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ABSTRACT

Plant species grown on heavy metal contaminatdd acdbund Padaeng Zn mile
were collected and investigated for Cd and Zn actation to find the potential metal
hyperaccumulator plants for phytoremediati@nromolaena odoratum, Gynura pseudochina,
Justicia procumbens andlmpatiens violaeflora met the required hyperaccumulation criteria. They
were thus considered as Cd hyperaccumulators whieocumbens was also considered a 4n
hyperaccumulatorC. odoratum from field collection accumulated 166 and 110 njkg* DW
in shoots and roots, respectively. Moreover, thérégonically grown plants could accumulate
266 and 1,670 mg Cd KgDW in shoots and roots, respectively without shmmvany toxicity
symptoms at Cd supply level of 2.5 m{ [C. odoratum was the best candidate for feasible
phytoremediation. It was able to accumulate not dnggh Cd concentration but also retained
many favorable characteristics suitable for prattighytoremediation. Metal toxicities i€.
odoratum exposed to high Cd concentration were seethaasng brown colored roots, ropt
fragmentation, and red spots in the veins and lgstiof leaves. Tissue damage and orgarelle
deformities were also observed. They possibly tedufrom the interference of Cd with the
homeostatic pathway for essential metalsClrodoratum's roots, Cd was mainly found in the
cell wall, intercellular space and in cells clogethe vascular system. It indicated that |Cd
transported apoplastically can be immobilized ia tiell wall and intercellular space while Cd
taken into plant cells will be bound to phytochiglatnd transported into vacuole. In plant leayes,
Cd was found in mesophyll cells lying along the we@yvater migration from vascular cylinder o
the epidermis, indicating involvement of transpomatin metal transportation.

Normally heavy metal availability in soil is notettonly rate limiting factor fo
phytoextraction, but also the retardation of plgrdwth due to metal toxicity. The combinatipn
between plants and plant growth promoting rhizodr@et(PGPR) is an alternative for improving
phytoextraction efficiency since PGPR not only potenplant growth but also enhance metal
uptake.In the present studgZhryseobacterium sp. TKS21, Comamonas testosteroni TKS07,
Cupriavidus taiwanensis TKS05, Delftia sp. TKS10, Pseudomonas aeruginosa TKS22, and
Serratia marcescens TKS01 were isolated from the rhizosphereCobdoratum grown on meta
contaminated soils. All of them could colonize tteots of Helianthus annuus. Moreover,
TKS21, TKS07, TKS05, and TKS10 not only promotednplgrowth but also enhanced Cd
accumulation in the plants grown on non-sterileahedntaminated soil. Plant growth promotipn
may have resulted from production of IAA synthedizZgy bacterial inoculants, while Qd
accumulation was probably enhanced through metabgiaing activity by the rhizobacterig.
Enhancing metal accumulation in high yielding cpdpnts without diminishing their yield is
fundamental to successful phytoextraction.

KEY WORDS: CHROMOLAENA ODORATUM / HYPERACCUMULATOR / Cd / Zn /
PLANT GROWTH PROMOTING RHIZOBACTERIA (PGPR)
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CHAPTERII
INTRODUCTION

Heavy metal pollution, the most seriously environtaé problem, has
accelerated rapidly since the onset of the indalstavolution (Garbisu & Alkorta,
2001). It has been attracting considerable pulitendion over the last decades. The
entry of heavy metal contaminants into the envirentrresults from either natural
processes or human activity. Natural contaminatidginates from either excessive
weathering of mineral from bedrocks or displacemantertain contaminants from
groundwater or subsurface layers of the soil. Huraativities that release heavy
metals into agricultural and non agricultural lang® (1) disposal of industrial
effluents, (2) sewage sludges, (3) deposition obaine industrial wastes, (4) military
operations, (5) mining, (6) land-fill operation,) (fidustrial solid waste disposal, and
8) use of agricultural chemicals such as pesticidesbicides and fertilizers (Saxeeta
al., 1999). The metal species commonly found in td as a result of the
aforementioned human activities include copper (@ad (Pb), zinc (Zn), nickel (Ni),
cobalt (Co), mercury (Hg), and cadmium (Cd). Altgbusome of these metals are
required in small amounts by living organisms fogit normal physiological activities
(i.e., they provide essential cofactors for metaibdeins and enzyme), at high
concentrations they can act in a deleterious mahpdrlocking essential functional
groups, displacing other metal ions, or modifyinge tactive conformation of
biological molecules (Collins & Stotzky, 1989).

