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Abstract

The elemental defence hypothesis was first putdoivby Boyd and Martens in 1992. It suggested
that plants concentrate high levels of heavy matdts their biomass to act as a defence against
herbivory. This thesis focused on testing this thesing zinc (Zn) as the accumulated element.
Several plant species, includidg caerulescensare known as hyperaccumulators of Zn and can
contain concentrations greater than 10,000 my Kée research used a novel technique to assess
the levels of Zn in this plant species in the field

Other plant species, which contain more than 200@mkg" but less than hyperaccumulators, are
known as accumulators. They have received increasemlints of attention because research has
shown that these concentrations can still havegative impact on herbivores (Colemanhal,
2005). One of these accumulatoBs, juncea is a fast growing species, well suited to test th
defensive qualities of Zn against herbivores andia®the focus of the rest of the thesis.

B. junceawas tested to see if the uptake of Zn was indudiblassessing if there was an increased
uptake of Zn after plants were subjected to attackhe herbivoreH. aspersaPrevious research
(Hodgeet al, 2000) has shown that many plants are capablacoéasing their concentration of
defence compounds following herbivore attack. Hoavedamage did not increase Zn uptak@.in
juncea so this elemental defence does not appear tocheible. The preference and performance
of herbivores (juvenile and adult. aspersaand larvae oP. brassicag on leaves oB. juncea
containing high and low concentrations of Zn wested. It found that the growth rate of both
juvenile snails and larvae 8. brassicaewvas reduced by a diet of leaves high in Zn comae&nh

and both species selected leaves low in Zn in mafe tests, suggesting that Zn is an effective
defence.

In the final experimental chapter, the thesis eaig@ls the defensive properties of ZnBnjuncea
plants grown in the field. In contrast to the earkexperiments, this field experiment found that
plants containing elevated concentrations of Znewsgnificantly more damaged than those that
had been grown on a control treatment, a resultclwigoes against the elemental defence
hypothesis. The thesis concludes by suggestingaltiaugh increased concentrations of Zn may
have an impact on the growth and behaviour of kerbs in the laboratory, these effects do not
necessarily occur under field conditions.
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Chapter 1: Introduction

1.1 Chapter overview

This chapter highlights the rationale and purpdsendertaking the research for this DPhil.
Beginning by outlining the environmental issue ohtaminated land, it then puts forward
the reasons for investigating the study metal, £i). It then discusses the remarkable
traits of hyperaccumulator plant species, plantt tire capable of concentrating high
concentrations of heavy metals in their above gidodmomass. Following this, it
summarises the current hypotheses as to why plgptsraccumulate heavy metals. It then
focuses its attention on the hypothesis that hesived the most amount of research, and is
the focal point of the thesis, the elemental defemgpothesis. It follows on by considering
the plant specieshlaspi caerulescens ‘model’ hyperaccumulator of Zn and summarises
the relevant published work to dat®rassica junceaan accumulator of heavy metals
including Zn, is then reviewed as a possible atteve to the use of. caerulescen
experiments for assessing the plant defence hypisthaving examined possible plant
species for experimentation, the chapter then £ possible herbivore species to be
used in experiments to test the elemental defelbgegxamining the impact of Zn on
herbivores in any published literature. Lastly, timapter introduces the hypothesis of the

thesis and concludes with the outline of the chaptefollow.

1.2 Heavy metal contamination: A global problem

One of the major environmental hazards that mustalldressed internationally is
contaminated land. This is defined in England aralé4/by part lla of the Environmental
Protection Act of 1990 as:-

“Land which appears to the local authority in whas®a it is situated to be in such

a condition, by reason of substances in, on or utiteland, that:

(a) Significant harm is being caused or there sgnificant possibility of such

harm being caused; or
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(b) Pollution of controlled waters is being, orlisely to be, caused(DETR, 2000).

In 2002 the Environment Agency (EA) estimated ttietre were 100,000 sites across
England and Wales that qualified as coming undetitte of contaminated land (DEFRA,
2008), with approximately 20,000 sites requiringatment (EA, 2004). These types of
estimates are not isolated to areas of the UK, dsata small proportion of a global
problem. For example, in 1990 the US predicted thate were 31,000 sites which
required some form of remediation, generated froming activity alone (Moore and
Luoma, 1990); increased mining activity over thet@0 years would have increased this
number (Tolcin and McNair, 2007). The number offatént pollutants that can
contaminate land is broad and extensive, but tlmupgrof contaminants that are of
particular interest to this thesis are heavy metads the purpose of this thesis metals will
be defined as elements with an atomic number gréhten 20 and that possess typical

metallic properties i.e. conductivity and ductil{fgaskinet al., 1994).

Heavy metal contamination in soils can occur fraatural sources, such as those present in
sulphide minerals (Podat al, 2004), although the vast majority of contaminai®from a

range of anthropogenic activities. Table 1.1 déssithe most significant of these.

Sector Pathway to Environment

Smelting, furnace slag and flute dust, recycling disposal

Mining of waste from mine ore (Haet al, 2002 ; Moore and Luoma,
1990)
Application of sewage sludge, livestock manure, posh
Agriculture fertilizers and agrochemicals to arable land (Nisbo et al,
2003).

Emissions from vehicles, depositing heavy metatipaates
) at the road side and further afield that increase |
Motor Vehicles _ o o _
concentration with increased emissions (Biktsal 2001;

Viard et al 2004).

Table 1.1: Anthropogenic sources of heavy metal contaminatisoils
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Hanet al, (2002) suggests that there are seven heavy sniatglarticular that present the
greatest danger to ecosystems, these are cadmidin ¢Gpper (Cu), chromium (Cr),
mercury (Hg), lead (Pb), nickel (Ni) and zinc (Ziihese seven heavy metals are often the
cause of land being classified as contaminatedprésent the UK government uses soll
guideline values (SGV’s), produced by DEFRA (Depemt for Environment, Food and
Rural Affairs) and the EA, governmental bodiesdébermine whether land is contaminated
with heavy metals. At present there are 7 genesamvin metal SGV’s, available for the
following metals: As, Cd, Cr, Hg, Ni, Se and Pb.eTBGV’s have been introduced to
replace the old ICRCL (Interdepartmental Committee the Redevelopment of
Contaminated Land, 1987) which assigned targetegalthat soils had to be below,
dependent on the land use, to be considered safn Ehough many scientists and
regulators now deem them out of date, as they a@arhonger be used for regulatory
decisions, for the purpose of this thesis the ICR@ger value for Zn (300 mg Ky will

be used (as an indicator for contaminated landjoaSGV has been produced as it is only
phytotoxic and not harmful to human health. In &ddj although Zn is an essential metal
for all plant species (at a concentration betwe@n-180 mg kg) for the production of
enzymes, while also thought to play a role in prtatg plants from drought and disease. At
concentrations in excess of >300 mg'k@qual to the ICRCL trigger value) it can be
phytotoxic to plants, by either stunting growth lalting the plant completely (Emsley,
2001, Kabata-Pendias, 2001).

From the seven metals named by teaal, (2002) above, Zn has been chosen as the target
metal to be studied in this thesis. Zn is th& Bbst abundant element on the planet. It is an
essential component for protein production in altdstrial life (Barak and Helmke, 1994)
and is the second metal only to iron in terms afratance in living organisms (Broadley

al., 2007). Zinc is a commercially valuable matetiaéd in the production of brass and
other Zn based alloys, it is also used in the gahation of other metals to reduce
corrosion to name but a few uses. At present,stilkin the top ten most demanded heavy
metals, with the US alone mining 63,500 metric &minn the year 2007 (Tolcin and
McNair, 2007). While mining activity and demand fdn remains high, so will the

production of waste contaminated with Zn producgdhHe mining, smelting, processing,
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recycling and disposal of the Zn. These activities all sources and potential pathways to
contaminate land (Haat al, 2000, 2001, 2002). So there is still a strongivation for
undertaking research on Zn uptake by plants, pdatily those plants that are capable of
hyperaccumulating Zn into their above ground bisma& large amount of land is
contaminated and a range of plants are capableaing with the contamination in the

soil.

1.3 Hyperaccumulator plant species

Land contaminated with heavy metals at very highceatrations may become barren due
to the phytotoxic effects they have on plant IEgen essential micro-nutrients, such as Zn
and Cu, may prove to be deadly to vegetation i e present in the soil above a certain
concentration. For instance, Zn is essential ingtegluction of thousands of proteins in

plants, but beyond a soil concentration of 300 rgg &an produce toxic effects such as
biomass reduction and fatality of the plant (Bregdit al.,2007, Markert, 1993).

However, a number of plant species have evolvedoje with these potentially fatal
concentrations of metals in soil (Cobbett, 2003)efé are two methods by which plant
species can cope with the stress of phytotoxic eanations of heavy metals in soil. Firstly
by the prevention of the uptake of metal into tHanp these species are known as
excluders. Secondly, by the accumulation of theat(g@tin the plant’s above or below
ground biomass. Plant species that adopt the adationu method can be further
subdivided into three categories (Figure 1.1).datbrs are plants that have concentrations
of metals in their above ground biomass that diyeaefflect concentrations found in the soil
(Baker, 1981; McGratbt al, 2000). Accumulator species accumulate metal eainations
above that of the soil concentration and that founslrrounding vegetation (Reevetsal,
1999; Reeves and Baker, 2000; Coleratal, 2005). Lastly, hyperaccumulators are plants
that capable of accumulating extraordinary highcemtrations of metals in their above
ground biomass even when soil metal concentratomselatively near background (Baker,
1981; Brookset al, 1977; Morrisonet al, 1980). The subdivision of plants that are

accumulators and hyperaccumulators of metals asively arbitrary, but is discussed later.
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The concentration factor of metals in plants caddf@ed as below.

: ‘Metal concentration in the plant (mgRg
Concentration Factor (CF) Jyetal concentration in the soil (mg Ky

The concentration factor of metal tolerant plantfes depending on the plants response to
an increasing metal concentration in the soil. Hgpeumulators will achieve a high
concentration factor even when the metal conceotrain the soil is relatively low,
however, as the metal concentration in the soite@ases only a minimal increase in the
metal concentration in the plant will occur. Whikee concentration factor in an indicator
species will increase approximately linear withreased metal concentration in the soil.
An excluder meanwhile will retain an extremely losoncentration factor until the

concentration reaches such a high concentratidritibglant is unable to prevent the metal

entering.
#  Ezcluder
_E # Indicator
=5
: E Hypetfaccumulator
o
=
E
()
=]
L=
(i)
=
[ )
’ /

>

Idetal concentration i soil

Figure 1.1: Response of plants tolerant to heavy metals withreasing metal
concentration in soils. Adapted from work by Baki€381; McGrath et al., 2000.
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1.3.1 Classification of hyperaccumulator species

Peterson in 1971 was the first author to definetwleways in which metals accumulate in
plants, namely (1) the accumulation of an elemeithimva plant to a concentration that
exceeds that of the growth medium, (2) the possessi greater concentrations of an
element than is usual for that organism. Six yéatex Brookset al, (1977) defined the
concept of hyperaccumulator thresholds, i.e. valtlest if a plant is capable of
concentrating pollutants equal to or above thesestiolds then they may deemed as a
hyperaccumulator of that contaminant. These wefiaet® initially for a number of heavy
metals including Ni and Zn. Table 1.2 below corgaimeshold values for different metals,

and the plant species that are considered to ber&dgpumulator species of each metal.
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Metal Threshold value Threshold values in Typical concentrations in non- Known hyperaccumlators
to be considered a contaminated land hyperaccumulator mg kg*
hyperaccumulator | assessment (e.g. SGV's| (Brooks, 1998; Anderson et al,
mg kg™ values) mg kg* 1999)
_ b 30residentiaf Arabidopsis halleri(Bert et al,
Cadmium 100™° _ _ 1
500 industriaf 2003).
_ _ Silene vulgaris (Freot et al,
Copper 5000 130residentiaf 1
2003).
] 75residential Berkheya coddii (Anderson et
Nickel 5000 _ iy 2
5000industrial al., 1999; Angleet al, 2003).
_ 35 residential® Astragalus pattersonfAnderson
Selenium 1000 _ _ 1
8000industrial® et al, 1999).
Thlaspi caerulescendBaker and
zZinc 10,006 300 residential 100 Brooks, 1989; Brownet al.,
1995).
450residential Sedium alfred{Sunet al., 2005).
Lead 1006 _ - 5
750 industrial

Table 1.2: Hyperaccumulator threshold values, soil contamimatialues and examples of hyperaccumulator plastisp n.b. pH

dependent.

%(Brooks, 1998.% (Baker and Brooks, 1988)Bakeret al, 1994)' (DEFRA and EA, 2002&)(DEFRA and EA, 20025)(DEFRA
and EA, 2000c§ (DEFRA and EA, 2002d) (ICRCL, 1987)(DEFRA and EA, 2002e).
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Scientific research has identified approximately) 4bown species of hyperaccumlators,
which are able to extract a range of contaminaRtoéenset al, 2003). However, nearly
75% of the plants species that have been identifiednyperaccumulators are solely

associated with the accumulation of nickel (Assoregéal, 2003).

1.3.2 Why do plants hyperaccumulate heavy metals in theimbove ground
biomass?

At present our understanding of why these plantcisge accumulate such high

concentrations of metals in their above ground laissnis still unclear. However, several

researchers (Reeves, 1981; Boyd and Martens, He8¥50net al, 2004) have put forward

five possible hypotheses as to why they do, moswluth are proposed to have some

benefit for the plant.

1) Inadvertent uptake — Plants grown on nutrient Emils tend to have high affinity
systems to overcome the low concentrations of entsi This in turn increases the
inadvertent uptake of heavy metals into the plBakér and Walker, 1989; Severne
and Brooks, 1972).

2) Metal tolerance — Plants that are tolerant to leghcentrations of heavy metals
sequester the metal into inert parts of the planhss the vacuole in leaves. These
leaves are then shed from the plant, thus enaldiaglant to cope with the high
concentrations of heavy metals in the soil (Brode98; Baker, 1981; Baker, 1987,
Ernst, 1972; Farago and Cole, 1988; Kruckeburg Whd, 1992). A competitive

advantage of this is the interference with othants.

3) Interference with other plants — Similar to hypaise(2) in that it involves plants
that are tolerant to high concentrations of heaeyats sequestering the metal into
inert parts of the plant such as the vacuole indsaThese leaves are then shed
from the plant and their decomposition increasesctincentration of metals on the

surface of the soil, making harder for neighbonitants species with a lower metal
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tolerance to compete in the same area (Baker andkBy 1989; Gabriellet al,
1991).

4) Drought resistance — Some authors have found hieatptake of Ni by some plants
species may help them to cope with drought stralispugh to date the exact
mechanism underpinning this is still not fully unsteod (Baker and Walker, 1989;
Robertson, 1998; Severne, 1974).

5) Pathogen/herbivore defence — The uptake of higlalnsencentrations in the plants
above ground biomass acts as a secondary defendeaniem for the plant by
either directly or indirectly affecting the amowftdamage the plant is subjected to
by pathogens or herbivores (Ernst, 1987; Eatsal, 1990; Reeves, 1981). Since
the initial proposal of this hypothesis it has bdarther refined by Boyd and
Martens (1992) as the elemental defence hypothdssussed in more detail in

section 1.4.

There have only been a limited number of studieglaoted on hypotheses 1-4, partly as a
result of the complexity of testing some of thegpdtheses (Boyd, 1994). It has been the
elemental defence hypothesis that has received afodte academic attention recently,

although research in this area is still relativetyited. For example Boyd (2007) states that
the number of published papers testing the elerhdatance hypothesis with respect to Zn

is eight, in a review of work conducted on the edatal defence hypothesis.

1.4 The Elemental defence hypothesis against herbivores

As mentioned above, the elemental defence hypatipesposes that plants sequester high
concentrations of elements (typically heavy metalg) their above ground biomass to act

as a secondary defence mechanism against herbi{Bogd and Martens, 1992).

This hypothesis has two modes of action by whiah plant may exhibit the elemental

defence to defend against attacking herbivoresdifEct toxicity of the consumed plant
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material on the attacking herbivore, by either adwoixicity of the individual resulting in
mortality, or by chronic toxicity reducing the grtwand development of herbivores
resulting in lower fecundity (Boyd and Moar, 19%9egemaret al, 2006; Freemast al,
2007; Jheeet al, 2006); (2) deterrence of herbivores, wherebyntpléssue containing
elevated concentrations of elements is consumeddesa direct result of the herbivores
preferring plant material that does not have sugh boncentrations (Boyd and Martens,
1992; Boyd and Martens, 1994; Boyd, 2007; MartertsBoyd, 1994).

The action of plants concentrating elements inrttigsues against herbivores may be more
desirable than the use of other types of seconclaeynical defences produced by plants,
because there is no synthetic cost to the plamt,t@ energy to sequester and transport
elements around the plant is relatively low (Bak&81; Krameret al, 1996; Leeet al,
1978 as cited in Brooks, 1998). In addition to tltisnay be harder for the herbivores to
adapt to metal-based defences as, for example)smatanot be broken down by enzymes
or easily excreted by the herbivore (Baker, 198@rths and Boyd, 1994).

However, this is not to say that herbivores caimrtwnvent defence systems involving
metals. Herbivores may overcome the toxic affettth® metal in plants by the avoidance
of plant tissue that contains the metal, or bytdifyithe metal rich plant material with other
components in their diet and the possession of ysiplogical tolerance to the specific
metal (Boyd and Martens, 1992; Boyd and Marten8418oyd, 2007; Martens and Boyd,
1994).

It has been suggested by a number of authors lieaé tis a trade-off in plants using
elemental defence between the concentration oflsngtdhe plants tissue and the amount
of chemical defences produced by the plant (Dands Boyd, 2000; Noret, 2005; Tolet

al., 2001). As the availability of the element in thal increases, and a plant capable of
sequestering high concentrations of elementsgitg/peraccumulator species) increases its
metal concentration, the concentration of chemilsdence compounds decreases (Figure
1.2). Tolraet al, (2001) witnessed a reduction in the levels ofcgsinolates, a group of

chemical defences found in plants from Beassicaceadamily, when they grew a Zn
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hyperaccumulator species ©f caerulescensn a high Zn media compared with the level
of glucosinolates found in a non-hyperaccumulatmtype ofT. caerulescensThere have
been similar studies to the one above that haveodsirated a decrease of organic defences
by hyperaccumulators when supplied with media lmgtihe concentration of element they
are capable of hyperaccumulating, (e.g. Freema@5j2Kramer (2005) and Tolrét al,
(1996)). However, these trade offs are not alwaydemt and the possibility that there is a
synergistic effect between the two defence systeassalso been suggested (Dyer, 2003

and Jheet al, 2006).

Metal accumalation

Plant response

Organic defense

Inereasing metal avalabiity

Figure 1.2: Trade-off Hypothesis adapted from Boyd (2007)

It is important to note that elemental defences loarvery specific, for example a plant

species may only demonstrate a elemental defemaenfp one or more elements, against
only one or two herbivores, i.e. elemental deferaresplant species, element and herbivore
specific (Boyd and Martens, 1992). This makes tgstihe defence hypothesis effectively a

challenge, particularly in terms of establishing general patterns.
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1.4.1 Features of elemental defence?

Plants have two main ways of defending againstihents, physical defences, for instance
spines or hairs on the plant which provide an albstthe herbivore must overcome and
chemical defences, i.e. the production of secondamypounds, such as phenolics or
glucosinolates, which are toxic to herbivores. The= of metals in plant defence is
analogous to a chemical defence, due to the pathwayhich metals are sequestered,
transported and ultimately stored by the plant.r@bal defences, including heavy metals,
have two potential modes of action: the elevatattentrations of metals within the plant
material may directly result in herbivores beindgedeed from attacking the plant; the
consumption of plant material containing heavy ntsetan have a negative impact on the
growth and survival of herbivores, which may ulttetg lead to a reduction in the overall

damage to the plant.

Many chemical defences are inducible, i.e. thest fappear, or increase in concentration
following damage to the plant by herbivores. Havprgposed that the use of metals in
plants as a type of chemical defence in plants,ldgical to also examine the possibility of
this defence being inducible. Many examples of aildle defences are known (Karbon and
Baldwin 1997), although it is important to emphasdizat many induced chemical changes
may not benefit the plant because there is no eleidence they have an adverse impact on
the herbivore. For example, research has found ghaholic compounds accumulate in
plants following exposure to herbivory (Coleman alwhes 1991), but how much and
which type of phenolic induced was dependent ontyipe of herbivore inflicting the
damage (Hartley & Lawton 1987). Furthermore, maeasbtvores were unaffected by such
changes (Hartley & Jones 1989). However, many iaduwefences have been shown to be
effective (e.g. Massey and Hartley, 2007) and iy io@ beneficial for plants to sequester an
increased amount of metal into their above grourmambss having been exposed to

herbivory, hence elemental defences could be idici
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1.5T. caerulescens a hyperaccumulator of Zn

T. caerulescenss described by some researchers as a ‘mdggleraccumulator species
(Bakeret al, 1994; Kramer, 2000; Lomladt al, 2001), with a high affinity for Zn. It is
capable of accumulating Zn concentrations in ivalground biomass greater than 10,000
mg kg', 1 % dry weight (DW). Research by Baker and Beo¢k989), Bakeet al,
(1994b) and Browret al, (1995) has shown that this plant is capable columulating
levels of Zn up to 3% of its biomass DW. The Zntaken up through the root and
deposited in vacuoles in leaf cells, where the<stored in a soluble form (Kupper al,
1999; Freyet al, 2000). In addition to being classed as a Zn mggmmulator,T.
caerulescenfias been shown to be tolerant to a number of dteavy metals, i.e. when
they are present at phytoxic concentrations in rapthgenic contaminated soils (e.qg.
Ingrouille and Smirnoff, 1986; Meerts and IsackeE997). For example, there is mounting
experimental evidence to suggest, thataerulescenshould also be classed as a cadmium
hyperaccumulator (>100 mg Kp(Robinsoret al, 1998; Beret al, 2000).

This plant species, commonly known as alpine pesregs, is found in certain areas of
central Europe and a number of sites in the ndrtheoUK, usually on serpentine soils that
contain a range of heavy metal contaminants atergretions that would be phytotoxic to
most other plant species. The plant is a bienniagghort lived perennial, which has no
commercial value. Physically it is relatively smiallstature, formed of a basal rosette with
smooth spoon shaped leaves, and which may produeeiomore racemes, which have
arrow shaped leaves and white flowers, there idamumentation on which herbivores feed
on this plant species (Baker and Procter., 199Gndsa 2002). Figure 1.3 showk

caerulescengrowing in the wild.

Although the reasom. caerulescentakes up such high concentrations of Zn is unknatvn

has been shown to be a plant that has a hightgfanid increased internal requirement for
Zn (Chaneyet al, 1997; Shert al, 1997). Research conducted by Whiting (1998) sttbw
that this plant species is capable of discrimirtativetween areas of different Zn

concentrations, and Haines (2002) showed thabdtsractively search out areas with high
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concentrations of Zn. Table 1.3 summaries some dgyeriments involving the Zn

hyperaccumulator plant speci€scaerulescens

b . kE "
Stoaed e M rTerh Ofrs

Figure 1.3: T. caerulescengrowing in the wild (Anderberg, 2008).
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Zn Concentration in

Range of Zn in

Typfa o growth medium plant shoots Main experimental outcomes Reference
experiment N N
(mg kg™) (mg kg™)
Even at low Zn concentrations in sdil | Ozturk et al,
Pot trial 0-75 <15 -650 | caerulescensvas capable of accumulating2003).
Zn into its biomass.
Sections of a pot T. caerulescenseems to use its roots tddaines (2002).
Pot trial contained 0, 200 , 300, Not measured| actively seek out areas of high Zn.
1000 additional Zn.
T. caerulescengrown in wild upon highly Baker et al,
Field study 19326 + 2476 19071 £ 248bcontaminated  soil. Plants had @(l994).
approximate bioaccumulation factor of 1.
The potential for phytoextraction jdMcGrath et al,
_ increased 2 fold if seeds are planted direc{B006).
Field study 107-365 5259-10,858 _

into the ground, while chelating agents

not increase Zn uptake.

lid

Table 1.3: Experiments involving uptake of Zn By caerulescens
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Despite the existence of several previous studigs (Table 1.3) there are drawbacks to
usingT. caerulescen®r research on the elemental defence hypoth&isough it has the
ability to hyperaccumulate high concentrations of i its above ground biomass while
tolerating phytotoxic concentrations of other comtzants, it is slow growing and produces
relatively low biomass (Ernst, 2000; Lombt al, 2001; McGrath and Zhao, 2003),
typically a maximum of 0.2-1.6 g DW per plant (Hesn 2002). It should be noted that both
the genotype and ecotype of the any plant spe@ashave a significant impact on the

plants ability to sequester Zn into to biomass.

1.6 Brassica juncea -an accumulator of Zn

Since the introduction of the system classifyingnplspecies into accumulators of heavy
metals (as opposed to hyperaccumulators) by Reawd8aker (2000), there has been an
increased interest in the use of heavy metal actaioruplant species. This is due to the
fact that the potential numbers of plant speci#sfpinto the accumulator category are far

greater than those of hyperaccumulating statudragdently have greater biomass.

One of these accumulator specie8iguncea(Indian mustard, Figure 1.4), a commercial
crop plant (contributing to the third largest edildil production, Sinha&t al, 2010) that
produces high biomass (Sat al, 1995). Found predominately in central Asia and
northern Europe, but also in a few locations otdni, it is a fast growing annual crop that
is capable of self-pollination. This plant spedies been found to be tolerant to a number
of heavy metals, including Pb, Zn, Cd and Se (Clgmet al, 2005; Ebbs and Kochian,
1997; Irtelli and Navari-Izzo, 2006; Kumet al, 1995). The majority of the work on this
species has focused on its uptake of Se, with coratens exceeding 1500 mg Kgn its
above ground biomass DW, categorising it as a lagoeimulator of Se, with experimental
results providing evidence to support the elemedt&fence hypothesis for this metal
(Hansoret al, 2003; Hansoet al, 2004; Freemaat al, 2006; Freemaat al, 2007).

It has also been found to be an accumulator of &ith above ground biomass
concentrations greater than 2000 m@' KGlementeet al, 2005; Podaet al, 2004). The

Chapter 1: Introduction



17

main scientific focus on this plant has been agsgsts suitability for phytoremediation

(Section 1.8), with very little attention havingdoepaid to its link with the elemental

defence hypothesis, as its Zn concentrations ateasoextreme as those found in
hyperaccumulators. Clemens (2006) however, wasobriee first authors to suggest that
even the heavy metal concentrations found in actatomuplant species may have an
impact on feeding herbivores. Therefore, this plgpecies could be useful for testing
whether the elemental defence is effective in acdatars as well as hyperaccumulators of

Zn. In addition to there being a range of both gaimst and specialidBrassicaeherbivores

that feed on it in the wild.

