphthalene-treated andlean sand

Dielectric water potential sensors (Model: MPS-1; Manufiast Decagon Devices
Inc.) were used to measure the water potential of nagmbdreated and clean sand.
The MPS-1 measures the dielectric permittivity of two eegied, porous ceramic
disks sandwiched between stainless steel screens and RBelMircuit board to
measure their water content and then derive their wadégntial. The dielectric
permittivity of water in the ceramic disks is 80 compam@d dielectric permittivity of
5 for the ceramic material and 1 for the air. Theqpie behind this technique is the
second law of thermodynamics which states that connecteéensysvith differing
energy levels will move towards an equilibrium energyele Here, a solid matrix
equilibration technique is used. The ceramic material aistatic matrix of pores is
introduced into the sand and allowed to come into hydragliglibrium with the soil
pore water. As the two are in equilibrium, measuring tlaew potential of the

ceramic disks will give the water potential of the sahfire water potential refers to
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matrix potential which is the most important compondnwater potential with regard
to plant water relations (Decagon Devices Inc., 2007).

MPS-1 sensors were installed into sand at the bottahedfole dug above 2cm from
the base of the 10L plastic pots. The sandy soil wekeplaaround the sensor with
good contact to all ceramic surfaces, and the hole wasfli@ckwith care. The
stereo plug of the MPS-1 sensors was plugged into one &féhports on the EM50
datalogger. ECKD Utility was used to configure the ports for an MPS-1 ansetoa
measurement interval (60 minutes) for the logger. Theveatér potential readings
were read off from the screen of the datalogger.

4.2.8 Determination of soil moisture content of naphthalene-treatednd clean
sand

Weighed mass of soil (at field capacity and plant palint state) was dried in oven at
105°C for an hour, and cooled in a desiccator. Water coutienaphthalene-treated
and control sand was determined according to associated dnamgss after drying.
For unplanted treatments, soil was taken out with a corer tand the soil moisture
content was determined at 3 different depths of the pottet (ap 3cm layer, mid

3cm layer and bottom 3cm layer).

4.2.9 Determination of dry weight and moisture content percentage @lant root
shoot tissues

Plants were harvested after 78 days (non-water stresaets)pbnd 94 days (water
stressed plants) of growth in naphthalene-treated aad siend. The amount of root
and shoot biomass was measured on a dry weight basiee f@plicates of weighed
plant tissue were dried in an oven af@®dor 24 hours. They were reweighed after
drying and the water content was determined gravimetrically ftwanwater losses
and resulting change in mass associated with the dryling. dry weight percentage
and water content percentage of plant tissues were aesddufrom the water content

and fresh weight values.
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4.2.10 Scanning Electron Microscopy (SEM)

Roots were cut into approximately 1mm long segments in 0.1ildgate buffer on
a sheet of dental wax (Sigma Aldrich) using a sharp rblaole. Samples were placed
in buffer solution (5ml) in 12ml volume exetainers fittedth rubber septa. The
trapped air was evacuated with a vacuum pump to prevent @avitah the xylem
vessels. The samples were fixed in 2.5% Glutaraldehydg ifv/9.1M cacodylate
buffer (pH7.2), post fixed in 1% osmium tetroxide (OSQ(w/v) in distilled water
(dH20), dehydrated in an ethanol series (30, 50, 70, 80, 90, 95, 100 dyritcal
point dried through carbon dioxide (Model of critical pointetyEMITECH K-850).
The samples were then mounted on aluminium stubs (SA&Jdrech) using carbon
tabs (Sigma Aldrich) and coated with gold for 2 minutes usingpater coater
(model: Edwards S150B; pressure: 1mbar). All material was cdxbevith an S360
Cambridge model scanning electron microscope with a 20kV efedteam at an

18mm working distance.

4.2.11 Epi-fluorescent microscopy

4.2.11a. Staining Casparian band structures

Berberine hemisulphate staining process was carried ootdaog to Brundrett et al
(1988). Freehand sections were transferred into a smalhgfass and the sections
were stained in 0.1% (w/v) berberine hemisulphate (Sigma;mami 95%) which
specifically stains Casparian bands, in,@Hor 1 hour. The sections were rinsed
through several changes of glbland excess water was blotted off after each transfer.
The root sections were transferred into 0.5% (w/v) aniline plager soluble (WS)]
(Agar Scientific) in dHO for 30 minutes and then were rinsed in the same way. Here,
counterstaining with aniline blue was carried out in order to cuamwanted
fluorescence by substances other than Casparian bahdssections were transferred
into 0.1% (w/v) FeGl(Fisher Scientific; assay>97%) in 50% (v/v) glycer{@ddrich
Chemical Co.Ltd.; 98%) (prepared by adding glycerine to étleaqueous Feg}| and

after several minutes in this solution, transferred to slaled mounted in the same
solution. The FeGlmountant prevents decolourization. The root samples (12 roots

and 4 replicates were used: 3 roots from each replicatedveo®) viewed with UV
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illumination (345nm peak excitation; 458nm peak emission). Phepbgrwere taken

within a few hours of berberine hemisulphate staining.

4.2.11b. Nile red as a tool to probe the uptake of hydrophobic xenobiotic®in
soil into roots

Nile red stain preparation

A 2-3mg measure of the Nile red dye (Invitrogen) was texnsfl into a 1.5ml
Eppendorf microeentrifuge tube with 250ul of 1 x phosphate buffered saline solution
(PBS) diluted with dbO from a 10 x PBS solution (to make a litre of 10 x PBS:
dissolve 80g NaCl, 2g KCI, 14.4g pHPO, .2H,0 and 2.4g KEHPO, into 800ml of
dH,0, before making it up to 1L with di&@. Adjust the pHo 6.8 with NaOH or HCI)
and 750ul of glycerol (the glycerol pipettes more easily if it is warmed up in the
microwave for about 15 seconds). The Nile red dye wasldes$ into the mixture
through microwave heating, giving the solution a bright pugaur. The excess
Nile red stain that was not dissolved was collected at déise bf the tube through
centrifugation at 6300 rpm for 30 seconds using a micro degexi The supernatant

was removed from the particulate residue and was used ndlstaioots.

Procedure for staining vital roots with Nile red

Tall fescue plants germinated in rockwool cubes and growreanchnd naphthalene-
contaminated sand were mainly used for this purpose at the gm@ of 3 months.
Tall fescue sown directly in clean and treated sand andrgino 15ml diameter pots
were used for further study at the plant age of 6 monthsh Bo# control and
treatment plants were kept at optimum growth conditiores, regular watering,
regular nutrition addition, sufficient light and favobla temperature and the only
difference between treatments was maintained as thsemme or absence of
naphthalene in growth medium. Roots that were still gbitzeliving plants were
exposed by using a soft brush to remove the sand. A pimea# of rockwool (pre-
soaked in water) was placed into the cavity between thesex roots and the sand.
Nile red solution was applied to these roots as well apitce of rockwool backing,
using a soft brush. The Nile red solution was also egpio another piece of

rockwool to form a protective stain-covered sleeve, leefeturning the root-ball to
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its pot. This was to mark the stained root. The plante wetered as usual and the
stained roots were sampled after 48 hours.

Root preparation and fixing

The sampled roots were washed in 1 x PBS solution and fixea 266 (w/v)
paraformaldehyde (PFA) fixing solution for 1 hour. The P$tAution was prepared
by diluting 5ml of 10 x PBS with 30ml of & and was heated to @ in a
microwave before adding 1g PFA (the PFA must be added ifuthe hood after
heating) and 500ul of 5SM NaOH (NaOH breaks the PFA ring allowing it to interact
with the sample). The PFA solution should be madecty before its use. After
fixing with PFA, the roots were washed in a buffer made fld8g of glycine
dissolved in 1L of 1 x PBS, to remove any un-reactedhgide groups. The samples

were then washed in 1 x PBS, and stored in fridge.

Sectioning the roots

Roots were immobilized in a few drops of 1 x PBS within foldedfa on a dental
wax surface, and then sectioned by drawing the cornesbéip double-edged razor
blade across them repeatedly. The sections producédsiway were transferred to

slides and mounted in Vectashield.

Microscopic settings and obtaining images of roots stained with Nile reds
preliminary work

In order to understand how Nile red is taken up by plant rautsstain its tissues, a
preliminary work was carried out in which living tall fescue sutere stained with
Nile red. The root section stained by Nile red was viewealutjin UV-2A filter cube
(also called DAPI; excitation at 345nm; emission at 458nni),CFfilter cube
(excitation at 494nm; emission at 518nm) and Texas red HYQ diliee (excitation
at 589nm; emission at 615nm) and a multi-colour fluorescenue-ltipse imaging
was obtained through the microscopic imaging software using NlRoEclipse epi-

fluorescence microscope.



Microscopic settings and obtaining images of roots stained with Nile red fwobe
the uptake of hydrophobic xenobiotics across the root tissues

Sections of roots painted with Nile red in their vital staere viewed using an epi-
fluorescence microscope (Nikon eclipse 90i) fitted wittligital camera. Nile red
fluorescence was viewed with a visual red excitation satwroeigh a Texas red HYQ
filter block (excitation at 589nm; emission at 615nm) againsea light image
backdrop. The images were formatted using the epi-fluomesaieroscopic imaging

software.

4.2.11c. Further staining with berberine hemisulphate and overlaying image
using microscopic imaging software

Nile red solution was applied gently to the living root watlsoft brush. The stained
roots were sampled after 48 hours, fixed in 2% (w/v) PFA am@dtin a refrigerator
at £C to be used for berberine hemisulphate staining. The fixeis were sectioned
by hand in a few drops of PBS in parafim on a dental waxaserf Berberine
hemisulphate staining process was carried out accordinguoditt et al. (1988)
(further details are given in section 4.2.11a). The digtdravelled by Nile red was
investigated using an epi-fluorescence microscope (Nikon Ec80§ using Texas
red HYQ filter (589nm peak excitation and 615nm peak emission).roldtesamples
were also viewed with UV illumination (345nm peak excitation; 458nrak pe
emission). Photographs were taken within a few hours diebee hemisulphate
staining. The images showing the path of Nile red were aidenith their berberine

hemisulphate+ aniline blue stained counterparts using micrizsioogging software.

4.2.12 Statistical analysis

Statistial significance was determined by a combined approach of Student’s t-test in
Microsoft Excel and a two-sampledst in Genstat. Fisher’s exact test was performed

on the epi-fluorescent photomicrographs taken for eaéérelift treatment.
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4.3 Results

a. Impacts of exposure to polycyclic aromatic hydrocarbons (PAHS) oplants: A
preliminary investigation

al. The effect of naphthalene, fluoranthene, and benzo (aynene [B(a)P] on seed
germi_nation and plant development of tall fescue: An initial gradient hizo-box
experiment

Germination was poor in fluoranthene and naphthalenéntesds, as recorded 2
weeks after sowing. Plant development was markedly telgibn fluoranthene and
naphthalene treatments, but the effect was more diadtine fluoranthene-treatment.
Contrastingly, root shoot growth enhancements were observgdamnts grown in
B(a)P treatment. In naphthalene and fluorantheranents, the plant roots had not
reached the bottom layer (layer No. 4) that contained 160RAH kg'sand (dw),
whereas they had not only grown into the bottom layer (LaNe. 4) in B(a)P
treatment, but the roots were longer than those grown andand, as observed after
2.5 months of growth in respective treatments. The sheighhof plants grown in
B(a)P-treated sand was also higher, when compared torhelso

a2. Effect of exposure to anthracene at the concentration #000mg kg'sand dw
on seed germination and plant development

a2-1. Effect of exposure to anthracene on tall fescue

Tall fescue seeds failed to germinate in one replicasntifracene treatment. In the
other two replicates, in which the seeds germinated, gation was reduced, but no

significant differences were observed in shoot height, eaith and number of root

hairs per cm segment of roots of plants between tredsgn(Eig.4.3 -4.5).
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Fig.4.3: Line graph showing the shoot elongation of tall fesplents from control (blue) and
anthracene (brown) (1000mg kgand dw)-treatment for a period of 66-days (N=3 for cdsitid=2

for anthracene treatment; from day 53 onwards N=1 for ao#ime treatment as the plants were
sampled for root hair analysis). Error bar shows stetheédrror of the mean.Student’s t-test was
applied to each sampling period. In no case were the diffesebetween control and treated plants
significant.
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Fig.4.4: Line graph showing the root elongation of tall fesplamts from control (blue) and anthracene
(brown) (1000mg kg sand dw)-treatment for a period of 66 days (N=3 for contrbs2 for
anthracene treatment; from day 53 onwards N=1 for antheatteatment as the plants were sampled
for root hair analysis; day 53, 59 and 66 were not possiblenipare as N=1 for anthracene treatment.
Repeat measurement ANOVA indicated no significarfedthce between treatments. Error bar shows
standard error of the mean. Here the variance destdeam day 53 onwards as the roots approached
the bottom of the rhizo-box containing the root growth iwned i.e, sand. The sand profile was 10cm
deep for anthracene treatment and 8cm deep for controhzaat
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Fig.4.5: Scanning electron micrographs of tall fescue root fregigrown in clean sand (left) (scale:
200um) and in anthracene-treated (1000m§dand dw) sand (right) (scale: 500um) for ~2 months.
Differences in number of root hairs per cm segment antbah hair length were not significant
between treatments (Student’s t-test). H: Root hair

Furthermore, the roots of tall fescue grown in anthraceseged (1000mg khsand

dw) sand for ~2 months did not exhibit an enhanced thickening ineéhdmdermis
when compared to their control counterparts, as shown éysthnning electron
micrograph below (Fig. 4.6). The thickness of endodermis adlswvas in a similar
range in anthracene-treated roots when compared to theiokeopunterparts (1-
2um) (N=3), at one third as a fraction of root length &hitwe root tip.

, LW g
Fig.4.6: Scanning electron micrograph of tall fescue grown in angmadreated1000mg kg sand

dw) sand for 66 days, showing transversal root sectiorBaisla fraction of root length above the root
tip. Scale: 50 um. Letters denote the following: Bd&lermis; X: Metaxylem vessel.
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a2-2. Effect of exposure to anthracene on brown top bent (AgraestcapillariesL.)

Exposure of brown top bent (Agrostis capillaries L.) to anth@¢E00mg kg sand
dw) dramatically inhibited its germination (p<0.001) and shooeldg@ment (p<0.01)
(Fig.4.7; Table 4.3). However, there were no significantergfices in root length

and number of root hairs per cm segment of root betweemeeatd (Table 4.3).

B. Anthracene-treated

Fig.4.7: Brown top bent grown in clean sand (A) and anthraceraeti 1000mg kgsand (dw)] sand
(B) for ~2months.

Table 4.3: Descriptive statistics for plant parameters of 66 day old rtmp bent from
control and anthracene (1000mgkspnd dw)-treatment. All t-tests are for differences
between control and treated plants.

Plant growth Control N | Anthracene-treated N | p value as

parameters Mean (£SE) Mean (+SE) determined
by Student’s
t-test

Population density (%] 97.80(x2.22) 3 28.90(%£2.22) 3 p<0.001

(also reflects
germination score)

Shoot height (cm) 12.33 (x1.45) 3 5.17 (£0.44) 3 p<0.01
Root length (cm) 6.17 (x0.44) 3 6.97 (+0.25) 3 NS
No. of root hairs per | 133 (29) 3 145 (+6) 3 NS

cm segment

N= No. of samples; SE = standard error; p = probigbiNS= not significant

a3. Effect of exposure to naphthalene at the concentration 800mg kg' sand dw
on tall fescue: Seed germination in rockwool cubes

Growth in naphthalene-treated sand temporarily inhibited growth of tall fescue
initially, whilst also affecting the dark pigmentation pfant leaves (Fig. 4.8A), but

after 2.5 months of growth, the naphthalene-treatedféatue showed enhanced
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growth compared to the control plants (Fig.4.8B). Alke,naphthalene-treated roots
possessed significantly less (p<0.001), but also shorter ramst (pec0.001) (Table

4.4). Additionally, the naphthalene-treated roots had smadkesel area (p<0.05) and
enhanced endodermis thickening (p<0.001) when compared to theirolcontr

counterparts (Table 4.4).

A. After 55 days of growth

B. After 136 days of growth

Fig.4.8: Tall fescue showing resistance to growth in sand conted with naphthalene at the
concentration of 800mg Kgsand (dw). Tall fescue plants from control (left) and naphteajéght) -
treatment, after 55 days (A) and 136 days (B) of growth.

Table 4.4: Descriptive statistics for structural and ultrastructurahpaaters (root hair, xylem
vessel and endodermis wall thickness) of tall fescue roots grownleBn sand and
naphthalene-treated (800mgksand dw) sand for 2.5 months, at the position of 1/3 as a
fraction of root length above the root tip. All t-tests fimedifferences between control and
treated plants.

Root structural/ Control N | Naphthalene- p value as

ultrastructural Mean (£SE) treated determined

parameter Mean (xSE) by Student’s
t-test

No. of root hairs pel 28 (£3) 4 |5 (1) p<0.001

mm segment of root

Root hair length (um) | 820.50(x10.11) 4 | 520.77(x11.70) p<0.001

No. of xylem vessels | 5 (x2) 4 | 3 (1) NS

Tote;)l metaxylem are{ 4024.50(+446.4) | 4 | 2683.09 (x127.0P p<0.05

(nm

Endodermis wall 2.16 (0.1} 4 | 3.20(x0.10 p<0.001

thickness (um)

N =No. of samples; SE = standard error of the meanpmbability; NS= not significant
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Here seeds were germinated in rockwool cubes and 2 weekeaitings were transplanted

into plastic pots containing either naphthalene-treated (8d@mgand dy sand or clean
sand.

b. Impacts of naphthalene contamination on seed germination, plamjrowth
patterns and the abundance of Casparian strip

b1.Effect of naphthalene contamination on the germination of tall fesie seeds

In treatments where tall fescue seeds were sown directiaphthalene-treated sand
initially, there was a reduction in germination score whemgared to the controls.
With time, more seeds germinated in both treatmentshieugermination percentage
was lower in naphthalene treatnte until 2 weeks from sowing (Fig.4.9
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Germination percentage (9
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Fig.4.9: Line graph showing the differences in the percentaggeomination of tall fescue seeds
between control and naphthalene-treatments on day 82amithde sowing. Error bar shows standard
error of themean (N=3;NS on day 8 p<0.05 on day 12s determined by Student’s t-test). The graph
relates to the experimental design using 15cm diameteicpfast. The results were similar whan
larger number of seeds were sown in larger pots (10 L) (N=<B.01 on & day since sowing
Student’s t-tes).

b2. Effect of naphthalene contamination on the initial root growth of tallfescue

The plants grown in sand contaminated with naphthalene eadhilait temporary
inhibition in root development with 8-fold reduction in roohdgh (p<0.001), whilst

not showing any significant differences in shoot heightemwitompared to the
controls (Fig. 4.10).
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Fig.4.10: (A) Bar graph showing differences in initial shoot andt development between tall fescue
grown in clean sand and sand contaminated with naphthaldreeage of the plants: 3 weeks. There
were no significant differences in shoot height betwidee two treatments, but the root length was
greatly reduced in plants grown in naphthalene-treated[dbrit2 (control) +18 (treated); p<0.001 for

root length as determined by Student’s t-test). Error bar shows standard error of the mBatographs

of 3 weeks old tall fescue grown in (B) clean sand and (@) santaminated with naphthalene. (B):
Plant roots reached the bottom of the pot and had a stelbleshed root system that held the potted
sand together (C): Roots had not passed beyond the toga8uwhin the pot. The rest of the potted
sand separated upon taking the plants out of the pot in teecbsf a well-established root ball.

b3. Differences in root growth patterns during the acclimatisation priod due to
exposure to naphthalene contamination

An acclimatisation period was established by keeping the plahtgonstah
temperature (20C) in the greenhouse, watering them regularly and feeding wigm

liquid fertilizer once a week for a period of up to 3 months.
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After 78 days of growth in clean and naphthalene-treated samgblants were taken
out of the pots and root growth was visually examined. Gtergly with the
previous results (chapter 3), the contaminated plants eathilsisually thicker roots,
whilst also showing a deviation from the normal root orisoteresponses to gravity.
At 78 days of plant growth, the roots in contaminated treatnmad not passed
beyond the upper two thirds of the plant-pots, whereas itralotneatments, the
plants produced a fine, dense root system that reachedott@mbof the pots.
However, there was no significant difference in root lengetween the two
treatments at this time point (Fig.4)11T'he roots from both treatments were sampled
and a scanning electron microscopic study was carried dbe scanning electron
micrographs (SEM) revealed 1.6-fold increase in root dianf{pte.01) and 1.8 -fold
increase in distance from root epidermis to root stele J849.in naphthalene-treated
plants when compared to the controls (Fig.4.12). At 78 d&yslant growth, no
significant differences were observed with regard to to endodermis thickening

between the two treatments.
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Fig. 4.11:Bar graph showing the root lengths of tall fescuemgran clean sand and sand treated with
naphthalengN=7(control) +5 (treated); NS; Student’s t-test]. Error bar indicates standard error of the
mean. Age of the plants: 78 days.
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Fig.4.12: Bar graph showing the differences in root diametef(P%as determined by Student’s t-tes)
and distance from root epidermis to root stele (p<Od#3Qletermined by Student’s t-test) between tall
fescue grown in clean sand and sand treated with naphthfilerg (control) +5(treated)]. Error bar
indicates standard error of the mean. Age of the pla8tdays.

b4. Effect of growth in naphthalene-contaminated sand on biomass dmoisture
content of plant tissues during the acclimatisation period

After 78 days of growth, the root mass of contaminated plaats1.84 times lower
on a fresh weight basis (Table 4.5), and 1.48 times lowerdrg weight basis (Fig.
4.13). The shoot fresh weight and dry weight of contlfahis and plants grown in
treated sand were in a similar range (Fig. 4.13; Table 4.5.dfjhweight percentage
was higher in treated plant tissues (Fig.4.14), revealirgelesater in their tissues.
On average, the moisture content was 6.33 % less in thessimb8.65 % less in the

roots of treated tall fescue, in comparison to theirmdebunterparts (Table 4.5).
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Fig.4.13: Differences in shoot and root dry weight between abréind naphthalene-treated tall fescue
after growth of 78 days in respective treatments¥NNS for both shoot dw and root dw; Student’s t-
test). Error bar shows standard error of the mean.
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Fig.4.14:Bar graph showing the dry weight percentage of root hodtgissues of tall fescue grown in

clean sand and naphthalene-treated sand for 78 dag 6 for both shoot dw% and root dw%;
Student’s t-test). Error bar indicates standard error of thame
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Table 4.5: Differences in fresh weight and moisture content % of plssues between
treatments during plant acclimatisation period. All tdemte for differences between control
and treated plants.

Bio mass| Control N Treated N p value as
parameters determined
Mean (+SE) Mean (+SE) by

Student’s
t-test

Shoot biomasy 68.60 Composite | 64.70 Composite | -

(fw) (9) analysis analysis

Root  biomasg 1003.40 Composite | 546.20 Composite | -

(fw) (9) analysis analysis

Shoot M.C% 29.08 (+x2.67) | 3 22.75 (x1.7¢ | 3 NS

Root M.C% 63.62 (xt2.40 |3 54.98 (+6.6) | 3 NS

M.C=moisture content; SE = standard error of the megar= probability; NS= not significant;
N=number of samples

The measurements were taken after plants were grown im afehnaphthalene-treated sand
for 78 days.

b5. Root growth patterns and root ultrastructural modifications of naphthalene-
treated tall fescue beyond the acclimatisation period of 3 months: &jor
emphasis on Casparian strip

Once past the initial acclimatisation period of 3 montiws,visual differences were
observed between control and naphthalene-treatef@s$alie either in root growth or

shoot growth patterns (Fig.4.15).

12¢



Fig. 4.15: Tall fescue grown in clean sand (A) and naphthalenectiesdnd (B) for 14 weeks. The
photograph relates to the experiment in which seeds gemainated in rockwool cubes and plants
were transferred to 6cm diameter plastic pots filled wither clean sand or sand contaminated with
naphthalene (800mg Rgsand dw) at seedling stage. The results were similar Wreeplants were
grown directly in naphthalene-treated s¢800mg kg' sand dw)

Still, differences in root ultrastructural features weteserved between control and
treated roots beyond the acclimatisation period. Paatigulthe epi-fluorescent
microscopic images of naphthalene-treated roots stainddberberine hemisulphate
(0.1% wil/v), counterstained with aniline blue (0.5% w/v) and viewed rubté
illumination (excitation at 345 nm; emission at 458 nm) revealasp@rian strips
spanning across their hypodermis, i.e. in the layer bekeatépidermis (Fig.4.16 B1,
B2), whereas exodermal Casparian bands were absent aonb®l! roots (Fig.4.16
Al, A2), at the same position behind the root tip (p<0.01) (Eable 4.6).
Furthermore, some cells in the endodermis of the cbnbats, particularly those
opposite to the protoxylem vessels did not possess Casgatijaor suberin lamella,
revealing the presence of passage cells (Fig. 4.16 Al, A2).tréd&ked roots, on the
other hand, possessed a well-developed endodermis, ilingtratell-formed
Casparian strip and suberin lamellae and lacked passagé-iglli4.16 B1, B2). The
plant roots exposed to naphthalene contamination possessateanively thickened
endodermis and distortions in cortical zone, when condpace their control

counterparts (Fig. 4.16).
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Fig.4.16: Fluorescent (Al, B1l) and superimposed (A2, B2) images of cof&kdb] A2) and
naphthalene-treated (B1, B2) 6 months old tall fescue rstaised with berberine hemisulphate,
counterstained with aniline blue and viewed with UV illnation (excitation at 345nm; emission at
458nm), showing cross sections at the position of bineé &s a fraction of root length above the root
tip. Scale: 100pum (N=12; p<0.Qk determined by Fisher’s exact test). Here the radial fluorescing
bands are Casparian bands and the lateral fluorescing aandaberin lamellae. The results relate to
the experiment in which seeds were germinated in rockwadoés and plants at seedling stage were
transferred to 6cm diameter plastic pots filled withtheit clean sand or sand contaminated with
naphthalene (800mg Kgand dw).

Key:
Casparian strip (endodermis) x Passage cell (endodermis)
_ _ _ P Protoxylem
—e Casparian strip (exodermis)
—e Suberin lamellae
c Cortex (endodermis)
M Metaxylem

- Suberin Ie}mellae
(exodermis)
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Table 4.6: Contingency table showing the difference in the abundance of remalde
Casparian bands at one third as a fraction of root lengttalbffescue grown in clean
(Control) and naphthalene-treated (Treated) sand

Treatments Exodermis wag Exodermis wag P value ag
present (N) absent (N) determined by
Fisher’s exact test
Control 2 10
Treated 10 2 p<0.01

N=number of samplep = probability

c. Effect of growth in naphthalene-contaminated sand on plants’ resilience to
drought

cl. Differences in the onset of wilting

When exposed to drought, plants grown in clean sand showeadgwalppearance
first, in comparison to the treated plants. A well-prnamced, clear-cut visual drought
resilience effect was observed in treated plants, whdnfdstue germinated in
rockwool cubes and grown in clean and treated sand for 3hsjowere left without
watering for a consecutive 4 days. The plants grown phihalene-treated sand
remained visually unaltered, whereas the control plaele showed signs of wilting

(Fig.4.17).

Fig.4.17: Tall fescue grown in clean sand (A) and naphthalen¢ettezand (B) for 3 months, after left
without watering for 4 days. (A): Leaves of the plants shovigralssof wilting. (B): Plants remained
visually unaltered (N=4 replicates; each replicate domth ~10 plants; the difference between
treatments with regard to wilting was clear cut). Thetpii@phic result relates to the experiment in
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which seeds were germinated in rockwool cubes and plantstraersferred to 6cm diameter plastic
pots filled with either clean sand or sand contaminatéd maphthalene (800mg Rgsand dw) at
seedling stage.

c2. Examination of root ultrastructural features of tall fescueexposed to water
stress for 4 days: A short exposure to drought

The scanning electron micrographs of transversal seabibreots of plants grown in
clean and naphthalene-treated sand for 3 months, andeexpmsvater stress for 4
days, are shown in Fig. 4.18. The images revealed an melgnshickened
endodermis, differential organisation of cortex cekdilas well as partial collapse/
distortions in the cortical zone in naphthalene-treatsats (Fig. 4.18B). Partial
collapse of cortex cells and a concomitant increasmrtical zone were observed in
control roots too (Fig. 4.18A), as the plants were exposedsdter stress before
sampling the roots for SEM study. Still, the control root elemis had relatively
thin cell walls (1-2um in thickness) in comparison to tileated root endoderm(g-
4um in thickness), at the same position behind the rooatid,the images of the

control roots were visually distinguishable from those ofttbated roots (Fig. 4.18).
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Fig.4.18: Scanning electron micrographs of transversal sectibmeots of tall fescue grown in clean
sand (A) and naphthalene-treated sand (B) for 3 months and exjposeter stress for 4 days,
sectioned at one third as a fraction of root length above the root tip. Scale: 200um. Key: C: Cortex; E:
Endodermis; S: Stele; M: Meta xylem vessel; P: Pratoryessel. Arrow indicates partial collapse of
the cortex cells. The images relate to the experirmemthich seeds were germinated in rockwool
cubes and plants were transferred to 6cm diameter plasticfilled with either clean sand or sand
contaminated with naphthalene (800mg kgnd dw) at seedling stage.

b
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c3. Examination of root shoot growth parameters of tall fescue erged to severe
water stress

Plants grown from seeds directly sown in either cleamaphthalene-treated sand
were subjected to water stress twice for a period of 1-2 weeks 94 days of age,
after having undergone 2 water stress spells, the plamssea to naphthalene
contamination had 1.85 times greater root mass on a fregfmtweasis (Table 4.7)
and 2.72 times greater root mass on a dry weight basis (p<thé&di)the control
plants (Fig. 4.19). The root dry weight % was also highgiants grown in treated
sand (p<0.05) (Fig.4.20), whereas their root moisture contenta% lower when
compared to their control counterparts (p<0.05) (Table 4.7). digmificant
differences were observed in shoot dry weight, shoot dnghte? and shoot

moisture content % between treatments.
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Fig.4.19: Differences in shoot and root dry weight between abraéind naphthalene-treated tall fescue
at the age of 94 days, after exposed to severe water siass.bar shows standard error of the mean.
Differences in root dry weight between treatments vegaificant (N=3 p<0.01 as determined by
Student’s t-test). Error bar is obscured in shoot dry weight dusaller variance between samples.