Soil contamination by Cd is recognized as an exdtgnsignificant
pollution due to its deleterious impacts on animglgnts, and microorganisms
(Vassilevet al., 2002). In addition high mobility of this metal Boil-plant system
allows its easy entering into food network whereytmay provoke human diseases
(Ryanet al., 1982; Nogawat al., 1987). Many reports have shown that the longter

consumption of Cd contaminated food has resultezhionic and/or acute human Cd
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disease as manifested by Itai-Itai disease, a tdrasteomalacia and proximal tubular
renal dysfunction, respectively (Shimagtaal., 1977; Tohyamat al., 1982; Nogawa
et al., 1983; Kidoet al., 1988; Cakt al., 1990; Hochkt al., 1995). Furthermore, Cd-
induced renal dysfunction in dietarily exposed wudlials is irreversible and
progressive despite decreased exposure (&tidb, 1988; Nogawa & Kido 1993).

Reports of health effects of Cd in populations ectupationally exposed
to Cd have centered in Japan (Ket@l., 1990; Kobayaslhet al., 2002; Nogawat al.,
1983; Shimadat al., 1977) and China (Cat al., 1990; Jinet al., 2002; Nordberg,
2003; Wuet al., 2001) where rice-based agricultural systemscardgaminated with
Cd from the use of irrigation waters that receive €ther via natural runoff and/or
uncontrolled discharges from non-ferrous mines smeélters. Cd pollution was also
found in the surface soils near the metal procgssitustry all over Europe (Vassilev
etal., 2002).

Cd never occurs in isolation in natural environmsettut rather appears
mostly as a “guest” metal in Pb:Zn mineralizati@aKeret al., 1990). Simmonst al.
(2005) revealed that soil total Cd concentration3 hailand are positively correlated
with total soil Zn. Recently, Cd contaminationspaddy fields and potential risks to
public health have been discovered in Mae Sot bistiTak Province, Thailand
(Simmonset al., 2003; 2005). The areas polluted by Cd were thoséose proximity
to a Zn mine. The soil Zn concentrations in thasaaanged from 100 — 8,036 mg Zn
kg™ while Cd concentrations ranged from 0.5 — 284 rmdgkg" soil which were over
both European Economic Community (EEC) Maximum pssible (MP) soil Cd
concentration of 3 mg Kgsoil and the Thai standard of 0.141 mg Cd" lgpil.
Moreover, rice samples from contaminated fieldsesfeund to be contaminated with
Cd ranging from 0.05 — 7.7 mg kgice. Over 90% of the rice samples collected
contained Cd at concentrations exceeding the C&iermittee on Food Additives
and Contaminants (CCFAC) draft Maximum Permissl@eel for rice grain of 0.2
mg Cd kg In addition, as a function of demographic groegtjimated Weekly Intake
(WI) values ranged from 20 to 82y Cd kg' body. This poses a significant public
health risk to local communities (Simmoetsal., 2005). With regard to health impacts

of Cd-exposed populations in Mae Sot, Thailand,Ghdecontaminated lands should be
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managed to harmless the problem instantaneouslad@wudhiponget al., 2007,
Teeyakasemt al., 2007).

To minimize the entry of Cd into food chain, thepegpriate management
for cleaning up the contaminated soil and inhilgitfarther Cd contamination to the
other area is very important. The traditional mdthéor heavy metal decontamination
are based upon either extraction of metals physih@mically, such as acid leaching,
or immobilizationin situ, by e.g. vitrification. All those techniques reguspecialized
equipments and operators. They are therefore casity only appropriate for the
decontamination of small areas. They also remolvbialogical activity from treated
soils resulting in adversely effects on physicalaure and fertility of the soils (Baker
et al., 1994 Yan-deet al., 2007). In order to eliminate or control hazaslehemicals
in soils, biological processes are being emplogatk effective and promising process
is phytoremediation, which is the use of green tglao remove pollutants from the
environment or to render them harmless (Cunningh&m Berti, 1993).
Phytoremediation has been reported to be an eféeati situ, non-intrusive, low-cost,
ecological friendly technology to remediate poltusils (Garbisu & Alkorta, 2001).
It also helps prevent landscape destruction andrer@s activity and diversity of soll
microorganisms to maintain healthy ecosystems. dPégtiediation is consequently
considered to be a more attractive alternative treditional methods. Metal tolerant
plants, which can grow on metal enriched soils,yplemportant role in
phytoremediation processes. Especially, hyperactatoruplants, which can uptake
and accumulate exceptionally high concentratiomedvy metal in their shoots, are
being employed to achieve the effective phytoexivac one of powerful
phytoremediation approaches.