K. %3 ] > s " *"';'-m"'-'-'.:-' i
Figure 1.4:B. junceagrowing in the wild (Redfearn, 2008).
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1.7 Herbivores — which species to study

The ecological importance of studying the defengeothesis and its effects on both plants
and herbivores arises from the possibility of teeding herbivore becoming a pathway for
heavy metals entering the food-chain (Nascimestoal, 2006). Determining which
herbivore species to use when investigating thexactions between heavy metal uptake by
plant species and the effect on feeding herbivasesot easy. The species needed to have
been shown to respond to Zn but also readily avigland convenient to study. The species

should also encounter Zn rich plants in naturalesys.

1.7.1 Snails

Snails have been used in a number of studies,rigaki the effect of a high Zn diet on the
herbivore. They have also been used in a numbgreéérence feeding trial experiments, in
which the snails were given a choice between argbmiant and one with a high
concentration of Zn. Snails are important herbigai@ study, as most of the species are
generalists and are common across most of Eurgpajedl as being an important food

source for many predator species further up thd tain.

A preference feeding trial by Noret al, (2005), found that snailsi€lix aspersawere not

deterred from consuming plant matter that had amtnagons of Zn present in the range of
2600 and 5000 mg Kg These results however do not provide conclusiideace that

snails are not deterred by increasing levels ofirzplant biomass, but rather that their
tolerance to Zn might be higher than that in thipezgiment. Also the experiment only
looked at the preference the snails had for aqaati “contaminated” leaf over a control,
while not examining the overall performance effdbit the consumption of high levels of

Zn might be having upon the snails.

Growth performance trials on snails have howevenlmnducted by Gomot-De Vaufleury
(2000). This experiment involved the feeding ofilnéd. aspersawith a feed that was
spiked with Zn, (4000, 6000, 10,000 mggas well as a control that contained no

additional Zn. The trials were conducted on juvershails (five-six weeks old) into
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adulthood; snails were fed one of the four difféfeeds. Results from the experiment were
very interesting as it was found that the 4000 my§ feed started to cause toxic effects in
the snails. The E€ value (the concentration that has a lethal effatt56% of the
population) was found to be 5500 mg’kgrhis may explain the observations seen by
Noretet al (2005), in which the snails where not deterred bseahe high concentration
used, was just below that of the £@alue found by Gomot-De Vaufleury (2000). So it
may be possible to speculate that although the bigitentration of Zn used by Norett

al., (2005) has adverse health effects on snaitsnbt high enough for the snails to sense
it. Therefore a choice performance test that uggseh concentrations of Zn in leaves may
yield a different result than that found by Noeeal, (2005).

Laskowski and Hopkins (1996) conducted work int® éiccumulation of heavy metals into
the body and shell of the sn&ll aspersato see what implications it might have for its
predators. Zn, which was one of the metals they uséheir experiments, was presented to
the snails at concentrations in the range of 392200 mg kg. Results from the
experiment showed that Zn was accumulated in tifietissue of the snails at the same
proportion as that of the feed they where giverhwD% of the Zn being assimilated from
the food into the body tissue. Their findings atdww that the amount of contaminants
sequestered into the shells of snails is not sgant. They conclude that snails are not
important sources of Zn to higher levels of thedf@bain. This conclusion seems open to
interpretation, because for a snail populatiorhewild feeding on a plants species that are
hyperaccumulators of Zn, the level of Zn in thedftdissue may be of significance to
species further up the food chain, especially whesdators of snails tend to feed on
several snails a day, presenting a possible raut&ri to bioaccumulate in higher trophic

species.

B. juncedeaves containing elevated levels of Se were fowtdo affect the growth of the
snail speciedMesodon ferrissi The snails were not found to have a preferenbhenw
presented witlB. juncealeaves containing elevated concentrations of Sleaacontrol leaf

(Hansoret al, 2003). But as the elemental defence is planthietrbivore specific, leaves
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of B. junceacontaining a high level of Zn as opposed to Se praye to give a different

outcome.

1.7.2 Slugs

Slugs like snails form an important link in the ébohain to higher trophic level species;
hence this may also be a route for the transpattamsumulation of Zn in species further
up the food chain. Pollard and Baker (1997) exadhititee preference feeding habits of
Deroceras caruanaécommon garden slug) on leafs from the Zn hypenacdator T.
caerulescenghat had been grown in a range of Zn concentrati®he results showed that
although the slugs sampled the higher level leaaesait observed by many generalist
herbivores, the overall consensus showed a choicdedves with a lower concentration of
Zn. Greville and Morgan (1991) also worked with caruanae,they transplanted slugs
from sites where there was no Zn contaminationtés svhere there was and grew them for
twenty days. Results from the experiment showed ttaasplanted slugs contained, after
twenty days, higher levels of Zn in their body tiss than those living on the contaminated

site, thus showing that slugs may inherit toleraioc2n.

1.7.3Lepidoptera

Preference trials by Pollard ett al,, (1997) on the caterpillar speciegris brassicaaising

leaves ofT. caerulescenagain showed preference for plant leaves with tdvelevels.

Pieris rapaewas found by Hansoet al, (2003) to have a preference #rjuncea leaves
containing low concentrations of Se. They also dat®d that the high concentration of Se
in B. juncealeaves had a significant impact in the growth o ttaterpillars, when
compared toPieris rapaereared on a diet with a control level of Se. Taigperiment
provides strong evidence for the elemental defértyp®thesis, an extension of this will be
to change the element, i.e. to our target metalnpfagain to increase our understanding of

the elemental defence hypothesis.
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1.8 Phytoremediation: the potential use of hyperaccumuaitor plant
species

Whilst this thesis focuses on the potential ecaalgproblems for herbivores feeding on
hyperaccumulators and the implications of this é@ganisms up the foodchain, it is
important to remember that hyperaccumulators atsee lthe potential to be used in the
clean-up of contaminants of soil by remediationthif is the case and their use becomes

widespread, the potential impacts on natural fdwadrs will need to be considered.

The two main ways in which land can be remediagdayiremoval of the contaminated soll
or by stabilization of the pollutant thus prevegtibfrom being a threat to the environment
(Susarlaet al, 2002). However, current techniques in land reatexh are very intrusive
and are very expensive, typically between £38 d@idbfer ton (Ciccet al, 2003; Cl:aire,
2005; Glass, 1999; Mulligan, 2005).

Phytoremediation however, has been described am-aitu, environmentally friendly
process for remediating water systems, atmosplmilutants and contaminated land
(EPA, 2001; Raskiret al, 1997; Susarl&t al, 2002). There are seven known ways in

which plants, trees or fungi can be used to rentediee environment (Table 1.4).
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Process: Category: Mode of action:

The breakdown and transformation |of
Phytodegradation Degradation | hojutants within the plant by enzymis

_ _ Similar to the above but takes place in the
Phytodegradation Degradation _
root zone by fungi and bactefia

Contaminants are metabolized and then
Phytovolatisation Dissipation | volatized into the atmosphere as harmless

chemicalg.

The root zone of the plants binds
Phytostabilization Immobilisation | contaminants to itself thus making them

unavailable to other specigs

_ o Similar to the above but in an aquatic
Hydraulic control Immobilisation _
environment.

The accumulation of pollutants by plants
Phytoextraction Accumulation | in their above ground biomass, that may

then be harvested and disposedl of

Similar to the above but for aquatic

o ) ) environments with trace amounts |of
Rhizofiltration Accumulation o
contamination, where by the pollutants are

sequestered in the rodts

Table 1.4: Methods of phytoremediation
2 (EPA, 2001 (Raskinet al, 1997)

It is the phytoextraction method of phytoremediatibat is relevant to this research, where
contaminants are concentrated into the plants abgreeind biomass.The range of
contaminants suitable for phytoextraction is geitéensive, it includes a number of heavy
metals, organic and inorganic pollutants (notablyTCalong with chlorinated solvents) and
some radionucli (EPA, 2001 and Susatal, 2002), it is only limited by the identification
of a plant species that accumulates the partiqud#lutant. There are two main strategies

that can be employed when examining the possibdftyising phytoextraction for land
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remediation; these are (1) to use plants that ansidered to be hyperaccumlators which
naturally take up high concentrations of pollutamstheir biomass, though typically
produce small amounts of vegetation (McGrathal,, 1993; Bakeret al, 1994). (2) A
second technique is to use plants that produce langounts of biomass that can tolerate
moderate amounts of contaminants in the soil batreat deemed as hyperaccumulator
species (McGrath, 2005).

The advantages and disadvantages of phytoextraasi@nmethod for phytoremediation are

summarised in Table 1.5.
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Advantages

Disadvantages

Environmentally friendly — as it doesn’l

involve the use of potentiall

environmentally damaging chemicals
removal of waste to be taken to land
(Raskinet al, 1997).

Contaminated waste -—

yproduced by the plant will contain ‘higl

aroncentrations of contaminants, theref

fitlould be classed as hazardous w;

(McGrath and Zhao, 2003; Rock, 1997).

the biomas;s

JJ

—

ore

aste

Phytomining — there is a possibility tha
heavy metals with a high market price su
as copper or gold may be reclaimed
incinerating the biomass produced, th
reclaiming the metal (Baker and Brook
1989; Nicks and Chambers, 1995).

aitNot economically viable— at present plan

Igelds have not accumulated sufficie
lmpncentrations of metals to make thig
\wsable financial option (Nevedt al, 2007)

S,

—

nt

th

phytoextraction would be considerak

Cost current

predictions are

cheaper that current remediation strateg
Estimates by Cl.aire (2005) are as low

£0.16 per ton of soil.

aTime — most sites that are considered

Ipeing contaminated would require a num
ie$.crop cycles to bring the concentration
#ime with government’s legislation of what
acceptable. Also additional cost for biomg
treatment, which can include ti
incineration of plant matter and landfill
residual waste. (Cunninghaet al, 1995;

Cl:aire, 2005)

as

ber

n
is
NSS

ne

Insitu — phytoextraction will take place

aPotential ecological impact— it has beer

the source of the contamination andypothesised that phytoextraction may h

although may not remediate Ila

immediately would provide a mol
aesthetically pleasing option to denud
brown field sites at present (Cunninghat]

al., 1995; Susarlat al, 2002).

nd negative ecological impact by movi

econtaminants ‘locked’ in the soil to becor

evailable above ground herbivores wi

possible adverse effects on higher trop
levels (Frieslet al, 2006; Nevelet al,
2007).

Il

hic

Table 1.5: Advantages and disadvantages

of phytoextraction
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Phytoextraction is still very much in the develomta stages and has not yet become a
widely used strategy. There have been numeroudgdabd studies but only a handful of
field experiments to date (Baker and Whiting, 2002Grath and Zhao, 2003).

1.9 Thesis hypotheses

The research contained within this thesis combinése use of Zn
hyperaccumulator/accumulator plant species andniteeaction of herbivores feeding on
them, using both lab and field based studies. Towk&ims to further our understanding of

the elemental defence hypothesis from both thetgland herbivores’ perspective.

From this review of the literature the followinggotheses were established:

1) The concentration factor of Zn in the above grobimmmass ofT. caerulescens
along with other physiological factors, such asntass above and below ground,
total Zn concentration and root: shoot ratio, \aller significantly when grown in

media of varying Zn concentration (Chapter 3).

2) Zn concentration iB. junceaplants will differ significantly between those gno
on media that contain additional concentrationgrofind those grown on a control
medium. The Zn concentration in both leaf and stefmplants grown on all the

treatments will change significantly as the plamivgs through time (Chapter 4).

3) B. junceaplants grown on a high Zn medium will increasdrthencentration of Zn
in their above ground biomass when exposed to Vempidamage from the
generalist herbivorél. aspersato a greater extent than plants grown on the same
media that are not exposed to herbivory. This Hypsis addresses whether the
elemental defence mechanism of Zn uptaké3bjunceais inducible by herbivore
attack (Chapter 4).
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4) Increased Zn concentration in leaves from plantsvgron a medium containing
additional Zn consumed by selected herbivores valle an impact on their growth
and performance, compared with the performanceedditores fed on leaves from
plants grown on a media not containing any addiofin (Chapter 5). This
hypothesis was tested using juvertileaspersaadultH. aspersaandP. brassicae

caterpillars.

5) Selected herbivores will choose to consume leavdsvo Zn concentration over
those with high Zn concentrations (Chapter 5). sThypothesis was tested using

juvenileH. aspersaadultH. aspersaandP. brassicaeaterpillars.

6) P. brassicaethat have consumed a diet Bf juncea leavefrom plants grown on
soil containing additional Zn, will have a higheoncentration of Zn in their
biomass, than caterpillars that have consumeguncealeaves from plants that

have been grown without any additional Zn (Chapjer

7) Plants grown to have higher Zn concentration$airtabove ground biomass will
experience less herbivory when grown in the fiélant plants containing ‘normal’
concentrations of Zn in their above ground biom@isapter 6). This hypothesis

tests whether the elemental defence hypothesfterstige under field conditions.

1.10 Outline of chapters

Below is a brief summary of each of the chapteas éine to follow:-

Chapter 2: General experimental methods —This Chapter outlines the general
experimental techniques which were employed imthgrity of the experiments contained

in the thesis.

Chapter 3: Evaluation of the Zn hyperaccumulatorT. caerulescensn lab and in the
field — The first of four experimental chapters u3egaerulescenas a ‘model’ species for

the investigation of the uptake of Zn by plantsaatefence against herbivores. Plants were

Chapter 1: Introduction



27

grown in three different Zn treatments and withaddlitional Zn and fed tbl. aspersan a
small scale preference trial. It also includessidfevaluation off. caerulescens terms of
soil and plant foliage Zn concentrations, growithi@ wild at two sites in Derbyshire, UK.

Chapter 4: Accumulation of Zn in B. junceawith and without herbivory over time
and the possible induction uptake by the herbivoréH. aspersa— The Zn accumulator
speciesB. junceawas assessed in two experiments. Firstly uptakénobver time in the
stems and leaves of plants in two Zn treatmentsaandntrol; in addition it investigates
whether the general herbivoke aspersais capable of inducing increased Zn uptake in
plants grown in additional Zn, hence testing wheteemental plant defences are
inducible.

Chapter 5: Testing the elemental defence hypothestd Zn accumulation in B. juncea
using the generalist herbivoreH. aspersaand the brassicaceae specialigt. brassicaen

the lab —Having established th&. junceais a suitable plant species for accumulating Zn
in its above ground biomass, the potential imphi tould have oid. aspersguvenile
growth and adults fed on a diet of high and low #naddition it also examines the
preference of adult snails when repeatedly givenféleding choice between high and low
Zn leaves. Furthermore it examines the feeding epeece and performance of the

caterpillarPieris brassicded on a high and low Zn diet of leavesBofjuncea.

Chapter 6: Evaluating the elemental defence hypotlsgs of B. juncea(an accumulator

of Zn) under field conditions —The experimental chapters so far have concentratddb

based experiments with plants grown in glasshoasdsherbivores being observed under
laboratory conditions, the experiment in this cleagdireaks the mould, by being a large
scale field experiment. Here plants grown in foiffedent Zn concentrations were placed
in three locations on a field, for a time periodtiofee weeks, during this time the plants
were assessed for percentage damage caused byonestand abundance of herbivores on
the plants. At the end of experiment mean Zn canagons in the plants biomass was

determined to and evaluated to see if this wasdtter for the trends in herbivory.
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Chapter 7: Discussion —This final chapter collates all of the findingrin the four

experimental chapters and summaries their outcobatis,in terms of their results and their
success at fulfilling the aims of the thesis, imliidn to evaluating them against research
conducted by other scientists. It concludes by sstijgg further research questions that

have been generated from conducting this work.
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Chapter 2: General experimental methods

2.1 Introduction

The purpose of this chapter is to describe the rgeéramalytical methods and plant/soil
experimental techniques that have been implemenmtggbatedly in the numerous
experiments that follow in subsequent chaptersmclbrporates any method that is referred
to in more than one chapter. Beginning with théahgrowth, transplanting and harvest of
plants, it continues to describe the productiogrofvth media, the decomposition of plant
and soil samples by acid digestion, the chemicalyais by Flame-Atomic Absorption

Spectrometry (F-AAS), the analysis of plant samgdlas Carbon and nitrogen content

(C:N) and concludes by defining plant:metal coniaran factor.

2.2 Plants

2.2.1 Germination ofB. junceaseeds

Germination was carried out by dispersing seedsoappately 1 cm apart, onto wet
vermiculite in a seed tray 2.5 cm deep. The semgbtwere then placed on a greenhouse
work bench with a temperature of 22/A% and a day/night cycle of 16/8 hr. Prior to use,
B. junceaseeds purchased from Herbis¢2006) were stored in a cold room (3&). The

of number of seeds germinated for any particulgeement was calculated as the number

of plants required, plus an additional 20 % towalfor any seeds that failed to germinate.

2.2.2 Initial growth of B. junceaplants

After 7-10 days, the seeds had germinated and gtowpproximately 3 cm in height, with
their cotyledons present. The number of plantsireduor any given experiment, plus an
additional 10 %, were then pricked out of the veutate and cultivated in plug trays,
containing only compost (John Innes no.2) see Eigut. They were grown for a further
10 days by which time they had reached a mean heifgh cm and the first set of true
leaves had emerged. At this stage, similar sizdiVioluals were selected and transplanted

into the relevant growth media for the experimegihg conducted.
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Figure 2.1: Initial growth of B. juncean plug trays

2.2.3 Growth and maintenance of plants

Once the plants were established in the relevaswthr medium, they were grown under
the same conditions as mentioned in Section 2@&.1hte remainder of the experiment,
unless specified differently in the individual exipgental design. All plants were kept well

watered with standard tap water.

2.2.4 Harvest of plants

Plants were harvested by severing the stem appabdeiyn 0.5 cm above the growth
medium, with any remaining particulate material oged from the plant by tap water from
a hose. Once collected, the plant material wasldd& constant weight in an oven at’60

for 48 hrs, at which point they reached a constaight. Samples could then be separated
into leaf and stem material. The samples were floenogenised by being ground in a ball-
mill (Pulversette 23; Fritsch) and stored in snapkl polythene bags prior to chemical

analysis. Roots from plants were not analysed dubé physical difficulties involved in
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successfully removing all soil particulate mattemf roots. As even a small amount of soil
present on root matter would significantly skew aéimalytical results.

2.3 Preparation of growth media

The growth media used to cultivate the plants wprapared using dried potting sand and
fresh compost (John Innes no. 2), in a 4:1 mixtespectively. This was weighed into a
cement mixer a kilogram at a time, in a mass rati800 g sand to 200 g compost. The
mixer was turned on for 2 minutes after each aaldito increase homogenisation. The
media that required additional zinc were suppleegmith zinc oxide (ZnO), in an amount
calculated on a dry weight (DW) basis (Table 22O is present in soils contaminated
with Zn produced from industrial processes. Fomapia, ZnO represents 10.5-16.0 % of
the goethite waste that arises from the procedurprbducing (mining and smelting) Zn as
a metal (Orriet al, 1999). It has also been used in a wide numberexfious experiments
with zinc accumulating plants (e.g. Haines 2002gduse in this form of ZnO the Zn is
ready available for uptake into plants (Broadéyal, 2007). The baseline concentration of
Zn in the prepared medium with no additional Zn wamscally 17 mg kg.

Target Mean
) ) _ Mass of ZnO
concentration Moisture moisture _
. Sand (g) per| Compost (Q) required to
of additional content sand content of
4 kg per kg reach target
Zn mg kg % compost %
values mg
DW m/m
0 800 0 200 17.6 0.00
400 800 0 200 17.6 480.35
600 800 0 200 17.6 720.53
800 800 0 200 17.6 960.70

Table 2.1: Addition of Zn to growth media
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2.4 Acid digest of growth media and plant samples

2.4.1 Preparation of sample tubes

As tubes (made of glass) are reused repeatedlifferaht batches of acid digest of plant
and growth medium samples, it is imperative thaythre adequately cleaned between

batches. Table 2.2 outlines the procedure for @mguubes are correctly cleaned before

use.
Step: Action: Purpose:
1 Rinsed 3 times with Revers&kemove any particulate debris frgm
osmosis (RO) water. tubes.
5 Washed on a high temperature cyclkRemoval of any stubborn particulate

in dishwasher. matter.

Set to soak for 4 hrs in 10 % v/\Dissolve and remove any remaining
3 Nitric acid (HNG;) bath, made from metal ions on tubes into solution.

analytical grade acid and RO watey.

4 Rinsed 3 times with RO water. Remove traces of mamta nitric
acid.
5 Placed in oven at 6 until dry. Dry tubes.

Table 2.2: Procedure for cleaning sample tubes

2.4.2 Nitric/Perchloric digestion of growth media amples

The digestion of both plant and growth medium sasmas conducted using two different
acid attacks with nitric and perchloric acids, amoe adapted from Thompson (1982) and

Thompson and Walsh (1983). A risk assessment wapleted prior to starting any work.

The acid digest of soil samples was carried odibl®ns:-

Stepl: Weighed 0.1 g (x 0.001) of sample into arcldry test tube using a 4 point balance.
Step 2: Added 4 ml of HN£E70 % wi/w trace analysis grade) using a bottledispenser.
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Step 3: Added 1 ml of Perchloric acid (60 % w/w kit grade) using a bottle top
dispenser.

Step 4: Place in hot block and run for the follogvhreating cycle in Table 2.3.

Rise rate sec/ deg Dwell time hrs TemperaturdC
001 3.0 50
001 3.0 150
001 18.0 190
001 0.1 200
Cool down Hold at 40

Table 2.3:Heating cycle for acid digest of soil

Step 5: Once samples were at’@0they were removed from the hot block and 2 ni Nf
hydrochloric acid (HCI, trace analysis grade) wddeal from a gravimetrically calibrated
bottle top dispenser.

Step 6: Returned test tubes to hot block to leach hr at 60°C.

Step 7: Removed samples from hot block and added &f high purity water (e.g. RO
water) using a gravimetrically calibrated bottlsgénser.

Step 8: Mixed using a vortex mixer for 20 seconds.

Step 9: Decanted sample into polypropylene tubés edps and labelled.

2.4.3 Acid digest of plant samples

Stepl: Weighed 0.1 g (x 0.001) of sample into arcléry test tube.

Step 2: Added 4 ml of HN£E70 % wi/w trace analysis grade) using a bottledispenser.
Step 3: Left over night in hot block at 80.

Step 4: Added 1 ml of Perchloric acid (60 % w/w kit grade) using a bottle top
dispenser.

Step 5: Placed in hot block and run for the follogvheating cycle in Table 2.4.
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Rise rate sec/deg Dwell time hrs TemperaturéC
001 0.1 50
001 3.0 150
001 18.0 190
001 0.1 195
Cool down Hold at 40

Table 2.4:Heating cycle for acid digest of herbage

Then continued using steps 5-9 in section 2.4.2

2.5 Quality Control

In addition to running samples, sample duplicated &ip blanks, certified reference

materials (CRMs) and house reference materials (B)RMre analysed at the same time to
help provide an estimate of the analytical bias, @)component of the measurement
uncertainty. The bias and relative bias (B%) icwalated according to equations 1 and 2,
where the mean measured value of the CRMhisandX; is the certified accepted value.

Table 2.5 gives the accepted concentration of Znhen CRMs and HRMs. Sample,

duplicates, trip blanks and CRM/HRMs were typicatgpresented as 5% of the total
number of samples analysed.

Equation 1: Bias

Equation 2: Relative bias

Xm_xc

B% = x100
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Zinc

Accepted Std

Matrix | CRM/HRM value L
1 deviation

mg kg
Soil HRM 1 22.0 4.00
Soil HRM 2 400.0 45.00
Soil Nist 2709 106.0 0.75
Soil Nist 2710 6952.0 22.25
Soil Nist 2711 350.4 1.25
Plant Nist 1570 A 82.0 0.75
Plant HRM 11 45.0 -
Plant HRM 14 35.0 -

Table 2.5:Zn concentration in CRM and HRM.

2.6 Analysis of plant and soil samples by F-AAS

The flame atomic absorption spectrometer (PerkineElAnalyst 100) was calibrated using

zinc solutions containing 1, 3 and 5 pg nespectively dissolved in 1M HCI (trace

analysis grade). Calibration solutions were madediyting a zinc stock 1000 pg thi

solution, dissolved in 1M nitric acid (Fisher Sdién). Samples whose absorbance

exceeded that of the calibration curve were dillge@ither a factor of 10 (1 ml sample + 9

ml 1M HCI) or 33.3 (3 ml sample + 7 ml 1M HCI), ogi gravimetrically calibrated

pipettes and bottle top dispensers.

The sensitivity and detection limit of the F-AAS svaalculated according to equations 3
and 4 respectively. The sensitivity was then chéckgainst the manufacturers’ value for
the instrument to ensure F-AAS was working satisflg.

Equation 3: Sensitivityof F-AAS

Concentration of the second calibration solutior0.0044

Absorbance of the second calibration solution

Equation 4: Detection limit of F-AAS

3 x standard deviation (N = 11) of the calibratibank
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2.7 Carbon and Nitrogen (C:N) analysis

The carbon and nitrogen ratio of samples were detexd by the use of an elemental
combustion system (Costech instruments, Milan)n2gsof plant sample was weighed into
a tin capsule and was combusted. The ratio of caamal nitrogen was then calculated by
comparing the emission of the sample against aredion line. Calibration of the
instrument was conducted by combusting 0.5, 18, 4.0, 2.5 and 3.0 mg of BBOT (a
synthetic standard fH2sN20,S produced by Costech). The standard has known
percentages of C = 72.53% and N = 6.51%. Duringhemtion of the standard/sample
there are specific time intervals at which the NI & are released which is plotted as a
function of time. The area of the peak produced t@n be quantified against the

calibration line.

2.8 Protocol for the storage and acid digest of iests

Insects that were used in experiments and reqdimednalytical analysis at a later date
were placed in a -28C freezer within zip-lock bags. Insects were ndrated prior to
acid digest, but were weighed. The following owlithe protocol for the acid digest of
insects.

Stepl: Placed a weighed sample into a clean diryues.

Step 2: Added 4 ml of HN£E70 % wi/w trace analysis grade) using a bottledispenser.
Step 3: Left over night in hot block at 80.

Step 4: Added 1 ml of Perchloric acid (60 % w/w ki grade) using a bottle top
dispenser.

Step 5: Placed in hot block and run for the follogvheating cycle in Table 2.4.

Rise rate sec/deg Dwell time hrs TemperaturéC
001 0.1 50
001 3.0 150
001 18.0 190
001 0.1 195
Cool down Hold at 40

Table 2.6:Heating cycle for acid digest of insects.
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Step 6: Once samples were at®@removed from hot block and added 2 ml of 5M aitri
acid (HNGQ;, trace analysis grade) from a gravimetricallylwalied bottle top dispenser.
Step 7: Returned test tubes to hot block to leach hir at 60°C.

Step 8: Removed samples from hot block and added &f high purity water (e.g. RO
water) using a gravimetrically calibrated bottlsgénser.

Step 9: Mixed using a vortex mixer for 20 seconds.

Step 10: Decant sample into labelled polypropykeibes with caps.