134



90 -

Dry weight %

Treated

Control

B Shoot dw% M Root dw%

Fig.4.20: Bar graph showing the dry weight percentage of root hndtgissues of tall fescue grown in
clean sand and naphthalene-treated sand for 94 daysexftesed to severe water stress. Error bar
shows standard error of the mean. Differences in dugt weight % between treatments were
significant (p<0.6 as determined by Student’s t-test; N=3).

Table 4.7: Differences in fresh weight and moisture content % of planudsdetween
treatments, after exposed to severe water stress:tedtg are for differences between control
and treated plants.

Root, shoot| Control N Treated N p valueas

growth determined

parameters 0| Mean (+SE) Mean (xSE) by

plants Student’s
t-test

Shoot  biomasg 55.60 Composite| 51.70 Composite| -

(fw) (9) analysis analysis

Root biomasg 817.10 Composite| 1507.60 Composite| -

(fw) (9) analysis analysis

Shoot M.C% 38.15+3.83 3 41.86+0.43 3 NS

Root M.C% 69.69+1.39) 3 55.26+3.189 3 p<0.05

M.C=moisture content; SE = standard errpr= probability; NS= not significant; N=number of

samples

c4. Examination of root ultrastructural features of tall fescueexposed to severe
water stress: A long exposure to drought

The scanning electron micrographs of 94 day old plant ragitaat wilt point state

revealed the cortex cells partially collapsed in contoks as well as in treated roots

(Fig. 4.21). The statistical analysis on the SEM imadeotrol and treated roots

showed no significant differences in root diameter as vgelhahe distance from root

epidermis to root stele (Fig. 4.22).

Still, the endodermigplaht roots grown in

treated sand exhibited more thickening in their cell wall993+0.26) um], in

comparison to the controls [1.340.21) um], and the difference between treatments
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with regard to endodermis thickening was significant (p<0.0000001)428)

Fig.4.21: Scanning electron micrographs of control (A) and napbtfeatreated (B) tall fescue
showing cross sections of roots of 94 days old plants at wi# point state, sectioned at one third as a
fraction of root length above the root tigscale: 200um. Letters denote the following: C-cortex; E-
endodermis; S-stele; X-metaxylem vessel. Arrow showsgba@ollapse in the cortical zone of plant
roots.
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Fig. 4.22: Bar graph showing the values for distance betweehepidermis and root stele and root
diameter of 94 days old control and naphthalene-treatedetalue, exposed to severe water stress.
Error bar shows standard error of the mean (N=6; NSbfih root diameter and distance from
epidermis to stele; Student’s t-test).
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Fig. 4.23: Bar graph showing the values for endodermis thickreds94 days old control and
naphthalene-treated tall fescue, exposed to severe wass. SError bar shows standard error of the
mean (N=14; p<0.0000001 as determined by Student’s t-tes).

d. Soil-water relations

d1. The effect of naphthalene on the water status of thegated sand

At field capacity (saturated conditions), the differemcenoisture content % between
naphthalene-treated sand [83.33 (x0.17)a¥d clean sand [82.70 (+0.2%) wasnot
significant (Fig. 4.24A). At field capacity, the soil matpotential was significantly
(p<0.001) more negative in naphthalene-treated sand [-14M@1) kPa] than in
clean sand [-10.00 (x0.00) kPa] (Fig. 4.24R\t field capacity, the moisture content
and matrix potential were similar in planted and unplant@ts.sSo the moisture
content % and matrix potential data from both planted anplanted soils were

pooled together for analysis of variance between nafgnméaand control treatment.
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Fig.4.24:Bar graph showing the difference in (A) moisture eom®6 (N=15NS; Student’s t-test) and
(B) matrix potential (N=4; p<0.001; two-sample t-test in Sm) between clean and naphthalene-
contaminated sand at field capacity (saturated conditidaspr bar shows standard error of the mean.
The sand had been treated with naphthalene at thertoation of 800mg k§sand (dw) for 94 days at
the time of measurement.

The unplanted soils were left to dry out for a period of 16 ,dafysr being subjected
to regular addition of a constant amount of water [100mWatier per day; initially
each pot contained 7kg of sand (dw)]. After being subjected terveatess, the
moisture content % was less in the top 3cm layer in hajfdie treatment [2.6
(x0.34)], when compared to the controls [3(48.25)]. The mid and bottom portions
(each portion was of 3cm in depth) of the potted sand in nalehin treatment
exhibited higher moisture content % [4.8@3.15) and 5.22+0.51) respectively] than
the control [3.92 (+0.26) and 4.180.09) respectively] (Fig. 4.25A). The MPS-1
sensors were installed in the bottom 3cm layer of the pstiad. At unsaturated,
water-deficit conditions, the treated sand exhibited strofigere negative) matrix
potential [-17.50(x1.50) kPa] in unplanted treatments, when compared to their
control counterparts [-12.0@1.00) kPa] (Fig. 4.25B).
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Fig.4.25: Bar graph showing the differences in (A) moistureteat % in top, mid and bottom portions
of the potted sanfN=>5 (control)+ 8 (treated) p<0.01 for mid layegs determined by Student’s t-tes)
and (B) matrix potential (B2;NS; Student’s t-test) between unplanted treatments at unsaturated, water-

deficit conditions. Error bar shows standard errorthe mean.

The sand had been treated with

naphthalene at the concentration of 800migdand (dw) for 78 days at the time of measurement.
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The weight measurements of planted pots taken for a catmse 10 days during the

period of 66-75 days of plant growth showed there were difta®in net weight gain

after watering between treatments. Net weight gain oeduto a lesser extent in
naphthalene-treatment up to day 71, when compared to th®lspafter adding the

same amount of water to both treatments (data not shdiehwater loss, as recorded
prior to watering, also occurred to a lesser extent in thadne treatment during the
same period of plant growth, when compared to the conttata (ot shown).

The cumulative water loss and loss in pot weight overetiwere smaller in
naphthalene treatment among the unplanted pots of sanoutabe differences were
not significant.

The matrix potential in naphthalene-treated sand contpimlants became less
negative over time under a regular watering regime, nMb@mpared to the initial
state, but the differences in matrix potential betweentrol and naphthalene
treatment remained significant (Fig. 4.26).

Week number

0 T T T T T T T T 1
w1 w2 W3 w4 W5 W6 w7 w8 W9

Matrix potential (kPa)
1
(o0}
1

—e— Control —=— Treated

Fig. 4.26:Line graph showing the matrix potential readings owee tunder regular watering regime in
representative planted pots. Error bar shows standaiatidevirom mean hourly readings per week.

Furthermore, when the plants were subjected to watesdtres consecutive 8 days,

during plant age of 62-70 days (Week 10), the matrix poterftahge occurred to a
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lesser extent in naphthalene treatment when compargéetaontrols. The matrix
potential readings taken at 18.00 pm on day 70, after the #atgtiwere subjected to
water stress for a period of 8 days, showed the differeincestrix potential were

significant between treatments (Table 4.8).

Table 4.8: Differences in matrix potential at 18.00 pm on day 70,r dfte plants were
subjected to water stress during 62-70 days of plant growtleam @nd naphthalene-treated
sand. The t-test is for differences in matrix potett@iveen control and treated sand.

Soil  water| Control N Treated N p value ag
balance determined
Mean (+SE) Mean (+SE) by two-

parameter sample  t-
test in
GenStat

Matrix -739.0q+45.2 |2 -81.00(x14.19 |2 p<0.01

potential

(kPa)

SE = standard error; p = probability; N=number qflicates

When the same plants were subjected to water stress agair8f days of plant age
onwards, by not watering them for 14 days consecutively, dtexpotential in both
treatments reached plant wilt point. The plant wilinpavas -626(x14.18) kPa in
control treatment, whereas it was -6(@%3.90) kPa in naphthalene treatment (Fig.
4.27B). However, the accuracy of the readings of the {iIB8nsors was limited to >
-500 kPa (Decagon Devices Inc., 2007). At plant wilt point stdgecontrol sand
contained 1.22+0.26) moisture content %, whereas the naphthalene-treatetl s
possessed 0.§20.06) moisture content % (Fig. 4.27A).
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Fig.4.27: Bar graph showing the difference in (A) moisture cohfé (N=6;NS; Student’s t-test) and

(B) matrix potential (N=2NS; Student’s t-test) between control and naphthalene treatment atwgiint
point. Error bar shows standard error of the meane sand had been treated with naphthalene at the
concentration of 800mg Kgsand (dw) for 94 days at the time of measurement.

e. Resistances to the uptake of hydrophobic xenobiotic solutes acrale root
tissues of tall fescue grown in_ naphthalene-treated sand: Nileed as a
hydrophobic molecular probe

el. Nile red as a tool to probe the uptake of hydrophobic organic xenobiotics
from soil into roots: Result of the preliminary investigation

The preliminary investigation showed Nile red can be used itorstat ultrastructures
that possess hydrophobic character as well as to probapth&e of hydrophobic
xenobiotics across the root tissues. The multicolous-mpse image revealed highly

intense fluorescence in the exodermis and endodermihvidoked red (Fig.4.28A).
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Protoxylem vessels also fluoresced with high intensity, bokdd yellow (Fig.
4.28A), perhaps due to the presence of glycine-rich proteindesetvessels as
documented by Riser and Keller (1992). Epidermis also fluadeistensely with a
red to reddish yellow emission. Generally, red/yellow emissaio varied from
epidermis to proto xylem vessels, suggesting variations inytiephobicity of lipid-
like components across the root. Some yellow emissions wbserved in the
intercellular air spaces between the cortex cells @ig8A), presumably due to the
presence of protein components secreted into the ilitdace air spaces
(VandenBosch et al., 1989). The observations suggestethihaithway of Nile red
across root tissues is predominantly apoplastic as tisenplamnembranes containing
phospholipids were not stained, and that the dye isectrated in the exodermis and
endodermis during its passage, presumably due to the hydrophalnie oasuberin
and lignin in these ultrastructures and enters the siglthe passage cells present in

the endodermis and is taken up by the protoxylem vesselse wherabsorbed.
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Fig.4.28: A: Epi fluorescent micrograph of a cross section of aféaltue root painted with Nile red in
its vital state, sectioned at two third as a fractibnoot length above the root tip and viewed through
UV-2A filter (excitation at 345nm; emission at 458nm), FITCefilblock (excitation at 494nm;
emission at 518nm) and Texas red HYQ filter cube (excitatoh89nm; emission at 615nnhe
multicolour image was produced by overlaying images using mmpasanaging software B shows
the bright field counterpart of the image. Scale: 100um

Letters denote the following:

C: cortex; EN: endodermis; EP: epidermis; EX: exodermis;idtaxylem vessel; P: protoxylem
vessel; PE: pericycle; S: stele

Arrow indicates suberin lamellae; Double arrow indicggassage cell in the endodermis that does not
have suberin lamellae deposition; Diamond arrow indic&asparian strip. Open arrow indicates
cuticular epidermis. Oval arrow indicates yellow fluaessce in the intercellular spaces between
cortex cells. Autofluorescence of root cell componengs wegligible when viewing root sections
painted with Nile red.

e2. Uptake of xenobiotic solutes into protoxylem vessels exemplified the path

of Nile red

The fluorescent hydrophobic probe ‘Nile red’ was applied to the epidermis of the
living roots of 3 months old tall fescue plants which weegered regularly, to mimic
and visualise the uptake of naphthalene into the roots thtbeghanspiration stream.
The epi-fluorescent micrographs taken with the use afaered HYQ filter

(excitation at 589nm; emission at 615nm) revealed that Bdeapplied to the living
roots grown in naphthalene-contaminated sand was unablenitrgte the root
tissues beyond the endodermis (Fig.4.29B1, B2; Table 4.9), whbeses grown in

clean sand showed evidence of Nile red uptake into the protoxydssels beyond
the endodermis (Fig.4.29A1,A2; Table 4.9).

14¢



Fig.4.29: Fluorescent (Al, B1l) and superimposed (A2, B2) images of cof&d] A2) and
naphthalene-treated (B1, B2) 3 months old tall fescue painted with Nile red in their vital state and
viewed through Texas red HYQ filter (excitation at 589nmmission at 615nm), showing cross
sections at one third as a fraction of root length albogeoot tip. Scale: 100pm (N=10; p<0.0001 as
determined by Fisher’s exact test). Letters denote the following: C: Cortex; E: Endodernis;
Protoxylem vessel. Arrow indicates patrtially collaghgertex area. The results relate to the experiment
in which seeds were germinated in rockwool cubes and plas¢edling stage were transferred to 6cm
diameter plastic pots filled with either clean sand adseontaminated with naphthalene (800mg kg
sand dw).

Table 4.9: Contingency table showing the difference in the uptake of Nite into
protoxylem vessels, at one third as a fraction of root lewdttall fescue grown in clean
(Control) and naphthalene-treated (Treated) sand

Treatments Nile red uptake intd Nile red uptake intq P value as
protoxylem vessel§ protoxylem vessely determined by
was observed (N) was not observed (N| Fisher’s exact test

Control 10 0

Treated 0 10 p<0.0001

N=number of samples; p = probability

The overlaid images obtained through the use of TexdsHMQ filter and UV
illumination of roots that were painted with Nile red ineithvital state and

consequently stained with berberine hemisulphate (0.1% Wwither illustrated the
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connections between root ultrastructural parameters andateage of hydrophobic
xenobiotic solutes, exemplified by the path of Nile redhe control root images
showed well-defined Casparian strip in the endodermis and édleiptake into the
protoxylem vessels through the relatively thin cell-wallshef ¢éndodermis containing
passage cells (Fig.4.30A1-A3, Fig.4.31A1, A2). Neither Caspatignror passage
cells were observed in the endodermis due to enhanced celthickiéning (Fig.
4.30B1-B3, Fig.4.31B1,B2), but well-formed exodermal Casparigsstrere present
in the roots that were previously exposed to naphthaleneroorataon (Fig. 4.30B1-
B3). The overlaid images of naphthalene-treated roots shthaethe passage of Nile
red was prevented from being delivered into the stele due tawegllred endodermis
lacking passage cells (Fig. 4.30B1-B3, Fig.4.31B1, B2).



Fig.4.30: Epi-fluorescent micrographs of control (A1-A3) and naplene-treated (B1-B3) 6 months
old tall fescue, showing parts of transversal rootiees at one third as a fraction of root length above
the root tip, viewed through Texas red HYQ filter (exc@iatat 589nm; emission at 615nm) (A2, B2)
and UV illumination (excitation at 345nm; emission at 468A3, B3). The images on the left hand
side (A1, B1) had been produced by overlaying images obtained thfexgs red HYQ filter and UV
illumination and were zoomed in. Scale: 600um. Control roots (A1-A3) show well-defined
Casparian strips in the endodermis and uptake of Nile redpirdtoxylem vessels through the
relatively thin cell walls of their endodermis. Treatots (B1-B3) show lack of uptake of Nile red
into protoxylem vessels due to an extensively thickematbdermis and a well-formed exodermis.
Here the radial fluorescing bands are Casparian bandshanidteral fluorescing bands are suberin
lamellae. The results relate to the experiment in wiadhfescue seeds (origin: Kent) were directly
sown and grown in naphthalene-treated sand.
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Fig.4.31: Fluorescent (Al, Bl) and superimposed (A2, B2) images of cofikdl A2) and
naphthalene-treated (B1, B2) 6 months old tall fescue, slyavansversal root sections at one third as
a fraction of root length above the root tip. The gemwere produced by overlaying images obtained
through Texas red HYQ filter (excitation at 589nm; emission amn®)5and UV illumination
(excitaton at 345nm; emission at 458nm). Scale: 100um. Note the uptake of Nile red into protoxylem
vessels via the passage cells (indicated by star symbagmréen the endodermis of control roots
(A1,A2) and lack of uptake in treated roots (B1, B2) which show aesehpassage cells in their
endodermis. Here the radial fluorescing bands are Casgaaials and the lateral fluorescing bands are
suberin lamellae. The results relate to the experiinewhich tall fescue seeds (origin: Amenity) were
directly sown and grown in naphthalene-treated sand.
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4.4 Discussion

The results of the preliminary investigation indicated tposure to naphthalene,
anthracene and fluoranthene had a negative impacteashggFmination, presumably
due to the toxicity and volatile nature of these PAHs.tl@mother hand, exposure to
B(a)P did not affect seed germination. These preliminasylts are in accordance
with the study carried out by Adam and Duncan (1999) thawvetioreduction in
germination score of several plant species exposed &eld@l contamination,
particularly at a higher concentration (50g7kspil). Adam and Duncan (1999)
suggested that diesel oil contains more potentially toxic,tileglaLMW PAHS,
thereby affecting the seed germination of plants nedgtiv€ontrastingly, Smith et
al. (2006) demonstrated that the soils heavily contaminatédagiéd PAHs did not
affect seed germination of a mixture of grasses and legutitesaged soils contain a
larger proportion of high molecular weight moleculeatthre less bio available as
well as less volatile (Adam and Duncan, 1999), and this Ipeathe reason for the
successful germination of plants in contaminated soilhénstudy of Smith et al

(2006) as well as in our study using B(a)P.

Growth in naphthalene and fluoranthene-treated sand produoedative effect on
plant growth, especially on root growth. The effect waserdrastic in fluoranthene
treatment. This may be because, fluoranthene hasategritendency to change into
various by products after photo modification by UV light timaphthalene, and many
of these photoproducts are unstable in the presenceildévight (Kmentova, 2003),
perhaps rendering the molecule much more toxic toward plants.

Interestingly, growth enhancements were observed in aathea and B(a)P
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treatments. The presence of PAHs in soil could produbareer effect on the
acquisition of water and oxygen, which could hinder plant dgwveént, but the
enhanced development of plants grown in anthracene anjP-Béated sand
seemingly rule out the physical impacts of hydrophobic PAHplant growth. On
the other hand, the inhibition on shoot development showorown top bent due to
growth in anthracene-treated sand indicates variatioresponses of different plant

species to exposure to anthracene contamination.

The impacts of PAH-contamination on soil-water balaaspects were investigated
using naphthalene as a model PAH at the concentrati®@0mg kg' sand dw. At
field capacity, the treated sand exhibited more or lessahe moisture content % as
the clean sand. As the moisture content % of botlieleand clean sand was in a
similar range, the naphthalene contamination did nottaffee water balance of the
soil. On the other hand, the matrix potential of naplene-treated sand was more
negative [-14.00 (x0.71) kPa] than that of the clean sand(OR{0.00) kPa], at
saturated conditions (field capacity) (p<0.001). Soil matotential is influenced by
the width of the menisci of soil pore water and chenvcathposition of the soil. As
the width of the meniscus of soil pore water becomes emétie soil matrix potential
will become more negative (Slatyer, 1967). When the saolatrix contains
hydrophobic substances, it may affect the permeabilitwater and therefore will
make the matrix potential more negative too. The treasenl exhibited stronger
(more negative) matrix potential, presumably because halgime molecules which
were added to the sand wrapped around the sand particles, reducwvgltiineof
menisci within the capillary pores of the sand as welkdsicing the permeability of

water due to their hydrophobic nature (Fig.4.32).
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Fig.4.32: A hypothetical schematic diagram showing the reduddthvef meniscus of soil pore water
and water repellence in naphthalene-treated sand in compé#oithe clean sand.

Also, when the unplanted treatments were left to dry otgr & similar watering
regime, the moisture content percentage was higher imitigp<0.01) and bottom
layers of the treated sand when compared to the conthaghaps, the smaller width
of menisci of soil pore water in treated sand could hadeiged the evaporation rate
from the middle and basal portions of the potted sandl, t§& matrix potential was
more negative in unplanted treated sand at water debeitlitions. The stronger
matrix potential of naphthalene-treated sand than tHatthe clean sand at
similar/higher moisture content % implies naphthalepeted sand possesses more or
the same amount of water, under same watering regimégsuplant available water,
exhibiting soil stress. So, growth in naphthalene-treatedl exposes the plants to

drought conditions.

A lesser number of seeds germinated in the naphthaleaed sand as recorded for
two weeks since the time of sowing. Seeds need to alssdiibient moisture to
break seed dormancy as well as require preferable tempeeatdroxygen supplies to
germinate successfully. The reduced and delayed germirdtiaii fescue seeds in
treated sand could be due to a lesser amount of availatde Wwat other factors such
as a lesser amount of oxygen supply, toxicity and thatity of naphthalene could

have been responsible for this effect too.

The root length of plants grown in naphthalene-treated sas 8-fold less than that
of control plants (p<0.001), during the initial three weeksgoowth, but the

differences in shoot height were not significant betwdentwo treatments. The
much inhibited root growth of treated plants at this stagg snggest that the plants

were exposed to chemical stress due to naphthalene cortiamindduang et al
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(2004) have shown that plants produce ethylene, a plant hermdnich inhibits root

growth in response to chemical stress, and similar beyrue here. The plants
showed delays in root elongation, perhaps to restrict thegoat of toxic chemicals

from root to shoots (Huang et al., 2004). However, otheofactuch as lack of
available water in naphthalene-treated sand could &sedponsible for this initial

root growth inhibition.

An accelerated lateral growth and deviations from nommal orientation responses
to gravity were exhibited by the roots growing in naphthaleneedesand, during the
acclimatisation period of 2.5-3.0 months, indicating root sstreesponses to
unfavourable factors. The accelerated lateral growth inflety an increase in the
cortical zone may be a plant root adaptation to wdine entry of harmful molecules
into root xylems which represent the predominant route bylwtontaminants move
from the root system to the shoots through translogafiollins et al., 2006 and
references therein). When plants were subjected to waiss during 62-70 days of
plant growth, the matrix potential dropped to a lessemextenaphthalene-treatment.
This may be because, at this time point, the treated pdaté had not reached the
bottom of the pots to extract water from the basal regicthe pots where the sensors

were installed.

The weight measurements of planted pots showed that thgametof water after
watering and net loss of water as recorded prior to weagfewere smaller in
naphthalene treatment when compared to the controls,gdimen66-76 days of plant
growth. The cumulative water loss and loss in pot weiyletr time were smaller in
naphthalene treatment among the unplanted pots of sanoutaibe differences were
not significant. These results suggest that the spreaddaainage of water in
naphthalene-treated sand as well as its loss to the @tem@svia evaporation were
reduced by the sand matrix differences due to the hydropholicenaf the

naphthalene molecules that wrapped around the sand pariatethe physiological
differences between the control and treated plantsuatdor the major difference in
water loss/ uptake between treatments, i.e. the contaomraeated plants absorb
and transpire less amount of water. At the age of 78, dhgscontaminated plant
roots and shoots had lower fresh weight than their contvahterparts, but had

increased dry weight percentage. This indicates thesttgdaints had less water in
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their tissues, partly because water was only scarcelyad@iln naphthalene-treated
sand for plant uptake and partly due to differences in thénéraical composition of
the plant tissues leading way to uptake and storage of léss wa

When subjected to prolonged water stress the cortex zoreagsxt in roots grown in
clean sand, as in naphthalene-treated roots due to pattgpsegdistortions of the
cortex cells. Furthermore, the differences in root éen and distance from
epidermis to root stele were not significant between watessed control and water-
stressed contamination-treated roots. Hence the roostulictural modifications
observed in contamination-treated roots (eg. increaseddianteter, distortions in
cortical zone, enhanced endodermis thickness) are not unid&H toxicity, but are
associated with drought stress as well. However, the dratiglss effect on the root
ultrastructure of plants grown in clean sand was noexieeme as the effect of
naphthalene contamination on root ultrastructural featuespecially on root
endodermis. These results suggest that the presencehthalgpe in sand causes a
xenobiotic stress which is combined with drought stresbtlaat tall fescue develops
an accelerated lateral growth and extensive thickening iertdedermis, at least in
part, as a response to drought. It has been reported taa$ sonditions such as
drought stimulates the onset of suberization and an aatede maturation of
endodermis and exodermis (Soukup et al., 2004; Enstone et al., A0@3)kepi-
fluorescent micrographs of the roots stained with berberamaidulphate showed a
clear banding of Casparian strip spanning across the hypdierthe treated roots,
whereas a suberised exodermis was absent in the comtsl at the same position
behind the root tip.

The root growth patterns and root anatomical features dettdall fescue expressed
symptoms akin to drought such as partial collapse of thexco Interestingly, when
subjected to water stress, the treated plants demonstraibenoe. This superior
performance of treated tall fescue than the contmlddcbe explained by the theory
of ‘Hormesis’. It has been reported that when organisms are exposed to toxins or
other stressors below a certain threshold level, tleepime more resistant to tougher
challenges by producing a squadron of defence moleculedsfviaand Calabrese,
2008). Growth in naphthalene-treated sand exposes the pdadtought conditions,

as demonstrated by the stronger matrix potential of theeesand. The treated
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plants could have become resistant to this drought stpeshaps, by producing
drought stress proteins in their tissues.  Crowe et al. (268%¢ reported an
accumulation of novel dehydrins, stress proteins that grptents against drought in
cattail and clover exposed to drought conditions, andlai account for the drought
resilience of treated tall fescue in our study too. ,Stile root ultrastructural
adaptations could have also been responsible for the draegiitence effect
observed in tall fescue grown in treated sand. The sdoerhypodermis, in
particular, could have played a significant role in theudtd resilience exhibited by
treated tall fescue, presumably by impeding the radiabetif water from the root
when the soil solution becomes hypertorAdter being exposed to severe water
stress, naphthalene-treated sand in which tall fescusplzere grown possessed a
lower moisture content percent when compared directlitstaontrol counterpart,
even though the differences between treatments wersigraficant, suggesting that
the suberised exodermis in treated plants could have peslvtdre water efflux. Jupp
and Newman (1987) reported that a well developed exodermis,pface in grass
roots, prevents cortex cells from drying out from water defic@nditions
Additionally, the increased suberisation in treatedféstue roots could have caused
reduced water uptake, increasing the efficiency of wategeubg the plants. The less
amount of water in the treated plant tissues is, perhdgps, to the increase in

suberisation as well as due to collapse of some cortex cells

The drought resilience effect was particularly well-expeglsafter the acclimatisation
period and in experimental designs in which seeds were geeainatrockwool

cubes and plants at seedling stage were transferred torntargnated environment.
These results indicate the positive influences of adeable environment for the
initial growth and an acclimatisation period on the enkdngerformance of plants
under more stressful conditions. Nonetheless, irrésecf whether the seeds were
germinated in rockwool cubes or sown directly in treated sdraljght resilience

trend was observed in tall fescue grown in naphthalezatetd sand.

There were no visual differences in root growth pattems @ot lengths between
treatments after the acclimatisation period of 3 marittticating the roots were able
to grow in the contaminated sand later on, without regtns. The high vapour

pressure and Henry’s law constant of naphthalene promote the PAH’s tendency to be
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discharged to the air easily. Heitkamp et al. (1987) reported 12-15% of
naphthalene was lost by volatilisation during the firsi tmeeks of incubation in their
sediment-water microcosm studyThey also reported that naphthalene was readily
degraded to C@hy the natural micro biota in the sediment-water ngosms tested,
with no apparent lag phase, but that the rate of minataliz differed according to
the source of the environmental sample. The authors shola the ecosystem
which was known to be chronically exposed to petrogenic chésriea 2.4 weeks,
the ecosystem that was chronically exposed to agricultheamicals had 3.2 weeks,
and a pristine ecosystem had 4.4 weeks, as half-lifedphthalene mineralization.
They found cis-1,2-dihydroxy-1,2-dihydronaphthalene, 1-tiaghsalicylic acid, and
catechol were metabolites of naphthalene, through higlksspre liquid
chromatography, thin layer chromatography and gas chromatograpss
spectrometric techniques. Through the use of isotope labellieyg démonstrated that
5-8% of naphthalene residues remained in the sedimemt&iveeks of exposure to
naphthalene, suggesting a portion of naphthalene was prolalsiyrbed onto

sadiments and thus biologically unavailable.