More than 400 hyperaccumulator species have beenmtifiéd recently
(Brooks, 2000). Most of them are associated withtaineich soils. Although
hyperaccumulator plants have exceptionally highamatcumulating capacity, most
of them have a slow growth rate and often prodimédd amounts of biomass when
the concentration of available metals in the coirated soil is very high. For
example, Thlaspi caerulescens (Brassicaceae) has been identified as Cd
hyperaccumulator. In hydroponic experiments, a émeaind a Prayon populations of

T. caerulescens were able to accumulate Cd in their shoots ovedA®mg kg and
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5,900 mg kg DW, respectively. Moreover, in the field trial tReench population was
able to accumulate up to 500 mg Cd*kg its shoot at 12 mg Cd Rgsoil (Lombi et
al., 2000).T. caerulescens has been considered to be one of the promising9lesed
for phytoextraction of Cd and Zn. However the usf .ccaerulescens is problematic
in term of its slow growth, the rosette characterssas well as its sensitivity to heat
and drought. An alternative way is the use of mé&dddrant species that are heat
tolerated, although with a lower metal accumulatagacity but higher growth rates,
such as Indian mustardBriassica juncea) and sunflower Helianthus annuus).
Nevertheless, the application of phytoremediatemploying the hyperaccumulator,
has raised some concerns related to invasivenedsdemuption of indigenous
ecosystems because the introduction of alien plardg alter ecosystem function
(Angle et al., 2001). Therefore, one alternative option is tmdf native
hyperaccumulator plants from polluted regions asd them for soil remediation in
the same region. Because some plants have adapgaw on polluted sites, it is
possible to find and use them to revegetate dedradéds either for extracting or
stabilizing the heavy metals (Gonzalez & Gonzaléz@z, 2006). With regard to
aforementioned reasons, there has been continubeiest in searching for native
plant species which adapt to local climatic cowdis and are able to colonize metal-
enriched soils for use in land reclamation ($hal., 2002).

Although most Cd hyperaccumulators discovered flansare natives of
temperate climates, the relatively high plant spediliversity was found in metal
mining areas in the tropics (including the Padagngmine area of Tak Province).
Recently, the native plant species, considered lhyperaccumulator, were also
found in Bo Ngam Pb mine (Homyapal., 2008; Rotkittikhuret al., 2006). They are
Chromolaena odoratum, Conyza sumatrensis, Buddleja asiatica, Sonchus arvensis,
and Cyperus sp. So, plant screening around Padaeng Zn mine lméghapotential to
discover native Cd/Zn hyperaccumulators. In the@né study, plant species grown on
Cd contaminated soils around Padaeng Zn mine wdlected to find the potential Cd
hyperaccumulator plants.

Normally, hyperaccumulator plants have high capatit accumulate
exceptionally high concentration of heavy metal, they cannot uptake the metal up

to the maximum level because of the limited metailability in soils. Metal
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availability is controlled by soil associated fastancluding pH, CEC, soil texture and
organic matter (Saxergt al., 1999). Another limitation in phytoremediation tisat
hyperaccumulators often have a slow growth rate @odiuced limited amounts of
biomass. The use of combination between plants pladt growth promoting
rhizobacteria (PGPR) are considered to be an alieen in phytoremediation
technology (Yan-deet al., 2007). Microbial populations inhabiting planiatsphere
are currently known to affect heavy metal mobilapd availability to the plant
through release of chelating agents, acidificatmhmgsphate solubilization, and redox
changes (Yan-det al., 2007). Especially, some PGPR may also exert dmmeficial
effects on plant growth and nutrition through a iemof mechanisms includingzN
fixation, production of phytohormones and sideraplsp and transformation of
nutrient elements when they are either appliedexs or incorporated into the soll
(Kloepperet al., 1989; Glicket al., 1999). The use of PGPR in combination with
metal tolerant plants or hyperaccumulator planexjsected to improve the efficiency
of phytoremediation (Yan-det al., 2007).

In the present study, the rhizobacteria associatétl the roots of
hyperaccumulator plants grown on metalliferous sodund Padaeng Zn mine were
isolated and identified. The isolated rhizobactevexre further studied on their plant
growth promoting characteristics (PGP) under latmoyaconditions. Furthermore, the
effects of selected rhizobacteria on the growth amedal uptake of the plants were
studied.Helianthus annuus (sunflower), classified as the member of Asteradaanily
whereChromolaena odoratum also belongs to, was selected to be a model pised
in the experiment. Seedlings df annuus inoculated with isolated bacterial strains to
investigate the roots colonization by the bactere&ae studied through the scanning
electron microscope (SEM). Moreover, plant seedlingpculated with the isolated
bacteria were grown in heavy metal contaminatets $oistudy the effects of those
bacteria on the growth and heavy metal uptake @ptant. The results obtained from
this experiment are useful for the application GHR to improve phytoremediation

efficiency.
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CHAPTERIII
OBJECTIVES

The objectives of the present study were as follows:

1. To determine the uptake and accumulation of heavy metals (Cd and Zn)
by plant species found in the Padaeng Zn mine area, Tak province, Thailand.

2. To identify metal tolerant plant species grown on metal enriched soils
whether they were accumulator or excluder and the potential application of these
plants for phytoremedation of metal contaminated soils.

3. To investigate the capability of Chromolaena odoratum in Cd
accumulation as well as phytotoxicity caused by this metal under laboratory
conditions.