At the same time as the insect samples being a@lywe blanks were incorporated into
the sampling regime, also an effort was made tp &stess quality control, in form of a Zn
spike recovery. The concentrations of the Zn spiksed were as follows: 2, 5, 10, 15, 20
mg . Zn spikes were made from diluting a Zn stock oitu (1000 mg ), spiked
solutions were taken to dryness using the hot baxlper samples, before being brought

back up in 2ml HN@and then followed steps 7 — 10 of the above podtoc

2.9 Concentration Factor

Concentration factor (CF) is a measure of metal itplfrom soil to plants and can be
applied to calculate the CF of any bioavailableahst a plant (Boruvkat al, 1997). It is
derived as the ratio between the metal concentrati@ plants biomass and that in the soil,
as seen in equation 5 and more specifically fomtbek in this thesis in equation 6. Plants
which exhibit a high CF for Zn are typically accuators or hyperaccumulators (as

discussed in Chapter 1) and is key to being aldeifalant for phytoremediation.

Equation 5:

Concentration Factor (CF) = Plant metaiaentration (mg K9
Soil Concentration (mgi'k

Equation 6:

Zinc Concentration Factor (CF) = Zn concentratioplant material mg kg
Zn concentration in soil (mg Ky
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Chapter 3: Evaluation of the Zn hyperaccumulator T.
caerulescensn the lab and in the field

3.1 Introduction

Thlaspi caerulescerass described in Chapter 1 is a ‘model’ hyperaccatoulof Zn (Cosio

et al, 2004; Saisort al, 2004). The vast majority of previous experimamtsthis species
have focused on the ability ®f caerulescen® sequester Zn (and other heavy metals) into
its above ground biomass. These studies have beesndoy the commercial desire to
produce a working plant-metal system that couldused as an effective tool in the
remediation of contaminated land (Alkortd al, 2004; Brooks, 1998; Marchiat al,
2004).

Fewer studies have examined the role of Zn accumnlan above ground biomass as an
elemental defence against herbivores (Table 3.%igee a summary these studies). The
elemental defence hypothesis states that accummilati hyperaccumulation of metals by
plants may defend them from damage by herbivoresydB2007). This may play an
important role in determining whether a plant-mesgstem is a feasible option for
remediating contaminated land. Although a plant rbaycapable of sequestering high
concentrations of contaminant into living tissué,this is then accumulated in the
herbivores that feed on them, it is effectivelyradiucing a pathway for the previously
‘locked’ contaminant to become mobile and enterfdwal chain. This could possibly have
a more detrimental effect on the environment tleavihg land contaminated and may be
less effective than traditional remediation teches} Therefore, it is imperative to fully
understand the impact of elemental defence on higgbphic levels before moving on to

consider whether these plant species are suitablest in phytoremediation.
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Herbivore type

(species)

Max concentration
mg Zn kg™ DW in

leaf

Experimental overview

Author

Snail and slugs

15,000

A field study which showesdt therbivores weraot deterred from

consuming leaf tissue containing high concentratioizZn.

Noretet al., 2007.

Snails Helix aspersa | 13,500 The growth dfl. aspersavasnot affectedwhen fed a diet of high Zn Noretet al., 2005.
concentration.
Slug  Deroceras caruange | 14,000 No preferencewas found wherD. caruanaewas presented with aPollard and Baker, 1997.
choice of leaves containing high and low Zn conegitns.
Thrips 2,700 The growth of. occidentalisvasnot affectedwhen fed a diet of high Jianget al, 2005.
(Frankliniella occidentalis) Zn concentration.
Grasshopper 5,770 A choice experiment which found tt&t gregariapreferred leaves| Behmeret al., 2005.
(Schistocerca gregaria) with low Zn concentrations. In addition, a diet of the leawi high
Zn concentrations had aegative impact on the growth of the
grasshoppers.
Grasshopper 14,000 In contradiction to the work by Behnetral (2005), this study found Pollard and Baker, 1997.
(Schistocerca gregaria) that S. gregariadid not show a preferencewhen presented with g
choice of leaves containing high and low Zn conceiuns.
Butterfly (Pieris napi oleracea) 34,000 No preferencewas found whef®. napi oleraceavas presented with aJheeet al., 1999.
choice of leaves containing high and low Zn conceiuns.
Butterfly (Pieris brassicae) 7,400 No preferencewas found wherP. brassicaewas presented with @aPollard and Baker, 1997.

choice of leaves containing high and low Zn conceiuns.

Table 3.1:Experiments which have examined the response bivaees to elemental defence using different cotregions of Zn in
the leaves of'. caerulescengdapted from Noret 2007).
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Previous experiments to test the elemental defagpethesis inl. caerulescenkave been
based on different concentrations of Zn in the ésafrom as little as 2,700 mg Znkg
(DW) to as much as 34,000 mg Zn'k@PW) (Baker and Brooks, 1989). It may be difficult
to apply the findings of these experiments to pterteedation work, as the concentration of
Zn in the leaves off. caerulescengrowing in contaminated land in the wild is not
precisely known. The expected Zn concentrationTofcaerulescendeaves based on
concentrations of Zn in soils from previous expenns, may be expected to be as high as
35,000 mg kg (Table 3.2).

Nominal Zn Concentration Predicted
mg kg*added to soil (Dry | concentration of Zn
weight) in plant biomass
0 2000 mg kg @
300 (ICRCL,1987 -1 (b)
phytotoxicity threshold) 6000 mg kg
1000 (typlcg?:e(;ontammated 35000 mg kg (®)

Table 3.2:Composition of initial soils and predicted Zn contations in the plants
(a) Based on figures produced by Nateal, (2005).
(b) Based on figures produced by Haines (2002).

The choice of herbivore used in previous studiesatso differed markedly. Whether these
species are found feeding ®ncaerulescens the wild on contaminated land has obvious
implications for the validity of experimental retulMost studies in Table 3.1 show that
high levels of Zn appear to have no adverse effectsherbivore preference and
performance. Snails have been used in a numbdreo$tudies (Laskowski and Hopkin,
1996; Noretet al, 2005), discussed in more detail in Chapter Xct{Ge 1.7.1) and the
preference and performance of adhlt aspersaseems unaffected by Zn. However,
findings by Gomot-De Vaufleury (2000) suggest thatdid have an impact on the growth
of juvenile snails, when reared on an artificiatdiontaining a high concentration of Zn. It
may be that the artificial constraints of laborgtexperiments force the herbivores into
making unrealistic choices. The apparent discrepaprtwveen the effects of Zn on juvenile

snails, as opposed to adult snails needs to betigated as part of the elemental defence
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hypothesis. The effects of plant defences oftefeiddccording to the age of the herbivore

and younger herbivores maybe more vulnerable to ¢fffects (Massey and Hartley, 2009).

There are few studies which examine the elemengdénde hypothesis under field
conditions, even though this type of research coelgrmine whether there was a defence
mechanism taking place which occurs without thii@al constraints of laboratory based
experiments. Justification for this is that fielddies can be difficult to execute effectively
and challenging to interpret correctly. One limdatis the difficulty of taking accurate
measurements in the field. It is common practicesoil and composite plant material
samples from contaminated sites to be analysedlpypdsed techniques such as F-AAS at
a later date, as for the reasons stated abovesthisought to ensure greater accuracy.
However, there is an alternative procedure usingaBle x-Ray Fluorescence (P-XRF)
equipment as aim-situ measurement device to determine the level of Ziteotrations in
soil (Andersonret al, 1998; Argyrakiet al, 1997). In order to determine the accuracy of
this equipment it should be compared with the tesod F-AAS. In addition, the P-XRF
has the potential to be used forsitu measurement of Zn concentrations in the livinguies

of the plants at field sites, a technique whichatsbeen documented before.
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3.2 Aim and hypotheses

The aim of this chapter was to establish the siliyalof T. caerulescengor evaluating the

elemental defence hypothesis using Zn. This waeaeti by testing three hypotheses:

(i) The amount of Zn sequesteredhycaerulescenwould depend on the concentration of
Zn in the soil. This is important to increase omderstanding of how this plant species

sequesters Zn.

(i) The herbivore K. aspersa would not show any preference fdr. caerulescens
containing different levels of Zn. It is importat know whether the herbivore can

distinguish between high and low Zn concentrations.

(iii) In regions where land has been contaminatediy, the amount of Zn accumulated by
T. caerulescendepends on the concentration of Zn in the soiesEhdata were needed to
determine realistic concentrations of Zn to be usefditure experiments to ensure that the
results would be applicable to the concentratioasbiores encounter in a real world

situation.

In addition, an assessment was made of the ussiulofeusing a piece of equipment (P-

XRF) for in-situ measurements of Zn concentrations in both soils a@hahts.
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3.3 Assessing the suitability of the Zn hyperaccunhator T. caerulescens
to test the elemental defence hypothesis under grdeuse conditions.

3.3.1 Materials and methods

3.3.1.1 Experimental design

Plants were grown in three different Zn concentratireatments (Treatment A: control;
Treatment B: 300 mg Ky Treatment C: 1000 mg Ky for 11 weeks (28 November 2005

to 29 of February 2006). The greenhouse was kept onha light, 8hr dark cycle and
maintained at approximately 2D + 5°C. The experiment used a randomised block design,
with 20 replicates of each treatment, a total atysplants. After the required growing
period, plants were harvested for chemical analysiaddition to above-ground biomass,
plants roots were also harvested to be used imnladysis, including root mass and root:
shoot ratio. Prior to harvest, leaves from treatm&nand C were used in a choice

preference trial with the generalist herbiveteaspersgcommon garden snail).

3.3.1.2 Seed germination and soil spiking

Seeds ofT. caerulescensf the Bradford Dale ecotype (which has been idiedtias a
suitable hyperaccumulator of Zn, Haines, 2002) wggaminated on uncontaminated wet
potting sand, at 2&, under natural lighting conditions, for a periofi10 days. Upon
germination the seedlings were planted directlp soil containing a 60:40 mix by fresh
mass of John Innes number two compost and dryngostnd (for detail of preparation see
Chapter 2, Section 2.3). Plants were grown in ohehmee soil treatments, a control
(containing no additional Zn) (Treatment A), oral spiked with Zn to concentrations of
either 300 mg Kg (Treatment B) or 1000 mg KgTreatment C). All Zn used in the
preparation of soils was in the form of Zn oxiden@. In soils containing additional Zn,
2000 mg kg of Zn as ZnO was added to 400g of dry sand t@set carrier. When mixed
with the same quantity of John Innes the highestentration of 1000 mg Kg(Treatment
C) had been achievetlhe other treatment was made by serially dilutirggngle kilogram
of the soil mixture spiked at 1000 mgkwith soil mixture containing no added Zn. Sub-

samples of soil (~15g) were collected during sodgaration. These were dried afGdor
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48hrs, ground using a pestle and mortar and themysed to determine the Zn
concentration using F-AAS.
3.3.1.3 Plant harvest

The plants were harvested after 12 weeks of groashdescribed in Section 2.2.4 of
Chapter 2.

3.3.1.4 Preference experiment using the herbikbr@spersa

Nine adult snails (collected from the grounds @& thniversity of Sussex) were placed in
individual cages. In each cage, a snail was lefticgstant (2.5cm) from two leaves of
known area (measured using a leaf area meter, b@ B@Scientific) (Figure 3.1). One

leaf had been selected from treatment A (no adadediid the other, treatment C (1000 mg
kg'). The experimental cages were left in the darkeight hours. The leaves were then

removed and their area re-measured.

25 cm

Addifional zinc leaf Control leaf (no additonal zinc)

Cage wall
|

Figure 3.1: Diagram of the preference trial set-up, involvihgaspersgnot to scale)

3.3.1.5 Chemical analysis of plant and soil samples

Samples of soil (n = 27) and plant material (n F W2re analysed by F-AAS after nitric
and perchloric acid digestion, as described in iSest2.4.2 and 2.4.3 in Chapter 2. In
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addition, both Certified Reference Materials (CRMand House Reference Materials

(HRM’s) were analysed to estimate analytical bias.

3.3.1.6 Statistical analysis

Data were analysed using Minitab (Version 14) amesg@nted using Microsoft Excel
(Microsoft Office, 2003). Binary regression was dise assess the survival of plants grown
in different Zn concentrations. One-way ANOVA (Apsis of Variance) was used to
determine differences between Zn concentrationsthem growth media, leaves and
concentration factor (CF) in addition to above &etbw ground biomass and root: shoot
ratio. Data were checked for normality (probabpiliots) and equal variance (Levene’s
test) to ensure they conformed to the assumptidrnhis test. Significant results were
subjected to post-hoc Tukey's test to determine timy differed from another at P < 0.05.
Data from the snail preference test was not nogmdittributed therefore the non-

parametric Wilcoxon signed rank test was used.
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3.3.2 Results

Before data were analysed to determine whetheeldraental defence hypothesis held true
in T. caerulescenscontaminated with Zn, data were analysed to ensbe¢ the

experimental design was robust.

There was no significant difference in the numbeplants which survived (Figure 3.2)
when grown in the three different Zn treatmentse plant fatalities (5) that occurred were
not related to the treatment they were grown omas important to establish this, as the

concentrations used in treatments B and C were Rnowbe phytotoxic to some plants

(Broadleyet al, 2000) and may have affected plant survival.

20 ~

15 +

10 ~

Plants that survived

A B C

Treatment

Figure 3.2: T. caerulescengn = 20) plant survival when grown on three diéier Zn
treatments. Binary logistic regression of Zn treatimon plant survival, g = 2.225, P =
0.329 (Treatment A: control, Treatment B: 300 mg,Kfreatment C: 1000 mg Ry
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To determine whether the nominal concentrationsZofhad been achieved for each
treatment, soil samples from each treatment weaé/sed. The mean concentrations of Zn
present in the three growth media were, 38 m®geatment A), 278 mg Kg(Treatment
B) and 974 mg K{ (Treatment C) (Figure 3.3). These were very ctosie nominal target
values of 0 mg K§ (Treatment A), 300 mg kg (Treatment B) and 1000 mg Zn kg
(Treatment C). Treatment A, the control, was fotmdontain a Zn concentration of 38 mg
kg®. This resulted from Zn already present in the costyptherefore it was not possible to
have a treatment with no Zn. The three Zn treatmemre also found to be significantly
different from one another.

-1

Mean value of zinc in Soil mg kg

1200

1000 - T

800 -
600 ~

400 - b

200 - a

(0]

Treatment AO Treatment B 300 Treatment C 1000
(n=8) (n=9) (n=9)

Amount of additional zinc added to the treatmentsn mg kg'1
Figure 3.3: Mean = SE Zn concentration in the growth mediattreents (A-C) ANOVA.

Different letters above bars indicate significanffedences between treatments (Tukey
Test).

Source d.f. SS MS F P
Soil Zn- ’ 9.70 4.84 49.97 <0.001
concentration
Error 23 2.23 0.09
Total 25

Table 3.3: Statistical output of the Zn concentration in tmevgh media treatments (A-C)
ANOVA.
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These results confirm that the experimental desiga robust. Data from the greenhouse
experiment were then analysed to determine thestadfedifferent soil Zn concentrations

onT. caerulescens

Mean Zn concentrations in the above ground biormégdants, in treatments B (4582 mg
kg') and C (3651 mg kY were significantly different from plants grown ireatment A
(847 mg kg) the control (Figure 3.4). When these results wesmpared against the
predicted concentrations, there was a noticealderefpancy. The concentrations of Zn
were lower than those predicted from the soil catvegions and uptake values of 4in
caerulescendy other researchers as shown in Table 3.2. Tegdth was 2.4 times lower
than predicted (expected concentration = 2000 mY), Kireatment B was 1.3 times lower
than predicted (expected concentration = 6000 mY) kpd Treatment C was 9.6 times

lower than predicted (expected concentration = 8506 kg').

6000 -

5000 -

4000 +

— o

3000 -

2000 +

1000 + -

Mean Zn concentration in plants mg kg =

A (n=14) B (n=17) C (n=11)

Treatments

Figure 3.4: Mean = SE Zn concentration in the above ground besofT. caerulescens
ANOVA. Letters above bars indicate significant difnces between treatments (Tukey
Test).
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Source d.f. SS MS F P
Plant Zn
, 2 1.1x 16 5.4 x 10 36.92 <0.001
concentration
Error 39 5.8 x 10 1.5x 16
Total 41 1.7x 19

Table 3.4: Statistical output of the concentration in the abayound biomass of.
caerulescen&aNOVA.

The concentration factor (CF) is the ratio of Zmoentration in the plants above ground
biomass to soil.

Concentration Factor (CF) = Plant com@gion (mg k')
Growth Media concentration (mgRg

The CF was highest in Treatment A and lowest iraffnent C (Figure 3.5). This suggests
thatT. caerulescenis most effective at concentrating Zn in its abgueund biomass when

the growth media contains a low concentration af Zn

30.0 +

25.0 A il

20.0 ~

15.0 4

10.0 -

5.0 A

CF of Zn in plants mg kg-1

0.0

A (n = 14) B (n=17) C(n=11)

Soil Treatment

Figure 3.5: Mean + SE of Zn concentration factor in the aboveugd biomass of.
caerulescens ANOVA. Letters above bars indicate significantffeliences between
treatments (Tukey Test).
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Source d.f. SS MS F P
Concentration
2 2.3x16 1.1 x 16 23.47 <0.001
factor
Error 42 2.1x19
Total 44 45x1d

Table 3.5: Statistical output of the Zn concentration factothe above ground biomass of
T. caerulescensANOVA.

The mean above ground biomass (DW) Tof caerulescensvas greatest (1.38g) in
Treatment B (278 mg Zn Ky (Figures 3.6 and 3.7). Plants grown in treatménend C
produced significantly lower biomass. This implteat Treatment B contained an optimal
concentration of Zn for biomass production. Treattm& may contain too little Zn for
optimal growth, whilst the high levels of Zn in atenent C may have stressed the plant

and as a result reduced biomass.

1.6000 - b
1.4000 |
1.2000 |
1.0000 |
0.8000 |
0.6000 |
0.4000 |
0.2000 |

Above ground biomass DW (g)

0.0000 -+
A B C

Treatment

Figure 3.6: Mean £ SE biomass production @f caerulescengrown on different Zn
treatments ANOVA. Letters above bars indicate $iggt differences between treatments
(Tukey Test).
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Source d.f. SS MS F P
Biomass
) 2 5.6 2.8 10.39 <0.001
production
Error 48 12.9
Total 50 18.6

Table 3.6: Statistical output of the biomass production Tof caerulescengrown on
different Zn treatments ANOVA.

Figure 3.7: Photograph off. caerulescengrown on three different Zn concentrations at
the end of the experiment.

The mean root mass DW (Figure 3.8) produced bytplam the different treatments
revealed the same trend as for above ground bio(Régsre 3.6). Plants in Treatment B

produced significantly more root mass than plantsvg in Treatment A or C.
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0.4500 -
0.4000 -
0.3500 -
0.3000 -
0.2500 -
0.2000 -
0.1500 -
0.1000 -
0.0500 -
0.0000 -

Root mass DW (g)

B

Treatment

Figure 3.8: Mean + SE root mass (dry weight) producedlbgaerulescengrown on three
different Zn treatments ANOVA. Letters above barglicate significant differences

between treatments (Tukey Test).

Table 3.7: Statistical output of the root mass (dry weightddauced byT. caerulescens

grown on three different Zn treatments ANOVA.

Source d.f SS MS F P
Root mass 2 0.42 0.21 10.08 <0.001
Error 48 1.00 0.02
Total 50 1.42
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The root: shoot ratio fof. caerulescenwas not significantly different for plants growm i
the three Zn concentration treatments (Figure J.Bjs suggests that although the plants
differed in terms of both above and below grounmhiass, the relative allocation to roots

and shoots is unaffected by Zn.

0.3000 -

0.2500 +

0.2000 +

0.1500 -

0.1000

Root:shoot ratio

0.0500

0.0000
A B C

Treatment

Figure 3.9: Mean + SE root: shoot ratio (dry weight) producgdrbcaerulescengrown in
three different Zn treatments ANOVA.

Source d.f SS MS F P
Ro?gﬂf)ho"t 2 75x 10 3.7x10' 0.12 0.887
Error 48 14.8 x 18 3x10°
Total 50 14.8 x 18

Table 3.8: Statistical output of the root: shoot ratio (dry igi¢) produced byT.
caerulescengrown in three different Zn treatments ANOVA.

To determine the effect of Zn accumulation on higtrephic levels a choice feeding
preference trial (Figure 3.10) using adtlt aspersa presented with a choice of &
caerulescengeaves, grown on control soil (Treatment A) andhogh Zn concentration
soils (Treatment C) was used. The results showed H. aspersadid not have a
significant preference for leaves from either ezt (W = 8, P = 0.097) Table 3.3, even
though the leaves from Treatment C had Zn condémtiaapproximately four times higher

than the control.
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B Treatment A (mean of
concentration of 862 mg
Zn kg-1 in leaves)

B Treatment C (mean
concentration of 3492 mg
Zn kg-1 in leaves)

9) of percentage damage to the

leaf by the herbivore

Mean (N

Treatment that the leaf came from

Figure 3.10: Mean * SE percentage damage to leaves from tfexalit Zn treatments in a
preference trial using the herbivdre aspersaWs = 8, P = 0.097, showing no significant
difference between treatments.
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The statistical results from chapter 1 have beemsarised in Table 3.9 below.

Response Factor d.f. F/G/W statistig P
Plant survival Zn Treatment 2 2.25* 0.329
Zn concentratior
) | Zn Treatment 2 49.98 <0.001
in growth media
Zn concentratior
) Zn Treatment 2 86.39 <0.001
in plants
Concentration
Zn Treatment 2 23.47 <0.001
Factor
Above ground
_ Zn Treatment 2 10.39 <0.001
biomass
Root mass Zn Treatment 2 10.08 <0.001
Root: Shoot ratiq Zn Treatment 2 0.12 0.887
Percentage
damage in Zn Treatment 8 8.0** 0.097
feeding trial

Table 3.9: Summary ofstatistical analysis of. caerulescengrown on three different Zn
treatments. Data were analysed by ANOVA when tha danformed to the assumptions,
unless indicated by * for binary regression or &t & Wilcoxon ranked sign test. Bold type
indicates a significant result
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3.4 Field survey to determine the concentration of Zn in T.
caerulescens growing wild on contaminated land.

3.4.1 Materials and methods
3.4.1.1 Experimental design

Derbyshire, England was chosen as a study sitdhéofield survey for three main reasons;
(1) it has a large number of areas classed as mordted land with Zn concentrations
exceeding 10,000 mg KgBakeret al, 1994); (2) It is one of the locations within thi&
where populations of. caerulescengre common (Baker and Brooks, 1989); (3) Field
research was carried out by Bakalr al, (1994) in this area so any results may be
comparable with those from previous studies. Tlsiees were selected for the field survey
during May 2006. The first two were at Black Rock¥S grid reference SK 293 556
(Figure 3.11).
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Figure 3.11: O/S Map of the location of Black Rocks sample sit®erbyshire, UK. This
map was generated using EDINA Digimap.
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Due to the size and nature of the site at BlackkRdtowas deemed necessary to split it into
two. The first, Black Rocks top (BRT), was at tlog f the site and on a steep gradient

running north to south (Figure 3.12). The secone at Black Rocks was termed Black

Rocks bottom (BRB) and was on a flat gradient rogrgast to west.

Figure 3.12: Photograph of Black Rocks. The bottom site is im fibreground and the top
site in the background, sample site in Derbyshire

The second location was approximately 7 miles fRlack Rocks, in Clough Wood (CW),
O/S grid reference SK 254 616 (Figure 3.13). AsuFeg3.13 illustrates, the site at Clough

Wood was also on a gradient.
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Figure 3.13 O/S Map of the location of Clough Wood sample git Derbyshire, UK. This
map was generated using EDINA Digimap. Note theqmee of the two disused mine sites
close to the Clough Wood.
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Figure 3.14: Photograph of Clough Wood sample site in Derbgshir

All three sites were examined to confirm tfatcaerulescengrigure 3.15) was present in
sufficient quantities for the survey.

Chapter 3: Evaluation of the Zn hyperaccumuldtocaerulescens the lab and in the
field



60

Figure 3.15: T. caerulescensn the wild in the middle of May, from Black Rocks
Derbyshire, UK.

At each of the three sites (Clough Wood, Black Rachp and Black Rocks bottom) a nine
point sample grid was arranged as displayed inrEidl16. At each of the points the
surface vegetation was scraped away using a trowetveal bare soil over an area of
approximately 5 by 3 cm. The P-XRF (Figure 3.17)swien used to record Zn
concentration measurements. P-XRF works by the stomisof radiation from an
electronically excited X-ray tube. The presenceaoparticular element fluoresces to a
specific wave length and the strength of the retignal to the P-XRF is used to quantify
the concentration of the element in the media.

Having analysed the soil by P-XRF, a soil scraggpi@ximately 0.5 cm in depth) was
collected at each of the points fex-situanalysis by F-AAS at a later date. At five of the
sample points at Black Rocks top and Black Rockisobo and all nine of the Clough
Wood sample pointsl. caerulescensvere collected, to be analysed by F-AAS at a later
date. In addition an attempt was made to measweZth concentration of plant leaves
directly using the P-XRF window onto the ledf. caerulescensvere also examined for
herbivore damage in order to provide a comparisgh damage observed in the feeding
preference experiment. However, none of the plantseyed had damage in sufficient

guantities to warrant detailed recording.
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Figure 3.16: Schematic illustration of the nine point samplisgstem, each red dot
represents a sampling point.
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3.4.1.2 Chemical analysis

Composite plant and soil samples collected fromthinee sites were also analysed in the
lab by F-AAS after having undergone acid digestscdbed in Sections 2.4.2 and 2.4.3 of
Chapter 2.

3.4.1.3 Statistical analysis

Data were analysed using Minitab (Version 14). @ag- ANOVA (Analysis of Variance)
was used to assess whether there was any signifitiffierences between the Zn
concentration in the soil and leaves at the thiess.sData were assessed for normality
(probability plots) and equal variance (Levenest)t¢o ensure that they conformed to the
assumptions of ANOVA. Post-hoc Tukey's test wasnthesed to determine which
treatments differed significantly from one anotla¢rP < 0.05. Regression analysis was
used to compare F-AAS and P-XRF data.
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3.4.2 Results

The Zn concentration of soils at all three sitedednined by F-AAS, exceeded 20,000 mg
kg'. The mean Zn concentration of soil at Black Rdaigom was in excess of 35,000 mg
kg'. When the results were compared to ICRCL valuesi confirmed that all three sites
were heavily contaminated with Zn. Any vegetationovgng on these soils must possess
some form of adaptation to cope with the high levef Zn contamination. Statistical
analysis of the data revealed that there was afis@m difference between the mean soll
concentrations found at Black Rocks bottom andotiher two sites, Black Rocks top and
Clough Wood (Figure 3.18).

45000 - a
40000 - [
35000 -|
30000 -| b
25000 - T
20000 -|
15000 -
10000 -

5000 -

Mean soil Zn concentration by
F-AAS mg kg™?