The tendency of naphthalene to volatilise and biodegyaderally makes its half life
too short to build up in the environment over time. Howevaphthalene has a
tendency to adsorb to aquifer material (Ehrlich et al.,, 1988 solid organic
materials, which reduces its bioavailabilty for micro orgamsisand thus its
biodegradability (Heitzer et al., 1992; Weissenfels et al., 1998)contaminated
subsurface soils naphthalene is present as a dense nousgpase liquid, a form of
trapped pools of organic liquid or as immobilized macroporousgl@an
(U.S.Department of Health and Human Services, 2005). Slowoldligs of
naphthalene and other PAHs from this dense nonaquueous-pbask itito the
agueous phase causes them to be unavailable to the mgarisons, thus resulting in
the dissolution of the PAHs being the rate-limiting staptheir biodegradation
(Thomas et al. 1986). There is considerable variability inrtegdonaphthalene soil
half-lives. The estimated half-life of naphthalene repofteda solid waste site was
3.6 months (Howard 1989).

The naphthalene-treated sand possessed stronger (ngaBveg matrix potential

after 94 days since the sand had been treated with naptghaled after 94 days of
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plant growth in the treated sand, indicating that tlesemce of naphthalene and or its
metabolites and the physical barrier effect the hydroghodntaminants produce on
water acquisition could still be there. Adsorption of riaptene to root exudates,
aquifer materials and lipid-rich root surfaces such asmadtary cutin could have
caused the persistence of naphthalene and or naphthafgm®ducts in the sand
medium after 94 days of plant growth. This shows thatiiition to the contaminant-
dilution effect due to volatilisation and biodegradationnpl@ot adaptations are also
of major importance in the unrestricted growth of facue roots in naphthalene-
treated sand, after the acclimation period of 3 months.

Proliferation of naphthalene-degrading micro organisms withe rhizosphere of
plant roots grown in PAH-contaminated soils has been regpdyy Siciliano et al.
(2003). Perhaps, the plant roots could have been able tcoowe the challenges in
their root growth environment caused by naphthalene contionndy stimulating
the proliferation of naphthalene-biodegrading micro organisntisin the dynamic
region of the rhizosphere. It has been reported rieto organisms present in the
contaminated subsurface soils appeared to be acclimated tesesnge of PAHs and
were found to mineralize naphthalene§8%) in sediment-water microcosms under
aerobic conditions (U.S.Department of Health and Humavic&s, 2005) At the end
of 14 weeks of growth in treated sand, tall fescue plantdsahavell-spread, deep,
dense root system as well as an increased root biomass (dw}ththatontrols

(p<0.01), suggesting a potential of this species for PAH riatied.

Naphthalene and its methylated derivatives are considerad sbthe most acutely
toxic compounds in the water- soluble fraction of petrolédmderson et al., 1974).
The preliminary result showing the root growth patterns weyeerar less the same in
anthracene and B(a)P treatments as in control treatfraan the beginning suggests
that the changes in initial root growth patterns and root straicand ultrastructural
features shown by tall fescue to growth in naphthatessted sand were
predominantly motivated by xenobiotic stress. Tall fescw®tsr grown in
naphthalene-treated sand possessed root ultrastructuralicabolifs beyond the
acclimatisation period of 3 months. From 3 months ofwjnoin treated sand
onwards, tall fescue possessed a well-suberised apoplaster sgstem that could

have enabled the plants to prohibit the efflux of waten the root cortex cells under
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water deficit conditions as well as the influx of hydropleokenobiotics toward the
inner core of the roots. Roots grown in sand treated withraoghe, which is

practically insoluble in water was not structurally modifiederms of the endodermis
thickness as well as in root hair development. Heacstronger apoplastic barrier
system and root hair inhibition may have been induced amtpioots grown in

naphthalene-treated sand, predominantly as a responkertocal stress, in order to
prevent the inflow of the toxic molecules toward the inoere of the roots. The
effect of these stronger apoplastic barriers in rootpe@ally the abundance of
Casparian strip, on the passage of xenobiotic compoundssacooot tissues was
investigated using Nile red as a hydrophobic molecular probe.

Generally solutes enter the plant roots via apoplastioyagthvhich is a non-selective
transport pathway, providing a ready path for the movenasénsome materials
parallel to the cell surface, by combining with the wallshef heighbouring cells as
well as the intercellular air spaces (Brett and Waldron, 12980). In the cellular,
symplastic pathway, which includes cell cytoplasm, vacuatesplasmodesmata, the
general characteristics of the cell wall, such as rigidihte make up of cross-linked
macromolecules and possession of a net negative charge influence the plant cell’s
choice of cell-signalling molecules: most of them arealsrand either neutral or
negatively charged (Brett and Waldron, 1996, 1990) and will thergiogvent the
entry of bigger or positively charged molecules through dgstgc stream.
Molecules in the symplastic stream are shunted froensymplastic path into the
apoplastic flow at the endodermis by the Casparian strifa (®/al., 2005; Enstone et
al., 2003). The Casparian strip is composed of suberin anuh land prevents the
unimpeded movement of apoplastic substances into the stelellaas the backflow
of ions from the stele. Berlow (2005) drew an analogy betw@asparian strip in
plant roots and the ‘customs’ in a ‘port’, because of the role of the Casparian strip in
retaining the substances that may be harmful to théspfeom being delivered into
the root stele. However, not all endodermal cells develagp&rian strip in their
radial walls. These cells without Casparian strip inrtlmadial walls or suberin
lamellae in their tangential walls, called passage celisganerally situated opposite
to the protoxylem poles and facilitate solute uptake (Fig.4.33grVdasparian band
structures are formed in the hypodermis, i.e. in the lagmeath the epidermis, it is

called exodermis. The exodermis may also develop sulaeniella and prevents the
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apoplastic inflow of ions near the root surface (Fig.4.33), baisdwt affect the
backflow of ions from the stele (Enstone et al., 2003).

Nile red is a fluorescent hydrophobic probe, which fluoresicésnsely in the

confines of a lipid hydrophobic environment (Greenspan et al., 1988l red

applied to the epidermis of living roots was not able to pagsnoethe endodermis of
the treated roots, as the dye was prevented by the Casgiaifeaind suberin lamellae
from advancing further, through its retention by thepephilic ultrastructures. The
lack of passage cells in the endodermis of the treated cooild have prohibited the
dye from being delivered into the root stele. On theeohand, Nile red uptake into
protoxylem vessels occurred via the passage cells in thedermlis of the control
roots. Hence, the well-formed exodermis and extensively thézkeendodermis
lacking passage cells could be functioning as an efficienplagtec barrier system
that withholds the delivery of hydrophobic xenobiotic compouad®ss the root
tissues via apoplastic fluxes into the inner core & thots (see Fig. 4.33), if
previously exposed to the contaminants. The increaseccalodone as well as
cortical cell distortions observed in treated roots coulkhzontributed towards the
restrictions on the entry of Nile red into protoxylem potes, as the stain had to

travel further to reach the endodermis.

15¢



Symplastic
pathway

|-

(I

(

Apoplastic
pathway

S

J
000
000

R g[
[

1)

apoplastic pathway

Ullnll s
!

1)

000
000

[:] . .
D v" Uptake into xylem vi
.

v’ Uptake into xylem vi

(
(D S Iy

sy
e
D\: T symplastic pathway
— Apoplastic path
g OO gememm

Symplastic pathway
blocked

Fig.4.33: Schematic diagram of the water and solute transjpmmtpaithways across root tissues

Key:

Epidermis B Casparian strip

)

U-shaped lignified

Cortex cell J
thickening

Endodermis

] Suberin lamellae
[:] Pericycle

Stele parenchyma
D O Protoxylem vessel

Similarly, Wild et al., (2005) showed that the radial movemahanthracene and
phenanthrene did not extend beyond the cortex celteaoh the vascular tissues of
maize and wheat from a contaminated sand medium overdaybPeriod, in their

study. The results documented by Wild et al. (2005) using two-phetoitation
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microscopy (TPEM) are in accordance with our resultdNde red uptake. It would
be interesting to investigate further the pathway of riegéhe/ naphthalene
metabolites within tall fescue root using stable isotope kdbaibphthalene, in order
to understand the fate of these compounds within the roosgsiem. Still, the
results obtained so far lead to a positive concluiahtall fescue adapted to growth
in PAH-contaminated sand withstands the uptake of potgntiatinful, hydrophobic
xenobiotic molecules into the xylem poles that represt@ predominant

translocation pathway toward shoots.

Molecular modifications which enable the plants to a&dstpucturally as well as
metabolically to naphthalene stress coupled with drowsggiss could have been
stimulated in tall fescue grown in treated sand. Thetplaots and shoots were
metabolically profiled in order to understand the plant adapisi@t molecular level.
The results of the investigation carried out at theleanng plant metabolomics are

presented and discussed in chapter 5.

4.5 Conclusions

Exposure to the relatively water soluble, volatile, LMW HP,Aaphthalene, delayed
the seed germination of tall fescue. Tall fescue plamitgally responded to
naphthalene contamination by showing a temporary root growthition, followed
by accelerated lateral growth and deviation from normal orientation responses to
gravity. There were no visual differences in root growthgoat and root lengths
between treatments after the acclimatisation peria®l mbnths, but differences were
observed in root ultrastructural features. Naphthalene-tresated possessed stronger
matrix potential than the clean sand at soil-water hgldiapacity, exhibiting lack of
plant available water. Consistent to this, the rootstalf fescue grown in
naphthalene-treated sand showed partial collapse of ttexa®lls as well as higher
dry weight %, suggesting water stress/ scarcity of availabter. The treated roots
also possessed a well-formed exodermis and greater afmendbCasparian strip and
suberin lamellae. Tall fescue grown in naphthalene-tilesé@d withstood drought
stress better than the control plants, perhaps entidmcehese root ultrastructural
adaptations.  The penetration of hydrophobic xenobiotics mtot xylems,
exemplified by the path of Nile red was limited in tall fescoots previously exposed

to naphthalene contamination due to the existence ofoagsr apoplastic barrier
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system lacking passage cells as well as an increasedatatine. The results

showed that interplay of drought stress and xenobiotiesstroccurs in sand

contaminated with relatively water-soluble, LMW PAHs sashmaphthalene and that
the plants adapt to these key stress conditions thraumgtges in initial root growth

patterns as well as root structural and ultrastructural noagibns.
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CHAPTER 5

Differences in hydrophilic metabolome of tall fescue (Festuca @andinacea),
grown in naphthalene-treated sand reflects plant adaptive responsés stress: a
gas chromatography-mass spectrometric study

5.1 Introduction

The metabolome of a living system such as plant razdssadoots is comprised of a
complex molecular mixture, including all the metabolii@ghat system at a certain
time. It represents the molecular phenotype of theesysin a given set of
physiological conditions. Metabolic profiles exprese tphysiological picture of a
plant system encoded at the molecular level. These @sb identify biochemical
responses of a living organ to external factors such assaspdo xenobiotics
(Gromova and Roby, 2010). Mass spectrometry coupled wadparation technique
such as gas chromatography as an analytical tool, makesdidgca plant
metabolome at molecular resolution, with confidence, iptess The aim of this
investigation was to understand the underlying physiologye@lto stress-adaptive
responses of tall fescue (Festuca arundinacea) grown in nkgpietfieeated sand.
Here, the focus was on the hydrophilic portion of the pilagtiabolome. Naphthalene
metabolism within plant tissues, as with naphthaleneahiat degradation, requires
introduction of oxygen into the rings, which would incretise PAH solubility and
chemical reactivity (Meulenberg et al., 1997; Wilson and Joh883; Sutherland,
1992) as well as making the PAH relatively polar. It was oiggral interest to gain
knowledge with regard to the fluxes of naphthalene metaisoiin vivo. Moreover,
previous results of our study indicated an increased roos maglants grown in
naphthalene-treated sand (see chapter 4). Hence it fwiagportance to confirm
whether a major shift in translocation of photosynthetic ugecurs in treated
plants, through qualitative and quantitative analysis of rsugeetabolites.
Furthermore, sugars are of particular interest, as ghay important roles as both
nutrients and regulatory molecules, contributing to sstreolerance (Bolouri-
Moghaddam et al., 2010).
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5.2 Materials and Methods

5.2.1 Plant materials and growth conditions

Tall fescue (Festuca arundinacea) (origin: Kent; supplier: Eyatesseeds, UK)
were seeded and grown in clean sand and sand treated plitihalene [800mg PAH
kg™ sand (dw)], in 15cm diameter plastic pots in a glass honse 16 hour light and
8 hour dark cycle upon germination. Plants were watered asgudnd fed with
liquid fertilizer (lawn food: N: P: K=15: 3: 3) on a once weekdsis.

5.2.2 Sampling

Roots and leaves were sampled from 6 months old living pliemtsboth treatments
on the same day at the same time period (early afteyndwesh fully expanded
leaves and roots from similar depths in the pots were tetldcom each replicate pot
(3 replicates) from each treatment. Sand was brushefooff roots and roots were
washed thoroughly with distilled water.

5.2.3 Sample preparation
Samples were immediately frozen in liquid nitrogen and homegd. Samples were

freeze dried using the following protocol:
e Freezing: at -45C for 210 minutes at 200mTorr

e Primary drying: at -19C for 600 minutes at 200mTorr; then &t@® for 200

minutes at 100mTorr
e Secondary drying: at 22 for 180 minutes at 100mTorr

Vials containing samples were capped tightly and store88i(C-in the freezer until

further analysis.

5.2.4 Extraction and derivatization

The extraction protocol was adapted from Du et al. (2011)zErekied tissue
powders (0.1g) were transferred into 10ml extraction tubekot®. Hundred micro
litres (100pl) of ribitol (2mg [}) as internal standard and 4.2ml 80% HPLC grade
agueous methanol (v/v) were added and the tissue samgrieextracted on a rotator
extraction unit at 40 rpm for 120 minutes. The tubes coinigiextracts were

subsequently incubated in a water bath & @0for 15 minutes and centrifuged at



2000g for 5 minutes.Seven hundred and fifty micro litres (750ul) of chlorofomams
added to the extracts in order to separate out the non tdse. The mixture was
vortexed thoroughly and centrifuged at 2000g for 2 minutes.y Raidro litres (40pl)
of the polar phase was transferred into GC-vials anddhents were evaporated in a
centrifugal concentrator for 25 minutes under vacuum at rieonperature. The dried
polar phase was oximatesith 40ul of methoxyamination reagent (methoxyamine
hydrochloride dissolved in anhydrous pyridine at the conagatr of 20mg mt) at
37° C for 90 minutes. Here the carbonyl groups are the main tsarfpe
methoximation. Subsequent silylation was carried out with TOUMSTFA (N-
Methyl-N-trimethylsilyl-trifluoroacetamide) at 87C for 30 minutes. Here hydroxyl
groups are the primary targets for silylation. The rafiahe volume of derivatising
agent to sample was increased to ensure complete dexii@tiz After derivatization
procedure, the vials containing samples were briefly ceged for 5 seconds and the
vials were left to cool in the fume hood for a few minubefpre analysis by GC-MS.

5.2.5 Gas chromatography- mass spectrometry (GC-MS) analysis

Samples were analysed with a PerkinElmer AutoSystem XL chpasmatograph
coupled with a TurboMass mass spectrometer (PerkinBmmerWaltham, MS). The
published method (Du et al., 2011) was used with minor modifitmticA 1-ul
aliquot of the derivatised extract was injected into a ZelktB-17 5MS capillary
column (30m x 0.25mm X 0.25um) (Phenomenex, Torrance, CA, US). The inlet
temperature was set at 260. After a 5-minute solvent delay, initial GC oven
temperature was set at °80. Two minutes after injection, the GC oven temperature
was raised to 280 (5° C min?), and finally held at 280C for 13 minutes [For the
analysis of the authentic sample of 1- Naphthol (Sigidaich; ReagentPlus), the GC
oven temperature was raised to 28(from the initial temperature of 8C, at the rate
of 10° C min* and finally held at 280C for 6.50 minutes]. The injection temperature
was set to 280C and the ion source temperature was adjusted tbQ0Belium was
used as the carrier gas with a constant flow rate senbmin’. The measurements
were made with positive electron impact ionisation (70ie\the full scan mode (m/z
30-550). The metabolites were identified using MassLynx 4t@vae (PerkinElmer
Inc.) coupled with a commercially available compound libr&&T Mass Spectral

Database 2.0 (PerkinElmer Inc., Waltham, MS) as wethadragmentation patterns
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of the analytes.

The authentic sample of 3-indole acetic acid (Sigma éijriwas analysed with
Agilent 6890 GC coupled with Agilent 5973 MSD. The GC-MS cond€ifor the
reference 3-indole acetic acid were as follows:

Column: Agilent DB5 (30m x 0.25mm % 0.25um)

Oven temperature: 60° C for 2 minutes; then the temperature was raised t8 @50
(5°C minY), and finally held at 250C for 5 minutes

Carrier gas: Helium at 1ml mift

Data system:Agilent Chemstation

Injector: Split/ splitless at 220C

Injection volume: 0.1 pl

Detector: Transfer line temperature at 250; Source temperature at 230; Quad
temperature at 15C

5.2.6 Selection criteria for the identification of compounds

The EI positive total ion chromatograms for polar computsuextracted from root and
shoot tissues of the plants grown in clean and treatedssameed about 200 different
components. Having appreciated that each and every ortbesé components
possesses their own unique functions, only 14 compounds fram tidaues were

identified with the aid of NIST Mass Spectral Databasg.Qy.and the retention time
indices. Intensity of response as well as non-intertareby signals from reagent
blanks were chosen as the major criteria for compodaeudtification, but the internal

standard ribitol, naphthol and fructans were exceptionshie intensity of response
criterion. Patterns of fragmentation processes aagnfent ions during electron
ionisation documented by de Hoffmann and Stroobant (2002) weleassguides for

the interpretation of El mass spectra.

5.2.7 Data analysis

The individual spectra and chromatograms from GC-MS datawere deconvoluted
with the aid of Automated Mass Spectral Deconvolution kaeshtification System
(AMDIS) spectral deconvolution software package v2.69 (NIST,th@esburg),

freely available at http://chemdata.nist.gov/mass-spc/amdistaty out baseline
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corrections and purify spectrum from background noise. AS1@econvolution
settings were as follows: adjacent peak subtraction wasrésolution was medium,
sensitivity was low, shape requirement was high and coemgamidth was kept at 12.
The ELU files generated by AMDIS were then fed to SpectCadnomeline services
<http://spectconnect.mit.edu/> to align batches of ELU filgem related
chromatograms and to filter peaks. The integrated Egyenerated by SpectConnect
were used for data normalisation and subsequent statisticalysis. Data
normalisation was performed on Excel spreadsheet. Targetpaunds were
identified by fragmentation patterns and matching spectaa@ierence library (NIST
Mass Spectral Database v. 2.0).

5.2.8 Statistical analysis
Statistical significance was determined by t-test assgimnequal variances using the
built-in toolkit in Microsoft Excel.

5.3 Results

5.3.1 Identification of compounds

Visual inspection of the El positive total ion chrongrams for polar compounds
extracted from root and shoot tissues of the plants growalean and treated sand
revealed a complex profile with about 200 different comptsésee Fig. 5.1 and 5.2
respectively). In both chromatograms, 12 compounds were gatabk intense than
the remainder. One of these (RT 35.85 min) corresponded itmgreak associated
with the reagent blank (see Fig 5.3). The remaining musnse peaks corresponded
to compounds that were tentatively identified from analgdisheir mass spectral
features and reference to the NIST Mass Spectral Dsdalfsee Table 5.2).
Derivatization was performed to silylate OH/NH groups and oteénaddo and keto
groups with the aim of detecting all polar compounds with tlfesetional groups.
Steric hindrance in the molecules may nevertheless lmegented complete
derivatization, whilst silylation of the OH function inrbaxylic groups will be

limited.
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Fig.5.1: Overlaid El positive total ion chromatograms for palampounds extracted from leaf tissues
of tall fescue grown in clean sand (green) and sand contesdindgth naphthalene (red). I1AA: Indole
Acetic Acid; Tre: Trehalose. Note the greatly subduegression or absence of signal in treated

leaves for the putative IAA and Tre.

control roots rep 1

20110601-cr-a-001 Scan El+
375 TIC
10047
I Control root 207es
I Treated root
B % 37.49
I1AA
Tre
l 3585 l
7.08 15.60 24'“}2
0 |ll||'||1|||||||||||||.||l| Time
500 1000 1500 2000 2500 5000 3500 4000 4500 50.00

Fig.5.2: Overlaid EI positive total ion chromatograms for palampounds extracted from root tissues
of tall fescue grown in clean sand (green) and sand contadinéth naphthalene (red). I1AA: Indole
Acetic Acid; Tre: Trehalose. Note the subdued expressi@bsence of signal for the putative IAA

and a wellpronounced signal for ‘Tre’ in treated roots.
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Fig.5.3: Representative El positive total ion chromatogramédagents used in the extraction and
derivatization of plant tissues

Amongst the major peaks, none corresponded to compoundset@hbiled polar
derivatives of naphthalene, such as naphthol or glyaisyl malonylated
derivatives. Naphthalene epoxide was also ruled out becdutse sparing solubility

in the tissue extraction medium, methanol.

However a minor ion peak (RT 10.71-10.73) in treated roots whashof interest as
it was subdued in expression when compared to the untreatedonsidered from
mass spectral information as either naphthol, najdrbaor derivatives of these two

compounds, or, on the other hand, indole acetic acid derivatives.

The mass spectra for the compounds in treated (Fig SddQrareated (Fig. 5.5) roots
were compared with each other and with that for naphie¢ Fig. 5.6 and 5.7).
Neither spectrum resembled the spectrum obtained for distheaphthol (see Fig.

5.6 and 5.7) nor were they similar to one another i.ectimpounds in treated and

untreated roots were different.

In treated roots (Fig. 5.4) the spectrum showed the presdraenajor ion peak at
m/z 142 and two minor peaks at m/z 70 and 216 as well as higherutanleveight
ions at >m/z 360. Based on the limited level of fragmematibserved and the

absence of any TMS derivative which would otherwise inditia¢epresence of an
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OH group, these spectral features suggested a compound withh aldggee of
aromaticity that was resistant to fragmentation. Talkeether with the presence of
high molecular weight ions, the profile might correspomé naphthol derivative e.g.

glycosylated or malonylated naphthol (Taguchi et al., 201@)dppendix 1).

AN BN S N S S e N B B L B B B

40 130 220 310 400 490

treated rootsrep 1 (Text File) Component at scan 433 (10.716 min) [Mode
20110601-nr-a-001 ~
1004 10,23 Comment]RI:1645.1|

10 largest peaks:
142999 | 143119| 70 99| 43 70| 66 48|

144 42| 216 39| 68 31| 55 14| 113 11|

11.23

9.97
%5

10,6510

O

LN BUSLEL LA BRI WLSLELEL BLALELLI BLSUNLELEN B N — Tirmne
10.00 10.50 11.00 11.80

200 4280 1300
Fig.5.4: Zoomed part of El positive total ion chromatogram fog tompounds extracted from root
tissues of tall fescue grown in naphthalene-contamirsted. Inset: The extracted mass spectrum for

the compound eluting at 10.72 minutes. RI: Retention Index.

17¢



control roots rep 1
201106801-cr-a-001

100+

%_

10.1510.25
o

10/73

10

216

30 70 10 150 190 230
(Text File) Component at scan 434 (10.734 min) [Mode

Comment]RI:1646.8|

10 largest peaks:
142999 | 73774 |  45195| 143112 43 79|

147 74| 59 72| 75 71| 74 60| 70 54|

12.1712.38

I I‘IID?DIDI -

T T T
10.20

1100

T [ime
11.50 12.00 1250 13.00

Fig.5.5: Zoomed part of El positive total ion chromatogram foe tompounds extracted from root
tissues of tall fescue grown in clean sand. Inset: Kumcted mass spectrum for the compound
eluting at 10.73 minutes. RI: Retention Index
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Fig.5.6: El positive total ion chromatogram for 1-Naphtholstised in chloroform (GC-grade). Inset:
The extracted mass spectrum for 1-Naphthol. RI: Retemtidex
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deriv napthol
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. 11.30 73
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.’ 9.68

0 \\\\\A\\\\\\\\\\\\\\\\\\\\ Time
6.00 8.00 10.00 12.00 14.00 16.00 18.00 20.00 22.00 24.00 26.00 28.00

Fig.5.7: El positive total ion chromatogram for silylated Iphthol. Inset: The extracted mass
spectrum for silylated 1-naphthol. RI: Retention Index.

In the untreated roots, the spectrum for the compound RT HhG®ed a similar
major ion peak at m/z/142 and minor peak at m/z 216 but additicadIMS-peak at
m/z 73 and ion at m/z 147, which suggested a compound with two OH gnoaps o
OH and NH group, as well as ions at m/z 230 and 245. The majoraérapen/z 142
is interesting because the mass spectrum for indolécamatl has a characteristic
peak at m/z 142 (see table 5.1). In these experiments, sitylafi the carboxyl
function on indole acetic acid is extremely unlikely; néweless, silylation could be
via the NH function on the indole ring. These features t@yethiggest the presence
of IAA in untreated roots. The spectrum was compared thiah for authentic indole

acetic acid silylated using the same technique (see Fig. &.8adnte 5.1).
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Table 5.1: Comparison of spectra of a peak at RT 10.73 min in planpkes with silylated
authentic indole acetic acid. Similar ion abundance intspécindicated by

RT 10.73 spectrum - | 2 TMS indole acetic| 1 TMS indole acetic
silylated untreated roo acid acid
extract

ND m/z 319 ND

m/z 245" m/z 245 m/z 245

m/z 230 m/z 230° m/z 230

ND m/z 202 BP m/z 202

m/z 175 m/z 175 m/z 175

m/iz 173 m/z 173 m/z 173

m/z 216° m/z 216* m/z 216
m/z 147 m/z 147 147

m/z 142 BP m/z 142 m/z 142

m/z 1312 m/z 130 m/z 130 BP

m/z 77° miz 77% m/z 77

miz 75% m/z 75° m/z 75°

miz 73 m/iz 73° m/z 73

m/z 45% m/z 45° m/z 45%

The spectrum for the RT 10.73 compound had a base peak (m/z 142) wes
different to that for either 1 TMS indole acetic acid{rh30) or 2 TMS indole acetic
acid (m/z 202), but shared an identical fragmentation patbetimat of 2 TMS indole
acetic acid: a major peak at m/z 73, medium-intensity patk¥z 45 and 147 and
minor peaks at m/z 216, 230 and 245. Some of these peaks wengredsat in

similar abundance in the spectrum for 1 TMS indole aatid (see Table 5.1).

Acids in the plant samples were likely to have been matiglas a result of the use
of methanol, anhydrous hydrochloric acid and heat treatmégf ¢, therefore there
is a likelihood that the RT 10.73 compound could be a methyl esiedole acetic
acid which has been subsequently silylated via the NH functince the authentic
sample of 3-indole acetic acid was not methylated but sihiated, information on
the fragmentation patterns of methylated, 1 TMS indaletia acid could not be

obtained from the GC-MS analysis of reference 3-indoktic acid here.
In summary, the RT 10.73 compound in plant samples wasdeatified, but the

spectral features shown by this compound could be consistdnthe presence of

methylated, 1 TMS indole acetic acid (see appendix 1).
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Fig.5.8: El positive total ion chromatogram for the trimetliylated 3-Indole acetic acid and mass
spectra for compounds RT 26.78 min (A) and RT 27.63 min (B) comdgppto 1 TMS Indole acetic
acid and 2 TMS Indole acetic acid respectively from egfee to the mass spectral database library

Apart from erythritol,

malic acid,

isocitric acid andyrpvic acid, the remaining

compounds were all identified as sugars. Glucose was distiheglifrom galactose,
and sucrose from trehalose, from the higher intensityeshonse and differences in

their retention time. Sucrose was the most abundagdrsbased on intensity of the

ion peak.



Table 5.2: List of 14 metabolites tentatively identified from mass speaimalysis and
database inspection in the shoots and roots of tall fescue growtean sand and sand
contaminated with naphthalene for 6 months plus the intstaatard (differentiated by the
italic font). ®detected only in treated rootS.detected only in treated leaves. The principal
diagnostic features used in the identification of compounds alafigtiedir mass spectra are
given in appendix 1.