4. To localize Cd deposit in the tissues of C. odoratum grown on the
media supplemented with Cd.

5. To screen rhizobacteria associated with the roots of C. odoratum grown
on metal enriched soils.

6. To investigate the metal tolerant capacity and plant growth promoting
characteristics of the isolated rhizobacteria under laboratory conditions.

7. To study the association between the isolated bacteria and the roots of
Helianthus annuus and determine the ability of these bacteria to promote plant growth.

8. To study the influences of the isolated bacteria on heavy metal uptake

and growth of H. annuus grown on metal contaminated soils.



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Biology) / 7

CHAPTER |1
LITERATURE REVIEW

In the last few decades there has been a great aleabncern over
environmental pollution mainly due to the diredieets on human health and decrease
in agricultural yields (Jarup, 2003). Heavy metadsre been considered to be major
environmental pollutants which are found in soigtar and toxic gasses formed in the
atmosphere by photochemical reactions. They aongly retained in the soil, with
little leaching and may remain in the soil for tsands of years (Selim & Kingery,
2003). Since heavy metals do not break down, tleybe leached through the soil
layers leading to the contamination of the watbletaThe increased contamination
and subsequent accumulation of heavy metals in gbié may have serious
consequences for agriculture, since the concentrati heavy metals may reach high
levels in the soil and become a limiting factor foormal plant growth and
productivity of field crops. Furthermore, the commation of agricultural products

contaminated by heavy metals can affect humanthéalidka & Miller, 1999).

3.1 Heavy metal abundance

Heavy metals are basically defined as elements mighallic properties
(ductility, conductivity, stability as cations, dgd specificity, etc.) and an atomic
number more than 20 (Yan-deal., 2007). They include both biologically “esseritial
and “non-essential” elements. The essential elesnénbwn as “trace elements”, are
required in low concentrations for normal growthptdnts and animals. They include
cobalt (Co), copper (Cu), manganese (Mn), seleni8a), nickel (Ni), molybdenum
(Mo), and zinc (Zn). The non-essential heavy metalewn as “toxic elements”, are

phytotoxic and/or toxic to animals. They are, faample, mercury (Hg), lead (Pb),
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cadmium (Cd), and arsenic (As), and recognized esdtth hazards as a result of
environmental pollution (Berglunet al., 1984).

Heavy metals are present in the soil as natural pooents (natural
background levels) or as a result of human aaisitThe most common heavy metal
contaminants are Cd, Cr, Cu, Hg, Pb, and Ni. Agiudleavy metals are natural
elements that are found at various background dey€hble 3.1) and at different
places throughout the world due to their variouscemtrations in the bedrock. Thus,
for example, Ni, Cr and Co are abundant in serpergoils whereas Zn, Pb and Cd are
high in calamine soils. In addition to the backgrduevels, pollution by toxic heavy
metals resulted from anthropogenic sources hasleaated dramatically since the
beginning of the industrial revolution. The primaurces are mining and smelting of
metalliferous ores, gas exhaust, fuel productientilizer and pesticide application,
and municipal waste generation. Thus, heavy metllition has become one of the
most severe environmental problems (Greger, 1988hi€u & Alkorta, 2001). Heavy
metals cannot be destroyed biologically (no degradp but are only transformed
from one oxidation state or organic complex to bent As a consequence of the
alteration of its oxidation state, the metal magdmee either: (i) more water soluble
resulting in high bioavailability, (ii) inherentlless or more toxic, (iii) less water
soluble so that it precipitates resulting in legsatailability, or (iv) volatilized and
removed from the polluted area (Garbisu & Alkof897).

Table 3.1 Background levels in natural water and sedimedtstRer & Wittman
1979) and the upper limit of non-polluted soil (hrarmanet al., 1984).

Metal Natural water (ugl™) Soil (ug ™) Sediment (ug ™)
Sea water Fresh water  Sandy Loam Lake Sea
Cd 0.01-0.07 0.07 1 1 0.14-25 0.02-0.43
Cr 0.08-0.15 0.5 15 30 7-77 11-90
Cc 0.04 0.0t 5 15 0.1-74
Cu 0.04-0.1 1.& 15 25 16-44 4-25C
Hg 0.01 0.01 0.15 0.15 0.004-0.2 0.001-0.4
Mn 0.2 <5 500 800 390 — 6700
Mo 10 1 5 5 0.2-27
Ni 0.2-0.7 0.2 1 1 34-5¢& 2-22t
Pk 0.007-0.01t 0.2 5C 50 14-4C 7-80

Zn 0.01-0.62 10 100 150 7-124 16 - 165
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3.2 Cadmium (Cd)

3.2.1 Chemical and physical properties

Cd (atomic number 48; relative atomic mass 112igl@) metallic element
belonging, together with Zn and Hg, to group likkthe periodic table. It is a relatively
rare metal in nature. It is present in various $ypé rocks and soils and in water as
well as in coal and petroleum. Cd is not found inepstate but occurs as sulfide along
with Zn ores and in minor amounts in Pb and Cu.ores