Black Rocks bottom Black Rocks top Clough Wood
Site

Figure 3.18: Mean + SE Zn concentration (mg Rgof the soil samples (n = 9) from the
three sample sites in Derbyshire, analyzed by F-A\®VA. Letters above bars indicate
significant differences between treatments (Tukegt)l

Source d.f. SS MS F P
Soil Zn
, 2 1.2x18 6.4x 16 6.26 <0.001
concentration
Error 24 24x19 1.0x 10
Total 26 3.7x1Y

Table 3.10: Statistical output of the Zn concentration (mg kgf the soil samples (n = 9)
from the three sample sites in Derbyshire, analyged-AAS ANOVA.
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The F-AAS analysis off. caerulescenglant samples collected from the three sites
established that all plant material contained Zncemtrations in excess of 6000 mg'kg
The highest mean concentration was found in thetptaatter collected from the Clough
Wood site, with a mean value just over 10,000 mig kehich was significantly higher than
the results from the Black Rocks top site. Howeveere was no significant difference
between the mean Zn concentrations of plants detleat the two Black Rocks sites
(Figure 3.19). The mean Zn concentration foundha #@bove ground biomass ot
caerulescensvas notably higher than reported in other plaecsgs (Raskiret al, 1994),
where such a concentration would be phytotoxic §8leyet al, 2000). Of the three sites,
only Clough Wood had plant Zn concentrations exiteedi0,000 mg kg. T. caerulescens

at these sites fall within the definition of a Zypleraccumulator (Baker and Brooks, 1989).
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Figure 3.19: Mean = SE Zn concentrations (mg §gof plant samples from the three
sample sites in Derbyshire, analysed by F-AAS ANOM<&tters above bars indicate
significant differences between sites (Tukey Test).

Source d.f SS MS E =
Plant Zn
concentration 2 4.26 x 10 2.1x1d 3.96 0.04
Error 16 8.6 x 10 5.3x 106
Total 18 1.2 x1H

Table 3.11: Statistical output of the Zn concentrations (mg)kgf plant samples from the
three sample sites in Derbyshire, analysed by F-AN®VA.
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The concentration factor (CF) of Zn in plants, lbhea F-AAS data, was highest at the
Clough Wood site (0.6) (Figure 3.20). There wasgaicant difference in the CF of this
site and the two sites at Black Rocks (0.2 at BRd@ @.24 at BRB). Interestingly Clough
Wood had the lowest mean concentration of Zn instiie These results were comparable
with the results of greenhouse experiments, whé&ete grown in low Zn concentration
soils had the highest CF.

0.8 - a
0.7 - (
0.6 -

0.5 -
0.4 -
0.3 - b
0.2 - T
0.1 -

0 T T 1
Clough Wood Black Rocks top Black Rocks bottom
(n=9) (n=5) (n=5)
Site

Concentration factor (CF)

Figure 3.20: Mean = SE Zn concentration factor (CF) of plantanfrthe three different
sites in Derbyshire using the F-AAS data ANOVA.tkes above bars indicate significant
differences between treatments (Tukey Test).

Source d.f. SS MS F P
Zn
concentration 2 0.71 0.35 4.01 0.039
factor
Error 16 1.41 0.088
Total 18 2.12

Table 3.12: Statistical output of the Zn concentration faqiGF) of plants from the three
different sites in Derbyshire using the F-AAS datdOVA.

In order to assess the performance of ithsitu measurements on soils by P-XRF, a
regression analysis of the P-XRF and F-AAS resulis made between soil samples from

the three sites (Figure 3.21). It found that theas a positive relationship between the two
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techniques. This established that it was possilese P-XRF measurements as a reliable
source of data for the concentration of Zn in sdilse slope of the regression line (0.224)
indicates bias of -78%, this may be due field moistnd pore spaces and is not dissimilar
to the value of -63% reported by Argyraki (1997hefefore, any future work on the
concentration of Zn in soils could use the P-XRferasuitable correction for bias, to
provide accuraten-situ measurements. However, there was no relationsttipden the F-
AAS and P-XRF results for plant leaf Zn concentmatiThis may be because of a number
of reasons including the P-XRF was determining Zheconcentration of fresh biomass,
whilst the F-AAS used dry plant matter. Other piblgsexplanations include the leaves

being thinner than x-ray penetration or soil contetion on the leaves.
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Figure 3.21:Regression analysis of the Zn concentration irsdojyl P-XRF and F-AAS in
mg kg'. B = 4.85, P = 0.037. Equation of line P-XRF = 7348.224 x F-AAS

Chapter 3: Evaluation of the Zn hyperaccumuldtocaerulescens the lab and in the
field



67

Response Figures Factor d.f. F P
Zn concentration of _
) 3.18 Site 2 6.26 <0.001
soils (F-AAS)
Zn concentration in _
) 3.19 Site 2 3.96 0.04
plant material (F-AAS)
Concentration factor 3.20 Site 2 4.01 0.039
Regression analysis of
F-AAS
soil Zn concentration 3.21 1 4.85 0.037
Vs P-XRF
by F-AAS and P-XRF

Table 3.13:Summary of the statistical analysis of the fialdvey at Derbyshire in the UK

3.5 Discussion

3.5.1 Plant Zn concentrations

In greenhouse experiments, the highest mean Zreatnation occurred in plants grown on
soils with lower additions of Zn (278 mg kg The mean Zn concentration of these plants
was five times higher than the Zn concentrationntbun plants grown on soil which
contained no additional Zn. The Zn concentratiohghese plants were also 25% greater
than the Zn concentration of plants grown on swilh the highest concentrations on Zn
(974 mg kd'). However, the Zn concentration of plant matef#382 mg kg) grown on
soils with lower levels of Zn addition were stilbresiderably lower (under half) than the
threshold value of 10,000 mg kgrequired for a plant species to be defined as a
hyperaccumulator (defined by Baker and Brooks, 1988ese results were also lower than
Zn concentrations achieved in some previous ex@sisn For instance Saisat al,
(2004) grewT. caerulescené a range of Zn growth treatments. Plants growntteeir
highest treatment (1280 mg Zn Rgproduced foliar Zn concentrations in the range of
13,716 - 17,516 mg Kg 3 - 4 times higher than those found in this expent. However,

other researchers achieved Zn concentrationg. inaerulescengeaves within a similar
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range to this experiment (2700 - 5770 mg' Kdianget al, 2005; Behmeet al, 2005)).

The concentrations achieved by Behraeal, (2005) were high enough to have an effect
on their chosen herbivore grasshopper species.pfbisdes support for the concentrations
of Zn chosen in this experiment, as the levels fiiZthe leaves may be high enough to

have an effect on herbivores, but only if snailgpmnd similarly to grasshoppers.

Zn concentrations found in plants at the threessite Derbyshire UK, had Zn
concentrations far greater than those producetieniaboratory experiment, almost three
times the highest mean Zn concentration obtaingtiengreenhouse study. It is however,
not surprising that plants grown in the wild thamoge cultivated under laboratory
conditions as those growing on site are possibtiebédapted’ to cope/accumulate with
high concentrations of Zn in the soil. The Zn camteation of these plants was just beyond
the threshold value required for a plant specieBetalassified as a Zn hyperaccumulator
(Baker and Brooks, 1989). Data collected by Badteal, (1994) from the Black Rocks site
found plant Zn concentrations of 19,071 mg'kwice that of the results found in this
investigation. The discrepancy between these segudly have arisen from a difference in
time, i.e. Bakeret al, (1994) collected samples later in the year. Latethe year plants
would be more mature which may increase their tghiti accumulate Zn, but would also
increase the length of time over which they hachlescumulating, thereby increasing the

concentration of Zn in their above ground biomass.

The attempt to quantify Zn concentrations in plantghein-situ technique of P-XRF, did
not prove overly successful. On comparison of tedubm the P-XRF with those from that
of theex-situanalysis of F-AAS (a more robust method) showedaoroelation. However,
there are a multitude of reasons for the differeimceesults, which including that the P-
XRF was measuring the Zn concentration in plantswegght, while analysis by F-AAS
measures the Zn concentration in a dry homogersaetple. This was the first document
attempt to try such an analysis, further researntithis approach would further determine

if it is possible.
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3.5.2 Zn concentration factor

A metal concentration factor greater than one Bcglly found in plant species that are
metal accumulators. A concentration factor less thi@e usually indicates that a species is
an excluder of metal (Baker, 1989). caerulescengrown in greenhouse experiments is
clearly an accumulator as the plant concentratamtof for all treatments was greater than
one. It was apparent that the concentration faaecreased with increased Zn

concentration in the soil, which agrees with woykZhaoet al, (2003).

They analysed the results from nine different retesrs that had growh. caerulescens
varying concentrations of Zn and concluded thatrehavas a negative log-linear
relationship between Zn concentration in soil dmat in the plant, a trend that was also
observed by Robinsoat al, (1998). The reason for the relationship betwdealining
concentration factors with increasing soil concatindn has been proposed by Peatal,
(2000). Plants are thought to become over satunaitdZn, when concentrations in the
soil go beyond a certain level. This is thoughtoteur even when Zn toxicity is not
observed in the plant (Zhaa al, 2003).T. caerulescensnay be able to avoid the toxic
effects of Zn at very high concentrations, but rttadility to concentrate Zn into above

ground biomass is diminished.

The results from the field survey supported thaselpced in the greenhouse experiment.
Plants growing on contaminated sites in Derbyshwere growing in extremely high
concentrations of Zn (39,013 — 22681 mg'kgPlants found growing on soils with the
highest Zn concentration had the lowest concentrdactor, whilst plants growing on soils
with the lowest Zn concentrations had the highestentration factor. Bakest al, (1993)
conducted field work at Black Rocks and concludeal the concentration factor af.
caerulescensat the site was on average 0.99, five times higfem those observed in this
investigation. As explained above, the differeneenMeen these results may be because of

the difference in sample date and therefore plget a
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3.5.3 Biomass production

One of the main concerns of usigcaerulescentor work involving herbivores species is
that this plant produces low amounts of biomasa#t al,. 2003; Freoet al, 2003). The
results of the greenhouse experiment support tfedegs, as the mean values for above
ground biomass were low for all treatments and iwithe range found by Haines (2002).
The most biomass was produced in the medium Znntesda which agrees with results
obtained by Ozturlet al, (2003). They found that the largest amount ahiass was
produced by plants grown on a media containing B@0kg* of Zn. The least amount of
biomass was found in plants grown on media thataieed no additional Zn (38 mg Ky
This evidence supports the claim by Chaeewl, (1997) and Sheat al, (1997) thafT.
caerulescen$ias a high internal requirement for Zn and thantstd growth occurs when
Zn concentrations are low (Broadley al., 2007). Other authors who have grown plants
over a longer time frame (133 — 200 days) havebeen able to increase biomass (Knight
et al, 1997; Schwartet al, 1999), suggesting that the amount of biomasdymed is not

that much affected by increase in the age of thetpl

3.5.4 Feeding preference dfl. aspersa

The result of the feeding trial showed thdt aspersadid not significantly prefer to
consume either high or low Zn leaves, which does support the elemental defence
hypothesis. This result differed from that foundiigret (2005, 2007), in whicH. aspersa
both in laboratory and field experiments preferfedcaerulescengontaining elevated
concentrations of Zn (2000 — 15,000 mg‘kgThis could be because their low Zn plants
contained lower concentrations of Zn than thosehis experiment and thereford.
aspersawere able to distinguish between the treatmentsetN(2007) suggested thit
aspersawould show a preference for caerulescenwith high Zn concentrations because
these plants have depleted concentrations of ghmlases, compared with those
containing low concentrations of Zn. This concurthwhe finding of both Newman (1992)
and Tolraet al, (1998), who found similar trends in the levelgylucosinolates in plants
with different levels of Zn. Notten (2006) putsvi@rd the notion that plants which have

evolved to cope and prosper in soils high in heareyal concentrations have lower levels
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of glucosinolates due to low herbivory pressurea assult of metalliferous soils. If these
authors are correct, their findings do not supgizetelemental defence hypothesis, because
higher levels of Zn should reduce the herbivoryhelse plants.

A possible explanation for the results obtainedhis experiment may be thit aspersa
were unable to distinguish between the two Zn cotmaéons in the leaves. Leaves from
the control (containing no additional Zn) still hadnean Zn concentration of 847 mg'kg
and although this was significantly lower than kesfrom the higher treatment (3651 mg
kg?), the Zn concentration in the control was a Iahler than plants containing no Zn.
ThereforeH. aspersamay have been unable to make a choice, if botlormptvere equally

unpalatable to them.

3.5.5 The use of. caerulescen# future experiments

Although the experiments in this chapter have destrated tha®. caerulescenis capable

of accumulating extremely high concentrations ofi#io its above ground biomass, this
species has some serious drawbacks as an expainspecies to test the elemental
defence hypothesis. The first of these problemthéslimited amount of above ground
biomass produced after a growth period of 12 weelgeenhouse experiments. Samples
from the field which had grown in even higher camtcations of Zn appeared to produce
even less biomass. This limits the useTofcaerulescens/hen researching the elemental
defence of Zn in these plants, because a largetiguasf biomass is required for
performance trials using herbivores. The secontlpno arises becaude caerulescens

too efficient at accumulating Zn, as it is capatfi@btaining high concentrations of Zn in
the plants biomass even when grown in a treatmamtaming no additional Zn (typically
only 17 mg kg). This is problematic because it means that herbi/faced with the ‘low’
Zn leaves are actually being offered Zn concemtnatifar beyond those found in other
plant species. Furthermore, in the fidld caerulescensemained relatively undamaged.
Therefore, a different plant species will be regdito test the elemental defence of Zn in
plants against herbivores. This species shouldymednore above ground biomass over a

short growth period and only accumulate minimalasarirations of Zn when grown on the
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low Zn treatment. This species is a known accuroulat Zn (Kumaret al, 1995; Salet
al., 1995) and will be used as the study specieth®remaining experimental chapters of
this thesis.
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Chapter 4. Accumulation of Zn in B. junceawith and without
herbivory over time and the possible induction of A uptake by
the herbivore H. aspersa

4.1 Introduction

Chapter 3 of this thesis evaluated the possitslibé usingThlaspi caerulescensm the
study of Zn as an elemental defence in plants. KHewat was concluded that because of
certain physiological properties, slow growing prothg small amounts of above ground
biomass,T. caerulescensnay not be the most appropriate candidate totieselemental
defence hypothesis. Ideally the study plant shpubdluce large quantities of above ground
biomass over short growth periods and only accutaumainimal concentrations of Zn
when grown on low Zn concentration soils. A plagmaes which seems to fit these criteria
is the Zn accumulatoBrassica juncegKumar et al, 1995; Saltet al, 1995), although
further investigation is required to fully undersfahow B. juncearesponds to metal
uptake.

B. junceais truly a remarkable plant species, as it has lfeend to be an accumulator of
Zn and Cd (Mobin and Khan, 2006; Speisenl, 1992), as well as a hyperaccumulator of
Se (>1000 mg kY, (Reeves and Baker, 2000; Hansral, 2003). As a resuB. juncea
has been used in previous studies on metal hyperadation and elemental defence.
However, although a number of authors have resedrthe uptake of Zn iB. juncea
(Table 4.1), there has only been published workxgreriments involving the uptake of Se,
in terms of assessing the elemental defence hygistfiBanuelost al, 2002; Freemaspt
al., 2007; Hansomt al, 2003). The role of Zn as an elemental defend®. ijunceais still

unknown.
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o Highest Zn concentration
Zn concentration in _ _
_ 4 in B. junceaabove ground Reference
growth media mg kg )
biomass mg kg"

3326 1600 Quartacaet al.,, 2006
1109 >2000 Clementet al, 2005
704 1500 Podagt al, 2004

0-160 624 Cuet al, 2004

Table 4.1: Summary table of experiments that have researdmeduptake of Zn irB.
juncea.

As seen (Table 4.1), work by previous authors Haioed Zn concentrations in the above
ground biomass dB. junceain excess of 2000 mg KgZn concentration (Clement al,
2005). This defineB. junceaas a Zn accumulator species (Reeves and Baked),20h
sometimes an overall concentration factor of appnately 2. The Zn concentrations of
these plants were achieved after a set growth gh@fi@0 days (Clementt al, 2005). The
study did not examine the uptake of Zn during pldevelopment; even though Boyd
(1998) states that there is little understandingh@iv metals are accumulated over time.
This is of extreme importance because of the plessilider ecological implications. In
terms of experimental research, it is also impdrtanunderstand how long it takes for
plants to sequester ‘high enough’ concentrationdro{concentrations significantly higher
than plants grown with no additional Zn) to haverapact on herbivores. If plants slowly
sequester Zn into above ground biomass early otheir development, they may not
contain the same concentrations at the beginnidgead of an experiment. By furthering
our understanding of the levels of Zn accumulatowmer time, it would be possible to

ascertain an optimal time for leaves to be usexkperiments with herbivores.

Plants such aB. junceamay also increase their uptake of Zn when exptsdubrbivores.
In essence the uptake of Zn into above ground ldsnmaay be an inducible defence
(Karbon and Baldwin, 1997). In this case a stimukigech as the action of an herbivore,

produces a response (Smith, 1996), an increaskeirtdncentration of Zn in the plants
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leaves. Although no literature to date has examihderbivores have an impact on the
concentration of metals plants sequester, manyoeithave examined the induction of
plant defences by herbivores. Hodgeal, (2000) concluded that Lepidoptera larvae could
increase the production of an anti-feed compourplants, resulting in the herbivore being
impelled to move away and stop feeding on the plHnthe concentration of Zn iB.
junceawere increased by the action of a herbivore fegdim its leaves, this could cause
the plant to become unpalatable. This would be m@tdegous in terms of the
phytoremediation potential @. juncea because it would maximise the amount of above
ground biomass. However, it could have serious agpohl implications, in terms of
affecting herbivores feeding on plants growing antaminated land. An alternative
outcome may be that Zn uptake does not increaserasult of herbivory, but that plants
increase their above ground biomass to compensatad damage (Karbon and Baldwin,
1997).

4.2 Aim and hypotheses

This chapter aims to assess the suitabilit.giunceafor evaluating the elemental defence
hypothesis using Zn. This was established by tgskiree hypotheses:

i.  The concentration of Zn sequestered Byjunceawill differ depending on the

concentration of Zn in the soil and throughout pld&velopment.

ii. Increased Zn uptake will have a negative impagtlant attributes, such as biomass
production at different Zn treatments and plantsage

lii.  Increased Zn uptake . junceamay be induced when attacked by the herbivore

specied. aspersa
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4.3 Experiment to determine the physiological andremical changes oB.
junceawhen grown on different concentrations of Zn ovetime.

4.3.1 Materials and methods
4.3.1.1 Experimental design

Following seed germination and initial growth (Ctea® Sections 2.2.1 and 2.2.2), 188
junceaplants (Czernj accession 426308, a known accupwtHtZn, Podaret al, 2004)
were transplanted at random into one of three drdvéatments (36 plants per treatment).
Treatment A had a target Zn concentration of 0 rgg, Kreatment B 300 mg Kgand
Treatment C 1000 mg KgZn concentration, above the baseline (prepareatesrding to
Section 2.3 of Chapter 2). The plants were arramgéle form of a Latin square (9 x 12)
on the greenhouse work bench and plants maintameadcordance with Section 2.2.3,
Chapter 2.

4.3.1.2 Plant harvest and chemical analysis of tramedia and plant samples

Samples of the growth media were collected aftexdpetion and analysed for Zn

concentration, as described in Section 2.4.2 op@hn.

The experiment was conducted over four weeks. étetld of each week nine plants from
each of the treatments were harvested (Chaptee@jo8 2.2.4) a total of 27 plants per
week. These weekly harvests continued for the ouradf the experiment, to determine
how B. junceauptakes Zn over time. Once harvested plants wergh&d before and after

being dried in an oven at 8@, so both wet weight and dry weights could be méed.

It was important to accurately record the conceéiatnaof Zn in the leaves, as this is where
herbivore damage was expected. Therefore leavesstamds were separated prior to
grinding (Section 2.4.3, Chapter 2), making it plassto analyse the two above ground

components of the plant separately.
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The quality of the data produced from any rese@atxtremely important. Experimental
design should reduce the risk of Type | and Typaribrs, whilst the data collected must be
accurate and reliable. Obviously it is not alwagasible to assess the quality of data, such
as those produced by direct counts of insects xample. However, for the majority of
analytical techniques it is possible to quantifgd gualitatively comment on how close data
is to the ‘true’ value. In this and subsequent thapthe quality of the data produced by F-
AAS was assessed by bias and relative bias, a coenpof the measurement uncertainty
of the data (equations of which are in Section @5Chapter 2). This was done by
comparing the measured value of CRM’s and HRM'sreggaaccepted values (Table 2.5,
Chapter 2). Typically a bias/relative bias of bel@®@2 is considered to show that data is

reliable and of high quality.

4.3.1.3 Statistical analysis

All data analysis was completed using the statibfi@ckage Minitab (Version 14), with
Microsoft Excel (Microsoft Office, 2003) used fdret production of all graphs. One and
two-way ANOVA's (Analysis of Variance) were used &ssess whether there was any
statistical difference in Zn concentration betwekifierent growth media, leaf and stem
components of the plants, biomass production, Zrcewotration factor and the amount of
nitrogen in the leaves. Data was checked to enstuldilled the assumptions of the test i.e.
data was normally distributed (using probabilitptg) and had equal variance (Levene’s
test for equal variance). If differences were fouadbe significant (P < 5%), data were
subjected to a post-hoc Tukey's test, to determiigch treatment means differed

significantly from one another at P < 0.05.
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4.3.2 Results
4.3.2.1 Quality of data

Data from the growth media samples (Table 4.2)taedplant samples (leaf and stem) all
had an overall relative bias below 10%. This isf ladl the recommended value for
measurements not to be drastically affected bystesyatic analytical error, therefore the

results can be considered to be accurate and of gality.

Mean measured Zn Mean Mean Overall
Samples CRM/HRM N - -1 - relative Bias relative
concentration mg kg Bias .
% Bias %
Growth NIST 2709 3 92.55 -13.45 -12.69
media NIST 2710 3 6456.37 -495.63 -7.13 -9.62
samples NIST 2710 | 3 318.31 -31.69 -9.05
Leaf NIST 1570 A | 4 83.96 1.96 2.36
samples HRM 11 4 48.48 3.48 7.74 7.56
HRM 14 4 39.39 4.39 12.54
NIST 1570 A | 4 76.61 -5.39 -6.58
Stem 559
samples HRM 11 4 40.69 -4.30 -9.56 '
HRM 14 4 34.78 -0.22 -0.63

Table 4.2: Summary table of the mean bias and relative bia€RM's and HRM’s.
Growth media and plant material samples were aedlyg the same time to provide an
estimate of the quality of the data.

Table 4.3 clearly demonstrates how close the ‘&ctomeasured values of the soil
treatments were to the target values in terms of@rcentration. The Zn concentration in
both treatments B and C were well within 10% of et values. The reason for Zn soll
concentration being so far from Zero (14 mg'kds due to Zn contained within the
compost which is almost impossible to remove, butttie purposes of the experiment are
more than adequate as a control soil containingaditional’ Zn.
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Zn Nominal _
_ _ Mean measured ) % difference
Soll concentration _ difference from
Zn concentration from target
treatment target value 4 target value mg
4 mg kg 4 value
mg kg kg
0 14 14 n/a
B 300 318 18 6 %
C 1000 918 -82 -8.2%

Table 4.3:Zn soil target concentrations vs. measured conagors

4.3.2.2 Zn soil concentration

Addition of Zn to the three growth treatments (Feu4.1l) was successful in producing

significantly different concentrations of Zn betwetgeatments (= 117.79, P = <0.001).

The actual mean concentrations of Zn (Treatment1%=B = 318 and C = 918 mgKgin

the treatments was very close to that of the tafgetoncentrations (Treatment A = 0 mg

kg®, B =300 mg kg and C = 1000 mg kY.
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Figure 4.1: Mean (n = 5) £+ SE Zn concentration in the thred seatments ANOVA
(Target Zn concentrations: A = 0 mgkgB = 300 mg kg and C = 1000 mg Kkb.
Different letters above bars in the graph indicgmificant differences between treatment
means (post-hoc Tukey’s analysis).

Source d.f. SS MS F P
Soil Zn
_ 2 2.1x16 1.0x16 117.79 <0.001
concentration
Error 12 1.0x10 8.9 x 10
Total 14 2.2x19

Figure 4.4: Statistical output of the Zn concentration in theee soil treatments ANOVA.
4.3.2.3 Concentration of Zn in leaves

Figure 4.2 (i-iv) displays the concentration of itnplants harvested from weeks one to
four of the experiment respectively. It can cleanly seen that the Zn concentration of
plants grown on treatment B (318 mggwere significantly higher than those plants
grown on treatments A and C (14 and 918 mg kespectively) during the four week
experiment. The peak Zn concentration 1179 mg)koccurred in plants grown on
treatment B from week one. The Zn concentratioplahts grown on treatments A and C

appeared to have an almost constant Zn concemtr&toand 690 respectively.
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It would appear that plants from treatment B haléad Zn concentration that oscillated
slightly, between an increase and decrease on & lseaveek basis. This may coincide
with the growth of the plant.

1400 - b
1200 1

@ Treatment A 0 mg
kg-1 of additional Zn
in soil

| Treatment B 300 mg
kg-1 of additonal Zn
in soil

0 Treatment C 1000
mg kg-1 of additonal
Zn in solil

1000 4

800 +

600 -

400 4

200 +

Zn concentration in leaves mg kg !

0 4

Weeks grown on treatment

Figure 4.2 Mean £ SE Zn concentration B. juncealeaves grown on the three different
soil treatments over the four week experiment. ddht letters above in the graph indicate
significant differences between treatment meanst{poc Tukey’s analysis).

Experiment
week Source df SS MS F P
Treatment 2 5.4 x 106 1.9x 106 92.85 <0.001
1 Error 24 1.9x16 8.2x1d
Total 26 7.4x16
Treatment 2 3.7x168 1.9x 16 92.85 <0.001
2 Error 24 49x18 2.0x 10
Total 26 42x16
Treatment 2 5.1 x 10 2.5x10 62.76 <0.001
3 Error 24 9.8x18 4.1x10
Total 26 6.1x16
Treatment 2 45x10 2.2x10 43.90 <0.001
4 Error 24 1.2x16 5.1 x 10
Total 26 5.7 x 10

Table 4.5: Statistical analysis output of the Zn concentratioB. juncealeaves grown on
the three different soil treatments over the foeelwexperiment.
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4.3.2.4 Concentration of Zn in stems

The concentration of Zn in the stems of the pldrdasn treatment B showed an overall
decline over the four weeks (from 531 to 256 mg Bga steep decline was observed
between weeks 1 and 2, while a much more subtlkndgook place between weeks 2 and
4. This suggests that there was a large uptakendfain root to stem ilB. junceaduring
plant establishment in the growth treatment, foldviby a decline in uptake over time. The
Zn concentration in the plants stems grown on ftneat C, the highest Zn concentration
treatment (918 mg kY, followed a similar trend to those grown on treant B. However,
Zn concentration in the leaves was at a lower madai(745 — 638 mg Ky at each time
interval. This may be because the growth mediumavassaturated with Zn and as a result
the plant was unable to accumulate the leaf Zn exunations seen in treatment B. The
stem Zn concentration in plants from treatment Clided after the first week from a
starting value similar to that found in plants froreatment B (558 — 330 mg Ky it then
steadily increased over the remaining two week$0® mg kg where it was significantly
higher than plants grown on treatment B.