No. | Retention |Compound Abbreviation |Derivative
time (RT)
(min)

1 10.71 TMS

There is a major ion peak at m/z !
and a minor ion peak at m/z 216.
high molecular weight ion peak at r
~500 is present. The spectrum sh
less intense fragmentation  wi
compared to the spectrum obtained
the peak with similar RT (RT 10.
min) in shoots and untreated ro
Naphthol was suggested from datal
inspection but ruled out af
comparison with authentic naphthol

2 10.73 Indole acetic acid I1AA T™S
ol

3 15.63 Malic acid MA TMS

4 16.09 Erythritol Ery 4 TMS

OH

5 16.51 Isocitric acid ICA TMS
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6 21.04 Ribitol 5 TMS
HU’%{\JH
7 23.00 Ribose Rib Methyloxime;
4 TMS
8 23.86 Phosphoenol pyruvic acid PEP TMS
HO f
Hcf\({:\ﬂi‘\w
9 24.17 Fructose Fru Methyloxime;
5TMS
HO, OH
Ho.ﬁ o 4
oo
10 |24.36 UDP-glucose UDP-Glc Methyloxime;
({H 6 TMS
Fﬁ
HO B
b
!tgj::i—ﬂﬁl
11 |24.64 Glucose Glc Methyloxime;
OH 5TMS
HO, 0. __.,.l (EJH %H
HO:(;J\:H o du "
6H
12 |24.97 Galactose Gal Methyloxime;
OH 5TMS
HO, 0 _“‘\l ((EJH\JH\(\D
HOI;J""OH o Gu Ow "
GH
13 |[37.54 Sucrose Suc 8 TMS
5
14 |50.67 Fructant Fructan Poly TMS
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15 |50.96 Trehalose Tre 8 TMS

5
H
o "
Ho™" "OH
H

5.3.2 Differential abundances of polar compounds in the leavesdmoots of tall
fescue grown in naphthalene-contaminated sand in comparison to tleentrols

The EI total ion chromatograms for polar compounds etéchftom shoot (leaf) and
root tissues of tall fescue are shown in Fig. 5.1 and 5.2, aebtimed in spectra for
the sugars RT=22.00-26.00 min in Fig 5.9 and 5.10. The recovenpitof, the
internal standard extracted together with the plasués was lesser in root compared
to leaf extracts indicating a lesser extraction efficy, which was attributed to the
different chemistries and cell architectures of roots aalds, roots being more
heavily lignified with phenolic derivatives than leaves. Hif@re theintegrated
signals of peak areas for the polar compounds were norohaligh regard to the

recovery of ribitol, and these are shown in table 5.3rRagd.11.
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Fig.5.9: Overlaid El positive total ion chromatograms for polampounds extracted from shoot
tissues of tall fescue grown in clean sand (green) and satahtinated with naphthalene (red),
showing the retention time region between 22.00-26.00 minutes
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Fig.5.10: Overlaid El positive total ion chromatograms for pot@mmpounds extracted from root
tissues of tall fescue grown in clean sand (green) and sam@minated with naphthalene (red),
showing the retention time region between 22.00-26.00 minutes
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Table 5.3: Descriptive statistics for normalised integrated signals ak @geas for the polar
compounds extracted from the shoots and roots of tall fescwengn clean sand and sand
contaminated with naphthalene (0.08% w/w) for 6 months. t-fdsts are for differences
between control and treated plants.

Name of th{Shoots p value asRoots p value as
molecule  |Control Treated determine|Control Treated determine
Mean(xSE) [Mean (+SE) | d by two- Mean(+SE) Mean (+SE) d by two-
(E+07) (E+07) tail t-test|(E+07) (E+07) tail t-test
assuming assuming
unequal unequal
variances variances
RT 10.71 |ND ND B ND 0.21(+0.09) B
Indole acetij2.69(+0.19) |0.13(x0.01) [<0.001 11.73(x2.60) |0. 40(x0.36) <0.05
acid
Malic acid [9.93(+1.88) |3.06(+0.32) |<0.05 44.20(x11.7) |79.17(x14.8) NS
Erythritol 0.50(+0.04) /0.03(x0.002)<0.001 ND ND B
Isocitric acid |1.34(+0.12) |0.18(+0.01) [<0.001 20.59(6.64) |13.85(+2.14) NS
Ribose 6.81(+1.61) |3.03(x0.28) NS 6.48(+2.24) 27.81(+4.46) <0.01
Phosphoeno|1.33(+0.13) |0. 90(x0.19) NS 9.93(+2.28) 17.17(x2.52) NS
pyruvic acid
Fructose 20.67(+4.80)14.41(x1.51)NS 121.05(+18.11) [351.46(+60.89) |<0.05
UDP-Glucos(9.31( 3.51) [6.75(x1.47) |NS 113.13(+26.44) 388.87(+37.48) |<0.01
Glucose 16.71(+4.14)4.93(+0.85) |<0.05 71.11(+21.94) 324.55(+35.35) |<0.01
Galactose [6.09(+0.86) |1.52(+0.13) [<0.01 12.12(x3.39) [50.83(+5.90) <0.01
Sucrose 63.20(+7.85)18.83(x2.50)<0.01 277.52(x122.61/1326.55(+244.22|<0.05
Fructans ND 0.43(x0.07) |_ ND ND n
Trehalose [12.05 (+2.05]0.33 (+0.08) |<0.01 46.33(x15.84) |392.23 (+30.03) |<0.001

N (No. of samples) =4 (GC runs 1-2); ND=not detected; NS=sigaificant; p = probability;
SE = standard error of the mean.
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Fig. 5.11: Bar graph showing the differences in the abundangmlai compounds in shoots (A) and
roots (B) of tall fescue between control (green) and naptbatontaminated (red) treatments. Error
bars show standard error of the mean [N=4 (GC runs 1-2)].

Apart from the putative IAA, shoots from naphthalene ttremts generally had a
lesser amount of polar compounds compared to untreated shaobts treated roots,
polar compounds were more abundant than in untreated fidwspatterns obtained
for ribose, glucose, UDP-glucose, fructose and galactmsedepicted in the XY
scatter graph that shows the mean values of the noemhatisegrated signals of peak
areas for simple sugars in the shoots and roots of tsadlué from control and

contaminated treatments (Fig.5.12).
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Fig.5.12: XY scatter graph showing the mean values for the abunslasfceimple sugars and the
nucleotide sugar UDP-Glucose in the root (indicated by sgliand shoot (indicated by diamonds)
tissues of tall fescue grown in clean sand (left) and santhrinated with naphthalene (right;
differentiated by filled shapes). Error bars indicatandard error of the mean. Some error bars are
obscured by the symbols due to the small integrated sighalsak areas for some compounds. N=4
(GC runs 1-2). The scale on left hand side is for theddmaoe of foliar (shoot) sugars; the scale on the
right hand side is for the abundance of root sugars.

The compounds are colour coded.

Key: Pale Blue: Ribose Green: Fructose : Purple: Glucose Dark
Blue: Galactose.

The results for the putative compound IAA are notable:

1 1AA was prominently less in the treated roots (Fig.5.14) comparsioots.
2 In treated shoots, IAA was particularly subdued compared teatett shoots

(Fig 5.13) consistent with IAA degradation in treated plasugs.
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Fig. 5.13: Box and whisker plot showing the differences in the dbuge of the putative IAA in the
root (p<0.05; N=4, t-test) and shoot tissues (p<0.001; ;t4&s4) of tall fescue grown in clean sand
(abbreviated as con.) and sand contaminated with naphthabimeviated as treat.).

Generally pools of sugars or sugar like compounds were founaatlgpronounced
abundances in roots than in leaves in treated plants when @htpgathe controls
(Table 5.4). Theratio of both sucrose and trehalose abundance betroets and

shoots for example, was many times higher in treated p{@r3.01) compared to
untreated. In the case of sucrose, for untreated dopkaots the ratio was 3.82
(+1.68), but 65.27 (£5.90) in treated plants. For trehalosesta@2 (+1.47) (p<0.01)
in control plants but 1284.07 (x173.75) in treated. No statilticsignificant

differences were observed between control and treatedsplaith regard to
phosphoenolpyruvic acid. However, the root: shoot ratio ogphoenolpyruvic acid
was >3 times higher than that of control plants (p<0.@lgontrol plants it was 7.03
(x1.40), but 23.70 (£3.51) in treated plants (Fig. 5.14). The s$end was observed

for isocitric acid and malic acid (Table 5.3).
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The sugar alcohol, erythritol showed a different trenidwaer abundance of erythritol
(p<0.001) was observed in the shoots of tall fescue growreated sand (Table 5.3)
compared to control, but erythritol was not detected Imeeitreated or control roots.

The fructans also behaved differently: they were daetected in control shoots, but

were found in the treated shoots giving a signal adjacetitetsignal for trehalose

(Fig.5.15). Fructans were not detected in the roots of pleontseither treatment.

Table 5.4: Descriptive statistics for the ratios between root andrf@shoot) pools of sugars
extracted from tall fescue grown in clean sand and sand cioatiah with naphthalene for 6

months. All t-tests are for differences between comtnal treated plants.

Compound name |Control Naphthalene-contaminat(p value a
Mean(xSE) Mean(xSE) determined by twc
tail t-test assumir
unequal variances
Ribose 0.91(x0.39) 9.72(+1.09) <0.01
Fructose 5.78(%1.65) 22.80(x2.08) <0.001
UDP-Glucose 21.67(x4.38) 51.08(%4.13) <0.01
Glucose 5.24(%1.27) 56.79(+4.28) <0.001
Galactose 1.79(x0.54) 32.35(+4.21) <0.01
Sucrose 3.82(+1.68) 65.27(x5.90) <0.01
Trehalose 4.02(£1.47) 1284.07(x173.75) <0.01

N (No. of samples) =4 (GC runs 1-2); p = probability; S&andard error of the mean
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Error bars show standard error of the mean.
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Fig.5.15: Overlaid El positive total ion chromatograms for potampounds extracted from shoot
tissues of tall fescue grown in clean sand (green) and cam@minated with naphthalene (red),
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chromatogram for compounds extracted from treated shbotsirsg the presence of signal for fructans
(retention time 50.67 minutes) (indicated by red arrow).



5.4 Discussion

Naphthalene is a hydrophobic volatile compound, which would nbrrinalexpected
to be degraded by bacteria to £&nhd HO within the rhizosphere of plants (see for
example, Liste and Alexander (2000). However, Wild et al. (208B)g two photon
excitation microscopy showed that the three ring strestuphenanthrene and
anthracene, could be transported via the apoplastiovsreathin roots of maize or
wheat and degraded in mature cortical cells. It is therdikedy that naphthalene,
two ring structure, was transported into the roots of napdnieatreated plants.

Once within the plant, naphthalene is usually detoxified amédtéiarms (1992) for
example, found that by far the greater quantity of labeflechloroaniline was

deposited as non-extractable residue in the roots of whesedgognic cultures.

One well-documented pathway of detoxification and storage ras figggested to
involve initial oxidation to naphthol using cytochrome P-450 &iIADPH followed
by glycosylation with UDP-dependent glycosyltransferatiesn transportation and
storage into plant cell vacuoles. It has alternativelgnbpostulated that naphthol
might be oxidised further by the peroxidase catalysed hydrxidet@n externally to
the plant cell, and deposited within the lignin architectunglant cell walls (Harvey
et al., 2001). In this work however, no evidence was founddphthol, although the
presence of conjugated naphthalene derivatives cannot @ out. Further work
using a stable isotope labelled naphthalene is requiredrder to obtain direct
evidence for the incorporation of naphthalene into ftent or plant-initiated

microbial metabolism.

On the other hand, analysis of the mass spectral featdir@T 10.73 compound in
plant samples suggested the presence of indole aceticlagidifg plant roots and
shoots with much lesser amounts in naphthalene- treaiewgpared to untreated
plants. Its identity needs to be proven unambiguously bgXample methylation of
acidic protons or use of HPLC techniques, neverthelegsesient, the differences in
amount between treated and untreated plants is of greegshbecause IAA is a plant
hormone which induces cell elongation and cell divisionha tells where it is
present and its effects are typically regulated by chaimyits cellular concentration,
either via non-decarboxylative or decarboxylative oxidatiDecarboxylative IAA

oxidation is proposed to be triggered by the activity of basiperoxidases (Gaspar et
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al., 1991 and references therein) generating a peroxide, whigts a further chain
of coupled oxidation reactions involving phenols (Grambow, 1986
consequence of coupled IAA oxidation with phenols is thotmhesult in cell wall
thickening by for example, formation of isodityrosyl ofedulate cross-links links
between protein or pectins respectively (Fry, 1986), as veelligmification and
suberisation - and IAA degradation. The plasmalemma-cell wall free spadieof
apoplast is speculated to be the preferential site ®irteraction between the basic
isoperoxidases and IAA, but membrane-associated peroxidasgist also be
operating (Gaspar et al., 1991 and references therein). r ktdng the fact that
naphthalene-treated root tissues contained thickened cébtwaitures that appeared
heavily lignified (well-formed exodermal casparian bands, ergdhntgnified
thickenings of the endodermis lacking passage cells (chaptes dpnsistent with
peroxidase activity in these tissues coupled to IAA degradalioese changes in root
ultrastructure in treated plants could relate to restgcthe entry of the xenobiotic
naphthalene into the inner core of the roots as well xadisong naphthol as
extracellular cell wall bound conjugates. This would also besistant with a
detoxificant role that has been ascribed to 1AA oxidatiachackova et al., 1988);
hence the degradation of the putative IAA in treated roots suggest a strategy of
the plant to detoxify the xenobiotic naphthalene/ naphtleateetabolites which might
be present in its system. In turn, by regulating theceatration of free 1AA, a
strategy of plants to execute a control over an otherufisnhibited root growth in an

unfavourable situation is suggested.

Peroxidase-catalysed oxidation of IAA localized between welll and plasma
membrane are associated with redox activities involvinddNAr NADPH and the
formation of HO,, also indicating a stress response. As noted abow@ettoxidase-
catalysed oxidative coupling of phenols has the potentialctoss-link the
polysaccharide and glycoprotein molecules to which theyb@mund, promoting a
‘tight’ structure which is devoid of hydrolytic enzymes. Whilst this could be of

general significance in building up and strengthening the struofuithe growing cell,
it could also be an important variable, changing the iphygroperties of the cell
walls in response to environmental stimuli (Gaspar et al., 18%l references

therein).
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These stress-induced redox reactions in cells could elttestly or indirectly cause a
drain on reducing equivalents such as NADPH and NADH, reducingehelar

capacity to reduce dioxygen to water, causing the concemtraf intracellular Q

and consequently reactive oxygen species (ROS) such as thexyiyddical OH,

the superoxide radical O and hydrogen peroxide ;B to rise and an unstable

hyperoxidant state to develop. In an attempt to reduce tleectyation of ROS and
to compensate the hyperoxidant state, lignifications andsitepts in the cell wall
can be induced in cells (Harvey et al., 2001). The higher otmatiens of ROS:
reducing equivalents in fungal cells had been shown to cause gjsmrganisation of
cellular ultrastructure (Zacchi et al., 2000)The enhanced thickening in the root
endodermis, perhaps due to increased lignification and the quantity of ‘bound’
residues, and disorganisation in root cortex zone of tediuke grown in naphthalene-
treated sand in our study (chapter 4) could also be due boctieased concentrations

of ROS under stress conditions.

Oxidative stress which is a deleterious process causecebytrproduction of ROS
could lead to cell damage leading to various disease stat@sscence and ageing in
both plants and animals (Sohal and Weindruch, 1996). In dodeurvive the
oxidative stress, the organisms need to evolve antioxidifénce processes
(Halliwell, 2006). Glucose and the activity of organellar héxase take central
positions in the antioxidant network of plant cells, Asyt emerge as important
regulators of cytosolic ROS. Glucose has been reportbddst the glycosylation of
phenolic compounds, the synthesis of ascorbic acid antfilmtte to hormone
homeostasis (Bolouri-Moghaddam et al., 2010 and refereneesirth Glucose was
calculated to be 4.6 times more in abundance in treated wdwn compared to the
controls (Table 5.3; p.181). The synergistic interactibngloicose and phenolic
compounds may create an integrated redox system, reducingaR®O$creasing
stress tolerance, mainly due to signalling effects and tiiggehe production of
specific ROS scavengers (Bolouri-Moghaddam et al., 2010 andrreésreéherein).
Recently, it was proposed that when present at higher otyatien, soluble sugars
such as glucose, might act as ROS scavengers them3aghrear{d Valluru, 2009).
The increased root: shoot concentrations of glucose iragomated plants in our

study, demonstrates that tall fescue resists the oxidatikesss due to the
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overproduction of ROS caused by PAH contamination, by dltmgamore glucose to
its root tissues (p<0.01) and controlling the damages via glsigsalling and ROS

scavenging.

Whilst glucose signalling has been specifically associat¢d aative cell division,
respiration, cell wall biosynthesis and sugar-mediateddbfeek regulation of
photosynthesis, sucrose signalling appears to be associathd amthocyanin
production and with the regulation of storage- and diffegaéion-related processes
(Ritsema et al., 2009; Solfanelli et al., 2006; Weber et al., 2008jgher plants, it is
also the major transport compound bringing carbon skedefom photosynthetically
active leaves to sink tissues such as roots. The roatt shacentration of sucrose
was 17 times higher in treated plants than untreated (p<0.@b)e(5.4; p.185) and
this could explain the higher root mass observed in treatedsppreviously (chapter
4). Furthermore, together with glucose, sucrose hasreeegnised as an integrating
regulatory molecule controlling gene expression related dat phetabolism, stress
resistance, growth and development (Ramon et al., 200Bridadt al., 2006; Pego et
al., 2000); hence the increased levels of sucrose iretteabts could contribute to

the stress tolerance effectively.

Moreover, trehalose which has protective functions agaidstught stress
(Higashiyama, 2002) was expressed in treated roots 8 times asasuchcontrol
roots (p<0.001) (Table 5.3; p.181). Trehalose is a naturahdipked disaccharide
formed by an a, a-1, 1glucoside bond between two a-glucose units and has high
water retention properties. This sugar is postulated to fargel phase as cells
dehydrate, preventing any damage to the internal organeflelst allowing normal
cellular activities to be resumed upon rehydration withkanyt major lethal damage to
the organs. The resurrection plant Selaginella, which growsdesert and
mountainous areas, is able to revive upon rehydrationsr afidergoing severe
dehydrations, due to the function of trehalose. This nedneing disaccharide
possesses the advantage of being an antioxidant too (Higaahi®@@2). Hence, the
strikingly higher abundance of trehalose found in tretdttdescue roots compared to
the control roots, could explain the adaptability of tedidue plants to growth in sand
treated with hydrophobic PAHs which create a drought envirohrog them. The

higher levels of trehalose in treated root tissues coslol @ monstrate the ability of
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the treated plants to withstand water stress to a greatexedd@n the control plants
at later stages (chapter 4).

Furthermore, other sugars or sugar like compounds were alsad fin greater
abundance in treated roots, suggesting sugar accumulationll as westrategy of the
plants to produce higher levels of defence-promoting compounds.

Galactose forms part of glycolipids and glycoproteins asigdlymer galactan is a
component of hemicellulose (Nassau et al., 1996). Henedjigiiner abundance of
galactose in treated roots may suggest a stronger sydterallowalls and cell
membranes. Rapid conversion from galactose to glucoagasiried in many species
via the production of UDP-glucose, which is a sugar nucle¢Be¢er et al., 1995).
UDP-glucose can also be produced together with fructose frendégradation of
sucrose by the enzyme sucrose synthase, which is locetleel ¢ytosol of most plant
tissues (Taiz and Zeiger, 1998). UDP-glucose participates icogyltransferase
reactions. It is involved in the production of lipopolydaides and
glycosphingolipids, a class of cell membrane lipids. yc@$phingolipids and
glycoproteins found on the surface of oligosaccharide cquit/ide cells with
distinguishing surface markers that can serve in celidaognition and celie-cell
communication, including lipid signalling (Rademacher et al., 1988)erefore, the
higher levels of UDP-glucose in treated roots may have ilitapbapplications with
regard to restricting xenobiotic uptake and the survival of tigaro under stress

conditions.

Additionally, ribose has been found in higher levels ieated roots. Ribose
comprises the backbone of RNA, the essential biopolymsponsible for genetic
transcription (Merck, 1989). So, the increased levelslmfse in treated roots may
suggest a rise in genetic transcription leading to an isergathe concentrations or
types of, perhaps, stress-related proteins synthesisedseRibnce phosphorylated,
could become a subunit of ATP, NADH and other importamhmonents critical for

cellular metabolism (Merck, 1989). So, the higher abucelast ribose in treated
roots suggests increased levels of root metabolism. fAdreased concentration of
ribose in treated roots may also suggest a plant stravegpptace used-up reducing

equivalents such as NADH coupled with a reduction in RO&dev
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In respiratory metabolism, reduced C sources, glucoddrantose in particular, are
oxidized by a multi-step process. The reactions camib@isded into glycolysis, the
tricarboxylic acid cylcle (TCA) and the electron transparain. Fructose which is
the other sugar substrate besides glucose in the initiasseir glycolytic reactions,
and glucose were found in higher abundance in treated rSotghis could suggest an
increase in C fluxes to enter the glycolytic pathwatréated roots. In the last series
of glycolytic reactions, phosphoenolpyruvate (PEP), tvlgcan excellent phosphate
donor for ATP formation, is formed. The differenc@sphosphoenolpyruvic acid,
which could directly relate to PEP, in plant tissues, wase significant between
treatments, suggesting the glycolytic pathway is not affeictéreated plants either in
shoots or roots. The ratio of the expression of thisalyic intermediate, PEP,
between roots and shoots, however, was higher in treated pter@.01). As PEP is
irreversibly catalyzed by the enzyme pyruvate kinase td YA@P and pyruvate, this
result suggests more metabolic activities in the rootrarghan in the shoots of the
treated plants.

Once inside the mitochondrial matrix, pyruvate is oxiddsivdecarboxylated and
conjugated to CoA and enters the TCA cycle. Isocitrateraalate are intermediate
compounds in the TCA cycle. Isocitric acid and malicl aeere identified among the
polar compounds extracted from plant tissues in our stddhe root: shoot ratio of
isocitric acid (p<0.01) and malic acid (p<0.001) were higher intdcetall fescue,

emphasising the possibility of higher metabolic actigiiiretreated roots.

Malic acid was found in higher abundance in treated rootsttigaoontrol roots. This
together with the general increase in the abundance of pogéds in treated roots
may suggest a possible increase in root exudations. NB&gl\to 21% of all
photosynthetically fixed C is transferred to the rhizosptreugh root exudates,
representing a significant C cost to the plant (Walker .e2803). Root exudates act
as chemical messengers to communicate and initiate malognd physical
interactions between roots and soil organisms, and peatéiin regulating the soill
microbial community in the rhizosphere (Siciliano et 2003; Walker et al., 2003).
The increase in reduced C resources in treated roots ipaz@on to the controls may

suggest a change in root exudation patterns of the treated. plant

The higher amount of sugar molecular pools in treated rafss indicates an
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accumulation of reduced C sources in the roots of poetsn in naphthalene-treated
sand. The highly lignified cells and distorted cortex zone edtéd tall fescue roots
evidenced by our SEM study (chapter 4) indicate a reduced tapddhe treated
root cells to store sugars as starch or other storage compoHeetse these sugar or
sugar-like compounds in combination with phenolic compounds nhey
predominantly used in creating an integrated redox systeneatett root tissues via
recycling and production of sugar and phenolic compound radicals

On the other hand, the polar compounds extracted from thatsslod treated tall
fescue were found in lower abundances than their dootranterparts. In treated
plant shoots, the abundances of the principal sugars asigiucose (p<0.05) and
sucrose (p<0.01) were lower, when compared to their conttoitegparts. The same
was observed with galactose (p<0.01) and trehalose (p<OTbiy.is presumably due
to the sugar-mediated feedback regulation from the pteots with a reduced sink-
strength under stress conditions. This suggests sugassvethsin treated roots in
higher abundances could not have been burnt or stored huhaleced within the
root cells, cell walls in particular. Apart from the feedbaegulation effect, a major
shift in translocation of these photosynthetic sugars éordbt organs of the treated
plants could have caused the concentration of fdiagars in treated shoots to
decrease. The lower levels of chlorophyll illustrated by laclask pigmentation in
treated plant leaves (chapters 3 and 4) could have beereajsonsible for the lesser
amounts of foliar sugars. The lesser amounts of sug@in@s and organic acids such
as erythritol (p<0.001), isocitric acid (p<0.001) and maliil §p<0.05) observed in
treated shoots could be due to lesser amounts of falgars to synthesise these

components.

The abundance of the compound speculated to be IAA was kainhareduced in
treated shoots (p<0.001); hence foliar IAA could have alem lkegraded in treated
plants. Presumably, this could have been conducted throoigkdecarboxylative
oxidation of IAA, which is not considered to be catalybgdreroxidases (Grambow,
1986). Bandurski et al. (1988) associate non-decarboxylative kidhation with the
peroxidation of unsaturated fatty acids at the membranel.l Foliar 1AA
degradation in treated plants could also suggest ROS accumulatireated shoots,

presumably due to the root to shoot communication via stresateddsugar
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signalling pathways.

Sugar starvation can lead to ROS accumulation (Couee,.,e@1§. So, the
increased allocation of sugars to root tissues or reduced ghtietc activity as a
result of feedback regulation, could have caused sugaetaepland accompanied
ROS accumulation in treated shoots. Moreover, fructahigh were not detected in
the control shoots, were found in the shoots of treatestl&acuolar fructans has
the function of stabilising cell membranes under stressditons (Bolouri-
Moghaddam et al., 2010). So, the plants could have beetogtlevent the damage
caused by foliar ROS accumulation, by generating fructans in #heiot tissues to
stabilise the leaf cell membrane against oxidative stress

Roots were in direct contact with the xenobiotic naplktia/| and therefore exposed
to PAH phytotoxicity, whereas shoots were not. However, Nisktion from soil
followed by gaseous deposition of volatile PAHs such asthatene onto the plant
leaves via the waxy cuticle and stomata or suspensioailgbaticles by wind and
rain followed by dry and wet deposition of particles on a&gpound tissues or
desorption from soil followed by root uptake from soil sauatieading to transport
in the transpiration stream within the xylem could providpa#h or paths for the
accumulation of organic chemicals in the aerial partshefglants (Collins et al
2006). The study of Gao et al. (2004) is suggestive of translodabin root to shoot
in transpiration stream as the major pathway of xenmlsi@ccumulation in shoots.
There were subtle indications of the presence of giyated/ malonylated derivatives
of polar naphthalene metabolites in the roots, but mahé shoot tissues of treated
plants, suggesting the xenobiotic chemical had not beesidcated to the shoots via
transpiration stream. This result in combination witk results of the investigation
using Nile red as a molecular probe (chapter 4) suggesfféwtive apoplastic barrier
system in treated roots may have prevented the enthed®fAH metabolites into the

inner core of the roots that contains the xylem vessels

It has been reported that when organisms are exposed to toxwmiher stressors
under a certain threshold level, a squadron of defencecmek are generated and
transported to all the tissues in the organism includingdtiyans not exposed to the

threat. These defence molecules not only protect thenavbach is under threat, but
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enhances its function too, whilst strengthening the defentevags within the
organism to resist tougher challenges (Mattson and Calal26688; Baker, 1973).
The results of this study indicate the shoot tissueseated plants are protected from
PAH toxicity, whilst echoing some of the oxidative stressponses of their roots.
The gene expression controlling metabolism could haemn ladtered in treated tall
fescue in order to adapt to the growth conditions modifigd®AH contamination
effectively. An investigation into the stress-relatedt@ins and alterations of the
gene expressions in treated tall fescue could provide fuuheerstanding towards
the adaptability of tall fescue to growth in naphthalengammated sand.

5.5 Conclusions

There were subtle indications of the presence of furthadised/ glycosylated/
malonylated polar naphthalene metabolites in the rootesseti tall fescue grown in
naphthalene-treated sand. A compound speculated to be |8&itter degraded or
down regulated in treated plants. Tall fescue grown in hapdte-treated sand
possessed an increased root: shoot ratio of the cona@mtoditsugars, including the
principal sugars glucose and sucrose as well as trehaildselh possesses water
retention properties. This demonstrated that tall feptamlts were able to resist the
oxidative stress due to the overproduction of ROS, causedebyetiobiotic stress
coupled with drought stress in the toxic as well as hydrophobdt growth

environment, by allocating more sugars, more glucose, su@odetrehalose, in
particular, to its roots tissues. The results indicateergystic interactions between
sugars or sugar-like compounds and phenolic compounds may @ssireate an
integrated redox system and contribute to stress tolenantal fescue adapted to
growth in naphthalene-treated sand. The intimatenection of diverse sugar
responses with molecular level adaptations to environrhesitass was evident

throughout this study.
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CHAPTER 6
Discussion

Phytoremediation is a green technique used to restore pofitesdthrough plant-
initiated biochemical processes. lts effectivenesweler, depends on the successful
establishment of plants in the polluted sites. Plasparses to growth in soils
contaminated with petroleum hydrocarbons need to be takemaccount, if plants are
to be used to clean up petroleum hydrocarbon contaminafidve research described
in this thesis was aimed at investigating the changesth germination, root growth
patterns, root structure, uptake of hydrophobic xenobiotigssadhe root tissues and
hydrophilic metabolome arising from growth in sand contarethavith petroleum
hydrocarbons, and with the low molecular weight, bio ats#glgolycyclic aromatic

hydrocarbon (PAH), naphthalene, in particular.