Cd can form a number of salts. Its mobility in #revironment and effects
on the ecosystem depend on the nature of these Saite there is no evidence that
organocadmium compounds, where the metal is cotiglbaund to carbon, occur in
nature, only inorganic Cd salts will be discussed.may occur bound to proteins and
other organic molecules and form salts with orgaats, but in these forms, it is
regarded as inorganic (IPCS, 2006). Cd has avelgthigh vapor pressure. The vapor
is oxidized quickly to produce Cd oxide in the &\hen reactive gases or vapor, such
as carbon dioxide, water vapor, sulfur dioxideflgutrioxide or hydrogen chloride,
are present, the vapor reacts to produce Cd catdyohgdroxide, sulfite, sulfate or
chloride, respectively. These salts may be formedstacks and emitted to the
environment. Some of the Cd salts, such as thedsultarbonate or oxide, are
practically insoluble in water. However, these tenconverted to water soluble salts
in nature under the influence of oxygen and adtus;sulfate, nitrate, and halogenates
are soluble in water. The physical and chemicaperiies of Cd and its salts are
summarized in Table 3.2 (IPCS, 2006).

The stable state of Cd in nature is“Cd his imparts moderate covalency
in bonds and high affinity for sulphydryl groupeatling to increased lipid solubility,
bioaccumulation and toxicity (Chatterjee & Dube 08D Most of the Cd found in
mammals, birds, and fish is probably bound to pnoteolecules. In animals, Cd
accumulates in liver and kidney through its straamding with cysteine residues of
metallothionein. Since the metabolism of Cd is elpselated to Zn metabolism,
metallothionein binds and transports both Cd and@matterjee & Dube, 2006). Cd
seems to displace Zn in many vital enzymatic reasti causing disruption or

cessation of activity. Cd(OHR)s more basic than Zn(Ok)whereas Hg(OH)is an
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extremely weak base. The halides of Zn and Cd ssentially ionic whereas HgCk
covalent and almost undissociated in agueous sal€hatterjee & Dube, 2006). Cd
has a long biological half life (>10 years) anddtscentration in the body increases
with age. Cd can react with several macromolecaled organic compounds of
biological importance e.g. purine, pyrimidines, ie@sides, nucluotides, RNA, DNA,
enzyme etc. It also competes with Zn to inhibit 8O group of the thiol containing
enzymes (Chatterjee & Dube, 2006).

Table 3.2 Physical and chemical properties of Cd and its(HaCS, 2006).

Empirical Atomic or Relative Melting point  Boiling point ~ Water

formula molecular density  (°C) (°C) solubility
weight (g cm?) (g™

Cadmium Cd 112.41 8.642 320.9 765 insoluble
Cadmium CdCl, 183.32 4.047 568 960 1,400
chloride (20 °C)
Cadmium C4HgCdO, 230.50 2.341 256 decomposes very soluble
acetate
Cadmium CdO 128.40 6.95 < 1426 90@-000 insoluble
oxide (decomposes)
Cadmium Cd(OH), 146.41 4.79 300 0.0026
hydroxide (decomposes) (26 °C)
Cadmium CdS 144.46 4.82 1750 0.0013
sulfide (18 °C)
Cadmium CdSQ 208.46 4.691 1000 755 (0 °C)
sulfate
Cadmium CdSQ 192.46 decomposes slightly
sulfite soluble

3.2.2 Occurrence of Cd in the environment

Cd is a relatively rare element in the earth carmsd is not found in the
pure state in nature. It is present in various $ype rocks and soils, especially in
calamine soils. Cd occurs mainly in associatiomlie sulfide ores of Zn, Pb and Cu.

Cd are released to the environment form the weathef rocks into river water and
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then to the oceans. Volcanic eruptions and foiiess fare also natural sources of Cd
release to the atmosphere (Nriagu, 1980; 1989). édewy Cd emissions from
anthropogenic sources considerably exceed those fiatural sources. Cd has been
produced commercially in the twentieth centuryisla by-product of the Zn industry;
its production is thus determined essentially bwttf Zn. Cd is utilized for
production of electroplating, pigments, stabilizédsCd battery, and alloys.

World Cd production and consumption are shown iguf@ 3.1. The
global production of Cd has increased steadilyesit@10 when Cd electroplating was
developed commercially. The average annual proodmicif Cd increased from around
20 tons in the 1920s to about 12,000 tons in theo@el960 — 1969 and it has
fluctuated around 20,000 tons since 1987 (San®&6)1 The pattern of Cd uses has
changed in recent years. In the past Cd was mas@y in the electroplating of metals
and in pigments or stabilizers for plastics. In Q96he engineering coatings and
plating sector accounted for over half the Cd camsal worldwide, but in 1990 this
had declined to less than 8% (ATSDR, 1999). Nowadhly-Cd battery manufacture
consumes most of the Cd output and it is expedtatithis application will expand
with the increasing use of rechargeable battenek their potential use for electric
vehicles. For instance, the demand for Cd in Nib@teries moved from 3,000 tons in
1980 to 9,000 tons in 1990 (ATSDR, 1999). This dagiowth has more than offset
declining trends for pigments, plating and stabit&z In many respects Cd has become
a vital component of modern technology, with coesdl applications in the
electronics, communications, power generation @amdspace industries.