O Treatment A O

<, 700 7 b mg kg-1of
‘; b additional Zn in
£ 600 soil
2 B Treatment B 300
5 500 1 b ¢ mg kg-1 of
- o .
2400 - b b adglltlonal Znin
£ soil
5 300 b b O Treatment C
kS 1000 mg kg-1 of
= 200 - additional Zn in
§ a soil
o 100 + a a a
c
N 0 —

1 2 3 4

Weeks grown on treatment

Figure 4.3: Mean £ SE Zn concentration in stemsBofjunceagrown over the four week
experiment. Different letters above in the graptligate significant differences between
treatment means (post-hoc Tukey’s analysis).
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Experiment
week Source d.f. SS MS F P
Treatment 2 1.5x 10 7.4x10 29.56 <0.001
1 Error 24 6.0 x 10 25x10
Total 26 2.1x16
Treatment 2 6.4 x 10 3.2x10 47.94 <0.001
2 Error 24 1.6 x 10 6.6 x 10
Total 26 8.0 x 16
Treatment 2 6.1x 10 3.1x10 24.35 <0.001
3 Error 24 3.0x 10 1.3x10
Total 26 9.2x10
Treatment 2 6.9 x 10 3.5x10 55.91 <0.001
4 Error 24 1.5x 10 6.2 x 10
Total 26 8.4x10

Table 4.6: Statistical summary of the analysis Zn concentraiio stems ofB. juncea
grown on soil containing three different concendrag of additional Zn over the four week
experiment.

4.3.2.5 Zn concentration factor

The Zn concentration factor between plants leawestihe growth media was calculated at
the end of the experiment (week 4). The Zn coneéntr factor (CF) (Figure 4.4) was
highest in plants grown on the medium that conthime additional Zn (Treatment A). The
Zn concentration in this growth media was very [dw mg kg') and plants must uptake a
certain concentration for them to be healthy antdZmdeficient, creating a big difference
between the two values. Far more interesting isttteaCF in the medium Zn concentration
treatment (Treatment B 318 mg Rgwvas greater than 3, and not statistically difféfeom
the CF in treatment A. Treatment C which contaittexlhighest Zn concentration had the
lowest CF, less than 1. This was lower than thatiired for a plant to be considered to be
an accumulator. This may suggest that the Zn cdratém in this growth media was close

to saturation and may even have been having a fgixytoeffect on the plants.
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Concentration factor

A B C

Treatment

Figure 4.4: Mean = SE concentration factdor plants grown on three different z
treatments ANOVA (Treatment A = 14 mgkgdTreatment B = 318 mg Kgand Treatment
C = 918 mg kd). Different letters above bars in the graph indicsignificant differences
between treatment means (post-hoc Tukey’s analysis)

Source d.f. SS MS = P
Concentration
factor 2 26.08 13.04 62.39 <0.001
Error 9 1.88 0.20
Total 11 27.96

Table 4.7: Statistical output of the concentration factor itaints grown on three different
Zn treatments ANOVA.

4.3.2.6 Biomass production

The above ground biomass DW (Figure 4.5) Baf juncea grown on different Zn
concentrations (Treatment A = 14 mg*kd® = 318 mg kg and C = 918 mg kY did not
differ significantly between treatments;{f= 1.77, P = 0.176), but did differ significantly
between weeks (b7 = 317.87, P <0.001) for the three treatments. Shiggested that the
growth media Zn concentrations were not phytotaxidB. junceawhen grown under
laboratory conditions. Between weeks 1 and 4 plantseased their overall biomass
approximately five fold, from their biomass aftdretfirst week's growthB. juncea
thereforefulfilled the criteria for being a fast growing plaspecies, required to effectively
study the elemental defence hypothesis.
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O Treatment A
@ | Treatment B
O Treatment C

Dry weight above ground biomass
N

1 2 3 4

Number of weeks in growth media

Figure 4.5: Mean (n = 9) + SE above ground biomas8ojuncea(DW) grown on three
different Zn treatments (Treatment A = 14 mg'kgreatment B = 318 mg Kgand
Treatment C = 918 mg Ky over time.

4.4 Experiment to determine whether damage by theeameralist herbivore
H. asperseacould induce increased uptake of Zn by. juncea

4.4.1 Materials and methods

4.4.1.1 Experimental design

The aim of this experiment was to determine whetheruptake inB. junceacan be
increased by subjecting plants to a sustained oek) herbivore attack. Growth media
containing a Zn concentration of approximately 40§ kg* was prepared as described in
Section 2.3 of Chapter 2. After germination andiaitial growth period (Chapter 2,
Sections 2.2.1 and 2.2.2), 100 plants were tranggdainto individual pots containing the
growth medium and arranged as in Figure 4.6 (a)ef\@®. The plants were then allowed
to grow for 1 week, after which time 20 of the gkawere harvested to record a baseline Zn
concentration in the plants (Week 1). At the samme snails were caged on to half (40) of
the remaining plants. The other 40 plants were edged (Figure 4.6) so as not to bias the
growth of the plants, but without herbivores preggigure 4.7 (b)). Plants were watered

(using tap water) on a daily basis via a sauceeurahth the plant pot for a further week.
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After this time (Week 2) the snails were removaahfrall plants. The heights of all plants
were recorded. Plants in the snail addition treatsye/ere assessed for damage on a leaf by
leaf basis, and percentage damage per leaf reco?@edlants on which snails had been
present and 20 plants which had had no snails haneested. The wet weight of these
plants was recorded before being placed in a drguem. The remaining 40 plants (Figure
4.7 (c)) were left to grow for an additional weekthe absence of snails but with the cages
still in place. After this time (Week 3) they wdrarvested using the same procedure as the
second harvest. This would determine whether placteased Zn uptake into their above
ground biomass in response to herbivore damage datety, whether there was a delay in
Zn uptake, or whether leaf Zn concentration de@@asice active herbivore damage had
ceased.

Samples of growth media (n = 10) were analysed dterchine how close the Zn
concentration of the growth media was to the tamgetcentration of 400 mg Kg All
samples (all leaves from an individual plant cdostid one sample) were analysed by F-
AAS, following an acid digest (Chapter 2; Sectio#)2

n YERY T

Figure 4.6: Photograph of cagelrassicajunceaplants.
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In order to effectively study the role of Zn uptakean elemental defence in plants, certain
variables need to be controlled for in the expentaledesign. Nitrogen content is often
used to describe the nutritional quality of a pl@lentine and Heck, 2001). Plants with
lower nitrogen content may be less desirable tbitieres; a form of plant defence (Feeny,
1970; Schroeder, 1986; Augner, 1995). Growth ratétatal biomass may affect nitrogen
content, both of which may be affected by Zn cotre¢ion. To determine whether a
change in Zn concentration between plants and dwee was affecting herbivore
preference or whether a difference in nitrogen esinbetween plants was the underlying

cause, nitrogen levels were measured throughowxperiment.
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(b)

(©)

Figure 4.7: Experimental setup of (a) pot arrangement at sthegnB. junceawere first
transplanted; (b) pot arrangement after 1 week tirawth addition ofH. aspersaand (c)
pot arrangement of remaining plants grown for dahter week after the removal &f.
aspersa

Figure 4.7 key
Week 0 B. juncea transplanted. Week 1 plants harvested.

Week 0 B. juncea transplanted. Week 1 H. aspersa added. Week 2 snails removed and plants
harvested.

Week 0 B. juncea transplanted. Week 1 no H. aspersa added. Week 2 plants harvested.

. Week 0 B. juncea transplanted. Week 1 H. aspersa added. Week 2 snails removed. Week 3 plants
harvested.

Week 0 B. juncea transplanted. Week 1 no H. aspersa added. Week 3 plants harvested.

Shows where plants have been harvested.
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4.4.1.2 Statistical analysis

All data analysis was undertaken using the stesispackage Minitab (version 14), with
Microsoft Excel (Microsoft Office, 2003) used inetlproduction of all graphs. Two-way
ANOVA (Analysis of Variance) was used to determiwneether there were any significant
differences in the Zn concentrations or biomasplafits subject to herbivory or harvested
at different times. Data was checked to ensure thiéiled the assumptions of the test i.e.
data were normally distributed (using probabilitgtp) and with equal variance (Levene’s
test for equal variance). If differences were fotmde significant, data were subjected to a
post-hoc Tukey’s analysis to determine which grmmgans differed significantly from one
another at P < 0.05.

4.4.2 Results
4.4.2.1 Quality of data

The quality of the data (Table 4.4) for the growtadia samples was good with an overall
relative bias value of 3.73%. Therefore, there wdsgh degree of certainty that the Zn
concentration recorded for these samples was tleevetlue. However, the overall relative
bias for the leaf sample CRM’s and HRM’s was abthesdesired 20% value at -29.73%.
These data should be interpreted with cautionesslts may be significantly lower than the
true value. However, all three CRM/HRM'’s had a stent negative bias of relatively the
same magnitude, suggesting that the bias arose d@oranalytical systematic error, for
example an error in the calibration of a pipettdattle top dispenser. This error would be
consistent for all samples; therefore althoughdidwa collected may have lower values than

expected, the trends in the data would be the same.
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Mean measur_ed Mean Mea_m Over_all
Samples CRM/HRM n Zn concentration Bias re_Iatlve Relatlve
mg kg-1 Bias % Bias %
. NIST 2709 2 125.01 19.02 17.94
Gr‘;gmprlgesd'a NIST 2710 | 2 6198.95 -753.05 | -10.83 | 3.73
NIST 2710 2 364.33 14.33 4.09
NIST 1570 A 4 64.71 -17.28 -25.9
Leaf samples HRM 11 4 32.43 -12.57 -27.93 -29.73
HRM 14 4 22.62 -12.38 -35.35

Table 4.8: Summary table of the mean bias and relative bfa€RMs and HRMs of
growth media and plant material samples to proaidestimate of the quality of the data.
Samples were analysed at the same time.

4.4.2.2 Zn soil concentration

The mean (n = 5) Zn concentration of the growth imecas 349 mg Kg with a standard
error of + 40 mg kg. This result was lower than expected (target Zmceatration = 400
mg kg'), however it was still above concentrations comsd phytotoxic to most plant
species and high enough for land to be classedrdaminated (ICRCL, 1987).
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4.4.2.3 Concentration of Zn in the leaves

1800 -
1600 -
1400 +
1200 -
1000 +
800 -
600 - a
400 -
200 + -
0

1 2 3

@ With snails
m Without snails

kgt

Mean leaf Zn concentration in mg

Harvest week

Figure 4.8: Mean (n = 20) £ SE Zn concentrationBnjuncealeaves harvested in week 1,
2 and 3, with and without snails. Two-way ANOVA geace of snail /= 0.20, P = 0.654,
harvest week F£= 42.60, P <0.001. Different letters above barghe graph indicate
significant differences between treatment meanst{poc Tukey’'s analysis).

In week 1, after one week growing on the high Zmoemtration growth media, 2B.
junceawere harvested. The mean leaf Zn concentratiggu(€i4.8) of these plants was 345
mg kg". The plants had sequestered a mean concentratimstaexactly the same as the
growth media (349 mg KY, a concentration factor of 0.98. aspersawas added to half

the remaining 80 plants and they were then allotwembntinue growing for a week.

4.4.2.4 Damage to plants by herbivores

The level of herbivore damage was recorded in w2ealnce snails had been removed.
There was no significant difference in the levelhefrbivory (Figure 4.9) between plant
treatments, i.e. those harvested in week 2 andethassested in week 3. Therefore, they
were comparable in terms the amount of herbivoraeadge they received. Plants that did
not have snails placed in a cage with them were alsserved for damage. A visual

inspection of these plants confirmed that no sigaift damage was evident.
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Figure 4.9: Mean (n = 20) + SE % damage to plants after beirgested to herbivory by
H. aspersaOne-way ANOVA confirmed that there was no sigréfit difference between
plants harvested in week 3 and those harveste@@kw, ;= 0.03, P = 0.874.

In addition in week 2, a further 40 plants werevieated, half of which had been exposed to
one weeks worth of herbivore damage. There wadggmifisant difference in the leaf Zn
concentration of plants which had been subjectédl @mspersadamage (1246 mg Ky and
those which had not. The mean Zn concentrationhekd leaves had increased by
approximately 900 mg ksince week 1 (Figure 4.8), with a concentratiandaof 3.5.

The remaining plants (n = 40) were harvested inkn&ehalf of which had experienced
herbivore damage between week 1 and 2. The mea@neeoncentration of these plants
was 1490 mg K§ a concentration factor of 4.27. The leaf Zn comegion had increased
by 350 mg kg compared with those harvested the previous wagkhle increase was not
as high as it had been between week 1 and 2 (Fig@®e There was no significant
difference between the leaf Zn concentration ohtslahat had been subject to herbivore
damage and those which had not£f©.20, P = 0.654).

Plant leaf Zn concentration increased significanthgr time, but did not differ significantly

in the presence or absence of the herbitvbraspersgFigure 4.8).
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If B. junceadoes not increase Zn uptake in response to heghitanay be that the defense
strategy of the plants was to increase their biemi@scompensate for the lost vegetation.
Therefore, the biomass of plants subjected to herpiand those which were not, were
compared after each harvest. The results showedhtie was no significant difference in
the biomass of plants irrespectively of herbivoFyg(re 4.10). There was a significant
difference between plants harvested in week 2,gL28/ and those harvested in week 3,
3.00g DW above ground biomass. Theref@&gunceaplants do not increase above ground

biomass in response to herbivory fréinaspersa

m Without snails
O With snails

@)
Q
QD

Mean dry above ground biomass

Harvest week

Figure 4.10: Mean (n = 20) £+ SE above ground biomasB ojunceaharvested in weeks 2
and 3, that had or had not been subjected to hasblwy H. aspersa Two-way ANOVA:
Herbivory F, = 0.68, P = 0.411, Time;E 16, 1.99, P <0.001. Different letters above bars
in the graph indicate significant differences betwdreatment meanpdst-hocTukey’s
analysis).

A regression analysis for the amount of damagepfzet caused by herbivores against the
concentration of Zn in the plant leaves for thenfdeharvested in week 2, at the same time
as the removal of snails R 6.4%, P = 0.296, ) and those harvested in we@¥ 3 1.4%,

P = 0.624, ) were analysed separately. There wasigmificant relationship between the

leaf Zn concentration and the level of herbivorgitiner harvest.
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Response Factor d.f. F P

Harvested after
Mean damage

one and two 1 0.03 0.874
to the plants
weeks
Zn | Presence of 1 0.20 0.654
concentration in snalil
leaves Harvest week 2 42.60 <0.001
Aboye ground Presen_ce of 1 0.68 0.411
biomass Snalil
production Harvest week 1 161.99 <0.001

Table 4.5: Summary of one-way and two-way ANOVA from the Zaluction experiment.
Results in bold indicate significant results.

4.5 Discussion
4.5.1 Zn concentration

Previous experiments (Table 4.1) examining Zn uptbk B. junceahad recorded Zn
concentrations in above ground biomass of betw@dn-62000 mg Kg (Quartacci et al,
2006; Clementet al, 2005; Podaet al, 2004). The highest mean leaf Zn concentrations
presented in this chapter were between 1179 an0 b4 kg'. The results from both
experiments fell short (by approximately 500 mg-kgf the 2000 mg kg threshold for
plants to be considered accumulators of Zn (Reamd=Baker, 2000). However, they were
still higher than the Zn concentrations typicakyguired for normal growth, which is in the
range of 15 — 20 mg Kg(Broadleyet al, 2007). The leaf Zn concentrations of plants
grown in the 400 mg kgwas approximately 100 times greater than this mimnvalue B.
junceais considered to be an accumulator of Zn rathen #dyperaccumulator species
such agl. caerulescensTherefore, it is not surprising that the high&stconcentration for
B. junceain this experiment was under half of that recortiedrl. caerulescensx Chapter

3.

However, because it is not a hyperaccumul&ojunceahas been shown to be a better
study species to investigate the elemental defdnypmthesis tharl. caerulescensB.
junceaplants grown in the control growth media (contaghino additional Zn) did not
sequester high concentrations of Zn into their abground biomass. The high internal

requirement ofT. caerulescensind its ability to hyperaccumulate Zn resultedplants
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grown in the control growth media accumulating eamications exceeding 800 mgkg
The Zn concentrations &. junceagrown in the control media were below 100 md ki
these were to be presented to herbivores along Wgh Zn concentration leaves in
preference feeding trials, there would be a bifed#ince in Zn concentrations between the
leaves presented, making it easier for snails tken@achoice. Using. caerulescenthe
difference between low and high Zn leaf concerdregiwas by a factor of approximately 4
(Chapter 3). If this experiment were to be repeatsdgB. junceathe difference between

the two would be by a factor of over 15.

However, the apparent change in Zn concentratidhinvleaves over the four weeks may
arise from a dilution effect, as plants increasediomass over time. More leaf material
was ground per sample as biomass increased arefdieethe Zn in the plants may have
been diluted by the increasing volume of plant malteLarge plants may have contained
more Zn per plant because they had sequesteredintorieir above ground biomass but
would have appeared to have the same or lower fAgetdration compared to smaller
plants, because smaller plants had less biomass.differences in Zn concentration
between small and large plants could result in gharin herbivore behaviour or impact
differently upon herbivore health. Smaller planithva higher Zn concentration may deter
herbivore attack if herbivores are able to detectiZ the plant. As a result herbivore
behaviour may alter if they try to avoid consumihg plant. Herbivores may not be able to
detect Zn in plants which are larger, due to thetion effect. As a result herbivores may
consume large volumes of leaf material containimg Fhis may have an impact on the
fithess of herbivores, reducing herbivore numberd berbivory on the plant in the long

term.

Even though the majority of work on elemental deéehas focussed on plants with very
high metal concentrations, there is mounting ewidelny authors such as Colemanal,
(2005) which suggests that metals can have an impacherbivores at much lower
concentrations. These low concentrations are girtolahose found in plant accumulator
species such &. juncea rather than those found in metal hyperaccumwdasoch ag'.

caerulescens
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The results from the sequential harvest experin@olyides valuable evidence to suggest
thatB. junceaeaves, are capable of reaching a Zn soil/planilibum (albeit non-linear)
within one week’s growth on any given treatmentdusethe experiment. It then appears
that plant leaves maintain an approximate consiantconcentration throughout their
development over a four week growth period. Thisngluable information for furthering
research into the elemental defence characteristi£s, as it enables ‘us’ as researchers to
have a reasonable degree of confidence of leaveo@rentration after one weeks growth
on a Zn treatment, which will remain approximatetnstant for a four week period. This
is most important when setting up experiments tweitain the additional complexity of
using leaf chewing herbivores. However, the Zn eot@tion within the stems dB.
junceais far less variable over a four week growth peritherefore far more care and
planning is required when setting up experimentsckvinvolve herbivores that feed from
the stems oB. junceaplants.

4.4.2 Zn concentration factor

B. juncealike T. caerulescenbad an optimal concentration of Zn in the growthdiado
produce the highest concentration of Zn in the dsayn both plant species the CF was
significantly lower in plants that were grown inetlhighest Zn concentration treatment.
When oversaturated with Zn it may be that Zn uptskenhibited, to prevent the plant
sequestering levels which would be toxic to therhe Toptimum Zn concentration for
maximum uptake was at moderate Zn concentratidd3 {300 mg kg-1), even though this
range is considered to be phytotoxic to most opteant species (Broadlest al, 2007). The
unimodal response dB. junceato Zn concentrations is supported by the CF factor
recorded by authors such as Poetal, (2004), who produced a CF of just over 2 (less
than the CF of plants grown on treatment B) wheswgr on a medium containing a Zn
concentration of 704 mg Kg(higher than the growth media Zn concentratiotredtment
B). This trend continues with a CF of approximat@y in plants grown on a soil
containing 3326 mg kZn(Quartacciet al, 2006).

Chapter 4: Accumulation of Zn . junceawith and without herbivory over time and the
possible induction of Zn uptake by the herbivBreaspersa



97

4.4.3 Biomass production

One of the constraints of usiAg caerulescenas a study species to investigate elemental
defence in plants was the low amount of biomasduywred (Chapter 1). It has been shown
thatB. junceais capable of producing considerably more aboweerul biomass over a very
short time scale. This confirms claims by otherhatg that it is a fast growing, high
biomass producing plant, capable of accumulating(Bmmar et al, 1995; Saltet al,
1995). Zn concentration in growth media did notéhawsignificant impact on the amount of
biomass produced, a trait consistent with plantt #re capable of sequestering high
concentrations of Zn (Broadlet al, 2007). The biomass produced (4g DW after 28 days
was more than that found by Quartaatial (2006), a mean total of 0.5 — 0.8 g DW after
43 days growth. However, the Zn concentration eifrtigrowth media was in excess of
3000 mg kg, three times that of highest Zn treatment in thesgeriments. A different
study (Wuet al, 2006) recorded a biomass of over 2.6 g DW iiir the treatments, which

is more comparable with the current study. TheeefBr junceais a more desirable study
species thaif. caerulescen® assess elemental defence in plants using Zex@eiments

involving herbivores, such as performance triads) r2quire a lot of biomass.

4.4.4 Hypotheses

i.  The concentration of Zn sequestered Byjunceawill differ depending on the

concentration of Zn in the soil and throughout pld&velopment.

This hypothesis may be accepted as plants did sspudifferent leaf and stem
concentrations depending in which soil concentratitey were grown on. It would seem
thatB. junceais best suited at accumulating Zn into its leavbgen the soil concentration
is ‘moderately’ contaminated 318 mgkgts performance at sequestering Zn decreases to

half when the soil concentration reaches 1000 nig kg

ii. Increased Zn uptake will have an impact on plamtbates, such as biomass

production at different Zn treatments and plantsage
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The second hypothesis must be rejecte®.gsinceaplants did not reduce the amount of
biomass produced irrespective of the Zn treatmieey tvere grown on. This differs from
the results from the previous experiment where d@svseenT. caerulescendiomass
reduced drastically with Zn concentration in thé. so

iii.  Increased Zn uptake . junceamay be induced when attacked by the herbivore
specied. aspersa

The third hypothesis must be rejected as herbiatieek did not result in plants increasing
the amount of Zn sequestered into their above grdaiomass.). It may be that the Zn
concentration of the growth medium was too highursdéing the plant irrespective of
herbivore damage; or too low, limiting the abildf/the plant to increase Zn uptake. It may
be that the level of herbivory was not severe ehpwg over too short a time period to
elicit a response. Alternatively, it may take thanp longer to respond to herbivory than the
length of this experiment allowed. However, the triikely explanation is that, herbivory
does not induce an increase in Zn uptaki®.ijuncea

To concludeB. junceaa Zn accumulator, was able to grow in similar Hnaentrations as
those of the Zn hyperaccumulatdr caerulescenswithout suffering any significant
negative impact in terms of biomass production. tvecentration of Zn iB. junceawas
higher in the leaves than the stems, with leaf entrations exceeding 1000 mg kafter a
single week’s growth. This suggests that the el¢atetefence could have more of an
impact on leaf chewing herbivores, rather than sagkers. However, this experiment
concluded that herbivory bi. aspersadid not result in an increase in Zn uptake By

juncea thus suggesting that the elemental defence of @take is not inducible.

Chapter 4: Accumulation of Zn . junceawith and without herbivory over time and the
possible induction of Zn uptake by the herbivBreaspersa
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Chapter 5: Testing the elemental defence hypothesief Zn
accumulation in B. juncea using the generalist herbivoreH.
aspersaand the brassicaceae specialiBt. brassicaen the lab

5.1 Introduction

Chapter 4 analysed the effect of Zn uptak®&inunceaas a defence mechanism from the
plant’s perspective. This chapter aims to deternfiZe acts as defence against herbivory
in B. junceaplants from the perspective of two herbivores, glemeralist herbivoréd.
aspersa(the common garden snail) as well as bha@ssicaceaespecialistP. brassicagthe

cabbage white butterfly).

5.1.1 Measuring the effectiveness of the elementdefence hypothesis using
herbivores

Boyd (2007) stipulates that the two main ways taleate the effectiveness of metal uptake
by plants in terms of a defence characteristicregdierbivores, are conducting preference
tests and performance trials using herbivores. &tbeg, contained within this Chapter is an
extensive evaluation of the possible effects thataged concentrations of Zn Bl juncea

leaves may have on two herbivore species, in teffrtigeir preference and performance.

Preference tests, described in detail in Chapt@rdside evidence of the effect of Zn on
the feeding behaviour of herbivores. Previous woas established that heavy metals,
including Zn, can deter herbivore feeding (Grevdlted Morgan, 1991; Hansen al., 2003;
Pollardet al, 2007) and therefore provide support for the eleta defence hypothesis.

However, deterrence does not demonstrate thathbkatdefence has a negative impact on
herbivore performance, i.e. their growth developtnsuarvival or fecundity. Furthermore,

sometimes herbivores are not deterred by a defbacause, for example, they cannot
detect it, but the defence is still effective onecduse it impacts negatively on the

herbivore’s performance.
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There is less evidence that Zn and other metabkctafierbivore performance as fewer

studies have been carried out than for preference.

Hence it is important to demonstrate effects orhhmteference and performance for a

number of herbivores before the elemental defegpethesis can be supported.

5.1.2 Choice of Herbivore in tests

When conducting research into the effectivenesaethls as a defence for plants, there are
two very important factors that must be thoroughisearched before experiments
commence. The first is the plant species being;useithis caseéB. junceawhich from the
results of the previous chapter has demonstratad ithis a plant species capable of
accumulating Zn into its biomass. The second fatdhe choice of herbivore. After an
extensive literature investigation, two speclésaspersaandP. brassicagwere deemed to

be suitable candidates for experimentation.

H. aspersa— The common garden snail is a generalist herbiveferred to by many
researchers as a key ecological species (Ment®arisi, 2001) due to its wide geological
distribution. This species of snail has also beseduor such purposes as an indicator of
environmental pollution and biological monitoring@hfllips, 1977; Gomot and Phian,
1996). Dallingeret al, (1993) even suggested that this species wasm@+toncentrator of
Zn.