To date, sand has rarely been used in phytoremediation studiesost studies have
used nutrient medium or soil/ sediments contaminated wthsPdiesel oil/ crude oil
to investigate the xenobiotic uptake or stress responggamt. We have used sand
as plant growth medium, as sand provides plant roots agsteal-life physical
substrate to attach to and grow into, whilst also facilitatowy uptake of the organic
contaminants as it does not contain soil organic md®&M) that the PAHs
preferentially bind to. The sand was autoclaved before usgldnitgrowth in either
clean or treated sand for a period of time could allowfltheof micro organisms into

the growth medium.

Most of the higher plants’ life begins as a seed. A seed contains an embryo, a seed
coat and usually food reserves to see it through germina@eds germinate under
optimum environmental conditions. They require suffitisupply of water and
oxygen as well as favourable temperature in order to germiiéten sown directly
in sand treated with petroleum crude oil (HC) (10.8 g TEH $and dw), plant seeds
(tall fescue, brown top bent, carrot, beetroot, brown tap aed parsnip) either failed
to germinate or germination was remarkably poor. The presehégdrophobic
petroleum hydrocarbons may act as a water-impermeabfierbar soil and interfere
with the movement of water in soil pores, and this eqasntly will affect the supply

of water and oxygen in contaminated soil matrix, therellgctihg seed germination
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negatively. When a layer of clean sand was used as & s to facilitate
germination, tall fescue (Festuca arundinacea) and carrot (Dacausty
germinated successfully, whereas beetroot (Beta vulgaris) (p<@r@bprown top
bent (Agrostis capillaries L.) (p<0.001) showed reduced germinationstwdatsnip
(Parsnica sativa) totally failed to germinate. This showsttigggther with scarcity in
water and oxygen supplies, HC-contamination also exposedsplan other
unfavourable factors, perhaps higher temperature due to the darkeerradiation
absorbing properties of the crude oil as well as toxicity Wet al., 2005) and that
variations in sensitivity to the exposure to HC-contanmmaexist among seeds of
different plant species.

Crude oil (HC) is composed of a complex mixture of hydroeas including
polycyclic aromatic hydrocarbons (PAHs). Since PAHs@msidered as particularly
toxic, an initial investigation was carried out on the @8e of anthracene,
fluoranthene, naphthalene (LMW PAHs) and benzo (a) pyieta)P] (a HMW
PAH) on seed germination, using tall fescue as the mdaiat. pA layer of clean sand
was used as a seed bed to facilitate germination; still, seethgéon was inhibited
due to the exposure to the LMW PAHs anthracene, fluoraataad naphthalene. On
the other hand, exposure to B(a)P did not affect seed gemmninal hese preliminary
results are in accordance with the study carried ovidaym and Duncan (1999) that
showed reduction in germination score of several plant spesiposed to diesel oil
contamination, particularly at a higher concentration (%@g soil). Adam and
Duncan (1999) suggested that diesel oil contains more potertidiy, volatile,
LMW PAHSs, thereby affecting the seed germination of niga negatively.
Contrastingly, Smith et al. (2006) demonstrated that the keavily contaminated
with aged PAHSs did not affect seed germination of a unibf grasses and legumes.
The aged soils contain a larger proportion of high mdéoveight molecules that are
less bio available as well as less volatile (Adam and Bxunt999), and this may be
the reason for the successful germination of plamtsontaminated soils in the study

of Smith et al. (2006) as well as in our study using B(a)P.

When sown directly in naphthalene-treated sand (0.8"gsligd dw), initially, there
was a reduction in germination score (p<0.01) of tall feseeelss but more seeds

germinated with time. After one month since sowing, nai@ant differences were
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observed in plant population density between control apthithalene-contaminated
treatments, perhaps due to dilution of the concentratfomaphthalene which may
have occurred through volatilisation.

Among the plant species tested (carrot, beetroot, tall fedmosvn top bent and
parsnip), only tall fescue established well in HC-treated s@wmpared to the seeds
of brown top bent, carrot, beetroot and parsnip, tall feseaelsswere larger and
would presumably have had sufficient food reserves to prostuaeger seedlings to
withstand the unfavourable conditions present in HCiékaand. The larger seeds
with sufficient food reserves could have been a medsothe increase in germination
with time, when tall fescue seeds were sown directly phtiwmlene-treated sand.

The subsequent growth of carrot and beetroot in HC-tressted showed extremely
stunted growth. The roots of carrot and beetroot are stanagas and once they
have elongated to a point where they can gain sufficiensture, the roots expand
laterally. However, the roots were not able to grow deg@ptime soil and could not
access sufficient water, due to the presence of cruda oiilei contaminated matrix
affecting water and oxygen supplies. When grown in HC-treatel] &z roots of
carrot and beetroot that posses tap root architecture followednbrmal root
orientation responses to gravity. The root growth ofataand beetroot was stunted as
the roots grew into the contaminated matrix from thercksnd matrix, and the plants
started to die. Rentz et al. (2003) demonstrated that popdaranés were unable to
penetrate the petroleum smear zones at the Heath, @bimonstration site,
presumably due to layer compaction, but shortage of oxygeld bave been also a
reason why the plant roots stopped short of the smear etz et al.,2003).
Bengough (2003) reported that mechanical impedance slows rogaB@n Stress
factors present in HC-treated sand such as water eledigi shortage of oxygen,
toxicity and mechanical impedance (Merkl et al., 2005) could bae® accountable

for the failure of carrot and beetroot to establish well @-tdeated sand.

Contrastingly, the subsequent growth of a mixture of gasemposed of tall fescue,
brown top bent and perennial ryegrass (Lolium perenne L.) intrel@@ed sand
showed deviations from normal root orientation responsegrawity. During the

initial 3 months of growth in HC-treated sand, the grasssrpossessing fibrous root
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system, exhibited a tendency to turn back into the unocon&ed, clean sand.
Auxin-promoted differential growth in roots is responsilite the responses to
directional stimuli (i.e. gravity) called gravitropismAccording to the Cholodny-
Went model, auxin is transported to the lower side ofrttoés during gravitropism.
Statoliths (starch-filled amyloplasts) in the statocytes iavolved in the normal
perception of gravity, but they are not absolutely reguird?hytotropins such as
naphthylphthalamic acid interfere with gravitropism (Tand Zeiger, 1998).
Unfavourable factors such as the limited supplies of oxygen asture in growth

zones may also promote deviations from normal root tai@m responses to gravity
(Pages et al., 2000; Weaver, 1926). Hence, the grass rootsdshmwehological

plasticity to avoid the stress conditions in the aamhated zones by growing

sideways initially.

Adam and Duncan (1999) studied the pattern of root developresatiected plant
species using a model soil system contaminated with dakel Their initial
observations indicated that plant roots avoided diesel oiltarninated areas
completely when they had uncontaminated soil to graw. inWhen there was no
available uncontaminated soil, roots grew through contantuneggions until they
found an area of uncontaminated soil (Adam and Duncan, 188jlar results with
regard to the spatial distribution of roots of ryegrass vieuad in a study carried out
by Kechavarzi et al. (2007). It is important to note that dtieslegenerally
contaminates the top few metres of the soil (surfaig and contamination is not

uniform throughout the site (Adam and Duncan, 1999).

The establishment of the mixture of grasses possessingidilbomt systems in HC-
contaminated sand was much better when compared to tlcairrof and beetroot,
perhaps due to the plasticity exhibited by grass roots angihg root growth
directions, initially. Yet, when grown separately, brown top bent failed to establish
well in HC-treated sand, due to the remarkably poor germmaswell as growth
inhibitions.  Plant initiated remediation of organic @minants within the
rhizosphere may be an important requirement for planestablish well in petroleum
hydrocarbon-contaminated soils. The reason why, unlikéesdue which showed a
successful establishment, brown top bent failed to estabédhn HC -treated sand,

is perhaps due to its small root surface area, being irf ieellarge enough to
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promote the proliferation of hydrocarbon-degrading micro orgasis Merkl et al
(2005 a) documented that no significant remediation occunredude oil (5% w/w)-
treated soil in which Indian Goose Grass (Eleusine indica) was grwento the
plant’s small root surface area. On the other hand, once past the initial acclimatisatio
period of ~ 3 months, the treated tall fescue possesdadhar root mass (dw)
(p<0.01) than their control counterparts, as well as a s@iéad out, deep root
system, illustrating a potential of this species fortphgmediation. The differences in
plant establishment observed between tall fescue and kiapvbent could also be
attributed to many other factors such as differences in raatage patterns, cell wall

components and cellular signalling pathways.

Tall fescue grown in HC-treated sand, produced a well-develdet system which
was not different from their control counterpart, eitiveterms of biomass or height,
whilst exhibiting initial root growth inhibitions. Growth ¢éll fescue in naphthalene
and fluoranthene-treated sand produced growth inhibitions, betestingly in
anthracene and B(a)P-contaminated sand, tall fescue exhiitenhanced root shoot
development, when compared to the control plants. Anthea@nd B(a)P are
practically insoluble in water, therefore less toxic tarp$. Still, water scarcity and
accompanied oxygen deficiency may exist in anthraceneBdayP-contaminated
soils. Growth in anthracene-treated sand reduced tia sleight of brown top bent,
demonstrating differences in responses between plant specithe exposure to
anthracene contamination at the concentration of Igskgd dw. The reduction in
shoot height in anthracene-treated brown top bent may béodine dust like seed
structure of the plant species, not having sufficient foesources to produce a robust
seedling, when the growth conditions are not optimal.e Tdason for the growth
stimulation exhibited by tall fescue due to exposure to aottme and B(a)P

contamination is not clear.

Similar root growth patterns as observed when grown in HQedeaand were
observed in tall fescue grown in naphthalene-treaad.sAdditionally, differences
in shoot growth patterns were observed between plants wbe¢ exposed to
contamination since seeding and those which were providadavatean environment
for seed germination. The plants grown directly in napleine-treated sand exhibited

an initial multi-fold reduction in root length (p<0.001), pgrbalue to the production
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of ethylene due to chemical stress as shown by Huang @0aK), but showed no
significant differences in shoot height, when comparechéocontrols. The plants
germinated in rockwool cubes and transplanted into contameirsdnd at seedling

stage showed a temporary inhibition in both root and shootagevent.

During the acclimatisation period of 2.5-3.0 months, &dctie plant roots from HC/
naphthalene-treatment showed an accelerated lateraitlgrg<0.01), whilst also
exhibiting deviations from normal root orientation resportsegravity. During the
acclimatisation period, the treated tall fescue possels8&dtimes less root mass than
their control counterpart on fresh weight basis (tidtes less on dw basis), whilst
having similar shoot biomass as the controls. At ~3monthg&f the treated tall
fescue had 1.72-fold higher root biomass than their comioiterpart on fresh
weight basis (1.94-times higher on dw basis) (p<0.01), whiintaining similar
shoot biomass as the control plarifsese results imply that tall fescue was able to
adapt to the contaminated conditions well, perhaps owing tootim@lex interactions
between contaminants, soil, plant roots and micro organiantbe rhizosphere.
Siciliano et al. (2003) have documented an increase in relph#idegrading micro
organisms and naphthalene mineralisation in soil plantgdtall fescue, whilst Liste
and Alexander (2000 b) reported degradation of phenanthrehpya@ne in the soll
planted with tall fescue. These results demonstraté tdla fescue promote
phytostimulation within the rhizosphere and can be used etoediate PAH-
contaminated soils, depending on the type and amount ofdhtaminants, soil
organic matter and environmental parameters (e.g. temperatgreainfall). The
successful establishment of a vegetative cover ofdsdiufe in contaminated sites is of
importance also in the interest of reducing pollutant leachingroundwater and
preventing the dispersal of polluted dusts through wind and rweatesion
(Vangronsveld et al., 1995 a, b, 1996). Plant-based in situ s#dioii, termed
‘phytostabilization’, stabilises potentially toxic contaminants, preventing contaminant
migration (Vangronsveld and Cunningham, 1998). Soil amendnenikl also

decrease the plant availability of the pollutants and limiseventual toxicity.

With time, grass roots, tall fescue roots in particuddongated further from the base
and grew deep into the HC/naphthalene-contaminated mathni.réBults suggest that

the roots had retained a commitment to their prestimuérscal orientation, and
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reverted to it, perhaps, following changes in the biomechapioperties of cell walls
responsible for wall elasticity in the zone of curvatusesaggested by Stankovic et al
(1998), regarding their study on autonomic straightening of fyogwe curvature of
cress roots. The fact that tall fescue was able tertrés normal root orientation
responses to gravity with time, could also be translatedn alleviation of toxicity.
Degradation of HC components/ naphthalene may have talkee pvithin the
dynamic region of the rhizosphere, presumably because of ‘phytostimulation’. This
could also relate to having evolved an effective barri¢hiwithe root, to protect the
tissues against the diffusion of potentially toxic, xentbieolutes from soil solution
into the root.

Data about the adverse effects of organic contaminamtplant roots are mostly
limited to root biomass, root elongation, root diameter and root suafaee It was of
interest, therefore, to study the changes to root strugtaheding root ultrastructural
features arising from growth in sand contaminated withopaim hydrocarbons. For
this, scanning electron microscopy (SEM) along with fluoees microscopy proved

invaluable.

The scanning electron micrographs revealed that, whilst rddtdl descue grown in
clean sand were woolly with many long root hairs, roots growHC-treated sand
possessed significantly less (p<0.001) but also shorter rast (pai0.001). The root
sections stained with Evans blue and viewed under a lighbsgsiocpe showed that
higher percentage of root hairs stained blue in HC-treatets (p<0.001), indicating
that the HC-contamination affects the vitality of roairt negatively. The effect on
root hairs were similar in HC-treated brown top bent (p<0.001).th@rother hand,
no significant differences were observed in the abundamcelength of root hairs
between control and anthracene-treated tall fescue mwinbtop bent, suggesting
toxicity may be the key factor that inhibits root hair depetent. Similar to the
results observed by Alkio et al. (2005) on the effect @mnaimthrene on root hairs, the
exposure to naphthalene had a negative influence on root haiopieeat in tall
fescue, significantly reducing their number and length (p<0.0@&Engthening the
concept that relatively water-soluble, more bio availgbdtroleum hydrocarbons
influence root hair development negatively. Whilst nieBhg the uptake of toxic

compounds across the root in transpiration streaminthbition of the development
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of root hairs which are essential for soil ions absorp{ideergaard et al., 2000; Taiz
and Zeiger, 1998) may affect the nutrient uptake of plantsraggbwing in
contaminated soil, at least partially. The lack of dagmentation observed in HC/
naphthalene-treated tall fescue during the acclimatis@goiod of 2.5-3 months may
be due to retarded uptake of nutrients (chapters 3 & 4).

Scanning electron micrographs showed that the HC /naphéhdateated tall fescue
roots possessed an enhanced thickening in the root endodermal l==(lp~8.001)
when compared to their control counterparts. No sigmificdifferences in the
endodermis thickening was observed between treatments, dheracclimatisation
period of <3 months, i.e., during the time when tall fesogs showed a deviation
from normal root orientation responses to gravity. Pplant roots growing in HC-
treated sand amended with compost, on the other hand, graight into the
contaminated matrix, perhaps because the compost ablgbebeil and provided the
plant roots a preferential pathway to follow, and posskastickened endodermis at
an earlier age than the plants grown in HC-treated wduch was not amended with
compost, i.e., <3 months of age. The results inditat&ening in the endodermis is
induced in plant roots upon prolonged contact with contandnatatrix. Beetroot
roots grown in HC-treated sand also possessed a thickenedieemito Interestingly,
roots of tall fescue grown in anthracene-treated sand didoosgess an enhanced
thickening in their root endodermis, when compared to the @entsuggesting
maturation of endodermis is induced as a response to toxiditye well-formed,
mature endodermis in HC/ naphthalene-treated roots couldatediefence responses
of plants to restrict the entry of potentially toxic stances into xylem vessels beyond

this apoplastic barrier.

Plant peroxidases are centrally important in the constructi the plant cell wall as a
barrier against xenobiotics in the environment. The celhalspiratory metabolite and
reducing agent NADH regulates plant peroxidase activitiigncell wall by inhibiting

the catalytic cycle of peroxidase and converting the enzgnam inactive state. This
would have the effect of decreasing cell wall lignificatiotatged by peroxidases
and increasing food quality. However, peroxidases are nonfisgeevards the nature
of their reductant. The study conducted by Preis (2010)derdo elucidate the likely

impact of the activity of plant peroxidases on the qualitg aafety of agricultural
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food products, showed that a model plant peroxidase (hoiserpdroxidase) was
able to catalyse the oxidation of a model xenobiotic camgo (naphthol).

Furthermore, naphthol was able to deregulate the coettetted by NADH by

converting the enzyme from an inactive state to an excétate. Reactivation of
peroxidase activity would have the effect of increasingwall lignifications (Preis

et al., 2010, manuscript in preparation). Increased cell wakehings modify the
cell wall to a hydrophobic and transfesduced networkrestricting the expansion of
the cell as plants do not possess a mechanism to degrihdealle (Rogers &

Campbell, 2004).

No significant differences were observed in the size ¢ stetween control and HC-
treated tall fescue, but noticeably smaller cells werseoled in the stele of 14
months old HC-treated tall fescue. In phenanthreredde21 days old Arabidopsis
plants, the transcript levels of expansins (EXP8), gevidsh have known roles in
cell wall loosening and cell enlargement, were found to be redircéhe reverse-
transcription (RT) PCR experiments (Alkio et al., 200%his could lead the way to
smaller cells. As environmental stimuli can motivateargdes in genes of an
organism, and as the older plant roots were exposed to hig¥iesrenental influence
over a longer period of time, the noticeably smaller celksde root stele in older,
HC-treated tall fescue roots could have been caused due to charigassduction
pathways. Increased thickening in cell walls associated witbxjokise activities

may also be responsible for the small size of tretedecells.

A decrease in the xylem volume due to narrower bore of xylessels were observed
in HC-treated tall fescue roots (p<0.001). Smaller xylenselsswere also observed
in HC-treated beetroot roots. Similarly, Barcelo et al. (198®wed that smaller
xylem vessels were produced in bush bean stems exposed tox€dy. Hence, the
smaller xylem vessels may indicate a plant response toitioxAdditionally, Huang
et al. (1991) demonstrated smaller and fewer metaxylem gegsseminal wheat
roots exposed to higher temperature °@)) suggesting modifications in xylem
vessels are motivated due to adverse environmental conditibhs differences in
xylem volume were more dramatically pronounced in taltdesroots grown in HC-
treated sand for 14 months. Kubo et al. (2005) reported thdbrmation of xylem

vessels is controlled by transcription factors, sugggstirgenetic control over the
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production of xylem vessels in plants. As, environmentduamices could have
impacts on the expression of genes of an organism, theaticainfluence of exposure
to HC-contamination for a long period of time (14 montlos),the xylem volume of
tall fescue roots, indicate changes in genetic compasiti@nsduction pathways.
The reduced diameter of xylem vessels in treated taliéesaots may also be due to

increased cell wall lignifications.

Whilst growth in HC-treated sand promoted untimely death sindted growth in
carrot and beetroot, tall fescue plants, after an actibmgperiod of ~3months,
elongated without restrictions in both shoot ward and roetl wiaections and lived
long, perhaps due to the metabolic diversity of the plamhis highlighted the
importance of understanding the metabolic picture of fedlcue grown in soils

contaminated with potentially toxic organic xenobiotics (eagphthalene).

The gas chromatography-mass spectrometric studies eelveabtle indications of the
presence of conjugated naphthol in the root tissuesldesziue at negligible levels.
The plant cell wall represents the front line of defeagainst xenobiotics. Plants can
isolate xenobiotics from the metabolic powerhouse by rpaation of their
xenobiotic metabolites into cell wall material (Meagh2000). In the process of cell
wall formation peroxidases generate cell xenobiotic met#badidicals which can
bind to cell wall components. Xenobiotic metabolites are polig@érinto the cell
wall and therefore bound irreversibly (Sterling et al., 200dpreover, the metabolic
profiles of plant root shoot extracts showed greatly reducedertrations or absence
of a compound speculated to be indole acetic acid (IAA) (p<0.@0dxphthalene-
treated tall fescue tissues, suggesting degradation of IAA associated
detoxification (Machackova et al., 1988) of naphthol and opfwdar naphthalene
metabolites within plant roots. |AA degradation may beo adssociated with
strengthening structural defences such as higher lignificatidrsuberisation (Gaspar
et al., 1991 and references therein). The naphthalenedraatl fescue roots
possessed well-formed Casparian banding and suberin denddpositions in both
the endodermis and hypodermis (when well-developed Caspariarstoactires are
present in the hypodermis, it is called exodermis), evielermy our epi-fluorescent
microscopic study. |IAA degradation could account for thd-feeined endodermis

and exodermis observed in naphthalene-treated tall febatgeroxidase catalysed
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activities could also be responsible for the increaggdfication and suberisation in
cell walls (Preis et al., 2010, manuscript in preparationyéiaet al., 2001).

PAHSs could enter plant tissues from contaminated gremgdiums, and affect plants
at tissue and cellular levels. In a study carried arutArabidopsis, cell death was
demonstrated in leaves of the plants grown on MurashigeSkadg (MS) medium
supplemented with 0.5mM phenanthrene (Fig.6.1 E) (Alkio .e2805). Here, the
detached leaf was taken and photographed after stainingryptmtblue (n>6). Cell
death was quantified as ion leakage expressed as a perceitageotal ion content
(Fig.6.1 F). To determine total ion content, samples wereclawved to kill the tissue
and the conductivity was measured again (Alkio et al., 2005)o, A& exposure of
Arabidopsis leaves to phenanthrene was shown to induce localideztey peroxide
(H207) production, expressed as the polymerisation of-8li@ninobenzidine (DAB)
which is visible as a brown precipitate in the preseridé.Q,. As HO,is known to
mediate cell death, it further supports the idea that gottbrene exposure promoted
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Fig.6.1: (E) Leaf of a plant grown continuously on 0.5 mM phenanthifer 60 d before staining with
trypan blue. Dark blue spots indicate dye accumulation id dels. (F) lon leakage (as the percentage
of total ion content) into distilled water during 20 h of indidna at room temperature in 26-d-old
plants grown on 0.5 mM phenanthrene. Data points show mean and standaediatevin=4 for 0,
0.05, and 0.1 mM phenanthrene, n=3 for 0.25 and 0.5 mM pheeaaeathBcale bar in E = 1 mm
(Presented directly as in Alkiet al., 2005).

The results of the investigation conducted by Alkio et al. (2@bBwed oxidative
stress in Arabidopsis thaliana exposed to the three-ring PAH, pieeae. The
need for oxygen for the efficient production of the molacenergy currency, ATP,

is in balance with the necessity of controlling the levieteactive oxygen species
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(ROS), which are produced in the presence of oxygen and parlycuhder stress.
Evolving effective antioxidant defence responses is cliticaresisting oxidative
stress that inversely correlates with lifespan in aewarof organisms (Bolouri-

Moghaddam et al., 2010 and references therein).

Stress-induced redox reactions in cells could eitherttirec indirectly cause a drain
on reducing equivalents such as NADPH and NADH, reducingglar capacity to
reduce Qto water, causing the concentration of intracellulara@d consequently
reactive oxygen species (ROS) such as hydrogen peroxi@e td rise and an
unstable hyperoxidant state to develop. In an attempt to rédei@ncentration of
ROS and to compensate the hyperoxidant state, lignificatiahslgpositions in the
cell wall can be induced in cells (Harvey et al., 2001). d&imganced thickening in
the root endodermis, perhaps due to increased lignificatiwh the quantity of
‘bound’ residues in tall fescue grown in naphthalene-treated sand in our study could
have been triggered due to the increased concentratiorRO& under stress

conditions.

Glucose has been documented as an important regulatgtasiolic ROS, taking a
central position in the sugar signalling and antioxidant nétveoheme in plants
(Bolouri-Moghaddam et al., 2010 and references therein). hddigdbundance of
glucose (p<0.01) was found in the root tissues of tall fescowrgin naphthalene-
treated sand. Also, generally higher concentrations of sugars sugar-like
compounds are associated with ROS scavenging (Bolouri-Mogha et al., 2010
and references therein). The metabolic profiles ohtptaots and shoots showed
higher abundance of sugars and sugar-like compounds (ribasmse, fructose,
galactose, sucrose, trehalose and UDP-glucose) in théisawmes of plants grown in
naphthalene-treated sand than their control counterpahisreas an opposite effect
was observed in the shoot tissues: the treated shoots lmeka doncentration of
sugars and sugar-like compounds. Furthermore, the root: sitmobf abundance of
sucrose was much higher in naphthalene-treated rootsO@<@®ucrose signalling
appears to be associated with the production of anthocyahioh is an antioxidant
(Ritsema et al., 2009; Solfanelli et al., 2006; Weber et al., 20@8jtioxidants
neutralise damaging chemicals, called free radicals, waiehan unavoidable by-

product of metabolism (Mattson and Calabrese, 2008). apgrlantioxidants formed
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as a result of changes in sucrose signalling arising énmwth in naphthalene-treated
sand, could have positively influenced the resistancexitative stress disorders in
treated tall fescue in this study.

The metabolic profile of tall fescue grown in naphthaleeated sand showed that
the plant had adapted an effective antioxidant mechamistoritrol the level of ROS
as well as an effective redox network, involving sugaraigg and presumably I1AA
signalling pathways. Moreover, the results indicated $lyaergistic interactions of
sugars and phenolic compounds may create an effective sgydtem in the roots of
tall fescue exposed to naphthalene contamination, quenching d&@Eifying the
PAH/PAH metabolites, promoting and strengthening structutedences, and

contributing toward stress tolerance.

The passage of naphthalene/ naphthalene metabolitessacoot tissues was
investigated using Nile red as a molecular probe. Nileha&sl been used to stain
hydrophobic components in animal tissues (Diaz et al., 2008; sjraeret al., 1985),
but to the best of our knowledge, has not been applidteistudy of plant tissues so
far. Living roots were stained with Nile red and beforeuaisation with epi-
fluorescent microscopic techniques, consecutively stainedh witerberine
hemisulphate that stains Casparian band specificallyn@Bett et al., 1998).
Casparian band functions as the “customs” in a “port” in withholding molecules that
may be harmful to the plants from being delivered int® itiner core of the roots
(Berlow, 2005; Enstone et al., 2003). The results showed hbgbath of Nile red
across the root tissues did not extend beyond the endisdermaphthalenereated
plant roots as the treated roots possessed a well-formederwis and a well-
developed endodermis possessing Casparian bands in thewaligabf almost all
endodermal cells, lacking passage cells (p<0.0001). On tee lodind, uptake of
Nile red into protoxylem vessels beyond the endodermis amturr their control
counterparts via the passage cells in the root hair zonelaas the branching zone.
The increased cortical zone observed in treated plant noaysalso have an impact
on the entry of the xenobiotic compound into protoxylemselssas suggested by
Collins et al., 2006. The images of plant roots sectionad fhe root tip towards the
root base illustrated that a stronger apoplastic baryistes existed in plant roots

grown in naphthalene-treated sand, whilst also revealirtgatiminute region above
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the root tip of the treated roots did not possess thickened aidiwing the action of

root elongation (Fig.6.2).
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Fig.6.2: Schematic diagram of the xenobiotic uptake models forraoahd naphthalene-treated tall
fescue roots, based on both general and initial results

Similarly Wild et al. (2005) demonstrated that anthracene aetgitthrene which
entered the epidermal cells along the elongation, rooahdibranching zones moved
radially through the epidermal cells to enter the comethe root hair and branching
zones of maize and wheat grown in contaminated sand mediut did not pass
beyond the endodermis to be taken up by the xylem vesselgexamine whether all
species of plants grown in PAH-treated sand exhibit the gdr@eomenon, the roots

of carrot (Daucus carota) and white clover (Trifolium repens) gromvrPAH-
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contaminated sand were stained with Nile red and the rodbiseatere visualised
with epi-fluorescent microscopic techniques. The apwtscent micrographs
showed that penetration of Nile red into xylem vesselsioed in treated carrot and
white clover roots similarly as their control counterpdsise appendix 2). Wild and
Jones (1991) reported that highest PAH concentrations redcur the peel tissues,
but that detectable levels of PAH compounds were found indfeesection of carrot
as well. This shows the responses of plants to PAH comaéion and PAH uptake
into the root core vary across the plant species, wilistriating the ability of tall

fescue adapted to growth in PAH-contaminated environmemstaat the uptake of
xenobiotic substances into the inner core of the rootthud to prevent the long
distance translocation of xenobiotic substances towdrelssihoots in transpiration

stream.