Fertilizers often contain some Cd that will entee tsoil when fertilizers
are applied to crops (ATSDR, 1999). Cd can alseretie soil or water from spills or
leaks at hazardous waste sites if large amountsseblved Cd are present at the site.
The form of Cd at these sites is important sinceyrfarms do not easily dissolve in
water (ATSDR, 1999).

Cd element itself does not break down in the emwirent but can be
changed into different forms. Most forms of Cd stalya long time in the same place
where they first entered the environment. Some $oaihthe Cd that goes into the
water will bind to soil but some will remain in theater. Some forms of Cd in soil can

enter water or is taken up by plants. Several &dgef fruit and cereal crops have
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been reported to accumulate Cd in their tissuessg@el, 1997). Cd was translocated to
the rice grain where 22 to 24% of the total metaitent in the rice biomass was
concentrated (Wang al., 2003). Fish and mammals can take some formsdaht®
their bodies from air, water, or food. Cd can gakib-concentrated through the food
chain as shown in Figure 3.2. Consumption of foamtipcts containing Cd gives rise
to deleterious effects on human health. Cd can gdndorms and accumulate in the
body, thus it stays in the body for a very longdi(ATSDR, 1999).
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Figure 3.1 (A) World Cd production trend (Wikipedia contributai3) World Cd
consumption (Cadmium Market Update Analysis anddit 1995).
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Figure 3.2 Biomagnification of Cd in food chain and its effeon human health
(Dudka & Miller, 1999).
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3.2.3 Effects of Cd on human health and animals

Cd can enter the human body from food, water, eathr. Very little Cd
enters through the skin (Kuriakose & Prasad, 20B8pple who smoke the cigarette
containing Cd can get this metal by breathing. Offeople who breathe in Cd are
those who work with Cd and people who live nearahdaus waste sites or factories
that release Cd into the air. The population wke hear hazardous waste sites may
eat or drink Cd in food, dust, or water. Cd thatees the body stays in liver and
kidneys and it leaves the body slowly, in urine éexks (Kuriakose & Prasad, 2008).
The major route for Cd intake is ingestion andaigély due to the presence of trace
levels of Cd in foodstuffs (Fig. 3.2). The tolembdaily Cd intake established by
WHO is 60 and 7(ig day* for adult women and men, respectively. The kidisethe
critical organ after long-term occupational or eamimental exposure to Cd (Friberg
et al., 1994; Bernard & Lauwerys, 1980). Chronic accuatiah in the kidney cortex
leads to disfunctions and loss of proteins, amicidsa and glucose in urine. Cd not
only impairs kidney but also elevates the risk dfteoporosis, by inhibiting
mineralization, vitamin D activation, and calciunptake (Jarupet al., 1998;
McLaughlin et al., 1999). Extreme cases of chronic Cd toxicity gasult in
osteomalacia and bone fractures, as characterigetiebdisease called ltai-ltai in
Japan during the 1950s and 1960s, where local popnt were exposed to Cd
contaminated rice. The consumption of food or drigkwater containing high Cd
levels severely irritates the stomach, leadingdmiing and diarrhea (Kuriakose &
Prasad, 2008). Moreover, Cd toxicity also brings reproduction problems,
cardiovascular diseases and hypertension. Cd éschdssified as human carcinogen
(IARC, 1993).

The potential toxicity of Cd to human health depengdon the form of Cd
present, the amount taken into the body, and wh&tas eaten or breathed (ATSDR,
1999). There are no known good effects from takin@€d. Short-term exposure to
moderate concentrations (200-5@9 m*) of freshly generated Cd fume during less
than 1 hour may cause symptoms similar to thoskeeometal fume fever, usually with
a complete recovery within a few days. More intemsprolonged exposure may lead,
again after a latency period of several hours, themical pneumonitis with death in
15-20% of cases (ATSDR, 1999). Chronic respiragdfgcts consisting of bronchitis,
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obstructive lung disease or emphysema have beamilles in the past in workers
heavily exposed to Cd (more than@pm>for more than 20 years).