P. brassicae- Is a Lepidoptera species found wild throughawtlge, commonly known as
the large white butterfly (Feltwell, 1979). When larval form it feeds predominately on
Brassicaplant species and are specialists when tacklingetlspecies of plant. Pollard and
Baker (1997) used this species of caterpillar ie of their preference trials, presenting
individuals with a choice oT. caerulescensontaining either a low Zn concentration of
528 mg kg or a high Zn alternative with a Zn concentratidn7d32 mg kg. They
concluded thaP. brassicaehad a significant preference for caerulescenteaves that

contained the lower Zn concentration. Although tresbivore species has been involved in
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experiments with the Zn hyperaccumulator spetiesaerulescenst has not been used in
any published experiments with plants that areseldsas Zn accumulators. Thus this
chapter aims to see if even a specialist herbivaareh asP. brassicaecan show a
preference when presented with low and high Zndsdrxom a Zn accumulator speckgs
juncea hence refining the possibility of less extremenaatrations of Zn affecting

herbivore preference and growth performance.

5.1.3 Implications for phytoremediation

This research has wider implications for the po&tratpplication of phytoremediation for
remediating land contaminated with heavy metalshdigh phytoremediation is a highly
desirable technique (as discussed in the introolniathapter) it does have a fundamental
flaw, as it is effectively mobilising a contaminaindm a ‘locked’ source zone (the soil)
into the environment. As plants accumulate the heaetals into their above ground
biomass it presents environmental and ecologicablpms as it produces pathways by
which the contaminant can enter the ecosystem.mide concerning of these problems is
the movement of heavy metals entering and bioactatmg up the food chain. Hence it is
important to test to what extent insects feedingptants containing high levels of Zn
accumulate Zn in their tissue. This has been asddss snails by previous work but using
a different plant species (Noretal, 2005, 2007), but not for Lepidoptera.

5.2 Aims

I.  To establish if elevated Zn concentrationsBinjunceahas on an impact on the

feeding preference of juvenilé. aspersaand caterpillars dP. brassicae.

ii.  To ascertain if adulH. aspersachange their feeding preference when repeatedly
presented with leaves Bf junceacontaining low, medium and high concentrations
of Zn.
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lii.  To determine if a diet dB. juncealeaves containing elevated concentrations of Zn
have an impact on the growth and performance drjil® and adulH. aspersaas

well as on caterpillars d?. brassicae

iv. To assess if a diet @. juncealeaves containing elevated concentrations of Zn
increases the Zn concentrationsPnbrassicaevhen compared to caterpillars fed

on a diet oB. junceaeaves that do not contain elevated concentratb@s.

5.3 Preference of juvenileH. aspersaon leaves ofB. juncea containing
high and low concentrations of Zn

5.3.1 Materials and methods
5.3.1.1 Rearing of juvenile snails

Juvenile snails used in the experiment were bredajtivity from eggs produced from
adult H. aspersathat had been collected from the grounds of thevélsity of Sussex.
These adult snails had not been used in any o#paErienents prior to producing eggs and
therefore had no known prior exposure to elevatertentrations of Zn. The juvenile snails
were reared on a diet of washed (using tap watéi)de after they hatched from their eggs

until they were used in the experiments.

5.3.1.2 Experimental design

Snails were starved for a 24hr period before tleet sif the experiment. Twenty five
juvenile snails were placed in individual cagesh®dirs prior to the start of the experiment
in the aim to increase herbivory. Snails were thersented with two leaves Bf juncea
that had been grown on media either containingdditianal Zn or additional Zn (800 mg
kg?). The snails were then positioned in the middlehef cage equal distance from the
leaves and facing neither. Prior to the leaves do@ilaced in the cage, their area was
recorded using a leaf area meter (by ADC BioSdietiThe snails were then placed in a

dark area of the laboratory and monitored over ehd@r feeding period to ensure the
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herbivores did not completely consume the leaf nadteAt the end of the elapsed time

period the remaining leaf material was removed ftbencage and the area recorded.

5.3.1.3 Statistical analysis

Data were analysed using Minitab (Version 14) amesg@nted using Microsoft Excel
(Microsoft Office, 2003). A Wilcoxon signed rankstavas used to analyse the data to see if
there was any significant differences in the amaidhéaf material consumed by the snails,

with a 95% confidence interval.

5.3.2 Results

When juvenileH. aspersasnails were presented with the choice Bof juncealeaves
containing low and high concentrations of Zn, thees a significant difference /= 57,

P = 0.005) between the amounts consumed by thes gRagure 5.1). The results from the
preference trial provides evidence that feedingabietur of juvenileH. aspersasnails is
affected when presented wiBh juncealeaves containing high concentrations of Zn. The
mean percentage of leaf consumed containing thie Aigwas only 3.5 %, while leaves
containing the lower concentration of Zn had a meearly three times higher (9.9 %) in

terms of leaf material consumed.
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Figure 5.1: Mean (n = 25) + SE percentage leafBfjunceaconsumed by juvenilé.
aspersawhen presented with a choice of leaves contaihigg and low concentrations of
Zn. Means with different letters overhead diffeegnificantly after running a Wilcoxon
signed rank test, W= 57, P = 0.005.

5.4 Multiple preference trials of adult H. aspersaon leaves ofB. juncea
containing high, medium and low concentrations of &

5.4.1 Materials and methods
5.4.1.1 Experimental design

Sixty adult snails were collected from the areaiatbthe University of Sussex. Prior to the
experiment they were placed in a large glass antgagé containing a compost layer of
approximately 4cm in depth. The cage was kept ineaperimental room with an
approximate temperature of ° the lights in the room set on a 16hr light 8arkdcycle.
High humidity was maintained within the cage bylylanonitoring and by the use of a
water spraying bottle to ensure the soil/cage wastnbut not wet. The snails were fed on
a diet solely comprising of cabbage washed thorlyugtih tap water before being given to
the snails. A week before the experiment beganstiaéls were transferred to individual
cages, to make sure that they were not carrying,eggich might affect their preference,
and fed on the same diet as before. 24 hours fwrithre start of each experiment all food
was removed from the cages in an effort to pronmaivory. The experimental design

consisted of three preference options:-
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1) Low Zn leaves — Leaves froB junceaplants which had been grown on soil containing

no additional Zn.

2) Medium Zn leaves — Leaves froB1 junceaplants which had been grown on soil
containing 400 mg k§of additional Zn.

3) High Zn leaves — leaves frofh junceaplants which had been grown on soil containing
800 mg kg of Zn.

The sixty snails were randomly allocated to onthofe experimental trials (when placed in
their individual cages), to test the preferencsrdils for (i) low vs. medium Zn leaves, (ii)
low vs. high Zn leaves, and (iii) medium vs. high [Baves. Due to the fact that preference
can be altered through previous experience it vea€laded that each snail should carry
out their preference trial three times, to seaéfgrence alters with experience. In between
each of the trials for the snails there was a 4&dwling off period’; where individuals
although remained in their cages were fed the maigiliet of cabbage, before being starved

for 24 hrs and used in another trial.

Each trial was conducted by placing tBojuncealeaves, one from each treatment (being
tested) into the individual cages. The snail wantpositioned equal distance from both
leaves and facing nether. Cages were then placaddark and quiet area of the lab and
monitored over a 12 hr period. Prior to leaves pgiaced in the cages their area was
scanned using an ADC BioScientific area meter; deawere rescanned at the end of the
experiment so that total area consumed could bmileddd. To reduce leaves wilting and
becoming unappealing to the herbivores their steere wrapped in damp paper towel. To
reduce characteristic favourability (in terms afesor colour) of one leaf over another in
any individual trial, leaves were matched pairamhfrthe two different experiments as well

as possible, in terms of age, colour and size.
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5.4.1.2 Statistical analysis

Data were analysed using Minitab (Version 14) amesg@nted using Microsoft Excel
(Microsoft Office, 2003). A non-parametric Mann Wiey U test was used to test for any
significant differences (at the 95% confidence Igft®m the results of each trial. Due to
the data produced from the trials being in pergmfarm it was necessary to convert the

data using an angular transformation prior to stigal analysis.

5.4.2 Results

Snails did not have a significant preference durihg first two trials (Figures 5.2).
However, by the end of the third trial the snaild Have a significant preference (y\¢
486.5, P = 0.037) for the leaves that came fromtplgrown on a soil that contained no

additional Zn.

16

14 -

12

10 A .
@ Leaves from plants grown with

no additional Zn

B Leaves from plants grown with
an additional 400 mg kg-1 of Zn

Mean % of leaf consumed
(o]
|

Trial 1 Trial 2 Trial 3
0vs 400 mg Zn kg Trials 1-3

Figure 5.2: Mean (n = 20) + SE percentage Bf juncealeaves consumed kY. aspersa
when presented with a choice of leaves containingadditional Zn and medium
concentrations, trials 1-3.
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Figures 5.3 shows the results of the three repgatef@rence trials of adult snails, when
presented with a choice of a low and high Zn comai leaf ofB. juncea The first two
trials yielded results that were not significantifferent, therefore the snails were not
displaying a preference for either leaf. Howevkg tesult from the third trial produced a
significant result (W = 521, P = 0.001). In this trial the snails haddmareference for the
low Zn leaves, consuming on average 3.9 times rabtke low Zn leaf (12.9 %) than the
high Zn leaves (3.3 %).

18.0 -
16.0

14.0

12.0

O Leaves from plants grown with

10.0 no additional Zn

m Leaves from plants grown with

8.01 an additional 800 mg kg-1 of Zn

6.0 b

Mean % of leaf consumed

4.0

2.0 ~

0.0

Trial 1 Trial 2 Trial 3
0vs 800 mg Zn kg Trials 1-3

Figure 5.3: Mean (n = 20) £ SE percentage Bf juncealeaf consumed byd. aspersa
when presented with a choice of leaves containmgdditional Zn and the addition of high
concentrations of Zn (800 mg Ky trials 1-3.
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Figures 5.4 displays the results from the threéepeace trials, in which adult snails were
provided with a choice of a medium Zn containinaf ler high Zn containing leaf. The first
trial produced a result that differed significantiy.o = 495, P = 0.019), with the snails
making a preference for leaves from the plants grow a soil containing 400 mg kaf
additional Zn. This result was not observed ingheond and third trial conducted on the
snails, which instead produced results which shothatisnails did not have a statistically

significant preference for either leaf.
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Figure 5.4: Mean (n = 20) + SE percentage Bf juncealeaf consumed by. aspersa
when presented with a choice of leaves containiadiom and high concentrations of Zn,
trials 1-3.
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Due to the complexity of the experimental desigs itot possible to quantitatively analyse
the differences between the results of all the ifeedrials. It is possible though, to
gualitatively comment on the outcomes as a wholbefVsnails were presented with a
choice between a leaf that had come from a plaattithd been grown on a soil containing
no additional Zn and leaves from a plant grown @oih containing additional Zn (either
400 or 800 mg K§ in the soil) snails did not make a preferenceluhé third trial. When
they did make a preference it was always for théftem the plant that had been grown on

the lowest Zn concentration in the soil of the two.

5.5 Preference ofP. brassicaeon leaves ofB. junceacontaining high and
low concentrations of Zn

5.5.1 Materials and methods
5.5.1.1 Experimental design

P. brassicaeeggs purchased from Blades Biological (Kent, Ukrsvallowed to hatch in a
Petri dish that contained a damp paper towel aactéobage leaf to which the eggs were
attached. After the eggs had hatched and the d&espvere feeding independently they
were transferred to a larger container, again oo cabbage leaves and damp paper
towel, and left to grow until they were in thelf Bistar (approximately 3 cm in length).

Having reached their'Binstar, 16 caterpillars were transferred to indiindl cages in a
laboratory environment. Each cage contained ®uojuncealeaves, one from each
treatment, either from plants grown on soils comitaj no additional Zn or 800 mg Kg
Plants had been growing in their respective sollsapproximately three weeks. To prevent
leaves from wilting and thus losing their appeathe caterpillars, damp paper towel was

wrapped around the leaves stem for the duratigheofrial.

Prior to leaves being placed within the cages, these first match paired, in terms of age,
colour and size. Following this, a leaf area mdébr ADC BioScientific) was used to

measure the area of the leaves.
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The caterpillars were then carefully placed intdividual cages facing neither leaf, and
approximately equal distance from each leaf. Thrbitneres were then closely monitored
over an eight hour period to ensure they did nobmetely consume any of the leaves.
After this time had elapsed the caterpillars weteinned to the main growth cage and the

remainder of the leaves were rescanned using #fi@ilea meter.

5.5.1.2 Statistical analysis

Data were analysed using Minitab (Version 14) amesented using Microsoft Excel
(Microsoft Office, 2003). A non-parametric Mann Wiey U test was used to test for a
significant difference (at the 95% confidence I¢vwelthe quantity of leaf consumed By
brassicagrom the two different treatments.

5.5.2 Results

The results from the choice preference triaPobrassicagresented with 8. juncealeaf
from a plant grown on a low (no additional Zn) arigh (an additional 800 mg Ky Zn
soil concentration. These findings as displayeBigure 5.11 show th&. brassicaéhave a
significant preference (YW= 108, P = 0.013) for the low Zn leaves, consuntingaverage
three times more of the low Zn leaf (24% mean arheonsumed) than the high Zn leaf

(7.45% mean amount consumed).
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Figure 5.5: Mean (n = 12) = SE of percentage of leaf consunyeld.bbrassicadrom the
two treatments containing either high or low conaions of Zn. Means with different
letters overhead differed significantly after rumpia Mann Whitney U test, M= 108, P
=0.013.

5.6 Growth performance of juvenileH. aspersaon a high and low Zn diet
of leaves ofB. juncea

5.6.1 Materials and methods
5.6.1.1 Experimental design

Forty juvenile snails (reared as discussed in @edhi.3.1.2 of this Chapter), which were
approximately four weeks old, were allocated atlcan to one of two diets (20 replicates
on each diet) which comprisél juncealeaves. The difference in the two diets were the
growth media the plants were grown on, either doirtg additional 400 mg kg of Zn
(high Zn diet) or containing no additional Zn (la@n diet) which subsequently led to

differences in Zn concentration within the leaves.

Snails had their mass recorded on a four pointnigalat the start of the experiment and
then every third day over an eighteen day peridg: 3nails were provided with a freBh
juncealeaf from the allocated diet each morning in tleaige (Petri dish), which was also

sprayed daily with a small amount of water to iasehumidity in the cage and provide an
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‘optimal’ environment for the snails as presentgdtadecet al, 2000. The experimental

setup can be seen in Figure 5.12.

5.6.1.2 Statistical analysis

Data were analysed using Minitab (Version 14) amesented using Microsoft Excel
(Microsoft Office, 2003). The initial and final ma®f snails was analysed using a non-

parametric Mann Whitney U test for significant diiénces, at the 95% confidence interval.

Herbivore damage

sfrassica juncea  leaf

_ _

Figure 5.6: Experimental set-up of the growth performance @Efile snails on a diet of
B. junceaeaves containing high or low concentrations of Zn
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5.6.2 Results

As demonstrated in Chapter 4 the Zn concentratio.ofunceachanges over time.
Therefore, during this trial the concentration of i theB. juncealeaves was sampled at
the beginning and the end of the trial. The meamrahcentration in the leaves of the plants
grown on the treatment containing no additional did not differ a great deal at the
beginning of trial (35.0 mg kY and at the end (49.4 mg kg While the concentration of
Zn in the plants that were grown in the additioBaltreatment did significantly increase
from the beginning (439.5 mg Kpyand eighteen days later at the end of the expatim
(994.8 mg kd), with the Zn concentration more than doublingraés course of time. But
as discussed in more detail in Chapter 4, it waeebed that Zn concentration in the leaves

would change over time.
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Figure 5.7: Mean = SE concentration of Zn in tBe juncealeaves that formed the two
diets for the performance trial of juvenile snaflgm samples taken at the beginning and
end of the trial.

The masses of both sets of twenty snails that feet¢he high and low Zn leaves, did not
differ significantly (Wsg = 361, P = 0.1895) at the start of the experiméné snails on the
high Zn diet had a mean mass of 0.024 g and fostiagls on the low Zn diet weighed
0.028 g on average. For the first 6 days of tta, tehails on both diets steadily increased in
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mean mass, but by the twelve day snails on the Agtreatment had started to decrease in
mass, while those on the low Zn diet continuedam gnass. This trend continued for the
remainder of the trial. On the eighteenth and fdw} of the trial the snails mean mass from
the two diets were significantly different 4= 235, P = < 0.001), with the mean mass of
snails on the diet d. juncedeaves not containing any additional Zn having ammass
almost double of their starting mass (0.046 g)cdntrast the mean mass of the snails on
the high Zn diet was actually lower than (0.022tlggn their starting mass, Figure 5.14.
These results suggest that tBejuncealeaves containing elevated concentrations of Zn

have a negative impact on the growth of juvenilalsn

O 06 _, —e—Treatment additional Zn
—a— Treatment no addtional Zn
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Figure 5.8: Mean (n = 40) £ SE juvenile snail masses fed ent#o different diets oB.
juncealeaves, either containing high or low concentragi@of Zn. Means with different
letters differed significantly following a non-panatric Mann Whitney U test.
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5.7 Performance of adultH. aspersaon a high and low diet of leaves dB.
juncea

5.7.1 Materials and methods

5.7.1.1 Experimental design

Twenty four adultH. aspersasnails were collected from the grounds of the ©rsity of
Sussex. The snails, none of which has been usaalyiprevious experiments, were housed
as described in section 5.4.1.1 of this chapteor po taking part in the experiment. The
initial mass of the snails as recorded before the sf the experiment and then they were
randomly allocated to individual cages that corgdinone of two diets. The diets comprised
B. juncealeaves that came from plant either grown in soistaining additional
concentrations of Zn (400 mg Kgor not. The leaves in the snail cages were replan a
daily basis with leaves picked freshly from plagtewing in greenhouses. Snails were then
fed their allocated diets for a period of 15 days;ing which the mass of individuals were

recorded every other day.

5.7.1.2 Statistical analysis

Data were analysed using Minitab (Version 14) amesg@nted using Microsoft Excel
(Microsoft Office, 2003). Mann Whitney U test warged to test for any significant (with a

95% confidence interval) differences in snail masstethe start and end of the experiment.

5.7.2 Results

Figure 5.15 displays the mass of the snails overcthurse of the 15 day trial; it clearly
shows that there was no significant differencehagtarting weight of both groups of snails
at the start of the experiment (\\= 150, P = 0.99). There was very limited changé
snail's masses over the duration of the experimémné two groups of snails almost had
identical final masses at the end of the experinf@fit = 152, P = 0.931).
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Figure 5.9: Mean (n = 12) + SE snail masses fed on the twefft diets oB. juncea
leaves either containing high or low concentratiohZn.

5.8 Growth performance ofP. brassicaeon a high and low Zn diet ofB.
juncealeaves

5.8.1 Materials and methods

5.8.1.1 Experimental design

P. brassicaeeggs from Blades Biological were hatched as desdrib section 5.5.1. Once
they were feeding independently, forty individualere transferred to separate feeding
cages after being weighed on a four point balamcerandomly assigned one of the two

diets.

The diets consisted &. junceaeaves from plants that had either been grown @eain
two growth treatments, containing no additional(Env Zn diet) or 800 mg k§additional
Zn (high Zn diet) for 10 days, having undergonedsgermination and initial growth as

described in Chapter 2.
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Caterpillars were provided with a fresh leaf of thet they were allocated each day, leaves
had damp paper towel wrapped around the petickedép the leaves as fresh and palatable
as possible. The mass of caterpillars was recoededy other day over the course of a
week, until just before they pupated. The experinvesis carried out in an experimental
chamber that had lights set on a 16/8 hr and meaperature of 20/18C on a day/night

cycle. Figure 5.16 shows an example of the experiaiset-up.

Five days after the caterpillars had reached thgda state, they had their mass recorded so
that a comparison between the two diets could pd&ee. The pupae were then transferred
to labelled self seal bags and placed in a°@0reezer so that may be analysed at a later
date to establish if an accumulation of Zn occuirethe caterpillars on the high Zn diet

(see section 2.8 of Chapter 2).

Figure 5.10: Experimental set-up &1. brassicagerformance on a low and high Zn diet
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5.8.1.2 Statistical analysis

Data were analysed using Minitab (Version 14) ames@nted using Microsoft Excel
(Microsoft Office, 2003). The initial and final wghts of the Lepidoptera reared on the
different Zn diets were analysed as separate oryeAMODVA'S.

5.8.2 Results

The starting masses of the two group$ofbrassicaavere not significantly different g
=0.24, P = 0.63) as displayed in Table 5.1. Therpdlars on the low Zn diet increased in
mass between day three and seven in a linear fgshidle those on the elevated Zn diet
were slower to increase in weight. The final masgdbe caterpillars (Table 5.2) reared on
the diet ofB. juncealeaves containing an elevated concentration of &ah significantly
lower masses @r= 6.54, P = 0.022) at the end of the experimean those on the diet of
B. juncedeaves from plants grown without any additional Zn

0.6000
0.5000 -

0.4000 -

—e—High Zn

0.3000 - Low Zn

0.2000 -

0.1000 -

Mean mass (g) of lepadoptra

0.0000

Day 1 Day 3 Day 5 Day7

Duration on diet in days

Figure 5.11:Mean (n = 20) + SE mass of caterpillars on a fagt low Zn diet, over the
growth period from the second instar to just befarpating.
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Initial

Weight d.f. SS MS F P
Diet 1 43x 10 43 x 10 0.24 0.63
Error 38 6.9 x 10 1.8x 10°

Total 39 6.9 x 10

Table 5.1: One-way ANOVA output for the comparison of thetiali mass of the
caterpillars.

Final

Weight d.f. SS MS F P
Diet 1 2.6 x 10 2.6 x 10° 6.54 0.022
Error 15 6.0 x 10 4.0x 10°
Total 16 8.6 x 19

Table 5.2: One way ANOVA output for the comparison of thealinmass of the
caterpillars.

Table 5.3 displays the mean results for the regow€Zn spikes that were run at the same
time as the insect samples. The results showandodr of the five spikes ranging between
5 and 100 mg™ of Zn, the percentage recovery exceeded over 90 1é. percentage
recovery only dropped below 90 % on the spikes liaat a Zn concentration of 2 mg |
This was most likely due to analytical errors agsfrom incorrectly calibrated pipettes and
the like. The concentrations in the insect sampiere at least ten times this and within the
range where Zn recovery exceeded 90 %, so thaltgefsaom the insect digest can be

viewed with a high degree of certainty in termshaf values produced.

N Spiked Zn concentration mg T Mean actual Zn Mean % recovery
concentration mg I of Zn spikes

3 100 94.34 94.34

3 50 47.97 95.93

3 25 24.03 96.10

3 5 4.84 96.80

3 2 1.60 79.83

Table 5.3: Recovery of Zn spikes, used as a data quality cbritol for the Zn
concentration in the insects.

Caterpillars reared on a dietBf juncealeaves that contained an elevated Zn concentration
contained a mean Zn concentration in their bionwist2 mg kg This was significantly
higher (F = 12.72, P = < 0.001) than the conceiomadf Zn (29mg kd) in pupae from
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larvae reared on low Zn diet. These results sugtest the relationship between Zn

concentrations in pupates and Zn concentrationuwrnad from the diets is not linear.

50 4 b
45 - T
40 -
35 A
30 - T
25 -
20 A
15 -
10 -

Zn concentration in pupaes fresh wt
mg kg™

Low Zn High Zn

Treatment

Figure 5.12: Mean + SE Zn concentration in pupae at the entie@kxperiment reared on
the two different Zn diets. Different letters abdyers indicate significant differences in Zn
concentration determined by a One-way ANOVA.

Zn
Concentration d.f. SS MS F P
Diet 1 1260 1260 12.72 <0.001
Error 31 3072
Total 32 4332

Table 5.4: Statistical output of the Zn concentration in peigd the end of the experiment
reared on the two different Zn diets.

5.9 Discussion

5.9.1 Effects of Zn on juvenile snails

i. To establish if elevated Zn concentrationsBin junceahave an impact on the feeding

preference ojuvenile H. aspersaand caterpillars dP. brassicae.
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The preference trial conducted in this experimead produced conclusive evidence that
juvenile snails have a preference Br junceaeaves that contain low concentrations of Zn

over those containing elevated concentrationseir thaves.

It is plausible to suggest that the preferencaueénile snails foB. juncealeaves that do
not contain elevated concentrations of Zn arises tdutheir possible ability to ‘taste’ the
Zn.

iii. To determine if a diet oB. juncealeaves containing elevated concentrations of Zn
have an impact on the growth and performandgenanile and adultH. aspersaas well as

caterpillars ofP. brassicae

The results from the performance trial show thatjtivenile snails on the diet Bf juncea
leaves containing elevated concentrations of Zreased their mass significantly less than
the snails on the control diet. This suggests Hratat these elevated concentrations is
having a negative impact on the growth of juvehileaspersaln the case of juvenile snails
performance matched preference.

5.9.2 Effects of Zn on adult snails

ii. To ascertain if adulH. aspersachange their preference when repeatedly presentad w

leaves oB. junceacontaining low, medium and high concentrationZof

In the two experiments in which adudt aspersawere offered a choice of a low Zn leaf
and either a medium or high Zn leaf, the snailsagdtba significant preference for the low
Zn leaves in the third and final trial. This indies that repeated exposure has an affect on
feeding preference, with the results suggestingitifwieased Zn concentration in leaves is
less desirable in a diet for snails than low Zivésa
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In the experiment where snails were given a chbatereen medium and high Zn leaves,
the first trial resulted in a significant prefererfor the medium leaves. However, this result
can not be claimed to be conclusive as no prefergvas observed in the following two

trials.

These results suggest that snails predominatelg hapreference for low Zn leaves over
leaves containing elevated concentrations of Zm that preference is established through
repeated exposure and experience. This supportsig¢beput forward by Pliner (1982).
Therefore, naive snails are just as likely to comsB. juncealeaves high in Zn as those
containing non-elevated concentrations.

iii. To determine if a diet d. junceaeaves containing elevated concentrations of Ze ha
an impact on the growth and performance of juveaild adult H. aspersaas well as
caterpillars ofP. brassicae

Snails on the two different diets Bf juncealeaves from plants grown on soils containing
no additional Zn and 800 mg kgf additional Zn, did not alter their mass sigraitly
over the 15 day trial. These results are contragicto those found in the juvenile
performance experiment, but this maybe due to abeurof reasons. Firstly, the mass of
adult snails is large and relatively stable antess likely to display dramatic changes over
a relatively short time period. Secondly, havingateed adult status they are possibly in a
better position to deal with increased levels okis’ in their diet. Some authors including
Dallinger et al 1993 have suggested that adult snails may beblamd coping with
elevated concentrations of heavy metals, by dapgsihem in their shells, thus in effect
reducing the energy expenditure that may be regiyguveniles to detoxify them.