Furthermore, naphthol or other polar naphthalene métab were not detected in the
shoot tissues of tall fescue grown in naphthalene-uleagEnd, indicating the
metabolite(s) was not translocated in the transpirasibeam to plant aerial parts.
This finding is in agreement with the results as regarésetfiect of growth in
naphthalene-treated sand on Nile red-staining profile. 1&iwyi Wild et al. (2005)
showed localisation and metabolism of anthracene andbptierene and longitudinal
movement of the xenobiotic compounds toward the shootsnwiitiei cortex cells of
maize and wheat roots, but also reported that no detedéadells of the xenobiotic

compounds were found in the shoots throughout the 56 day-duration

The plant shoots were not directly exposed to naphthalem@amination, but some of
the stress responses of roots, particularly the lowecarttration of the putative I1AA
associated with IAA degradation and presence of fructanshwitave the function of
stabilising membranes under stress were illustrated in hbet gissues of plants
grown in naphthalene-treated sand. Perhaps, the planteit®sensed cellular stress
and activated genes that code for protective moleculese sof them acting as
messengers to alert other cells which were not expostt tstress/ danger directly.
Salicylic acid, which is a phenolic phytohormone, in gattr, is involved in
endogenous signalling, mediating against plant defence agaitstgens (Hayat and

Ahmad, 2007), and perhaps toxic xenobiotics as well. It plag&ean the resistance

to pathogens by inducing the productiovr of pathogenesis-relatecﬂqplr(jm)oft Van

214


http://en.wikipedia.org/wiki/Pathogenesis-related_protein

Huijsduijnen et al., 1986). It is involved in th¢ systemic acquired resistance (SAR)

in which a pathogenic attack (or toxic effect) on one pérthe plant induces
resistance in other parts. The signal can also moveadoyglants by salicylic acid

being converted to the volatile ester, methyl salicylatéz(@ad Zeiger, 2002)Also,

the shift in photosynthetic sugars, a higher portion beiagstocated to the roots as
expressed in the metabolic profiles of naphthalene-ulettlt fescue could have
caused sugar depletion in the aerial parts of the plaethaps triggering a stress

response.

HC/naphthalene -treated tall fescue roots exhibited parti@pse /distortions in the
cortical zone, a symptom documented by Enstone et al. (2808)eature of water
stress. So, the root structural and ultrastructural motidicg observed in plant roots
grown in HC-treated sand showed not only symptoms of phytotyXat symptoms

akin to water stress as well.

Naphthalene-treated sand possessed stronger (more negativi@)potential than the
clean, agricultural sand, at similar soil moisture contievels, as recorded with
dielectric water potential sensors under both well-veateland water deficit
conditions. Since the stronger matrix potential exhibttd water stress (Taiz and
Zeiger, 1998; Slatyer, 1967), it strengthens the notion beapartial collapse in HC/
naphthalene-treated tall fescue roots indicates sogémstess. When control plants
were exposed to drought conditions, partial collapse was iddadde cortical zone
of the control roots, confirming that partial collapse e ttortical zone is a water
stress symptom and that growth in PAH-contaminated stiilnulates drought stress

in plant roots.

Tall fescue roots grown in HC/naphthalene-treated sandepsed an increased
cortical zone due to the arrangement of isodiametricaligped cortex cells, in
contrast to the longitudinal arrangement of cortex celiseoved in control roots
(p<0.001). Similarly, Barcelo et al. (1988) demonstrated areased cortical zone
due to isodiametrically shaped cortex cells in bush bean stgmesed to Cd-toxicity.

The root diameter of treated plants was also increasedodie increase in cortical
zone (p<0.01). Merkl et al., 2005, Bengough, 2003, Bouma et al., 200Baot et

al., 1990 also reported an increased root diameter in péxmssed to petroleum
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hydrocarbon-contamination. The increased cortical zoder@ot diameter may be an
adaptive response of the plants to protect the tissues agaditity, but could have
also been caused due to water stress as well. There avergnificant differences in
either the distance from epidermis to stele or the ramineier between control and
naphthalene-treated plants subjected to water stressarkadnty, when subjected to
water stress, tall fescue grown in HC/naphthaleneedeséind survived drought stress
better than the control plants, suggesting a ‘hormetic’ response. Trehalose which has
protective functions against drought stress (Higashiyama, 2002)ewaressed in
naphthalene-treated roots 8 times as much as in coatts (p<0.001), and could be
accountable for the drought resilience effect observed éatad tall fescue.
Furthermore, the well-formed exodermis observed in nahdrle-treated tall fescue
could have been useful in preventing the efflux of wat@mfthe root tissues, when
the soil solution became hypertonic, as suggested by Jupp(&0&r), contributing
positively toward the drought resilience effect observenigated plants.

Permeating all of biology, “hormesis” has been accepted as the fundamental principle
of biology as well as of biomedicine. It was firstagnised in the 18 century by the
Swiss physician and alchemiaracelsus, who wrote that “all things are poison and
nothing is without poison, only the dose makes something not a poison”. The
defining characteristic of hormesis is the “biphasic dose response”, in which high

doses of a substance are toxic but low doses are behgfeza-ig.6.3).

+

o
o
o

< ~—0—Xxo0 o
+
+

a. Threshold model b. Linear model c. Biphasic dose
response model
Concentration of toxins or other stress factors

Fig.6.3: Dose response models used in toxicology (Source: Mattgbalabrese, 2008)
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Biphasic responses have been reported in organisms rangmd&cteria to human,
but to date, ‘hormesis’ has been primarily associated with only human toxins. Low
levels of toxins or other stressors produce beneficfidces by triggering the
production of defence molecules within the organism. Ooocmdd, these defence
molecules not only deal with the immediate threat k8d mcrease resistance to other
threats. They can even repair existing damage. Thehweayetic toxins or other
stressors affect an organism differ according to the tivay are used. Dose is critical
when deciding whether a stressor is beneficial or damgdfiagtson and Calabrese,
2008). When the contaminant dose was increased above trentration of either
~11 g total DCM extractable hydrocarbons’kgand dw or 0.8 g naphthalene™kg
sand dw in growth mediums, tall fescue did not show growthugkion in our study.
Timing is also a deciding factor. Cells must have timestmver in order to accrue
the benefits of stress. During the recovery period, @llydamage caused by the
stress is repaired, and the cells also increase the pimduat stress-resistance
proteins (Mattson and Calabrese, 2008). Here, tall fegdarts needed an
acclimatisation period of ~3 months, before illustratirendficial effects of stress
caused due to the exposure to HC (>10.8 g TEHMsamd dw) / naphthalene (>0.8 g
kg® sand dw) contamination. Perhaps, in this particular, dhsetall fescue plants
needed an acclimation period of ~3 months to produce an affigmplastic barrier
system to prevent the uptake of the potentially harmfuhpmnents into the root
xylem which represent the fast and predominant route o$paah for solutes and
water from roots toward shoots. Furthermore, the geneticposition, i.e. the
species of plant may also be crucial in taking advantafiehormesis in
phytoremediation, as the dose of HC contamination thigigered adaptive/
stimulatory responses in tall fescue (after the aation period of ~3 months), was
damaging for parsnip, carrot, beetroot and brown top bent. @lynilthe
concentration of anthracene that stimulated the grafttall fescue was damaging
for brown top bent. The results also suggest that theepoe of literally water-
insoluble PAHs such as anthracene and B(a)P in soil exgpse the plants to
stressors other than toxins, whereas relatively wso@rble, LMW PAHSs such as
naphthalene and the presence of HC that contains marmy-sdatible, xenobiotic

components expose plants to stress factors among whickiytas a major problem.



Tall fescue grown in HC/ naphthalene-contaminated sand shoavearkably well-
expressed hormetic responses throughout our study sucésidience to drought
stress and restrictions to the entry of xenobiotic uptakdicating promising

applications of ‘hormesis’ to the fields of phytoremediation and agrochemistry.

The observations and results of this investigation aresarised as follows:

% The presence of petroleum crude oil (HC)/ naphthalemaeination in soil
creates a number of challenges for the establishmentdewelopment b
plants (i.e. water scarcity, mineral and oxygen deficigrmyytotoxicity,
possible temperature stress and unfavourable pH) (Merkl et2a05).
Toxicity and water scarcity were the key stress factorslC/ naphthalene-
treated soils.

% The ability of seeds to germinate in petroleum hydrocadmiaminated soils
depends on seed type (seeds with or without sufficient feserves), type and
amount of the contaminant. Tall fescue (Festuca arundinayggajinated
well when sown directly in naphthalene-treated sand (&@'gand dw), after
an initial delay in germination (p<0.01). This plant spegesninated well in
HC-treated sand (10.8 g TEH kgand dw), when a layer of clean sand was

used as a seed bed.

*,

% In contrast to carrot (Daucus carota), beetroot (Beta wulgarisgnipar
(Parsnica sativa), and brown top bent (Agrostis capillaries L.)hfaiged to
survive the HC-contamination, tall fescue established wall HC-
contaminated sand, perhaps owing primarily to its root featdras.fescue
demonstrated morphological plasticity to the changes tg1 dgrowth
environment and once past the initial acclimatisation gdeob ~3 months,
possessed an increased root mass (p<0.01) and a well spreadiodeep
system, demonstrating a potential of this species for phytediation.

% Exposure to HC (10.8 g TEH Rgsand dw) contamination induced structural

and ultrastructural disorders in beetroot and tall fesosts. Enhanced cell

wall thickenings and smaller xylem vessels suggested evidencéress s

egecially xenobiotic stress as well as a variety of sgias and mechanisms

to survive the stress conditions.
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% Growth conditions, such as sowing seeds directly inasaimated sand and
the presence of organic matter in contaminated growthumsdhad impacts
on plant growth patterns. However, prolonged contact Wlinaphthalene-
contamination stimulated similar root ultrastructural madifions such as
enhanced thickening in the endodermal cell walls in tall fesegardless of
plant growth conditions.

X/

% Partially collapsed cortex cells which are akin to #féects of drought
described by Enstone et al. (2003) were observed in HC/ naptekaéated
tall fescue roots. The root ultrastructural modificationgreated tall fescue
also exhibited symptoms of phytotoxicity described by Barctlal.e(1988),
such as isodiametrically shaped cortex cells rather tha normal elongated
shape, and an increased cortex zone. These could impty¢haodifications
in structural and ultrastructural features of the roottabiffescue exposed to
HC/ naphthalene contamination were synergistic respooséise plants to
water scarcity and phytotoxicity. These changes in rootstittreture provided
restrictions to the entry of hydrophobic xenobiotics,nephfied by the path of
Nile red into the inner core of the treated root via apoplafitices while
effectively preventing the efflux of water when the ssdlution becomes
hypertonic.

% There were subtle indications of the presence of furtbeidised or
glycosylated/ malonylated naphthol in tall fescue roots growraphthalene-
treated sand, suggesting that opening of the aromatic ringnaadion of
oxygen into the substrate had occurred, presumably in thesghere and that
the compound had been taken up by the plant roots. Naphtlamlyoother
naphthalene metabolites were not detected in the aeri phthe plants
grown in naphthalene-treated sand, suggesting the xenobatipound was
not translocated to the shoots in transpiration stream.

% A compound speculated to be indole acetic acid (IAA) was eéhsent or

subdued in the root, shoot tissues of tall fescue grownghthalene-treated

sand, suggesting IAA degradation and associated detoxificaftig@nobiotic
compounds as well as the existence of an effectivetsnal defence system

within treated plant tissues.

e

%

Tall fescue grown in naphthalene-treated sand possess@uacreased root:

shoot ratio of the concentration of sugars, including glacsucrose and
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trehalose. This demonstrates that tall fescue plants aiele to resist the
oxidative stress due to the overproduction of ROS caused bythadgrie

contamination, by allocating more sugars, more glucoggarticular, to its
root tissues (p<0.01) and controlling the damages via sugar signathd

ROS scavenging.

X/

% The HC/ naphthalene-treated tall fescue showed resilienceought stress,
especially after the acclimatisation period of up to 3 nentkrhaps enhanced
by the modifications in root ultrastructural features sushaawell-formed
exodermis and adaptations at molecular levels such a®rhigbt: shoot
concentration of trehalose.

Research implications

Abandoned, potentially harmful old gas work sites as wedithsr soils with low to
medium concentrations of PAH burden could be transéor into aesthetically
pleasing sites with a well-established vegetative coverimamse soil erosion and
pollution spread, when appropriate plant species that st ethvironmental
conditions are selected. The risk of the movement gic t® AH molecules into
wildlife food chains could be minimised by the appropriate ahaif plants used in
phytoremediation. The resistance to drought stress rslipwtall fescue grown in
HC/ naphthalene-treated sand could be applied in teeest of making crop plants
more resistant to drought, through genetic engineering tedmiqlihe research

implications of this study are listed as follows:

1. Tall fescue demonstrates a good potential for use ioriegtsites polluted
with petroleum crude oil (<10.8 g total extractable hydrocastkajt sand dw)
and naphthalene (<0.8 gkgand dw).

2. Further investigation using a stable isotope labelled naphihaerequired in
assessing the uptake of naphthalene/ naphthalene metabwiiten plant
tissues. Still, the investigations carried out so faplies that tall fescue
withstands the inflow of xenobiotic substances towardsrther core of the
roots. An initial study suggested that foliar accumulatibRAHs via gaseous

exchange or particulate deposition was also negligibl¢all fescue (see
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appendix 3). Hence using this plant species for remediatio? AH-
contaminated sites would not cause a major concernfowdrchain transfers
of the PAH.

3. The fact that tall fescue withstood enhanced water tefanditions after
adapted to growth in HC/ naphthalene-contaminated sand cowddptered
further in the interest of making crop plants more drougsistant.

Further work recommendations

1. A scanning electron microscopic study on the root ultrasiracfeatures of
plant species that did not show adaptability to growthrude oil/ PAH-
treated sand such as brown top bent.

2. Obtaining direct evidence for the incorporation of naphthodl or other
naphthalene metabolites into plant metabolism, udiagles isotope labelled
naphthalene.

3. Obtaining evidence for the unambiguous identification of thetpatdAA,
which exhibited absence or much subdued signal in the tis$ual fescue
grown in naphthalene-treated sand, in the interest oflaj@ng the event to
obtain complete positive conclusions regarding the octiore between 1AA
degradation and detoxification/ defence pathways in plasudss exposed to
organic xenobiotics.

4. Investigations into stress related proteins and alteratiohshe gene

expressions in PAH-treated tall fescue.

221



References

Adam, G. and Duncan, H., 1999. The effect of diesel fugirowth of selected plant
species. Environmental Geochemistry and Health, 21, pp. 353-357.

Adriano, D., 2011. Opinion on sustainability. TE News: Communicatitimeis
language of Science, 2(1)

Agarwal, U.P., 2006. Raman imaging to investigate ultrastruetttlecomposition of
plant cell walls: distribution of lignin and cellulose in dtaspruce wood (Picea
mariang Planta, 224, pp. 1141-1153.

Alexander, M., 1995. How toxic are chemicals in soil? Enviremial Science and
Technology, 29, pp.2713-2717.

Alkio, M., Tabuchi, T.M., Wang, X., et al., 2005. Stress reses to polycyclic
aromatic hydrocarbons in Arabidopsis include growth inhibitiad hypersensitive
response-like symptoms. Journal of Experimental Botany, 56 (4213968-2994.

Alkorta, I. and Garbisu, C., 2001. Phytoremediation of orgemmtaminants in soils.
Bioresource Technology, 79, pp. 273-276.

Anderson, J.W., Neff, J.M., Cox, B.A., et al., 1974. Ghteristics of dispersions and
water soluble extracts of crude and refined oils and ttwiicity to estuarine
crustaceans and fish. Marine Biology, 27, pp. 75-88.

Anderson, T.A., Guthrie, E.A., Walton, B.T., 1993. Bioegtation in the
rhizosphere. Environmental Science & Technology, 27(13), pp.2630-2636.

Aprill, W. and Sims, R., 1990. Evaluation of the use @iinie grasses for stimulating
polycyclic aromatic hydrocarbon treatment in soil. Chgrhese, 20, pp. 253-265.

Atkinson, D., 2000. Root characteristics: Why and what to meashmeA.L.Smit,
A.G.Bengough, C.Engels, M.van Noordwijk, S.Pellerin, S.CdeitGeijn, eds. 2000.
Root Methods. A Handbook. Berlin Heidelberg: Springer-Verlag, pp.1-13.

Baker, J.M., 1973. Growth stimulation following oil poluti In: E.B. Cowell, ed.
1973. The ecological effects of oil pollution on Littoral Communities. Essex: Abplie
Science Publishers, pp. 72-77.

Bandurski, R.S., Schulze, A., Leznicki, A., et al., 1988gulation of the amount of
IAA in seedling plants. In: M. Kutacek, R.S. Bandurski, J. Kkekeds. 1988.
Physiology and biochemistry of auxins in plants. Acad Praha, pp. 21-32.

Barcelo,J., V’azquez, M.D. and Poschenrieder, Ch., 1988. Cadmium-Induced

structural and ultrastructural changes in the vasculaesy®f bush bean stems.
Botanica Acta, 101, pp. 254-261.

22z



Barnett, J.R.Ed. 1981. Xylem Cell Development. Kent: Castle House Publications
Ltd.

Beck, A.J., Johnson, D.L., Jones, K.C., 1996. The forth moavailability of non-
ionic organic chemicals in sewage sludge-amended agricultulsl €demosphere
58, pp. 321-328.

Benegough, A.G., 2003. Root growth and function in relation dib Sructure,
composition, and strength. In: H. DeKroon, E.J.W. \fisBds. 2003. Root ecology.,
Heidelberg: Springer, Chapter 6.

Bell, R.M., 1992. Higher plant accumulation of organic pollutants from soils.
EPA/600/R-92/138. Cincinnati: United States Environmental Protecteméy.

Berlow, S., 2005. Roots exposed! [online] Maximum Yield-Indoor Ganggni
Available at :< http://www. Maximum Yield. Com.> [Accessed 20 Noven#f11].

Bernards, M.A., 2002. Demystifying suberin. Canadian Journal ofarot
,80,pp.227-240.

Bernards, M.A., Fleming, W.D., Llewellyn, D.B. et al.,1999.iodhemical
characterisation of the suberization-associated anipeioxidase of potato. Plant
Physiology, 121, pp. 135-145.

Better Soils. [online] Available at:| <http://www.soilwater.conj.a{xccessed 10
October 2011].

Binet, P., Portal, J.M. and Leyval, C., 20@bplication of GC-MS to the study ¢f
[anthracene disappearance in the rhizosphere of rygg@rsmnic Geochemistry,
32(2), pp.217-222.

Bolouri-Moghaddam, M.R., Roy, K.L., Xiang, L., et al., 2010@g&r signalling and
antioxidant network connections in plant cells. Reviewiche. FEBS Journal, 277,
pp. 2022-2037.

Boot, R.G.A. and Mensink, M., 1990. Size and morphology of rostesys of
perennial grasses from contrasting habitats as affecteitrbgen supply. Plant and
Soil, 129, pp. 291-299.

Boudet, A.M., 2000. Lignins and lignifications: Selected issBé&snt Physiology and
Biochemistry, 38, pp. 81-96.

Bouma, T.J., Broekhuysen, A.G.Ween, B.W, 1996{Analysis of root respiration gf
[Solanum tuberosum as related to growth, ion uptake andtenance of biomass.
Plant Physiology and Biochemistry, 34(6), pp. 795-806.

Bouma, T.J., Nielsen, K.L., Koutstaal, B., 20@ample preparation and scanning
protocol for computerised analysis of root length and diame®dant and soil, 218,
pp.185-196.

228


http://www.soilwater.com.au/
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=15&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=15&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=17&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=17&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS

Brady, J.D., Sadler, I.H. and Fry, S.C., 1986. Di-ispdi&ine, a novel tetrameric
derivative of tyrosine in plant cell wall proteins: a new potd cross-link.
Biochemical Journal, 315, pp. 323-327.

Brandt, R; Merkl, N; Schultze-Kraft, R. et al., 2006. ttd of vetiver (Vetiveria
zizanioides (L.) Nash) for phytoremediation of petroleum hgdrbon-contaminated
soils in Venezuelalnternational journal of phytoremediatio8(4), pp.273-284.

Brett, T.C. and Waldron,W.K., 1990, 1996. The cell wall and ¢eterlar transport.
In: M.Black, B.Charlwood, Eds. 1996. Physiology and Biochemistry of Flafit
Walls. London: Chapman & Hall, pp.151-172.

Briggs, G., Bromilow, R., Evans, A. et al., 1983. Relationshgtsveen lipophilicity
and the distribution of non-ionised chemicals in baslegots following uptake by the
roots. Pesticide Science, 14, pp. 492-500.

Briggs, C.L. and Morris, E.C., 2008Seed - coat dormancy in Grevillea linearifolia
Little Change in Permeability to an Apoplastic Tracdemflreatment with Smoke
and Heat. Annals of Botany,101, pp. 623-632.

Brundrett, M., 2008, 1999. Mycorrhizal Associations: Structure of Rootsiovegs
[online] Available at <http://mycorrhizas.info/root.ntml> [Acceds 10 October
2011].

Brundrett, M.C., Enstone, D.E. and Peterson,.C1888. A berberine-aniline blue
fluorescent staining procedure for suberin, lignin, and aallas plant tissue.
Protoplasma, 146, pp.133-142.

Cairney, J.W.G. and Ashford, A.E., 1989. Reducing activityhat root surface in
Eucalyptus pilularis-Pisolithus tinctorius ectomycorrhizagwustralian Journal of
Plant Physiology, 16, pp. 99-105.

CCME (Canadian Council of the Ministers of the Environthe2010.Canadian Soill
Quality Guidelines for Carcinogenic and Other Polycyclic Aromatic Hydrocarbons
(Environmental and Human Health Effects). Scientifiitefia Document (revised).
ISBN 978-1-896997-94-0

Chaineau, C.H., Morel, J.L., Oudot, J., 20Biadegradation of fuel oil hydrocarbons
[in the rhizosphere of maikzelournal of Environmental Quality, 29(2), pp. 569-578.

Chen, Yen-Chih., Banks, M.K. and Schwab, A.P., 2003. Pyidegeadation in the
rhizosphere of tall fescue (Festuca arundinacea) and switci{grasgcum virgatum
L.). Environmental science & technolq@y, pp. 5778-5782.

Chiou, C.T., Sheng, G.Y., Manes, M., 2001. A partition-limiteddel for the plant

uptake of organic contaminants from soil and water. Envirotahescience &
technology, 35, pp. 1437-1444.

224


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=19&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=19&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS

Collins, C., Martin, I. and Fryer, M., 2006. Evaluation of modetspredicting plant
uptake of chemicals from soilScience Report- SC050021/SR) Bristol: Environment
Agency.

Couee, I., Sulmon, C., Gouesbet, &.al., 2006. An involvement of soluble sugars in
reactive oxygen species balance and responses to vgigakess in plants. Journal of
Experimental Botanyb7, pp. 449-459.

Coutts, M.P., 1989Factors affecting the direction of growth of tree roo#nnals
Science Brum, 46(Suppl), pp. 277-287.

Crowe, A.U., Han, B., Kermode, A.R., et al., 2d01. Effexdtsil sands effluent on
[cattail and clover: photosynthesis and the level ofsstigoteins. Environmental
Pollution, 113(3), pp. 311-322.

Crowley, D.E., 1996Physiological status of rhizosphere bacteria in relatiophyto{
[remediation of xenobiotic soil contaminants. Abstraaftgpapers of the American
Chemical Society Part 212 p. 90-AGRO

Crnkovic’, D., Ristic, M., Antonovic, D., 2006. Distribution of heavy metals and
larsenic_in soils of Belgrade (Serbia and Montenggro). $oil Sediment
Contamination, 15(6), pp. 581-589.

Currier, H.B.and Peoples, S.A., 1954. Phytotoxicity of hydtomas. Hilgardia, 23,
pp. 155-160.

Decagon Devices Inc., 2007. Manual, Water potential probe.

de Hoffmann, E. and Stroobant, V., 2002. Mass Spectrometiyiciples and
Applications. 2° ed. Ontario: John Wiley & Sons, Ltd.

De Maagd, P.G.-J., ten Hulscher, T.E.M., Van den Heuve|, dd al., 1998.
Physicochemical properties of polycyclic aromatic hydrboas: aqueous
solubilities, nectanol/water partition coefficients, and Henry’s law constants.

Environmental Toxicology and Chemistry, 17, pp.-2227.

Department of Agriculture Bulletjm62, 1960.

Dettmer, K., Aronov, P.A. and Hammock, B.D., 2007. Mass speetry-based
metabolomics. Mass Spectrometry Reviews,26(1), pp. 51-78.

Diaz, G., Melis, M., Batetta, B. et al.,, 2008. Hydrophobic att@risation of
intracellular lipids in situ by Nile Red red/yellow emissiatio. Micron, 39, pp.819-
824.

Dinkelaker, B., Hengeler, C., Neumann, G., et al.,, 1996. Root edidatd
mobilization of nutrients. In: H. Rennenberg, W. Eschriélus. 1996. Trees-
contributions to modern tree physiology. Amsterdam: SPB Academic Publishing, pp.
3-14.

22¢


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=21&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=21&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=1&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=23&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=23&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=25&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=7&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=25&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=7&colname=WOS&cacheurlFromRightClick=no

Dinkelaker, B., Hahn, G., Romheld, V., et al., 1993a. Non-detsfe methods for
demonstrating chemical changes in the rhizosphere 1. Desorggtimethods. Plant
Soil, 155(156), pp. 67-70.

Dinkelaker, B., Hahn, G., Marschner, H., 1993b. Non-destmictivethods for
demonstrating chemical changes in the rhizospher@gddlication of methods. Plant
Soil, 155(156), pp. 71-74.

Downard, K., 2004. Mass Spectrometry. A Foundation Course. Cambridge: Th
Royal Society of Chemistry.

Dragan, C., Mirjana, R., Anka, J., et al., 2007. LevéBAHSs in the soils of Belgrade
and its environs. Environmental Monitoring Assessmedb, pp. 7583.

Du, H., Wang, Z., Yu, W., et al., 2011. Differential metaboésponses of perennial
grass Cynodon transvaalensisCynodon dactylonC,;) and Poa Pratens(€s) to
heat stress. Physiologia Plantarum, 141, pp. 251-264.

Dubey, R.S., 1997. Photosynthesis in plants under stresefuditions. In: M.
Passarakli, Ed. 1997. Handbook of photosynthesis. New York: Marcel Dekker, pp.
859-875.

Ehrlich, G.G., Goerlitz, D.F., Godsy, E.M., et al., 1982 giaeation of phenolic
contaminants in ground water by anaerobic bacteria: St. LBark, Minnesota.
Ground Water, 20(6), pp. 703-710.

Engels, Ch., Neumann, G., Gahoonia, T.S., et al., . 2888essing the ability of roots
for nutrient acquisition. In: A.L.Smit, A.G.Bengough,BEdgels, M.van Noordwijk,
S.Pellerin, S.C.van de Geijn, Eds. 2000. Root Methods. A Handbookn Be
Heidelberg: Springer-Verlag, pp. 405-449.

Enstone, D.E., Peterson, C.A. and Ma, Z003. Root endodermis and exodermis:
structure, function, and responses to the environment. Jowfnalant growth
regulation, 21, pp.335-351.

Environment agency. 2004. Update on estimating vapour intrusion into buildings,
CLEA Briefing Note 2. Bristol: Environment Agency.

Esau, K., 1977. Anatomy of seed plants. New Yddhn Wiley.
Esau, K., 1965Plant anatomy, 2nd edition. New York: John Wiley and Sons, p. 767

Esau, K., 1953. Plant Anatomy. Second Edition. New York, Londame$i John
Wiley & Sons, Inc., p. 767.

22¢



Farrell-Jones, J., 2003 etroleum hydrocarbons and polyaromatic hydrocarbdns
C.K. ThompsonP.C. Nathanail, Eds. 2003. Chemical analysis of contaminated land
Oxford: Blackwell Publishing Ltd.

Fismes, J., Perrin-Ganier, C., Empereur-Bissonnet, fPal.e 2002. Soiko-root
transfer and translocation of polycyclic aromatic hydrbons by vegetables grown
on industrial contaminated soils. Journal of Environmental Qué&dity,pp. 1649-
1656.

Fitter, A.H., 1996. Characteristics and functions of reggtems. In: Y. Waisel, A.
Eshel, and K. Kafkaki, Eds. 1996. Plant roots, the hidden half. New York: Marcel
Dekker, pp. 1-20.

Forbes, J.C. and Watson, R.D., 1992. Plants in Agriculture. Ttes Bindicate of
the University of Cambridge. ISBN: 0 521 417554 hardback; ISBN: 0 521 427916
paperback. pp. 82-108.

Frick, C.M., Farrell, R.E. and Germida, J.J., 1999. Assestof phytoremediation as
an in situ technigue for cleaning oil-contaminated sites. Calgary: Petroleum
Technology Alliance of Canada.