In experimental animals, Cd can produce acute teffiects on various
organs, such as kidney, liver, pancreas, testesluamy (by inhalation). In chronic
effects to animals, Cd gives rise to a nephropatry similar to that described in
humans. Its effects are characterized functionlaylthe appearance of a tubular or
mixed-type proteinuria, aminoaciduria, glucosurianda hypercalciuria and,
morphologically, by lesions predominantly involvirige tubules (ATSDR, 1999).
Other chronic effects which have been describednimals treated with Cd include
lung emphysema and inflammation (by inhalation)stutbances in calcium and
vitamin-D metabolism resulting in bone lesions, d&t&pdamage and effects on the
pancreas, testes or cardiovascular system. Cd ¢sm @oduce embryotoxic,

teratogenic and carcinogenic effects (Lauwerys4199

3.2.4 Effects of Cd on plants

Although Cd is not essential for plant growth,?Cibns are readily taken
up by roots and translocated into the leaves inynpdent species, with Cd depressing
growth by inducing physiological, biochemical arlttastructural changes in plants by
affecting photosynthesis, respiration, chlorophjliorescence and nutrient uptake
(Mendelssohret al., 2001). The morphological symptoms in plants eegboto excess
level of Cd have been documented. They include,ef@mple, growth retardation,
smaller leaves, curled and chlorotic leaves, amddabrown coloration on the leaf
margins and veins can be observed (Pahlsson, 188%)an also affect germination of
seeds, seedling vigor, plant development, and piaetiablolism by limiting water
transport to growing tissues and leaves, impairingnspiration rate, causing
utrastructural changes in cell organelles andinfjeactivities of enzymes of various
metabolic pathways (Shah & Dubey, 1997a; Sétadh., 2001; Fediuc & Erdei, 2002).
Inhibition of cell growth due to Cd may be a resaflincreased cross-linking of pectin
in the middle lamellae. This cross-linking might t@sponsible for inhibition of cell
expansion and its further growth (Poschenrieslaal., 1989). The inhibition of cell
expansion and its growth might also be due to eitivect or indirect effects of Cd on

auxin metabolism and auxin carriers (Barcelo & Pesceider, 1990). In addition, Cd
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can induce disorders of cell wall microfibrils @hara vulgaris (Heumann, 1987).
Chronic exposure to low levels of Cd decreases lative cell wall volume in
Clamydomonas bullosa (Visviki & Rachlin, 1994) and degradation of thalvlayer
has been observed Anabaena flosaquae exposed to high Cd levels (Rachénal.,
1984; Raiet al., 1990). Cd has also been found to cause a sksg®f cohesiveness
of the outer polysaccharide layer of the heteroeystelope ofNostoc and this effect
was substantially ameliorated by Ca (Mageal., 1994).

Photosynthesis and transpiration

The decline in net photosynthetic rate in Cd exgoptants might be
caused by distorted chloroplast ultrastructuretrae@ged synthesis of chlorophylls,
plastoquinone and carotenoids, disturbed electransport, inhibited activities of
enzymes in the cells (Seregin & lvanov, 2001). fihe structure of chloroplasts in Cd
treated plants degenerate and the affected plemtsharacterized by the occurrence of
large plastoglobuli and disorganized lamellar angr structures (Krupet al., 1993).
The inhibition of photosynthesis may be relateddisturbances in the non-cyclic
electron transport since €ds known to affect the PSII activity and/or wasptitting
system at the level of protein (Bazzaz & Govindjg@74; Tukendorf, 1993). Cd can
form stable complexes with phosphates, thus thmdton of ATP is supposed to be
affected. The increased respiration rate in Cdecealants also suggests an increased
demand for ATP production through the oxidative tppbosphorylation (Hamppt
al., 1976; Leeet al., 1976). Reduction in transpiration rate is alspposed to be due
to lower water content in the plant and stomatakuaie. Cd toxicity leading to a
decreased root/shoot ratio could result in a redlueater uptake followed by a
lowered water content and transpiration rate ofstheots (Schleget al., 1987).

Water status

Cd has negative effects on growth and performafceais (Mitchell &
Fretz, 1977) and influences the ability of rootaabsorb water (Carlsoat al., 1975).
In sunflower leaves Cd caused closure of stomada{&zt al., 1974). Cd can inhibit
the transpiration inAcer saccharinum because of its effect on stomatal closure
(Lamoreaux & Chaney, 1978). With increase in Ccelethe sum total of stomatal
aperture per unit leaf area decreases. An increaseumber of undeveloped and

defective stomata was found in Cd treated plantgcspared to untreated plants
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(Greger & Johansson, 1992). Guard cells are regpddebe smaller in Cd-treated
plants compared to control plants (Breckle, 1991).