5.9.3 Effects of Zn orP. brassicae

i. To establish if elevated Zn concentrationBinjunceahas on an impact on the feeding

preference of juvenilel. aspersaandcaterpillars of P. brassicae
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P. brassicaehad a significant preference fBr juncealeaves containing no additional Zn
than those that contained elevated concentratib@s.oThis mirrors the outcome of that
from the juvenile snail preference experiment agdira suggests both types of herbivore

are capable of ‘tasting’ the increased amountsnoinzhe plants.

iii. To determine if a diet d. junceaeaves containing elevated concentrations of Ze ha
an impact on the growth and performance of juveaild adultH. aspersaas well as

caterpillars of P. brassicae

P. brassicageared from the second instar until just prior tpgtion increased their mass
significantly less if on a diet @. juncealeaves with an increased concentration of Zn than
leaves that did not. It appears that the incre@seth the diet has negative impact on the
growth rate ofP. brassicagthis possibly suggests that a high Zn concewnmaith plants

biomass is toxic to these herbivores

iv. To assess if a diet oB. juncealeaves containing elevated concentrations of Zn
increases the Zn concentrationdlieris brassicaewhen compared to caterpillars fed a diet

of B. junceaeaves that do not contain elevated concentratb@s.

A diet of B. juncedeaves with elevated concentrations of Zn resuhgulpae containing a
significantly higher concentration of Zn than pujien caterpillars individuals raised on a
diet that not contain increased Zn levels. Howewe relationship between Zn
concentration in the plant material and of thath@ pupae was non-linear; an explanation
for this maybe that caterpillars are trying to détothe additional Zn concentrations, at a

cost of reduced growth rate.

To conclude, both the generalist (juvenbe aspersa and the brassica specialif®. (
brassicag experienced a reduction in biomass productionnnfieel exclusively on leaves
of B. junceacontaining elevated concentrations of Zn. Thisviges a very compelling
argument to suggest that Zn is toxic and adversdigcts the growth rate of these

herbivores.
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H. aspersa(juvenile and adult) and®. brassicaecaterpillars all made a significant
preference foB. juncealeaves that did not contain increased concentratadnZn. The

results of all the experiments are summarised bilera.s.

Significant experimental outcome in the herbivorespecies

Experimental type | JuvenileH. aspersa| Adult H. aspersa P. brassicae
Preference for low YES YES YES

Zn leaves

Performance YES NO YES
adversely affected

by high Zn leaves

Table 5.5: Summary Table of results from Chapter 5

This chapter has presented evidence to suggesinttraased concentrations of Zn in the
plant B. junceahave a negative impact on bdth aspersaand P. brassicae The next
logical step having now investigated Zn as an efgatedefence inB. junceain the
laboratory is to conduct experiments under fielddibons. Results demonstrated in an
artificial laboratory environment may not occur time field, so the next chapter of this
thesis contains one of the largest field based raxpats testing the elemental defence

characteristics of Zn iB. juncea
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Chapter 6: Evaluating the elemental defence hypotlsts of B.
juncea(an accumulator of Zn) under field conditions

6.1 Introduction

The experimental chapters so far have focused predmtly on laboratory based
experiments. However, results produced in the Kbnocontradict data collected under
field conditions. This is because experiments cotetliin greenhouses under laboratory
conditions are highly controlled and are more lk& produce clear positive results. These
results are not always observed in field based raxpats, due to the vast number of
uncontrollable natural factors which occur in ttyige of experiment, such as the amount of
light plants receive, changes in temperature anadvexposure etc, which affect plant
behaviour and metabolism (for example the amounZmfplants sequester). But these
experiments are imperative in testing theories saglihe elemental defence hypothesis,
because plant species are exposed to populationsatofal herbivores with climatic
conditions more typical than the artificial paraerstof green house based experiments.
There are relatively few tests of the elementabdeé hypothesis conducted under field
conditions (Galeast al, 2008; Boyd, 2007). Table 6.1 summaries the stigublished to

date.

Many researchers conducting field trials with pathat accumulate heavy metals are
focused on the optimisation of metal concentratiptake in plants and designing crop
rotations to produce a commercially viable phytoedmation, rather than assessing the
potential effects these plants may have on ecasgstéhis is why Boyd (2007) considers
the elemental defence hypothesis to be relatively and in need of further experimental
investigation. The elemental defence hypothesis Iaportant implications for
phytoremediation, in terms of ensuring that theakptof metals by plants is not going to
have significant impacts of the movement of contemnts (including heavy metals) to be
bioaccumulated up the food chain (Laskowski andki#gal 996 McGrath, 2006).
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The field work that has been conducted to testetaenental defence hypothesis has used
plant species that are hyperaccumulators of heatgalsnand is summarised in Table 6.1).
Two of the experiments used the Zn hyperaccumulaltmmt specied. caerulescenbut
these have produced mixed results. The possibkomeafor these conflicting results are

discussed below. A review of these experimentgiaid below.

Noretet al, (2007) transplantet. caerulescenglants that had been germinated and grown
initially in a greenhouse, in soils with and withahe addition of Zn. The plants were
transplanted (within countersunk pots) into an avbareT. caerulescens found to grow

in the wild. The plants were monitored over a numbk months and a record of the
damage they received recorded. A positive aspethisfexperiment is that plants were
grown in an area where natural herbivoresT otaerulescenseside, thus increasing the
realism of the experiment. The amount of damagepthets received was not reduced by
increased concentration of Zn in the plants. Howetre concentrations of glucosinolates,

a secondary plant defence compound, did affeatateeof herbivory.

Dechampset al, (2007) also used. caerulescengn a field experiment, but rather than
grow plants in soils containing predetermined heaeyal concentrations, they located two
areas wherd. caerulescensvas growing in the wild. The locations differed tarms of
heavy metal content, one site had ‘normal’ conetiains of heavy metals, below soil
guideline values (SGV'’s), while the other had metahcentrations that greatly exceed
SGV’'s and classed as heavily contaminated. Plami® when reciprocally transplanted
between the two and the herbivore damage monitvedtime. Their conclusion was that
plants transferred from contaminated sites to romtaminated sites suffered more
herbivore damage than those plants moved from lgencsite to the contaminated site.
However, this result is open to alternative intetations, as several important factors were
not addressed by this experimental design. For pkammeither the abundance nor the
identity of the herbivores at the two sites wasorded, so it is possible that there were
more herbivores on the uncontaminated site than ctihh@aminated site, or that the

herbivore species at this site were the best addpteonsuming Tcaerulescens
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Both the above experiments have tried to some ektezvaluate the effectiveness of Zn as
an elemental defence in plants, they have usedrd gbecies, that as defined by this thesis
is not suitable to test this hypothesis. Due tortamirally high Zn internal requirement of
T. caerulescenst will hyperaccumulate Zn into its above grounmbrbass far beyond
‘normal’ plant species even when the availabilityhe soil is low. Therefore, herbivores in
the wild have not truly been offered the same plapecies with high and low

concentrations of Zn but rather, high and very lighcentrations of Zn.

It is for the reasons stated above that the relsdarahis chapter has been carried out. It is
to date the first documented example of a largeedead experiment testing the elemental
defence characteristics of Zn in an accumulaBorjinced plant species. This experiment
is an advance on previous work, as it examinegtbeth nutrient content as well as the
conducting an assessment on the abundance anaftypbivore, against increasing Zn

concentration in soils and thus plants on a velgelacale.

6.2 Aim and Hypotheses
To determine ifB. junceaplants grown on a high Zn soil and subsequentlytaining
higher Zn concentrations in their foliage are pct#d against herbivory compared to plants

grown on a control soil, not containing any adaiabzZn.

i.  Plants that have sequestered more Zn will be lassaded by herbivores.

. Insects will be present in fewer numbers on pl#mas contain a higher Zn

concentration than those with a lower concentration

iii.  Growth of plants on soils containing varying Zn centrations will not be
affected in terms of nutritional quality (C:N contgand plant height.
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Plant species Metal and concentration Brief description of experiment Outcome of experimat Reference
mg kg™
T. caerulescens With  or without an| Greenhouse grown plants werdéligher Concentrations of ZnNoretet al., 2007.

additional 2000 mg KY of
Zn in growth media.

transplanted into field conditions whe
natural populations exist and the extg

of herbivore damage monitored.

relid not correspond to lower

eévels of herbivore damage
however, glucosinolate levels

did.

T. caerulescens

Plants were grown on a sq

containing a range
metals, which included Z
with  concentrations  of
between 13,145 -30678 nj
kg™
sites and 15- 23 mg Kgat

the non-metalliferous sites.

at the metalliferous

gversa.

iIReciprocal transplantation experime
gfin which plants from a metalliferou

nenvironment were moved to a no

metalliferous environment and vic

nPlants from metalliferous site

stransplanted to non-
nmetalliferous suffered mor
bherbivore damage than th
th

metalliferous site from the

plants transferred to

D

non-metalliferous sites.

sDechampst al., 2007.

Streptanthus polygaloides

Ni 9,100 mg kg.

Greenhouse grown plants

transplanted into field conditions wheraleterred

natural populations exist and the exteqtlants grown on

of herbivore damage monitored.

W€

concentrations of Ni.

réJnknown invertebrates werneMartens
from  consuming2002.
the sojl
containing higher

and Boyd

Table 6.1: Summary table of the experiments that have asséisselemental defence hypothesis under field ¢immdi.
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6.3. Materials and methods

6.3.1 Seed germination and initial growth of plants

Eight trays (6” x 4”) containing an inch of damprweculite had approximately 10B.
junceaseeds sown on each of them. Germination ratesedgde90% within three days.
Seedlings continued to grow on the vermiculate,civiwas routinely kept damp but not
wet for a week. After this time had elapsed 700dkegs which exceeded 1.5 were
transplanted into 2”7 plug trays, containing Johne® no. 2. The seedlings were then
allowed to grow in the plug trays for a further \keAt the end of growth period in the plug
trays 600 plants were at random allocated and gtanted into pots containing one of the
four soil treatments. The plants were then alloaddrther five days in the confines of the
greenhouse to fully establish, before being mowettie field trials plot. Any plants that did
not survive the transplant while in the greenhowsee replaced immediately with plants

still growing in the plug trays.

6.3.2 Preparation of soil treatments

Soils were prepared as described in section 2Chapter 2. To obtain additional Zn
concentrations in the soil of 0, 400, 600 and 8@k

6.3.3 Experimental design

Three replicate sites approximately 4 x 5 m in aveae mammal proofed using chicken
wire around the perimeter. Each site had a symthietr covering the ground to prevent
weed growth. Although plants remained in pots, ia thyer < 2 cm of John Innes no. 2

compost covered the surface of each of the plotselp aid herbivore access to the plants.

Each site housed 200 plants (50 replicates of @aetment), these were arranged with a

five centimetre spacing between pots in a Latirasgstyled design (10 x 20).

The plants were watered daily and allowed to growhe sites for a total of three weeks.
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The herbivore damage that plants received was orewitafter ten days and at the end of
the three week experiment. The damage assessmerbwducted by examining every leaf

on all of the plants and counting the total numifdeaves on each plant. Leaf damage was
assessed by eye to the nearest 5 %, on each |da pfant. Plant height was recorded at

the same time as the damage assessments takieg plac

In addition to this, a herbivore count was condddtalfway through the experiment to try
to record the number of herbivores both feeding eewiding on the plants. Four main
species of herbivore were identified and their a@lamces recorded: weevils, leaf beetles,

green and black aphids from a 30 second observpé@oad of each plant.

6.3.4 Site description

The trial was carried out in a field at Sussex @rsity, (OS grid reference: TQ 34 09)
upon the grasslands of the Sussex downs. The swliray area is used as grazing

farmland. The total site area is approximately 95m1l85m. Figures 6.1 and 6.2, display

this area from an aerial satellite view and an @&p respectively.

b \
Figure 6.1: Aerial image of the three experimental sites oa field trials plot at the

University of Sussex (Adapted from Google maps 800
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Figure 6.20rdinance Survey map of the field trials site ispect to Sussex University.

All plants were harvested after the second rounteaff damage analysis. They were cut
0.5cm above the soil surface using scissors arwdglmto labelled paper bags and returned

to the lab for drying and analysis.
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Figure 6.3: Exerimental set-up of site one on the field triplet at the Univeréity of
Sussex, on the day of the Harvest.

6.3.5 Plant and soil analysis

Upon harvesting the plants they were placed inndryovens at 4T for three days by
which time all samples were dry. Ten plants fromhetteatment and plot (120 plants in
total) were then randomly selected for Zn analpgis—-AAS. Each plant that was used for
analysis was dried in an oven at’G(or 48 hrs, before being segregated into leanes a
stems. The plant material was then ground usingaléntll and then analysed in

accordance with chapter 2.

6.3.6Statistical analysis

Data were analysed using Minitab (Version 14) amesg@nted using Microsoft Excel
(Microsoft Office, 2003). One-way ANOVA (Analysig ¥ariance) was used to determine
differences between Zn concentrations in the gromngdia. Two-way ANOVAs were used

to test for the effect of treatment on the Zn coticgion in the leaves of the plants grown
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on the four treatments at the three sites, asagdle percentage damage on the plants half-
way and at the end of the experiment. Data werekgtefor normality (probability plots)
and equal variance (Levene’s test) to ensure tbafoomed to the assumptions of the tests.
Significant results were subjectedfost-hocTukey’s test to determine how they differed
from another at P < 0.05. The insect data wereyaedl using two nonparametric
Friedman’s tests, to evaluate both the effect ehttnent and site on total herbivore
numbers on the plant. The effect of the treatment€:N ratio and % nitrogen content was
tested by separate GLM analysis, wpost-hoc Tukey tests to determine significant

differences at the P < 0.05 level.

6.4 Results

6.4.1 Analytical data quality

The CRMs that were analysed at the same time asothand plant samples gave estimates
of bias that were below 13 % for both media, TdbR This would indicate that the results

obtained are not subject to any unacceptable bias.

Samples| CRM n | Mean measured Zn| Mean Mean Overall
concentration mg kg* Bias relative relative
Bias % Bias %
Growth | NIST 2709 | 3 92.55 -13.45 -12.69
media | NIST 2710 | 3 6456.37 -495.63 -7.13| -9.62
samples| NIST 2711 | 3 318.31 -31.69 -9.05
Plant
samples NIST 1570A| 5 87.47 5.47 6.67

Table 6.2: Summary table of the mean bias of CRM measurenmantat the same time as
samples of soil and plant material to provide a@mege of the systematic error in the data.
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6.4.2 Zn concentration in soil

The measured mean concentration of Zn in the foowt treatments (19, 374, 587 and
764 mg kd') was very close to the target added values 0f00, 400 and 800 mg Kg
(Table 6.3). A one way ANOVA (F = 71.02, P = <0.p@dllowed by apost-hocTukeys
analysis of the data, confirmed that the concepotratin the four growth treatments

differed significantly from each other (Figure 6.4)

Soill Zn concentration Mean Nominal % Difference
treatment | target value mg kg* | measured Zn difference from target
concentration from target value
mg kg’ value mg kg*
A 0 19 19 n/a
B 400 374 -26 -16.5
C 600 587 -13 -2.2
D 800 764 -36 4.1

Table 6.3:Zn soil target concentrations vs. measured coratons.
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Figure 6.4: Mean (n = 5) £ SE concentration of Zn in the feail treatments (A-D).
Means with different letters overhead differed #igantly after running gost-hocTukeys
analysis.

Source d.f. SS MS F P
Zn soil concentration 3 153x106 5.13 R1071.02 <0.001
Error 16 115x 10 | 7-22x 10
Total 19 1.65 x 10

Table 6.4: Statistical output of the concentration of Zn ie tbur soil treatments (A-D).

6.4.3 Zn concentration in plant material

At site 1 the highest Zn concentration (1508 mg)kgas found in leaves from plants that
had been growing on treatment D (767 mg)kgpntaining the highest additional amount of
Zn. However, this was not significantly differembrin the leaf Zn concentration (1297 mg
kg™) grown on treatment B (soil 374 mgRgwhile plants from treatment C ( soil 587 mg
kg') had a leaf Zn concentration (899 mg'kgignificantly lower than found in plants

from treatment D but not from plants grown on tneat B. Plants grown on the treatments
B-D had Zn leaf concentrations significantly higlhgrbetween 15-25 times more, than the

plants grown on treatment A that contained no auithl Zn.
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The leaf Zn concentration in the plants leavesitat followed a different trend to that
demonstrated at site 1. At this site there was eemnsonsistent relationship between the
concentration of Zn in the growth media and theceattration of metal in the plants leaves
i.e. treatment D that contained the most amountdditional Zn (767 mg K also
contained the highest mean Zn concentration ileétses (1348 mg kb). The difference in
Zn leaf concentration between those grown on treatm (19 mg kg) and those grown
on treatments (B-C) that contained additional Zngesd between 10-18 times higher,

slightly less than that found in plants from site 1

The trend at site 3 in Zn concentration in the {gdeaves grown on the treatments A-D is
similar to that found in the plants from site 2 bot identical and is as follows A <BC <

D, not quite the near linear relationship foundié¢ 2 but leaning towards that direction.
The difference in Zn leaf concentration betweerséhgrown on treatment A (19 mg g
and those grown on treatments (B-C) that contaaditional Zn ranged between 11°-18
times higher, again slightly less than that foumglants from site 1, but very similar to that
at site 2. Figure 6.5 displays the mean Zn conagatr in the leaves of the plants at the end

of the experiment.
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Figure 6.5: Mean (n = 10) £ SE Zn concentration in the pldesves at the end of the experiment from the plgrdgin on the four
different treatments at the three sites (1-3).drstabove bars indicate significant differencegvben treatments and site (Tukey Test).

Source d.f. Seq SS Adj SS Adj ms F P
Treatment 3 3.01x 10 3.01x10 1.00 x 10 81.52 <0.001
Site 2 5.28 x 10 5.28 x 10 2.64x10 2.15 0.122
Interaction 6 1.82 x 10 1.82x 16 3.03x10 2.46 0.029
Error 108 1.33x10 1.33x 10 1.23x 10
Total 119 4.58 x 10

Table 6.5: Statistical output of the Zn concentration in thengs leaves at the end of the experiment fronptaets grown on the four
different treatments at sites 1-3.
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6.4.4 Plant damage

Figure 6.6 displays the mean % herbivore damageottaurred to the plants growing on
the four different Zn treatments (A-D) half-waydhgh the experiment (after a week and a
half). There were no significant differences in tAmount of herbivore damage that
occurred to plants between the sites 131(F 0.88, P = 0.416) which is why it has not
been included in the Figure 6.6 but was involvethmanalysis of the data. In this instance
there was also, no interaction between treatmentséa (k71 = 0.53, P = 0.788) on mean
plant damage caused by herbivores. There was lawavsignificant difference (F =
10.18, P = <0.001) between the damage exhibitedhenplants containing ‘normal’
concentrations of Zn i.e. those grown on treatrderand the damage on the plants that had
been cultivated on growth media containing the @ikl concentrations of Zn and thus
having a higher concentration in their above grobimemass. Between the plants from
treatments B-D there was no significant differeteehe extent of the damage that the
plants received. Therefore at this stage of theexpent increased concentrations of Zn in
plants results in significantly less damage ocagyria result which supports the elemental

defence hypothesis.
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Figure 6.6: Mean = SE % damage to plants grown on the foderdint treatments, half-way through the experimeetters above
bars indicate significant differences (Tukey test).

Source d.f. Seq SS Adj SS Adj ms F P
Treatment 3 1049 1056 352.14 10.18 <0.001
Site 2 63.01 60.72 30.36 0.88 0.416
Interaction 6 109.41 109.41 18.23 0.53 0.788
Error 571 1.98 x 10 1.97 x 10 34.59

Total 582

Table 6.6: Statistical output of the % damage to plants growithe four different treatments, half-way throdlgé experiment.

Chapter 6: Evaluating the elemental defence hypah®B. juncea(an accumulator of Zn) under field conditions



140

At the end of the experiment, by which time thenpdehad been on the field trials plot for a
total of three weeks, a second assessment of loeebdamage that had occurred to the
plants was conducted, at the same time plants grested. The results from the mean %
damage the plants received is displayed in FigufeEBsen a quick glance can confirm that
there have been some marked differences in botlréhd and the extent of the damage
that occurred at the end of the experiment compar#dte damage that was seen half way.
The most notable difference is that all of the fdaat site 1 regardless of which treatment
they were grown on were significantly less damageh all the plants grown on the
different treatments at the two other sites, rangivn some cases less than a quarter of the
damage. The most plausible explanation for thieihce is that at site 1 the plants spend
much of their day in shade and is edged on onelsidarge trees which are not present at
sites 2 and 3. At site two the plants grown on tieedia containing no additional Zn
received significantly less damage (approximatély?d less) than the plants grown on the
treatments B-C a result which goes against therfgelof the half-way assessment and
those that would support the elemental defencethgsc. A similar result at site 3 is seen
to that at site 2, where by the plants containimg lbwest concentration of Zn received
significantly less damage than those plants witifhéi concentrations of Zn, with the
exception of plants from treatment C which was sighificantly different from any of the

plants grown on the other treatments.
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Figure 6.7: Mean = SE % damage to plants grown on the foderdint treatments at the three sites at the ettteoxperiment.
Letters above bars indicate significant differenfaskeys test).

Source d.f. Seq SS Adj SS Adj ms F P
Treatment 3 1410.4 1378 459.3 7.07 <0.001
Site 2 4.45x 1b 4.44x 16 2.22x10 342.44 <0.001
Interaction 6 1014.7 1014.7 169.1 2.60 0.017
Error 551 357x10 3.57x 16 65
Total 562 8.28 x 10

Table 6.7: Statistical out put of the % damage to plants gr@n the four different treatments at the threessét the end of the
experiment.

Chapter 6: Evaluating the elemental defence hypah®B. juncea(an accumulator of Zn) under field conditions



142

6.4.5 Plant height
6.4.5.1 Halfway through the experiment

Figure 6.8 displays the mean plant height dathefilants grown on the four treatments at
the three sites, halfway through the experimené Miost notable difference is that between
site 1 and sites 2 and 3, as all of the plants fsam1 were significantly @g, = 65.61, P =

<0.001) taller than from the other two sites.

At all three sites there is a strong trend towanldsits height being in the following height
order A > B > C >D. There was a significant differencedf= 65.61, P = <0.001) of plant
height associated with Zn treatment, clearly ingich that plant height is adversely
affected by an increasing concentration of Zn aghil.
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Figure 6.8: Mean £ SE plant height half-way through the experit from the plants grown on the different treattedrom the
three sites. Letters above bars indicate signifidéferences (Tukey test).

Source d.f. Seq SS Adj SS Adj ms F P
Treatment 2 66.97 67.17 33.59 692.91 <0.001
Site 3 9.64 9.54 3.18 65.61 <0.001
Interaction 6 0.49 0.48 0.081 1.68 0.124
Error 571 27.68 27.68 0.048
Total 582 104.78

Table 6.8: Statistical output of the plant height half-wayaingh the experiment from the plants grown on tifferdint treatments

from the three sites.
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6.4.5.2 Plant height at the end of the experiment

The height of the plants was also recorded at #meestime as the harvest of plants, in
attempt to quantify ‘plant success’ the results t@nseen in Figure 6.9. There were
significant differences between growth treatmengfE 759.30, P = <0.001), site (F =
40.34, P = < 0.001) and the interaction betweemt{igs> = 3.01, P = 0.007).

The plants grown at site 1 were all significantijldr than those at sites 2 and 3, possibly
reflecting the more shady location. At site 1 thewses a significant difference between the
plants grown on treatments A and B and those freatments C and D, suggesting that at
this site a Zn concentration in the growth mediavab400 mg kg was having a significant

impact on plant height.

The main trends that were identified at the halfveynt of the experiment have not
changed for sites 2 and 3. However, at site latwshthat plants grown on treatment B have
now caught up with the plants grown on the condml. This is possibly suggesting that
although plant height is initially decreased inrmpgagrown on soils containing additional

Zn, this might have less of an impact as the pisetiures.
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Figure 6.9: Mean * SE plant height at the end of the expertrfrem the plants grown on the different treatmdras the three
sites. Letters above bars indicate significantetddhces between treatments and sites (Tukeys test).

Site

O Treatment A
B Treatment B
O Treatment C
O Treatment D

Source d.f. Seq SS Adj SS Adj ms F P
Treatment 2 843.07 839.68 419.84 759.30 <0.001
Site 3 67.83 66.91 22.30 40.34 <0.001
Interaction 6 9.972 9.97 1.66 3.01 0.007
Error 551 304 304.66 0.553
Total 562 1225

Table 6.9: Statistical output of plant height at the end & éxperiment from the plants grown on the diffetezdtments from the

three sites.
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6.4.6 Herbivore count

A day after the half-way damage assessment oflimtgy an insect count was conducted of
the four main types of insects observed at thei gitaveevils, leaf beetles, green and black
aphids, present on the plants growing on the fafferént Zn treatments. A total count of
all four taxa is shown in Figure 6.10, resultsttoe four different taxa separately is shown
in Table 6.6.

There was a significant difference in total insaambers both between sites €8.00, P =
0.018) and between the treatments £38.20, P = 0.042) that the plants were grown on.
The most striking trend occurred at site 1, whel@nts grown containing the lowest
concentration of Zn had the greatest number ofciss@ 18 in total) on the plants, almost
twice the number on plants grown on treatment B,then four times the number on plants

from treatment C and D.
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Figure 6.10: Total + SE number of insects observed on the plgndbwn on the different Zn treatments at the treites. Non-
parametric Friedman test between sites showedn#isant difference $= 8.00, P = 0.018 as well as between treatmgnrt &20, P

=0.04.
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Table 6.10: Total number of insects observed on plants growthe four different treatments (A-D) at the ths#es.

Treatment Treatment A Treatment B Treatment C Treatment D
Site 1 2 3 1 2 3 1 2 3 1 2 3
Weevil 15 3 6 8 2 1 2 2 4 4 1 0
. Leaf beetle 54 24 17 48 8 4 30 6 0 22 6 3
Herbivore .
Green aphid 13 0 3 5 0 3 0 0 2 4 1 2
Black aphid 36 3 28 14 4 14 13 4 15 7 4 5
Total 118 30 54 75 14 22 45 12 21 37 12 10
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6.4.7 Plant nutritional content
6.4.7.1 C:N ratio

The plants grown on treatment A at sites 1 andd3&h€:N ratio that was significantly {F
=1.41, P = 0.007) lower than plants from the o#is and treatments (Figure 6.11).

6.4.7.2 Nitrogen content

Plants grown on treatment soil A at sites 2 and@® significantly (= 4.83, P = 0.004)

lower nitrogen content than all the other plantsisTs displayed in Figure 6.12.
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Figure 6.11:Mean = SE C:N ratio. Different letters above badicates significant differences identified bp@st-hocTukeys test.

Source d.f Seq SS Adj SS Adj MS F P
Site 2 2.6 x 10 2.2 x10' 1.1x 10° 1.41 0.250
Soil treatment 3 1.1 x 10 1.0 x 10° 3.4x10 4.23 0.007
Interaction 6 2.3x 16 2.3x 10 3.8x10 0.48 0.822
Error 96 7.7 x 18 8.0 x 10° 8.0x 10°

Table 6.11:Statistical output of th€:N ratio of the plants grown on the four differér@atments at the three sites.
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Figure 6.12: Mean (n = 9) £ SE % nitrogen content of leavestdrs above bars indicate significant differencestified by aPost-hoc
Tukeys test.