Fry, S.C., 1986. Cross-linking of matrix polymers in the gragvicell walls of
angiosperms. Annual Review of Plant Physiology ,37, pp.165-186.

Fry, S.C. and Miller, J.G., 1987.,8, -dependent cross-linking of feruloyl-pectins in
vivo. Food hydrocolloids ,1, pp. 395-397.

Gahoonia, T.S. and Nielsen, N.E. 1998. Direct evidence ortipation of root hairs
in phosphorus (32 P) uptake from soil. Plant Soil ,198, pp.147-152.

Gang, D.R., Costa, M.A., Fujita, M. et al.,, 1999. Regioubal control of
monolignol radical coupling: a new paradigm for lignin angihdin biosynthesis.
Chemistry & Biology ,6, pp.143-151.

Gao, Y., Ren, L., Ling, W. et al., 2010. Desorption of @mthrene and pyrene in
soils by root exudates. Bioresource Technology ,101, pp. 1159-1165.

Gao, Y. and Zhu, L., 2004. Plant uptake, accumulation andsldcation of
phenanthrene and pyrene in soils. Chemosphere, 55, pp. 1169-1178.

Gaspar, Th., Penel, C., Hagege, D., et al.,, 1991. Peroxidaspknt growth,
differentiation and development processes. In: J. Lzgveski, H. Greppin, C. Penel,

and Th. Gaspar, Eds. 1991. Biochemical, molecular and physiological aspects of plant
peroxidases. Geneva: University of Geneva, Switzerland, pp. 249-280.

Glisic, B.S., Misic, R.D., Stamenic, D.M. et al., 200Tpé&rcritical carbon dioxide
extraction of carrot fruit essential oil: Chemical quisition and antimicrobial
activity. Food Chemistry (Article in press).



Gonzalez-Mendoza, D., Quiroz-Moreno, A. and Zapata-P€re2008. An improved
method for the isolation of total RNA from Avicennia gernmadeaves. Verlag der
Zeitschrift fur Naturforschung, 63(1-2), pp. 124-126.

Grambow, H.J., 1986. Pathway and mechanism of the peroxidasdyzedt
degradation of indole-3-acetic acid. In: H. Greppin, C. Réel Gaspar, Eds.1986.
Molecular and physiological aspects of plant peroxidases. Geneva: University of
Geneva, Switzerland, pp. 31-41.

Grayston, S.J., Vaughan, D., Jones, D., 1996. Rhizosphdyenciow in trees, in
comparison with annual plants: the importance of root eiudand its impact on
microbial activity and nutrient availability. Applied Soil Eogly ,5, pp. 29-56.

Greenspan, P. and Fowler, S.D., 1985. Spectrofluorometigiest of the lipid probe,
Nile red. Journal of Lipid Research, 26, pp. 781-789.

Greenspan, P., Mayer, E.P. and Fowler, S.D., 1985. Nile redteative fluorescent
stain for intracellular lipid droplets. The Journal of G&hlogy, 100, pp. 965-973.

Gromova, M. and Roby, C., 2010. Toward Arabidopsis thaliana pdio
metabolome: assessment of extraction methods and queetitdtNMR. Technical
Focus. Physiologia Plantarum, 140, pp. 111-127.

Halliwell, B., 2006. Reactive species and antioxidants. Redolody is a
fundamental theme of aerobic life. Plant Physiology, 141, pp3222-

Harms, H., Dehnen, W., Monch, W., 1977. Benzo (a) pymetbolites formed by
plant cells. Z. Naturforsch, 32c, pp.321-326.

Harms, H.H., 1996. Bioaccumulation and metabolic fateesfage derived organic
xenobiotics in plants. Science of the Total Environment,185, {283-

Harms, H.H., 1992. In-vitro systems for studying phytotoxicitg¢t enetabolic fate of
pesticides and xenobiotics in plants. Pesticide Sciend®)3pp. 277-281.

Harmsen, J. and Frintrop, P., 2003. Non-halogenated orgamipozmds including
semi-volatile organic compounds (SVOCs) in Chemical analgtisontaminated
land In: C.K. Thompson P.C. Nathanail, Eds. 2003. Chemical analysis of
contaminated land. Oxford: Blackwell Publishing Ltd.

Harvey, P.J., Campanella, B.F., Castro, P.M.L., et 2001. Phytoremediation of
Polyaromatic  hydrocarbons, Anilines and Phenols. Review iclést
Phytoremediation. ESPR-Environmental Science and Pollution Researdh] @p.

Hayat, M.A., 1986 Basic Techniques for Transmission Electron Microscopy.
London: Academic Press Inc. ISBN: 0-12-333925-1 (alk. paper), ISBN:3839226-
X (paperback).

22¢



Hayat, S. and Ahmad, A., 2007. Salicylic acid-A Plant Hormd8gringef
[ISBN}{140205183p.

Heitkamp, M.A., Freeman, J.P. and Cerniglia, C.E., 198Vaphthalene

Biodegradation in Environmental Microcosms: Estimates ajrBéation Rates and
Characterization of Metaboliteg\pplied and Environmental Microbiology, 53 (1),
pp.129-136.

Heitzer, A., Webb, O.F., Thonnard, J.E., et al., 1992. Speaifid quantitative
assessment of naphthalene and salicylate bioavailabilitysing a bioluminescent
catabolic reporter bacterium. Applied and Environmental Microbiologypp8,839-

1846.

Hether, NH., Olsen, RA., Jackson, LL , 1984. Chemical tifiestion of iron
reductants exuded by plant roots. Journal of Plant Nutrition, 7, pgoB&7

Higashiyama, T., 2002. Novel functions and applications efalose. Pure and
Applied Chemsitry, 74 (7), pp. 1263269.

Hoffland, E., Findenegg, G.R., Nelemans, J.A., 1989. Solutidizaof rock
phosphate by rape. I1l. Local root exudation of organic acida essponse to P-
starvation. Plant Soil, 113, pp. 161-165.

Hooft Van Huijsduijnen, R.A.M., Alblas, S.W., De Rijk, R.l¢t al., 1986. Inductioh
by Salicylic Acid of Pathogenesis-related Proteins and ®esis to Alfalfa Mosaic
Virus Infection in Various Plant Specles. Journal of Generaldfyy, 67, pp. 2135-
2143.

Howard, P.H., 1989. Handbook of environmental fate and exposure data for organic
chemicals. Vol. 1. Lewis Publishers, pp. 408-421.

Huang,B.R., Taylor, H.M. and McMichael, B.L., 1991. Efteof temperature on the
development of metaxylem in primary wheat roots and its h§idr&onsequence.
Annals of Botany ,67, pp.163-166.

Huang, X.D., El-Alawi, Y., Penrose, D.M., et al., 2004. Respoaf three grass
species to creosote during phytoremediation. Environmentaltol] 130, pp. 453-
463.

Huckelhoven, R., Schuphan, I., Thiede, B., et al., 1997. B&ftamation of pyrene
by cell cultures of soybean (Glycine max L.), wheat (Triticuestaum L.),
jimsonweed (Datura stramonium L.), and purple foxglove (Digitalis p@aur.).
Journal of Agricultural and Food Chemistry, 45, pp.263-269.

IARC., 1983. Monographs on the evaluation of the carcinogeni®fiskemicals to
humans. Polynuclear Aromatic Hyrocarbons, 32, Lyon: WHO.

22¢


http://en.wikipedia.org/wiki/Springer_Science%2BBusiness_Media
http://en.wikipedia.org/wiki/International_Standard_Book_Number
http://en.wikipedia.org/wiki/Special:BookSources/1402051832
http://vir.sgmjournals.org/cgi/reprint/67/10/2135.pdf
http://vir.sgmjournals.org/cgi/reprint/67/10/2135.pdf
http://vir.sgmjournals.org/cgi/reprint/67/10/2135.pdf

Janska. M., Hajslova, J., Tomaniova, M.et al., 2006. Polycyclic aromatic
[hydrocarbons in fruits and vegetables grown in the Czech bepuBulletin of
Environmental Contamination and Toxicology, 77(4), pp.492-499.

Jenkins, R.O., 1992. Catabolism of organics and man made adiemin:
G.D.Weston, Ed. 1992. Energy Sources for Cells. Oxford: Butterwdeinemann
Limited, pp. 107-134.

Johnson, D.L., Maguire, K.L., Anderson, D.R., et al., 2@2hanced dissipation of
chrysene in planted soil: the impact of a rhizobial imeecu Soil biology and
biochemistry, 36()L, pp. 33-38.

Joner, E.J., Johansen, A., Loibner, AePal., 2001. Rhizosphere effects on microbial
community structure and dissipation and toxicity of potjicyaromatic hydrocarbons
(PAHS) in spiked soil. Environmental Science and Technology, 35, pp-2Z773

Joner, E.J. and Leyal, C., 2001. Arbuscular mycorrhizali@mite on clover and
ryegrass grown together in a soil spiked with polycyclicnatic hydrocarbons.
Mycorrhiza, 10, pp. 155-159.

Joner, E.J., Leyval, C., van Colpaert.,J., 200B6ctomycorrhizas impede
phytoremediation of polycyclic aromatic hydrocarbons (RAMoth within and
beyond the rhizosphere. Environmental Pollutici2, pp. 34-38.

Jones, D.L., Shaff, J.E., and Kochian, L., 1995. Roleatdiem and other ions in
directing root hair tip growth in Limnobium stoloniferum. I. Inhibiti of tip growth
by aluminium. Planta, 197 (4), pp. 672-680.

Jones, K.C., Stratford, J.A., Waterhouse, K.S., etl®B89. Organic compounds in
Welsh soils: polynuclear aromatic hydrocarbons. Environmefzence and
Technology, 23, pp.540-550.

Jordahl, J.J., Foster, L., Schnoor, J. L., et al., 1B¥éct of Hybrid Poplar Trees on
Microbial Population Important to Hazardous Waste Bigéiation. Environmental
Toxicology and Chemistry, 16, pp.131&821.

Jupp, A.P. and Newman, E.l., 1987. Morphological and anatomifeaits of severe
drought on the roots of Lolium-perenne L. New Phytologist, 105(3), pp. 393-402.

Kanaly, R.A. and Harayama, S., 2000. Biodegradation of higleeular weight
polycyclic aromatic hydrocarbons by bacteria. Journal of batbey, 182, pp.
2059-2067.

Karickhoff, S.W., 1981. Semi-empirical estimation of swmnptof hydrophobic
pollutants on natural sediments and soils. Chemosphere, pf(833-846.

Kechavarzi, C., Pettersson, K., Harrison, P.L., et al., 266t establishment of

perennial ryegrass (L.perenne) in diesel contaminated subsusaitelayers.
Environmental pollution, 145, pp.68-74.

23C


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=43&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=43&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=2&colname=WOS&cacheurlFromRightClick=no

Kipopoulou, A.M., Manoli, E., Samara, C., 1999. Biocoricaion of polycyclic
aromatic hydrocarbons in vegetables grown in an industrish. Environmental
Pollution, 106, pp.369-380.

Kmentova', E., 2003. Response of plant to fluoranthene in environment. Ph.D.
Masaryk University.

Kolattukudy, P.E., 2001. Polyesters in higher plamidvances in Biochemical
Engineering/ Biotechnology 1, pp. 1-49.

Kolb, M. and Harms, H., 2000. Metabolism of fluoranthendifferent plant cell
cultures and intact plants. Environmental Toxicology and Chemis&ypp. 1304-
13010.

Kolek, J. and Kozinka, V., 1991. Physiology of the plant rocttesy. 1991.
Developments in Plant and Soil Sciences, 4Bordrecht/Boston/London :Kluwer
Academic Publishers.

Kubo, M., Udagawa, M., Nishikubo, N. et al., 200&anscription switches for
protoxylem and metaxylem vessel formation. Research Comeation. Genes and
Development, 19, pp. 1855-1860.

Kyveryga, P.M., Blackmer, A.M., Ellsworth, J.W., et,&004. Soil pH Effects on
Nitrification of Fall-Applied Anhydrous AmmoniaSoil Science Society of America
Journa] 68, pp. 545551.

Lamb, C. and Dixon, R.A., 1997. The oxidative burst in pldisease resistance.
Annual Review of Plant Physiology and Molecular Biology, 48, pp.251-275.

Lasat, M.M., 2001. The use of plants for the removal of toxic meiais
contaminated soils. American Association for the AdvanceiBtience.

Lee, C.H., Lee, J.Y., Cheon, J.Y., et al, 20QMttenuation of Petroleum
Hydrocarbons in Smear Zones: A Case Study. Journal of Environnegrgmeering,
127, pp. 639647.

Leggo, P.J. and Ledesert, B., 2008. ChapteQtfano-Zeolitic-Soil System: A new
approach to plant nutrition In: L.R. Elsworth et al., Eds. Fertilisers, Properties,
Applications and EffectdNova Science Publishers, Inc. ISBN 978-1-60456-483-9.

Liste, H.H., and Alexander, M., 2000 a. Accumulation ofqEmthrene and pyrene in
rhizosphere soils. Chemosphere ,40, pp. 11-14.

Liste, H.H., and Alexander, M., 2000 b. Plant promoted pydeagradation in soil.
Chemosphere ,40, pp. 7-10.

Liu, S.L., Luo, Y.M., Cao, Z.H. et al., 2004. Degradatiorbefizo [a] pyrene with

arbuscular mycorrhizal alfalfa. Environmental Geochemistry andtiiexb, pp.285
293.

231



Lynch, J. M., 1990. The Rhizosphere. New York: Wiley.

Machackova, 1., Ullmann, J., Krekule, J. and Opatrny,1888. Comparision of in

vivo |IAA decarboxylation rate with in vitro peroxidase, |AA oxsg#aactivities. In: R.
Kutacek, R.S. Bandurski, J. Krekule, eds. 1988. Physiology and biochemistry of
auxins in plants. Acad Praha, pp. 87-91.

Mackay, D., Shiu, W. and Ma, K., 2000. Physical-chemical and environhiatrga
handbook. CRC Press LLC.

Mackay, D., Shiu, W.Y., Ma, K.C., et al., 2006. Handbook of physibamical
properties and environmental fate for organic chemicals. Taylor & Fr&@up,
LLC.

Marschner, H., Romheld, V., Kissel, M., 1986. Differematggies in higher plants in
mobilization and uptake of iron. Journal of Plant Nutrition, 9, pp. 695-713

Mattson, M. and Calabrese, E., 2008. When a little poisormgood for you,
NewScientist, [online] Available at: <http: //www.NewScientist.corfiecessed 06
August 2008].

McCann, H.J., Greenberg, M.B., Solomon, R.K., 2000. Theteffecreosote on the
growth of an axenic culture of Myriophyllum spicatum L. Aquatic Toxicolddy pp.
265-274.

McCully, M.E. and Boyer, J.51997. The expansion of root cap mucilage during
hydration: 1ll. Changes in water potential and water contehysiologia Plantarum,
99, pp.169177.

McCutcheon, S.C. and Schnoor, J.L., 2003. Overview of phytddramgtion and
control of wastes. In: S.C.McCutcheon, J.L.Schnoor, EA83. Phytoremediation:
transformation and control of contaminants. New Jersey: John Wiley & Sons In
pp. 3-58.

McFarlane, J.C., 1995. Plant transport of organic chemicalk: S.Trapp,
J.C.McFarlane, Eds. 1995. Plant contamination: Modelling and simulation of organic
chemical processedoca Raton: Lewis.

Meagher, R.B., 2000. Phytoremediation of toxic elemeatal organic pollutants.
Current Opinion in Plant Biolog, pp. 153-162.

Merck, 1989. The Merck Index: An Encyclopedia of Chemicals, Drugs, and
Biologicals. New Jersey: Merck & CO., Inc.

Merkl, N., Schultze-Kraft, R., and Infante, C., 2005a. ®&fgynhediation in the

tropics-influence of heavy crude oil on root morphologicakrabteristics of
graminoids. Environmental Pollution, 138, pp. 86-91.

232



Merkl, N., Schultze-Kraft, R., and Infante, C., 2005b. Assgent of tropical grasses
and legumes for phytoremediation of petroleum-contamdhabils. Water, Air and
Soil Pollution, 165, pp. 195-209.

Meudec, A., Dussauze, J., Deslandes, E., et al., 2006. Egif@nbioaccumulation
of PAHs within internal shoot tissues by a halophytic plantificially exposed to
petroleum-polluted sediments. Chemosphere ,65, pp.474-481.

Meudec. A., Dussauze, J., Jourdin, M., et 2006. Gas chromatographic-mass
spectrometric method for polycyclic aromatic hydrocarlaoalysis in plant biota.
Journal of Chromatography A, 1108, pp. 240-247.

Meulenberg, R., Rijnaarts, H.H.H.M., Doddema, H.J.,|.et1®97. Partially oxidised
polycyclic aromatic hydrocarbons show an increased biodiya and
biodegradability. FEMS Microbiology Letters, 152, pp. 45-49.

Miller, R.M. and Jastrow, J.D., 1992. The application \0A mycorrhizae to
ecosystem restoration and reclamation. In: M.F.Allen, E802. Mycorrhizal
functioning. New YorkChapman and Hallpp. 438-467.

Molina, 1., 2010. Plant lipid biochemistry. Biosynthesiglant lipid polyestersThe
AOCS Lipid Library, [online] Available at: <http: [Iwww.
lipidlibrary.aocs.org/plantbio/polyesters/index.htm. > [Assed 06 October 2011].

Morel, J., Habib, L., Plantureux, S., et al., 1991. Influesfcmaize root mucilage on
soil aggregate stability. Plant Soil, 136, pp. 111-119.

Morris, C., 1992. In: C.Morris, Ed. 1992. Academic press dictionaryiehse and
technology. Toronto: Academic Press. p. 2432.

Mueller, J.G., Chapman, P.J.., Pitchard, P.H., 1989.96teecontaminated sites: their
potential for bioremediation. Environmental Science and Techno&&jypp. 1197-
1201.

Nakajima, D., Yoshida, Y., Suzuki, J., et al.,, 1995. SeasonaBjeksain the
concentration of polycyclic aromatic-hydrocarbons in ezdéaves and relationship
to atmospheric concentration. Chemosphere ,30(3), pp.409-418.

Nassau, P.M., Martin, S.L., Brown, R.E., et al., 19@@lactofuranose Biosynthesis
in Escherichia coli K-12: Identification and Cloning of UDP-&abpyranose
Mutase. Jouranl of Bacteriology, 178 (4), pp. 1047-1052.

Neergaard, E.de., Lyshede, O.B., Gahoonia, T.S.,,@0. Anatomy and histology
of roots and root-soil boundary. In: A.L.Smit, A.G.Bengou@hEngels, M.van
Noordwijk, S.Pellerin, S.C.van de Geijn, Eds. 2000. Root Methodsardbbok
Berlin Heidelberg: Springer-Verlag.

Newman, L.A. and Reynolds, C.M., 2004. Phytodegradationrgdmic compounds.
Current opinion in Biotechnology, 15, pp. 225-230.

23¢



Ober, E.S. and Sharp, R.E., 2007. Regulation of root grogeghonses to water
deficit. In: Matthew A. Jenks, Paul M.Hasegava, S.Malmn, Eds. 2007. Advances
in molecular breeding toward drought and salt tolerant crops. Springer, pp. 33-53.

Okoh.A.L. and Trejo-Hernandez, M. R2006 |Remediation of petroleum
[hydrocarbon polluted systems: Exploiting the bioremediastrategies. African
Journal of Biotechnology, 5(25), pp.2520-2525.

Orfanus, T. and Eitzinger, J., 2010. Factors influencing the ceome of water stress
at field scale. Ecohydrology, 3(4), pp. 478-486.

Pages, L., Asseng, S., Pellerin, S., et al., 2000. Madelttbot system growth and
architecture. In: A.L.Smit, A.G.Bengough, C.Engels, M.varotdwijk, S.Pellerin,
S.C.van de Geijn, Eds. 2000. Root Methods. A Handbook. Berlin Heidelberg:
Springer-Verlag.

Parrish, Z.D., White, J.C., Isleyen, M., et al., 208&cumulation of weathered
polycyclic aromatic hydrocarbons (PAHs) by plant and eastin species.
Chemosphere ,64, pp. 609-618.

Passioura, J.B., 1991. Soil structure and plant-growth.ra@ish Journal of Soll
Research ,29, pp. 717-728.

Pego, J.V., Kortstee, A.J., Huijser, C., et al., 2000. Piiotbssis, sugars and the
regulation of gene expression. Journal of Experimental Botany ,540pp116.

Peter, H. R. and George, B.J., 1995. Carol J. Mills, Ed. 1988erstanding Biology
.3rd edition. WM C. Brown, p. 203.

Phillips, L.A., Greer, C.W., and Germida, .J.2006. Culture-based and culture-
independent assessment of the impact of mixed and singlé fpd@tments on
rhizosphere microbial communities in hydrocarbon contamihfisee-pit soil. Soil
Biology & Biochemistry ,38, pp.2823-2833.

Postek, M.T., Howard, K.S., Johnson, A.H., &Michael, K.L , 1980. Scanning
Electron Microscopw Student’s Handbook.

Preis, M., 2010. Analysis of the peroxidase-catalysed oxidation of hydroxamg a
PhD. University of Greenwich.

Rademacher, T.W., Parekh, R.B. and Dwek, R.A., 1988. Glylogyio Annual
Review of Biochemistry, 57, pp. 785-838.

Ramon, M., Rolland, F. and Sheen, J., 2008. Sugar sensthgigmalling. The
Arabidopsis Book. American Society of Plant Biologists. doi1199/ tab.0117.

Raven, P.H., Evert, R.F., and Eichhorn, S.E., 1999. Bioléglamts, 8' ed. New
York: Freeman Co.

234


http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=49&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=4&colname=WOS
http://apps.isiknowledge.com/full_record.do?product=UA&search_mode=GeneralSearch&qid=49&SID=P2LmO3nmEAcmAhGbPld&page=1&doc=4&colname=WOS

Reilley, K.A., Banks, M.K., Schwab, A.P., 1996. Dissipatidmpalycyclic aromatic
hydrocarbons in the rhizosphere. Journal of Environmental Quabtypp. 212-
219.

Rentz, J.A., Chapman, B., Alvarez, P.J., et al., 2@Bnulation of hybrid poplar
growth in petroleum-contaminated soils through oxygen additind soil nutrient
amendmentdnternational Journal of Phytoremediation, 5(1), pp. 57-72.

Ritsema, T., Brodmann, D., Diks, S.H., et al., 2009. AnalsGTPases signal hubs in
sugar —mediated induction of fructan biosynthesis? PLoS ONE, 468605,
doi:10.1371/journal.pone.0006605.

Rogers, L. and Campbell, M.M., 2004. Tansley Review: The genetic contfdigmin
deposition during plant growth and development. New P hytolgbiet, pp.17-30

Rolland, F, Winderickx, J. and Thevelein, J.M., 2001. Glusessing mechanisms in
eukaryotic cells. Trends in Biochemical Sciences, 26, pp. 310-317.

Romheld, V., 1991. The role of phytosiderophores in acquisitif iron and other
micronutrients in graminaceous species: an ecological apprédahnt Soil, 130
pp.127-134.

Rougier, M. and Chaboud\., 1985 Mucilages secreted by roots and their biological
function. Israel Journal of Botany, 34, pp.129-146.

Ryan, J.A., Bell, R.M., Davidson, J.M.et al, 1988. Plant Uptake of Non-ionic
organic chemicals from soils. Chemosphere, 17, pp. 2299-2323.

Ryser, U. and Keller, B., 1992. Ultrastructural localisationaolbean glycine-rich
protein in unlignified primary walls of protoxylem cells. TRéant Cell, 4, pp.773-
783.

Sandermann Jr, H., 1994. Higher plant metabolism of xenobiotics: the “Green Liver”
concept. Pharmacogenetics, 4, pp. 225-241.

Scheer, (&, 2006. Adaptations of tall fescue to petroleum crude oil-polluted soils.
Unpublished manuscript. University of Greenwich.

Schnoor, J.L., Lich, L.A., McCutcheon, S.C., 1995. Phytm@iation of organic and
nutrient contaminants. Environmental Science and Technology, 29, pf2318-

Schreiber, L., 1996. Chemical composition of Caspariapssisolated from Clivia
miniata Reg. roots: evidence for lignin. Planta, 199, pp.596-601.

Schreiber, L., Breiner, H.W., Riederer, M. et al., 199de Tasparian strip of Clivia
miniata Reg. roots: isolation, fine structure and chemical naBatanica Acta ,107,
pp. 353-361.

Schroder, P., Harvey, P.J., and Schwitzgébel, J.P., 20@&%pdets for the

Phytoremediation of Organic Pollutants in EuropeéEnviron Soil & Pollution
Research9(1), pp. 1-3.

23¢



Schulz, H., 2008. Oxidation of fatty acids in eukaryotes.DrE.Vance and J.E.
Vance, eds. 2008. Biochemistry of lipids, lipoproteins and membranes, Fiitinedi
Elsevier, B.V. pp. 131-154. ISBN78-0-444-53219-0

Scott, M.G. and Peterson, IR. 1979. The endodermis in Ranunculus acris. |I.
Structure and ontogeny. Canadian Journal of Botany, 57, pp-1082.

Shann, J. R. and Boyle, J. J., 1994. Influence of planiespea in situ rhizosphere
degradation.In: T.A. Anderson, J.R.Coats, Eds. 1994. Bioremediation Through
Rhizosphere TechnologyWashington, DC ACS Symposium Series 563. ACPp.
70-81.

Siciliano, S.D., Germida, J.J., Banks, K., et, &#003.Changes in microbial
composition and function during a polyaromatic hydrocarborigraynediation field
trial. Applied and Environmental Microbiology, 69, pp. 483-489.

Simonich, S.L., and Hites, R.A., 1994. Vegetation-atmogpheartitioning of
polycyclic aromatic hydrocarbons. Environmental Science and Technd@8gyp.
939-943.

Slatyer, R.O., 1967. Plant-water relationships. London: Academic Iess

Smith, M.J., Flowers, T.H., Duncan, H.J. et al., 200@dEs of polycyclic aromatic
hydrocarbons on germination and subsequent growth of grams# legumes in
freshly contaminated soil and soil with aged PAHs residueEnvironmental
pollution, 141(3), pp. 519-525.

Sobotik, M. and Haas, D., 2009. The importance of anatomical structure sffooot
physiological processemternational Symposium “Root Research and Applications”

Sohal, R.S. and Weindruch, R., 1996. Oxidative stress, caksiriction, and aging.
Science, 273, pp.59-63.

Solfanelli, C., Poggi, A., Loreti, E., et al., 2006. Suergpecific induction of the
anthocyanin biosynthetic pathway in Arabidop&ilant Physiology,140, pp. 637-646.

Soukup, A., Mala, J., Hrubcova, M., et al., 2004. Differsnoeanatomical structure
and lignin content of roots of pedunculate oak and wild cheesy plantlets during
acclimation. Biologia Plantarum, 48 (4), pp. 481-489.

Stankovic, B., Volkmann, D. and Sack, F.D., 1998. Autononraightening after
gravitropic curvature of cress roots. Plant Physiology, 117, pp. 893-900.

Sterling, J.D., Atmodjo, M.A., Inwood, S.E. et al., 2006né&tional identification of
an Arabidopsis pectin biosynthetic homogalacturonosyltransfefBIAS ,103(13),
pp. 5236-5241.

Stintzi, A. and Browse, J., 2000. The Arabidopsis malelstenitants, opr3, lacks the
12-oxophytodienoic acid reductases required for jasmonyatéesis. Proceedings of

23¢



the National Academy of Sciences of the United States of America, 97, pp.10625-
10630.

Stotz, H.U., Pittendrigh, B.R., Kroymann, J. et al., 2000. leduplant defence
responses against chewing insects. Ethylene signalling redesegance of
Arabidopsis against Egyptian cotton worm but not diamondbackh. Plant
Physiology, 124, pp. 1007-1018.

Sutherland, J.B., 1992. Detoxification of polycyclic artimaydrocarbons by fungi.
Journal of Industrial Microbiology, 9, pp.53-62.

Taguchi, G., Ubukata, T., Nozue, H. et al., 2010. Malonylasi@nkey reaction in
the metabolism of xenobiotic phenolic glucosides in Atapsis and tobacco. Plant
Journal, 63 (6), pp. 1031-1041.

Taiz, L. and Zeiger, E., 1998. Plant Physiolog)f' ed. Massachusetts: Sinauer
Associates.

Taiz, L. and Zeiger, E., 2002.Plant physiolo@" ed. Massachusetts: Sinauer
Associatesp.306.

Taylor, V.F., March, R.E., Longerich, H.P., et al., 20R5nass spectrometric study
of glucose, sucrose, and fructose using an inductively coupladma and
electrospray ionisation. International Journal of Mass Spectront8y pp. 71-84.

Thomas, J.M., Yordy, J.R., Amador, J.A., et al., 1986. Rafedissolution and
biodegradation of water-insoluble organic compounds. Applied anddamental
Microbiology, 52(2), pp. 290-296.

Trolldenier, G., 1988. Visualization of oxidizing power of ricet® and of possible
participation of bacteria in iron deposition. Z Pflanzen@rnBodenkd ,151, pp.117-
121.

Troquet, J., Larroche, C., Dussap, CG., 2003. Evidence &rotiturrence of an
oxygen limitation during soil bioremediation by solid-stiementation. Biochemical
Engineering Journal, 13, pp.103-112.

Uren, N.C.and Reisenauer, H.M., 1988. The role of root exsidmtenutrient
acquisition. Advanced Plant Nutrition, 3, pp. 79-114.

U.S.Department of health & human servicegonline] Available at:
<http://householdproducts.nlm.nih.gov/cgibin/household/brands?thidb&id=3012
(004 > [Accessed 17 April 2010].

U.S.Department of Health and Human Services, 2005. Toxicological eorfofil
naphthalene, 1-methylnaphthalene, and 2-methylnaphthalene. [pdf] Georgia: Agency
for Toxic Substances and Disease Registry. Available at:
<http://www.atsdr.cdc.gov/toxprofiles/tp67.pdf> [Accessed 16 April 2012].

USEPA, 1985



http://householdproducts.nlm.nih.gov/cgibin/household/brands?tbl=brands&id=3012004
http://householdproducts.nlm.nih.gov/cgibin/household/brands?tbl=brands&id=3012004
http://www.atsdr.cdc.gov/toxprofiles/tp67.pdf

US EPA, 1999. Phytoremediation Resource Guide. EPA 542-B-99-003. Office of
solid waste and emergency response. Washington, D.C: EPA

Vamerali, T., Bandiera, M., Mosca, G., 2010. Field cropsploytoremediation of
metal-contaminated land. A review. Environmental chemistry letters, @1)1L-17.

VandenBosch, K.A., Bradley, D.J.I., Knox, J.P. et al., 1989nmon components of
the infection thread matrix and the intercellular spadgentified by
immunocytochemical analysis of pea nodules and uninfemets The EMBO
Journa] 8(2), pp.335- 342.

Van den Ende, W. and Valluru, R., 2009. Sucrose, sucrosyl oligusades, and
oxidative stress: scavenging and salvaging? Journal of ExperinBatéany, 60, pp.
9-18.

Vandevivere, P. and Verstraete, W., 2001. Environmental applsatiln: C.
Ratledge, B. Kristiansen, Eds. Basic biotechnalo@econd edition. Cambridge
University Press. pp. 531-557.

Vangronsveld, J., Colpaert, J., Van Tichelen, K., 1996. Rwtlan of a bare
industrial area contaminated by non-ferrous metals: physieaiical and biological
evaluation of the durability of soil treatment and revagen. Environ Pollution, 94,
pp. 131-140.

Vangronsveld, J. and Cunningham, S.D., 1998. Introduction toaheepts. In: J.
Vangronsveld, S.D.Cunningham, Eds. Metal-contaminated soils: In-situ irtaxtiva
and phytorestorationBerlin Heidelberg: Springer Verlag, pp.1-15.

Vangronsveld, J., Sterckx, J., Van Assche, F., et al., 19&mbilitation studies on
an old non-ferrous waste dumping ground: effects of revagetaand metal
immobilization by beringite. Journal of Geochemical Exploration, 522pp-229.

Vangronsveld, J., Van Assche, F., Clijsters, H., 1995a. Retiam of a bare
industrial area contaminated by non ferrous metals-inrsétal immobilization and
revegetation. Environmental Pollution, 87, pp. 51-59.

Vanova, L., 2009 The use of in vitro cultures for effect assessment of persistent
organic pollutants on plants. Ph.D. Masaryk University.

Vazquez, M.D., Poschenrieder, C. and Barcelo, J., 1989. nBslgtructure and leaf
abscission in cadmium-treated bean plants (Phaseolus wldaaisdian Journal of
Botany, 67, pp.2756-2764.

Verdin, A, Sahraoui, ALH., Fontaine, J., et al., 2006. Effectsanthracene on
development of an arbuscular mycorrhizal fungus andribomion of the symbiotic
association to pollutant dissipation. Mycorrhiza, 16(6),387.-405.

Walker, T.S., Bais, H.P., Halligan, K. Met al., 2003. Metabolic profiling of root
exudates of Arabidopsis thaliana. Journal of Agricultural and Food Chemistry

23¢



51(9), pp. 2548-2554.

Wallace, T., 1943. The diagnosis of mineral deficiencies in plants by visupicsys)
lonline] Available at: < [(http://www.hbci.com/~wenonah/min-def/indexih > |
[[Accessed 12 August 20D9].

Walton, B.T., Guthrie, E.A. and Holyman, A.M., 1994. Toxicaegradation in the
rhizosphere. In: T.A. Anderson, J.R. Coats, Eds. Bioremedi&trough rhizosphere
technology. Columbus, Ohio: American Chemical Society, pp. 11-26.

Watanabe, K., Futamata, H., Harayama, S., 2002. Undeirggatite diversity in
catabolic potential of microorganisms for the developmeht bioremediation
strategieg. Antonie Van Leeuwenhqgek, 81(1-4), pp. 655-663.

Watt, M., McCully, M.E., Canny, M.J., 1994. Formatiordatabilization of
rhizosheaths of Zea mays L.: effect of soil waterteoin PlanPhysiology, 106, pp.
179-186.

Weaver, J.E., 1926 Root development of field croptNew York: McGraw Hill
[online] Available at:
<http://www.soilandhealth.org/01aglibrary/010139fieldcroproots/010139toctrpl
Accessed 23 February 2010].

Weber, A.P., Schwacke, R. and Flugge, U.l., 2005. Solute traespoif the plastid
envelope membrane. Annual Review of Plant Biology, 56, pp. 133-164.

Weissenfels, W.D., Klewer, H.J. and Langhoff, J., 199@sokption of polycyclic
aromatic hydrocarbons (PAHSs) by soil particles: inflleermn biodegradability and
biotoxicity. Applied Microbiology and Biotechnology, 36, pp.689-696.

Wenzel, W.W., Adriano, D.C., Salt, D., et al.,, 1999. Preoediation: a plant-
microbe-based remediation system. In: D.C. Adriano, . JBbllag, W.T.
Frankenberger Jr., R.C. Sims, Eds. Bioremediation of contaminaited $\merican
society of agronomy, Crop science society of Americail Science society of
America, pp. 457-508.

Werck-Reichhart, D. and Feyereisen, R., 2000. Cytochrome P450-A success story.
Genome Biology1(6), reviews:3003.1-3003.0

Wild, E., Dent, J., Thomas, G.O. and Jones, K005. Direct observation of organic
contaminant uptake, storage and metabolism within plant rdetsironmental
Science and Technology, 39(1pp. 3695-3702.

Wild, S.R. and Jones, K.C., 1990lynuclear aromatic hydrocarbons in the United

Kingdom environment. A preliminary source inventory and budget. Bmwiental
Pollution 88 (1), pp.91-108.

23¢


http://www.hbci.com/~wenonah/min-def/index.html.%20%3e%20%5bAccessed%2012%20August%202009
http://www.hbci.com/~wenonah/min-def/index.html.%20%3e%20%5bAccessed%2012%20August%202009
http://www.ncbi.nlm.nih.gov/pubmed/12448761##

Wild, S.R. and Jones, K.C., 1992. Polynuclear aromatic hydvooaruptake by
carrots grown in sludge-amended soil. Journal of environmental qljtpp.2217-
2225.

Wild, S.R. and Jones, K.C., 1991. Studies on the polynuclearaticohydrocarbon
content of carrots (Daucus carota). Chemosphere,23(2), pp.243-251.

Wilkins, B.M., 1999. Light-and gravity-sensing guidance system plants.
Proceedings of the Royal Society London B, pp.513-524.

Wilson, S. and Jones, K., 1993. Bioremediation of soilarontated with polynuclear
aromatic hydrocarbons (PAHSs): a review. Environmental Pollutionp@1229-249.

Wu, G., Shao, H.B., Chu, L.Y., et al., 2007. Insights intoecwhr mechanisms of
mutual effect between plants and the environment. A reviedgronomy for
Sustainable Development, 27(1), pp. 69-78.

Xing, W. Q., Luo, Y. M., Wu, L. H., et al., 2006. Spatial dimition of PAHs in a
contaminated valley in Southeast China. Environmental Geochemisiry@alth 28,
pp. 89-96.

Xu, J.G. and Johnson, R.L., 1995. Root growth, microbial agtasitd phosphate
activity in oil-contaminated, remediated and uncontamahatals planted to barley
and field pea. Plant and soil, 173, pp.3-10.

Yanai, R.D., Fahey, T.J., and Miller, S.L., 1995. Efficigof nutrient acquisition by
fine roots and mycorrhizae. In: W.K.Smith, T.M.Hinckl&gs. Resource physiology
of conifers: Acquisition, allocation and utilisation. San Diego, CA: AcaddPness,
pp. 75-103.

Young, .M, 1995. Variation in moisture contents between bulk soil amel t
rhizosheath of Triticum aestivum L. cv. New Phytologist, 130, pp-139.

Zacchi, L., Morris, I. and Harvey, P.J., 2000. Disordeudtdastructure in lignin-
peroxidase-secreting hyphae of the white-rot fungus Phanerochagsesgorium
Micobiology, 146, pp. 759-765.

Zeier, J., Goll, A., Yokoyama, M., et a1999 Structure and chemical composition of
endodermal and rhizodermal/ hypodermal walls of several speiant, Cell and
Environment 22, pp. 271-279.

Zeier, J. and Schreiber, L., 1998. Comparative investigaifoprimary and tertiary
endodermal cell walls isolated from the roots of five matgledonous species:
Chemical composition in relation to fine structure. Pla@t6, pp. 349-361.

Zohair, A., Salim, A., Soyibo, A.A., et al., 2006. Riegs of polycyclic aromatic

hydrocarbons (PAHSs), polychlorinated biphenyls (PCBs) and ouidorine
pesticides in organically-farmed vegetables. Chemospherpp6341-553.

24C



Appendix 1
Spectrum interpretation and identification of compounds
Note: Apart from methylated, 1 TMS indole acetic acid, the strestdor the derivatised

compounds are not shown here.

TMS derivative of further oxidised or glycosylated/ malongthNaphthol (MW of
Naphthol=144Da)

OH

The high molecular weight ion peak (~m/z 500) in treated rdeéits A1-1) may be

due to further oxidation or glycosylation/ malonylation of naphthrhe presence of
the peak at m/z 216 would be consistent with a trimethylsilyl&1éS) naphthol
component, whilst the peak at m/z 143 would be consistent witholodse TMS
component from trimethylsilyl naphthol. The ion at m/z 144 roarrespond to the
molecular weight of naphthol. The base peak at m/z &4kl de due to loss of one
H atom from the ion at m/z 143. Loss of HOm the ion at m/z 143 followed by
loss of a H atom, would give rise to a peak at m/z 113. ufisable bond in the
aliphatic branch and weakening of the bond in benzene ringeofon at m/z 113
would lead to opening of benzene ring and further fragmentatiand
rearrangements, and might produce fragment ions at m/z 868,765 and 43 due to
losses of neutral C, H, saturated and unsaturated hydoocatmins (Fig. Al-1).
However, whilst the possibility of naphthol cannot be dutaut, naphthol is very
rapidly oxidised (Preis, 2010) and unlikely to be detected asn&ghbthol.

40 70 100 130 160 190 220 250 280 310 340 370 400 430 460 490
(Text Ale) Component at scan 433 (10.716 min) [Model = +142u] in C:\ NISR8\ AMDIS32\ TUTORAL GROBD\ 20110601-NR-A-001.

Fig. Al-1: The extracted mass spectrum for the compound tentaidestyified as further oxidised or
glycosylated/ malonylated naphthol (RT 10.72 min) from treedetiextract

241



Methyl, TMS derivative of Indole acetic acid (I1AA) (MW BAA= 175Da)

O—CH3
@]
/
OH ITI
— i —CH
" CHs

The ion at m/z 216 would be consistent with the loss of Byhgroups from the
molecular ion of methylated 1 TMS IAA (261Da). Loss of atimyl group (15Da)
from methyl, 1 TMS IAA followed by loss of a H atom would/girise to an ion at
m/z 245. The loss of another methyl group from the ion aldBzwould give rise to
an ion peak at m/z 230. Each of these ion peaks is visilte ispectrum in Fig.A1-2.
The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion mass of 147 Da shows d¢kexuafe contains
more than one (ChHsSIO-group. The presence of an acidic group is indicatetidoy
fragment ion of medium-intensity at m/z 45. The weakly olesk ion at m/z 173
would be consistent with the fragment ion which would lteffam elimination of
[(CH3)sSi] followed by NH from the molecular derivative at m/z 261. The base peak
at m/z 142 would be consistent with the loss of;:OH(31Da) from the ion at m/z
173. The presence of benzylium ion is indicated by the peakz 77 (see Fig.Al-
2).

; 7 142

32 45 5966 99 115 131|147 216
10 PO PPPYI MPPPPPPRPIOF 000UV FPRDOEOPOPRURMPUND:+- ARV Bk PPV FRPUPN (1 PPN NP ; ; i ; -
30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 220 230 240 250
(Text FAle) Component at scan 434 (10.734 min) [Model = +142u] in C:\ NISP8\ AMDIS32\ TUTORAL GROBD\ 20110601-CR-A-001.

Fig. A1-2: The extracted mass spectrum for the compound tentatidehtified as IAA (RT 10.73
min) from control root extract

TMS derivative of Malic acid (MW of malic acid= 134 Da)

o] QH

The fragment ion at m/z 335 is due to the loss ot €bim the molecular ion at m/z
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350 (not observed). The ion at m/z 261 is due to the loss B§J¢6i]. The fragment
ion at m/z 232 is due to the loss of [(§$B5IOC=0H] from the molecular ion and m/z
245 is due to the loss of (GHSIOH from m/z 335. The fragment ions at m/z 73
[(CH3)sSi] " and m/z 75 [(CH).Si-FOH] * reveal the presence of a hydroxyl group. An
ion at m/z147 is due to cleavage between the é@htl the CHOH to form the ion
[(CH3)3sSIOC=0CHOH]. The presence of acidic group is indicated by the fragment
ion at m/z 45 (medium-intensity fragment). The losd®fDa (HO molecule) from
the ion at m/z 134 (molecular ion of malic acid), is intedaby the peak at m/z 116
and is derived from the fragmentation process spefoifian alcohol. The 11Ba ion
due to a rearrangement reaction in the ion source produedsagment ion at m/z
117. This ion loses 18 Da {8 molecule), and yields the fragment ion at m/z 99
which splits up to form a COOH ion at m/z 45 and propenoneiom/z 56. The
spectrum shows intensive fragmentation due to aliphatirenaf the molecule (see
Fig. A1-3).

73
1 45 147
ol e bt 101 115 138 | 171 189 | 217 233245 263 307 3
T T T T T T T T T T T T T T T T

30 50 70 920 110 130 150 170 190 210 230 250 270 290 310 330 350
(Text Fle) Component at scan 728 (15.630 min) [Model = +73u] in C:\ NISIB8\ AMDIS32\ TUTORAL GROBD\ 20110601-CL-B-001.R

Fig. A1-3: The extracted mass spectrum for the compound identifiedadis acid (RT 15.63 min)
from control shoot extract.

TMS derivative of Erythritol (MW of erythritol= 122 Da)

2 H
Ho/\r\/(?
H

The fragment ions at m/z 73 [(G)3Si] * and m/z 75 [(CH).Si-OH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyecen the
CHOH and the CHOH to form the ion [(GRSIOC=0OCHOH]. The fragmentation
resulting from elimination of [(Ck)3Si] groups is weakly observed at m/z 118. An
ion at m/z 119 due to a rearrangement reaction in the iomesduobserved, but the
molecular ion at m/z 122 is not observed. The ion at m/z k& 181 Da (CkD°) to
produce the fragment ion at m/z 87. The fragment ion at mip<% 18 Da (kD
molecule) to form the ion at m/z 69. The ion at m/z 119 I&ePDa (CHO)
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followed by 18 Da (HO molecule) to form the weak ion at m/z 70 (see Fig. Al-4).

T T T T T T T T T T B T
60 80 100 120 140 160 180 200 220 240 260 280 300 320
(Text Fle) Component at scan 756 (16.096 min) [Model = +73u] in C:\ NISIB8\ AMDIS32\ TUTORAL GROBD\ 20110601-CL-B-001.R

73
;
01 4% s8 | 89 10 117120 W 189 205217 807
T T T
40

Fig. A1-4: The extracted mass spectrum for the compound identifiedytigitol (RT 16.10 min) from
control shoot extract

TMS derivative of Isocitric acid (MW of isocitric abts 192 Da)

The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The presence of
acidic group is indicated by the medium-intensity fraginappearing at m/z 45. The
loss of 18 Da (KO molecule) from the molecular ion at m/z 192, is indidaby the
high-intensity fragment, appearing at m/z 174 and is derived frenfragmentation
process specific for an alcohol. McLafferty rearrangatcreates a loss of 55 Da
(C'OHC=CH,) from the ion at m/z 174, and is observed in the spectilime.
spectrum shows intensive fragmentation due to many patéfmsgmentations (see
Fig. A1-5).

; 73 174
Je % 8 100 114 130 7| 26 246 S

T T T T T T T T T T T T T
30 50 70 20 110 130 150 170 190 210 230 250 270 290 310
(Text Ale) Component at scan 781 (16.510 min) [Model = +73u] in C:\ NISI98\ AMDIS32\ TUTORAL GROBD\ 20110601-CL-B-001.R

Fig. A1-5: The extracted mass spectrum for the compound identifiesbesric acid (RT 16.51 min)
from control shoot extract

244



TMS derivative of Ribitol (MW of ribitol= 152 Da)

The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH)]. The ions formed due

to recombination with Hions in the ion source are observed at m/z 148, 149 and 150,
but the underivatised molecular ion at m/z 152 is not obdeiMee ion at m/z 205 is
due to [OTMSCHCHOTMS]" (see Fig. A1-6).

1 73
021 ©_ s | s B e Wi 189 205217 . 307 319 _
T T T T T T T T T T T T T T T T
40 60 80 100 120 140 160 180 200 220 240 260 280 300 320 340
(Text Ale) Component at scan 1052 (21.035 min) [Model = +73u] in C:\ NISB8\ AMDIS32\ TUTORAL GROBD\ 20110601-CL-B-001.f

Fig. A1-6: The extracted mass spectrum for the internal standiithl (RT 21.04 min) extracted
together with control shoots

Methyloxime-, TMS derivative of Ribose (MW of ribose=158)D

OH OH

oH

The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The fragmentation
resulting from elimination of [CH3)3Si] and [CHO] groups is detected at m/z 144.
The ions formed due to re-protonation and rearrangemenlmerved at m/z 147,
148, 149 and 150 (original underivatised molecular ion). ThetioWa 149 loses 18

Da (H:O molecule), and produces a fragment ion at m/z 131, whilshétecular ion

at m/z 150 loses 31 Da (@GH) to produce a fragment ion at m/z 119. The ion at m/z
119 loses 18 Da (¥ molecule) and produces an ion at m/z 101, which consecutively

loses 31 Da (CkD) to produce a fragment at m/z 70 (see Fig.A1-7).
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30 60 90 120 150 180 210 240 270 300 330 360 390 420 450
(Text Ale) Component at scan 1170 (23.000 min) [Model = +204u, -273u] in C:\ NISP8\ AMDIS32\ TUTORAL\ GROBD\ 20110601-Cl

Fig. A1-7: The extracted mass spectrum for the compound identifietbese (RT 23.00 min) from
control shoot extract

TMS derivative of Phosphoenolpyruvic acid (MW of phasgmolpyruvic acid=168
Da)

[+}
HO\)/O
HO™\) H
0 H,

The fragment ions at m/z 73 [(GHSi] © and m/z 75 [(CH),SiOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The ion at m/z 255
arises from the phosphate end of the molecule and isodi(€Hs)sSiO],P=00CH]".
The spectrum shows intense fragmentation due to thdiadilip nature of the

compound (see Fig. A1-8).
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Fig. A1-8: The extracted mass spectrum for the compound identifipd@phoenolpyruvic acid (RT
23.86 min) from control shoot extracts

Methyloxime-, TMS derivative of Fructose (MW of fructose=134)

An ion at m/z147 is due to cleavage between the CHOH an@Hi@H to form the
ion [(CHz)3SIOC=0OCHOH]. The ions formed due proton transfer and aegements
are observed at m/z 174, 176, 177, 178, 179 and 180 (original undedvatidecular
ion of fructose; only weakly observed). The ion at m/z 179 ldsesDa (HO
molecule) and forms the fragment ion at m/z 161, whiclsecutively loses 30 Da
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(CH;0O) to produce a fragment ion at m/z 131. The ion at m/z 131 BGd3a
(CH20) which loses 31 Da (G9), yielding successively the ions at m/z 101 and m/z
70. The 101Da ion recombines with 2 H atoms and producegadnt ion at m/z
103 (most abundant ion). The fragment ion at m/z 161 atss @ HO molecules
and one H atom and produces an ion at m/z 124. This 5-mednbag species
undergoes ring cleavage and loses 18 D#&(kholecule) to form the primary alcohol
at m/z 106. The ion at m/z 179 also loses 30 Da,(@Jnd produces an ion at m/z
149 which consecutively loses 30 Da ({€H and produces an ion at m/z 119. The
ion at m/z 119 loses 30 Da (@Bl and produces a fragment ion at m/z 89. The ion at
m/z 89 loses 2 H atoms and produces the m/z 87 fragndetion at m/z 179 loses 2
H>O molecules to produce an ion at m/z 143 which in turn lose®©Gid produces
an ion at m/z 113. The spectrum shows intense fragmentaiainly due to neutral
losses of HO and CHO (Fig. A1-9).
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Fig. A1-9: The extracted mass spectrum for the compound identififdicsse (RT 24.17 min) from
control shoot extract

Methyloxime-, TMS derivative of UDP-glucose (MW of UDRigbse=566 Da)

The fragment ion appearing at m/z 292 (ribose sugar + phatesgroups) loses 30
Da (CHO) and forms a fragment ion at m/z 262. The fragmentabm/z 111
indicates the session of the bond cleavage to releasé. The ions at m/z 133 (after
recombination with an Hion in the ion source), 144 and 179 show the bond
cleavages to release ribose, phosphate groups and glddwsemolecular ion of
glucose at m/z 180 is weakly observed. The glucose ion at m/zo$86 81 Da
(CH30) and produces an ion at m/z 149. The uracil ion at m/z 11113988 (NH)

and forms the ion at m/z 94. The bi-phosphate group fragrtepi®duce the ions at



m/z 80 as well as m/z 96 (see Fig. A1-10).
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Fig. A1-10: The extracted mass spectrum for the compound identifieiD&sglucose (RT 24.36 min)
from control shoot extract

Methyloxime-, TMS derivative of Glucose (MW of glucose =1&)D

OH QH
3 "
0 OH OH

The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the

presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the

CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The ion at m/z 178
loses 18 Da (D molecule) and forms the fragment ion at m/z 160, whicbfis
medium intensity. The ion at m/z 179 loses 18 DaQHnolecule) and forms the
fragment ion at m/z 161, which consecutively loses anoth&€ hholecule and

produces the ion at m/z 143. The ion at m/z 143 loses 30 DgO((d produce a
fragment ion at m/z 113. The ion at m/z 179 also loses 3(CBg0O) and produces
an ion at m/z 149. The ion at m/z 149 loses 30 DaQJHo produce an ion at m/z
119 or loses 18 Da @@ molecule) and forms an ion at m/z 131 (Fig.A1-11).
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Fig. A1-11: The extracted mass spectrum for the compound identifiediessg! (RT 24.64 min) from
control shoot extract

Methyloxime-, TMS derivative of Galactose (MW of galactakg0)
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X "
0 OH OH

The fragment ions at m/z 73 [(G)3Si] © and m/z 75 [(CH).Si-OH] * reveal the
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presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. (see Fig. Al-12).
Fragmentation patterns are similar to that of glucose.
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Fig. A1-12: The extracted mass spectrum for the compound identifegakactose (RT 24.97 min)
from control shoot extract

TMS derivative of Sucrose (MW of sucrose=342)

Ho

OH OH

The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The ion at m/z 437 is
due to cleavage between the two silylated rings. The fragimesitat m/z 275, 245,
227, 209 and 191 are produced from the neutral lossegaHd CHO. The ions at
m/z 119, 131, 143 and 149, which are also present in the product iorspeassim
of glucose and fructose, are formed by neutral losses©fand CHO (Fig. A1-13).
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Fig. A1-13: The extracted mass spectrum for the compound identifisdaiese (RT 37.56 min) from
control shoot extract

TMS derivative of Fructan (MW of fructan= 341; >341 when >&fiose units are

attached)
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The fragment ions at m/z 73 [(GHSI] © and m/z 75 [(CH).SFOH] * reveal the
presence of a hydroxyl group. An ion at m/z147 is due to cleabetyeeen the
CHOH and the CHOH to form the ion [(GHSIOC=0OCHOH]. The medium-
intensity fragments appearing at m/z 361, 362 and 363, and tlebsenved at m/z
334 (related to molecular ion) indicate the molecule hage than one hexose unit.
The ion at m/z 306 indicates loss of 20Hmolecules (from the disaccharide unit at
m/z 342). The ion at m/z 306 loses 2 fOHmMolecules and forms an ion at m/z 246
which consecutively loses another §LHand recombines with an H atom to form a
fragment ion at m/z 217. This 217 Th ion loses,® holecule and forms a fragment
at m/z 199. The fragment ions at m/z 149, 143, 131, 105, 103, 101, 82 aridch
are present in the product ion mass spectrum of fructaleate the molecule is
fructan, and are formed by neutral losses @@HCH,O and H (see Fig. A1-14).
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Fig. A1-14: The extracted mass spectrum for the compound identifiédiectan (RT 50.68 min) from
treated shoot extract

TMS derivative of Trehalose (MW of trehalose=342)

The fragmentation patterns are similar to that of sserdout exhibit less intensity.
The fragment ions at m/z 179 and 161 indicate scission aflybeside bond to form
two [glucoseH] * and two [glucose- §D]*. The ions at m/z 119, 131, 143 and 149,
which are also present in the product ion mass spectrugluocbse, are formed by
neutral losses of ¥ and CHO (see Fig. A1-15).
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30

Fig. A1-15: The extracted mass spectrum for the compound identifiegcelglose (RT 50.96 min)

from control shoot extract
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Appendix 2

Entry of xenobiotics into xylem vessels of plant roots exemplified by Nilred
penetration

Fig. A2-1: Epi-fluorescent micrographs of transversatises of 3 months old carrot (Daucus calota
roots stained with Nile red and viewed through Texas red HiN€ cube (excitation at 589 nm;
emission at 615 nm). a: The plant was grown in clean bafthe plant was grown in fluoranthene-
treated sandl(g kg* sand dw). Arrow shows Casparian band. Diamond arrow skobarin lamella.
Star indicates passage cell. C: cortex; EN: endodelfis; epidermis; X: xylem vessels. Scale:
400pum. A clear banding of Casparian strip and suberin lamellaec was observed in the endodermis of
fluoranthene-treated roots, but the root also possgsseshge cells (indicated by star symbol). Nile
red penetration into xylem vessels was observed in ¢gantkrol and fluoranthene-treated roots. Nile
red uptake into xylem vessels was also observed in the obaiarrot grown in phenanthrene/ pyrene
(1g kg' sand dw)-treated sand.
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Fig. A2-2: Epi-fluorescent micrographs of transvergaitions of 3 months old white clover (Trifolium
repen3 roots stained with Nile red and viewed through Texas ré@ Hliter cube (excitation at 589
nm; emission at 615 nm). a: The plant was grown in clead IsaThe plant was grown in naphthalene-
treated sand (0.8g Kgand dw). Arrow shows Casparian band. Diamond arrow shaesia lamella.
Star indicates passage cell. EN: endodermis; X: xylem vessels. Scale: 400um. A clear banding of
Casparian strip was observed in the endodermis of the coottsl Both Casparian strip and suberin
lamellae were observed in the endodermis of naphthaleatett roots, but the root also possessed
passage cells (indicated by star symbol). Nile red pditetiato xylem vessels was observed in both
control and naphthalene-treated roots.
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Appendix 3

Quantification of naphthalene in the root, shoot tissues of tall feseu(Festuca
arundinacea) grown in naphthalene-treated sand (0.8g kg sand dw) for 6
months using GC-FID technique

Table A3-1: Concentration of naphthalene detected in plant tisstegngin naphthalene-
treated sand (Ogkg ™ sand dw)or 6 months

Plant tissue Naphthalene (ug | No. of replicates of No. of pooled
tissue fw) plant samples extracts run on GC
Mean (xSE)

Root tissue 0.022(+0.002) 6 3

Shoot tissue 0.006 (+0.005) 6 3

No. of GC runs: 2; SE = standard error of the mean
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