Source d.f Seq SS Adj SS Adj MS F P
Soil treatment 3 1.73 1.58 0.53 4.83 0.004
Site 2 0.60 0.56 0.28 2.37 0.081
Interaction 6 0.44 0.44 0.07 0.66 0.679
Error 96 10.50 10.51 0.11
Total 107 13.27

Table 6.12: Statistical output of the % nitrogen content @ues from plants grown on the four treatmentsatlihee sites.
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6.5 Discussion

This experiment is the first field based study tmpare the effect of Zn on herbivore
numbers and damage levels Bn junceawith low and high concentrations of Zn. The

experiment aimed to test three key predictions Wwhie discussed below.

(i) Plants that have sequestered more Zn will be tamaged by herbivores.

The results from the damage assessment halfwayghrihe experiment were in agreement
with the elemental defence hypothesis (Beydl, 2002; Boyd and Davis, 2008; Butler
and Trumble, 2008; Boyd, 2009) as all of the plantsvn on the control soil containing no
additional Zn were significantly more damaged thalants grown on either of the
treatments containing additional amounts of Znlabfathe sites. However, the damage
assessment at the end of the experiment saw asadwerthe results obtained, with plants
grown on control soils at sites 2 and 3 receiviiggificantly less damage than those grown
on the Zn rich soils. This was not observed in f@ajrowing on site one, reasons for this
can be explained in the slight differences betwersites. Sites 2 and 3 have very similar
surrounding, in terms of surrounding vegetation &gkt and wind exposure, but site 1
differed because it was on the edge of the fieddstiplot, where it received less light, was
sheltered by the wind by the surrounding treesvaasl closer to the vegetation that borders
the field. These micro environmental factors comipa@ifect the outcome of field based
experiments (Diamond, 1986;Yates and Peckol, 1@@8si and Bentley, 2009). However,
as these factors were not measured or recordeddgioat the experiment, these factors can

not be definitively defined as the cause.

What can be concluded from this damage assessatetfie(end of the experiment) is that
plants containing elevated concentrations of Zthimm leaf tissue are not less likely to be
damaged by herbivores. In fact, it would appeat ithenay result in the plants becoming
more damaged. This result suggests that Zn doedlefend plants effectively against
herbivore damage in the field, thus not supportiregelemental defence hypothesis. Some

of the results suggest that the Zn is affecBnagunceain some way that appears to make it
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more appealing to herbivores. Plants that grow aaliiferous soils can have lower
concentrations of secondary defence compoundsasighucosinolates (Noret al,, 2007),
so this may explain why damage levels increasdantp grown on the high Zn treatments.
Antonious and Kochlar (2009) screened seBeassicaplant species for glucosinolates and
found thatB. junceacontained the highest concentration of the pla@cEes assessed.
Therefore, it is plausible that glucosinolate lsv@lrhich can be analytically measured) in
B. junceaplants are affected by an increased uptake ofadanch in turn affects herbivore

preference.

(i) Insects will be present in fewer numbers orant$ that contain a higher Zn

concentration than those with a lower concentration

The insect counts from site 1 do support the el¢éahelefence hypothesis, as those plants
with the lowest concentration of Zn in there abgweund biomass had the most insects on
them. The trend at sites 2 and 3 does seem to ntiraidound at site 1 though to a lower
magnitude, hence the significant difference foumtween sites. However, this is very
dependent on sap-suckers such as aphids beingeafffecthe same way as leaf chewing
herbivores, which is unlikely as different feediggilds respond differently to different
plant defences (White, 2009).

These results support the findings of the first dgenassessment whereby plants with
enhanced concentrations of Zn in their foliage baén subjected to less herbivory. It
should be noted that there was not a second heebisount when the second damage
assessment at the end of the experiment took pldds.was because of the logistical

reasons associated with conducting a second daassgssment and the harvest of 600
plants within a relative short time frame, so tharvest time was not an additional

statistical factor.
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(iif) Growth of plants on soils containing varyia concentrations should not be affected

in terms of nutritional quality (C:N content) andight

It would appear that the growth (height) Bf junceaplants grown on four soil treatments
containing an increasing amount of Zn were adveratected by the increasing presence
of the metal. It can therefore be proposed thaktiea direct cost faB. junceato uptake
Zn. Verbruggeet al (2009) observed that an increased concentrati@maon plants above
ground material resulted in reduced biomass praolucsupporting the proposal that there

are costs associated with Zn uptake in plants.

By using nitrogen content and the C:N ratio asaxyifor plant nutritional quality it was
surprising to obtain results that plants grown loa ¢tontrol soil were the only ones to be
significantly lower in nitrogen. However, reseamnducted by White (1984) found that
plants under physical stress such as drought @t@lfcincrease the amount of nitrogen in
their above ground biomass. Therefore the increasedunt of nitrogen observed B
junceaplants that have been grown on soils containingeesed Zn concentrations, could
perhaps be a result of the plants coping with tress of the increased Zn concentrations in

the soil.

The amount of nitrogen contained within plant maters of extreme importance to
herbivores as it is a key limiting nutrient for th¢White, 1976). It is therefore feasible that
herbivores consider increased nitrogen contentantpnaterial to be more beneficial than

the negative impact of consuming plant materiahwitreased Zn concentrations.

To conclude, it would appear thBt junceamay be more susceptible to some types of
herbivore attack if grown on a soil containing digaial Zn and that these plants will be
shorter but nutritionally superior to plants groam a control soil containing no additional
Zn. Although these results go against the fundaatewf the elemental defence hypothesis
much more experimentation is required before it @amclusively be said that Zn does not

act as defensive property fd. juncea Further experimentation should evaluate the
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importance of nitrogen content in plants with thereasing concentration of Zn against the
feeding preference and performance of herbivonresaddition to assessing if levels of
glucosinolates irB. junceaplants is affected with increased concentratidnZroin their

above ground biomass.
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Chapter 7: General Discussion

7.1 Introduction

The elemental defence hypothesis was first put dosvby Boyd in 1992 and since then a
number of researchers (Greville and Morgan, 19%nddnet al, 2003; Laskowski and
Hopkins, 1996; Norett al, 2005; Pollarcet al, 1994) have attempted to assess its validity.
At present there is some evidence for and somensigtie hypothesis. This is part due to
the fact that the elemental defence hypothesigig plant, metal, herbivore specific with
the majority of previous work having been on Ni &sgccumulating plant species, other
metals potentially involved in the elemental deensuch as Zn , have been relatively
neglected. Therefore, the principle goal of thissite was to further our understanding of
the possible elemental defensive role of Zn in fglaan herbivores, and if possible, to

clarify the conflicting results produced by prevsaesearchers on the role of this metal.

The first steps towards conducting this researslolied establishing a working plant:
metal system. This was first attempted by assesbmg@otential off. caerulescensa plant
species that had been deemed a model hyperaccomoiaZn (Bakeret al, 1994; Brown

et al, 1995; Kramer, 2000; Lombket al, 2001). However, although. caerulescens
displayed remarkable abilities in terms of accurm¢pZn into its above ground biomass
in both the lab and field, it did have some maj@awbacks as a study system. The first of
these is the low amount of biomass that was pratloser a reasonable growth period,
while a second was its ability to sequester sugh boncentrations of Zn that plants grown
on control treatments contained concentrations fdrasurpassed those of what could be
considered a low Zn containing plant. Hence thatplaetal system was re-evaluated and
it was decided that the Zn accumulaBoijuncea(Clementeet al, 2005; Ebbs and Kochian,
1998; Irettei and Navari-1zzo, 2006; Kunmral, 1995) was a more suitable experimental
system. Results from early experiments confirmed this plant species could be used to
test the elemental defensive properties as it \apalde of sequestering Zn concentrations
in its foliage beyond those found in typical plapecies. Although the concentrations of Zn
in B. junceawere lower than those found T caerulescensB. junceadoes have several

clear advantages over the hyperaccumulating spguests grown on a control soil have
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concentrations similar to ‘normal’ plant speciesdat is a fast growing species that
produces large amounts of biomass, which is esddatiexperiments involving herbivores

of moderate size.

Having established a suitable a suitable plantispethe thesis then tested whether an
increase in Zn uptake bB. junceawas an inducible defence in this plant species by
measuring changes in Zn levels following herbivoythe generalist herbivoi¢. aspersa
Following this, the plant species was used tottesimpact of Zn levels on the preference
and performance of the brassica speciftisbrassicagas well as juvenile and adut
aspersaThe experimental research concludes with a lacgée field investigation usirt}.

juncea which appears to be the first such experimemtgugiis plant species and metal.

Chapter 7 first discusses the conclusions of tlesearch in the context of the six
hypotheses set out in Chapter 1. It then examimesvider implications of these results in
terms of ecological importance and phytoremediationally it suggests further avenues of
study that possibly could be employed to contimueadvance our understanding of the

elemental defence hypothesis.

7.2 Hypothesis 1

The concentration factor of Zn in the above groundbiomass ofT. caerulescensalong
with other physiological factors, such as biomassbave and below ground, total Zn
concentration and root: shoot ratio, will alter significantly when plants are grown in

media of varying Zn concentration (Chapter 3).

As predicted by the hypothesis, Zn concentratiorthm soil did alter the growth of.
caerulescensbut surprisingly the maximum biomass obtained wabkieved by plants

grown on the relatively low Zn concentration of 389 kg".

An evaluation of the literature to date has fouhdt tthis is not an isolated result. For
example, Ozturlet al, (2003), noted thaf. caerulescenplants grown on soils that did not

contain elevated concentrations of Zn producedbes®mass, while plants that were grown
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with moderate concentrations of Zn produced thetraosount of biomass. Therefore, it
may be concluded that the plants grown on the tat contained no additional Zn
produced less biomass than plants grown with amfditi Zn as a result of being Zn
deficient. This has been observed by a number thioasi (Chaneet al, (1997), Sheret

al., (1997) and Broadlest al, (2007)) and presumably reflects the fact fhataerulescens
is Zincophilic and only found growing naturally isoils that contain elevated

concentrations of Zn (Baket al., 1994).

The highest Zn concentration Th caerulescenplants above ground biomass achieved in
the experiment was a moderate 4582 md; kbis is 55% lower than the concentration
defined by Baker and Brooks (1989) for a plant mg®do be classed as a Zn
hyperaccumulator (10,000 mg'Kg However, this disparity has been documented by
number of authors (e.g. Jiargal, (2005), Behmeet al, (2005) and Ozturkt al, (2003),

all of whom found thaT. caerulescendid not manage to produce Zn concentrations at the
hyperaccumulator level in their experiments. Thiggests that plants grown under
greenhouse conditions are not correctly replicatthg natural environment thal.
caerulescengequires to exhibit its full potential as a Zn Byaccumulator. There are
numerous factors that could be affecting the abdftT. caerulescen® bioaccumulate Zn
to hyperaccumulator concentrations when grown uratéficial conditions. The most
prevalent of these factors is soil pH, as any changhis parameter will have both effects
directly on the plant and on the availability andbitity of the metal. Another factor that
may be limiting Zn accumulation is the speciatidritee metal contained within the soil.
All of the experiments contained within this theaigificially contaminated the soil with
ZnO (zinc oxide) due to its high mobility. However,naturally occurring soils metals are
rarely found in only one form. It is also possiliet due to ZnO being highly mobile, it
was physically removed from the soils during roetwatering of the plants and hence was

not then available to be sequestered by plants.

The bioconcentration factor (BCF) of Zn in plantscaeased with soil concentration.
Research conducted by both Robinsbral, (1998) and Zhaet al, (2003) saw a similar

decline in BCF, with increasing Zn concentratiorthe soil. So far two authors have put
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forward suggestions as to why the BCFotaerulescenplants decrease with increase Zn
concentrations in the soil. These include body enyd.e. plants become over saturated
with Zn and stop sequestering it from the soil @eat al, 2000; Lianget al, 2009). Liang

et al, (2009) have gone further to suggest that althduggdy burden plays a role in the

phenomenon of decreased BCFTincaerulescensvith increasing Zn soil concentration,

growth dilution and other elimination processeglants also play a significant part.

7.3 Hypothesis 2

Zn concentration in B. junceaplants will differ significantly between those grevn on
media that contain additional concentrations of Znand those grown on a control
media. The Zn concentration in both leaf and stem®f plants grown on all the

treatments will change significantly as the plant gows through time (Chapter 4).

Part of this hypothesis may be accepted, as refuolts Chapter 4 shows that the Zn
concentration in leaves and stemsBofjunceasignificantly differed dependent on the Zn
level in the soil the plants were grown on. The amorirations achieved in the plants
biomass closely approached the target concentr@®0 mg kg) for plant species to be

classed as a Zn accumulator, as per the clasgifice¢t out by Reeves and Baker (2000).

However, part of the hypothesis must be rejectethaZn concentration did not change
significantly over the four week experimental pdritt may be concluded that Zn uptake in
B. junceatakes place early on from plants being transpthimé contaminated soil and

then remains relatively constant throughout thentslalevelopment. This is an advantage
for an experimental plant: metal system with whictiest the impact of Zn on herbivores,
as the plants reach a relatively stable Zn conagatr in a short time period and then
maintain this over an additional three weeks ohprowth. This provides confidence that
herbivores can be fed leaves from plants will nghi§icantly alter their Zn content over

the course of an experiment, at least one that $asteral weeks.

This has been first time that the concentratio@Zmiuptake inB. junceahas been assessed

over time to establish how the plant sequestersétal over time.
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7.4 Hypothesis 3

B. junceaplants grown on a high Zn media will increase theiconcentration of Zn in
their above ground biomass when exposed to herbivprdamage from the generalist
herbivore H. aspersato a greater extent than plants grown on the sammedia that
are not exposed to herbivory. This hypothesis addsses whether the elemental
defence mechanism of zinc uptake by. juncea is inducible by herbivore attack
(Chapter 4).

Results from the experiment in Chapter 4 show lieabivory byH. aspersadid not induce
an increased uptake of Znh junceaplants. Therefore, it would appear that the uptake
Zn by B. junceais not an inducible defence and hence this hyptthaust be rejected. It
was hypothesised that Zn uptake may be an indudefience because many other forms of
plant defence have been found to be inducible bpihary and this is thought to make

them a more “cost-effective” form of defence (Kamtznd Baldwin 1997).

During the 1990’s researchers (Coleman and Jor@%l; IHartley and Lawton, 1991)
established that phenolic compounds are inducibf@ants by herbivore damage. Arimura
et al, (2005) states that for a defence to be indunea plant it is not just the wounding,
but also the exposure to elicitors (chemicals)aste from herbivores while feeding on
plants that induces a defence mechanism. The woAsimura concludes by saying that
brassicaeproduces lots of elicitors while feeding, therefdahis may have been a more
suitable choice of herbivore to induce an increasén uptake thail. aspersalt may then
be fairer to conclude that Zn uptake did not exhdn increased uptake in Zn by the
damaging oB. junceaby H. aspersaln addition to changing the herbivore speciesrte
that produces more or different elicitors, it magvé been more effective to run the
experiment over a slightly longer time frame, thesulting in increased levels of damage

to plants.

This is the first time that a researcher has ttednduce an increase in Zn uptake by

herbivore damage. Although induction of Zn-basefniges was not demonstrated in this
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case, if a different herbivore species had beed aseery different result may have been
achieved.

7.5 Hypothesis 4

Increased Zn concentration in leaves from plants grwn on a medium containing
additional Zn consumed by selected herbivores wilhave an impact on their growth
and performance, compared with the performance of érbivores fed on leaves from
plants grown on a medium not containing any additioal Zn (Chapter 5). This
hypothesis was tested using juvenilél. aspersa adult H. aspersaand P. brassicae

caterpillars.

The growth of juvenild. aspersaandP. brassicaevas significantly impeded when reared
on a diet ofB. juncealeaves from plants that had been grown on a sailaining elevated

concentrations of Zn. The results show that in@éa®ncentrations of Zn in diets of both a
generalist fl. aspersa and specialistR. brassicag herbivores are adversely affected by

elevated concentrations of Zn.

The results of the juvenile snails performance asne as that found by Gomot-De
Vaulfleury (2000). However, this experiment is alvance over their study as they used an
artificial diet, while this experiment used a rp&dnt. Thus, this is first instance of juvenile

snails being impacted by Zn B juncedeaves.

It was also found that th. brassicaecaterpillars reared on the high Zn diet contained
increased Zn concentrations in their biomass. Bmgphasizes the potential ecological
dangers of using plants to remediate contaminatéld and possible mobilisation and
bioaccumulation of contaminants up the food ché&imegl et al., 2006; Neveekt al., 2007,
Peralta-Videaet al, 2009).

Both of the above results reinforce the idea tHanhtpspecies that are deemed as Zn
accumulator species produce metal concentraticatsatie capable of negatively impacting
on herbivores (Coleman, 2005; Iturrade, 2004; Reawel Baker, 2000).
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The performance of adutt. aspersavas not affected by Zn containing leave8ojuncea
This may reflect the age of the herbivore; adulbh@res may be less susceptible to the
effects of plant defences than juveniles (Hargéyal, 2007), possibly because they can

sequester the Zn into their shells (Laskowski angkihs, 1996).

7.6 Hypothesis 5
Selected herbivores will choose to consume leavadow Zn concentration over those
with high Zn concentrations (Chapter 5). This hypthesis was tested using juvenilkl.

aspersaadult H. aspersaand P. brassicaeaterpillars.

Adult and juvenileH. aspersaalong withP. brassicaeall showed a significant preference
for B. juncealeaves containing low Zn concentrations, underdabditions. It raises the
guestion whether herbivores are actually capablasting the contaminant and hence

able then to choose an alternative.

It is of special interest to note that both aduld guvenileH. aspersahad a preference for
the low ZnB. juncealeaves. As mentioned above, the growth of juvehileaspersais
adversely effected by an increase in Zn conceontraivithin a diet, so it is not overly
surprising that they should opt for the low Zn optiHowever, adulH. aspersavere not
affected by a high Zn diet, yet they still had gndicant preference for low Zn leaves. This
suggests that either snails are capable of ‘tddtimegZn and thus instinctively avoid it, or
that it has an adverse impact on an aspect of pedibrmance other than growth. One
possibility is that elevated Zn reduces fecundityyypothesis that could be investigated in

future research.

These findings contradict those found by Noeetal, (2005) who concluded thad.
aspersadid not show a preference for leaves containimgg lir low concentrations of Zn.
However, Noret conducted the experiment usihgcaerulescenswhich this thesis has
shown to not be the most suitable candidate fodgoting such experiments due to its

ability to sequester high concentrations of Zntgnabove ground biomass even at low soil
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concentrations. Therefore, it may be concluded thiat is the first time to show théai.

aspersahave a preference for low Zn containing leaves.

Previous work by Pollardt al, (1997) found thaP. brassicaéhad a preference for low Zn
containing leaves of. caerulescensBy combining this finding with the results proedc

in this thesis it has increased our confidence Zmatiptake by both these plant species has
an influence on the feeding preferencePofbrassicae This is a particularly interesting
result as this particular herbivore iBaassicaespecialist, meaning that it has evolved to
eat specifically onBrassicaespecies and do its best to circumvent or cope with
defences produced by these plants, therefore arprefe for low Zn leaves provides

evidence that this defence works against feediegiajists.

7.7 Hypothesis 6

P. brassicae that have consumed a diet of B. juncémaves from plants grown on soil
containing additional Zn, will have a concentration of Zn in their biomass,
significantly greater than caterpillars that have ©nsumed B. juncea leaves from

plants that have been grown without any additionakZn.

The results from chapter five concluded tRabrassicadhat consumed a diet Brassica
juncealeaves that had been grown on a soil that cordaadditional Zn, had a significantly
lower mass after five days, than caterpillars réame plants that had been grown with no

additional zinc in the soil.

This result indicates that potentially there icast’ (reduced mass) to the caterpillars that
are consuming the diet elevated in Zn. However, tduie fact that caterpillars reared on
leaves containing additional Zn, appeared (by Viswspection) to consume approximately
the same amount of leaf mass. This could signify the caterpillars are unaware of the
‘costs’ involved as they did not appear to comptngar the additional Zn in the feed, by
consuming more leaf matter. Although, this contreldithe findings from hypothesis 5,

were evidence indicated that brassicaénas a preference for low Zn plant material.
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7.8 Hypothesis 7

Plants grown to have higher Zn concentrations in thir above ground biomass will
experience less herbivory when grown in the fieldhan plants containing ‘normal’
concentrations of Zn in their above ground biomas¢Chapter 6). This hypothesis tests

whether the elemental defence hypothesis is effactiunder field conditions.

The results from Chapter six concluded that plah& were grown on soils containing
additional concentrations of Zn, subsequently hi@adaded concentrations of Zn in their
above ground biomass actually suffered a signitlgarngher degree of herbivore damage
than those grown on a control soil by end of thpeexnent. Therefore, this hypothesis
must be rejected. It is also a result that goesnagaéhe elemental defence hypothesis;
however, this is not conclusive evidence against élemental defence hypothesis, but
rather that the results contradict those found fitben lab based experiments from this
thesis. Discrepancies between herbivore behaviolabi experiments compared with in the

field are not uncommon in ecology (e.g. Valledaddartley 1994).

One possible explanation for the results obseraettie field trial comes from the Carbon
Nitrogen ratio data. The C:N results showed that phants grown on soils containing
elevated concentrations of Zn were actually noingily superior to those grown on the
control soils. This possibly suggests that herl@gare more concerned with the nutritional
quality of plants and the benefits associated wahsuming nitrogen rich food, over the
negative implications associated that with consgntilgher concentrations of Zn. Some
researchers (Davis and Boyd, 2000; Noret, 2005¢raTedl al, 2001) have also suggested
that secondary plant defences such as glucosisolaé®e more of an influence on
herbivore preference than plant metal concentra#dstyne et al, (2009) demonstrated

that herbivores will opt for plants that have higinérogen content even if they contain
higher concentrations of plant chemical defenceswéVer, this seems the first

documented research to demonstrate that plantiongai quality may be a more important

factor than metal concentration in plants in teahkerbivore preference in the field.
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Other factors such as site location had a sigmficgtfect on the results. In the field,
environmental factors such as shade, shelter fiemwind and amount of sunlight can
influence the outcome of experiments testing tlemehtal defence hypothesis, making

them harder to interpret than lab experiments whenglitions are more controlled.

7.9 What impact may these findings have for phytommediation?
Fully understanding the elemental defence hypashisscentral to our ability to correctly

implement phytoremediation as a viable and saf@opor land remediation.

One very positive outcome for phytoremediation treg come from this research, has been
the further demonstration th8t junceais a high biomass producing, fast growing plant
species capable of coping with moderate conceotrstof Zn in soil. Furthermore, the
results obtained in Chapter 4, showed that Zn @ptakthis species occurs shortly after
transplantation into Zn impacted soils. Hence, duld be possible to conduct many
harvests in a year, thus theoretically removing @wore rapidly compared to Zn

hyperaccumulators which are typically slow growiog biomass producing species.

However, the fact remains that at present our dchiknowledge and understanding of the
elemental defence hypothesis, means that phytorioeds still a potential pathway for

the movement of contaminants both into the envimnand foodchain. Such movement
has been observed in experiments carried out srthleisis, which saw a significant increase
of the Zn concentration in the pupaeRfbrassicaaeared on an elevated Zn diet. Until
this fundamental principle and potential implicasaare fully understood phytoremedation

should remain as a purely experimental technique.

7.10 Suggestions for future work

Although this thesis has answered a number of ouesson the elemental defence qualities

of Zn inB. junceaandT. caerulescenst has also highlighted many additional questions
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Altering the plant nutritional quality:

In the final experimental chapter the research esiggl that the nutritional quality of the
plants had an impact on herbivore preference. Heweahe results were not conclusive
enough to definitely establish if this factor owiadows the effects of metal concentration
in plants above ground biomass in shaping herbipogéerence. Therefore, a combination
of lab and field based experiments should be caedua a similar vein to those contained
within this thesis, although an additional facttrat of plant nutrient content should be
integrated. The nutritional quality of plants coldd altered using either a slow release
nutrient compound in the soil or a soluble basddent supplement, provided to the plants
at varying concentrations. By including this aduhtl factor it would be possible to fully
establish the combined effects of Zn and nutriearicentration in plants on herbivore

preference.

Increasing the range of herbivores used in experisne

The plant: metal system that has been establishtesis appears to be relatively robust in
terms of producind. juncealeaves with varying concentrations of Zn. The kdsed
research has focused on two herbivore speciegetheralistH. aspersaand theBrassicae
specialistP. brassicae Although a marked achievement in terms of thelteghat were
obtained, increasing the number of herbivore sgegsed in preference and performance
experiments would strengthen our understandinghefdlemental hypothesis and better
establish its generality. The type of herbivorecspethat could be used would be ones that
have a different feeding action, as the herbivanegerimented on so far are both leaf
chewers. Herbivores such as leaf miners and agxlibit a different mode of feeding to
leaf chewers, therefore Zn may have a differentachpn these herbivores in terms of

performance and preference.

Using a soil containing a range of metals:

A limited number of researchers have conducted raxpats where by plants have been
transplanted into contaminated soil containing regeaof heavy metals. However, few if
any have used this soil in greenhouse based exgetsmwhich have then involved

herbivores. The advantage of conducting such reless it may overcome the problems
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that have so far plagued researchers in termsplitaéing metal concentrations that have
been found in plant species growing in the fieldr Example, soils which are high in Zn
are often high in other heavy metals such as id,leadmium and copper from (mainly
historic) industrial activities such as lead snmgjtiKwan-Rae and Oweret al, 2009).

Thus experiments using a combination of metal®iénsoil would produce results closer to
a real world scenario, while at the same time hgngffrom the controls that can be
introduced through lab based experiments, for e¥arh@ use or exclusion of a specific

herbivore.

7.11 Conclusions

To conclude,T. caerulescenss a remarkable plants species capable of growmgoils
heavily contaminated with Zn (>35,000 mg*kgHowever, due to its high Zn affinity even
in soils that contain nominal concentrations of iZhyperaccumulates the metal into its
biomass at concentrations above those found inmabrplants species, it is an extremely
atypical species, perhaps not best suited fomgeshie generality of the elemental defence

hypothesis.

B. junceais a suitable Zn accumulating plant species fetitg whether the elemental
defence hypothesis applies to accumulator spedibsmoderate concentrations of Zn. In
addition, as a potential candidate species for ggbytediation, the findings may be

relevant to applied settings.

The herbivoredd. aspersaandP. brassicae have a feeding preference for plant material
that do not contain elevated concentrations of ire growth of young herbivores of both

of these species is adversely impacted by increeseckntrations of Zn.

However, under field conditions, other conditiongcls as plant nutrient content, site
location and plant size impact on herbivore feediagaviour, so the effects of Zn on food

selection are less clear cut.
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This thesis has made significant progress towartienstanding the elemental defence
characteristics of Zn in plants and its impact abivores, although many questions

relating to the effectiveness of elemental defermaticularly under field conditions,
remain.
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