Nutrient uptake

Cd affects the uptake of both cations’(IC&*, Mg®*, zr**, F€") and
anions like N@. There are at least two mechanisms for decregstadtelof nutrients.
The first mechanism, physico-chemical mechanismpedds on the size of metal ion
radii. For example Cd (1.03 A°) decreases the uptake ofZ(D.83 A°) and C&
(2.06 A°) (Yanget al., 1996). The second mechanism relies on the niedaiced
disorder in the cell metabolism leading to the ¢jgnin membrane enzyme activities
and membrane structure (Keck, 1978; Busky, 1987). The efflux of Koccurs from
the roots, apparently due to the extreme sensitofitk’-ATPase and —SH groups of
cell membrane proteins to Cd (Bufiski, 1987). Cd drastically alters the lipid
composition of membranes. The resulting changeshen membrane permeation
together with membrane enzymes could shift thecidmlance in the cytoplasm.
Nitrate uptake declines in Cd-stressed plants witichld also be due to moisture
stress induced by Cd. Decreased nitrate uptakennrésults in lower nitrate reductase
activity and disturbed nitrogen metabolism (Herremet al., 1997). Under exposure
to Cd, content of Kdecreases in root and cotyledon, whereas Cd dodéstines in
cotyledons and Fe content declines in roots (Biskly 1987). In clover and cabbage
plants Cd decreases both uptake and transport f E&*, Mn?*, C&£" and Md"*
(Yanget al., 1996).

Enzyme activity

There is some evidence shown that Cd could affechiemical processes
in plants. It might cause protein changes bothitpialely and quantitatively. Proteins
perform numerous crucial functions in the cellpparily in the form of enzymes that
mediate biochemical reactions required for celldlarctions. Mostly Cd influences
the enzyme functions by its interaction with —Skoups of enzymes (Seregin &
Ivanov, 2001). It might interact not only with fre§&H groups which are essential for
enzyme reactions but also with —SH groups whichmaessary for the stabilization of
enzyme tertiary structure. Moreover, Cd might replather metals like Zn in metal-
activated enzymes. A decline in the activity ofbmaric anhydrase, a Zn activated

enzyme, is observed in soy bean (letal., 1976), following Cd treatment which is
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possibly due to the inhibitory effect of Cd on Zptake leading to Zn deficiency in
plants and thus causing decreased activity of theyree. Both stimulations and
inhibitions of enzyme activities in Cd exposed plaave been reported. The examples
of various plant enzymes affected by Cd are shawmable 3.3 (Sharma & Dubey,
2006).

Table 3.3 Effect of Cd on activities of enzymes in differenétabolism processes
(Sharma & Dubey, 2006).

Metabolic Enzymes Plant species Effect References

Processes of Cd

Chlorophyll ALA synthase Phaseolus vulgaris - Padmajet al., 1990
Synthesis ALA dehydratase Phaseolus vulgaris -

Protein metabolism Protease Oryza sativa - Shah & Dubey, 1997b

RNA metabolism RNAase Oryza sativa - Shah & Dubey, 1995

Sugar metabolism Acid invertase Oryza sativa + Verma & Dubey, 2001

Sucrose synthase Oryza sativa +

N metabolism

Sucrose phosphate syntas®ryza sativa

Nitrate reductase
Glutamine synthatase

Sesamum indicum

Pisum sativum

Glutamate dehydrogenase Phaseolus vulgaris

Singhet al., 1994
Chughet al., 1992
Gouiaet al., 2003

Phosphorus Acid phosphatase Oryza sativa - Shah & Dubey, 1997c
Metabolism Alkaline phosphatase Oryza sativa -
Inorganic
pyrophosphatase Oryza sativa -

Photosynthesis

RUBP Carboxylase
PEP Carboxylase

Phaseolus vulgaris

Phaseolus vulgaris

Siedleckeet al., 1997

lon-transport H+-ATPase Avena sativa - Astolfi et al., 2003
K+-ATPase Cucumis sativus - Burzynski, 1987
Antioxidative Catalase Helianthus annus + Gallegoet al., 2002

Metabolism Ascorbate peroxidase Helianthus annus + Gallegoet al., 2002
Guaiacol peroxidase Oryza sativa + Shahet al., 2001
Glutahione reductase Oryza sativa + Shahet al., 2001
Superoxide dismutase Oryza sativa + Shahet al., 2001

‘+’ and ‘-’ represent stimulatory and inhibitoryfe€ts of Cd on enzymes respectively



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Biology) / 19

Oxidative stress

Cd can disrupt the photosynthetic electron chadading to increased
production of @ (Asada & Takahashi, 1987). It induced productiérR®S within
plants which depends on the intensity of streqseated stress periods and age of the
plants (Shalet al., 2001; Singh & Tewari, 2003; Milonet al., 2003). Rice plants
grown for 20 days in the presence of 500 Cd showed about 0.8-1.7 times increase
in superoxide anion generation and about 1.4—Mmédgiincrease in lipid peroxidation
products as measured in terms of malondialdehydeAMevels indicating thereby
that Cd induces oxidative stress in rice plantsaff&hal., 2001). Lipid peroxidation is
regarded as an indicator of oxidative damage inmghoxidative degradation of
polyunsaturated fatty acyl residues of membrandso(ic 1990). Like all aerobic
organisms plants possess the antioxidative meahacsmprising of antioxidant
molecules and enzymes to protect themselves fraroxidative damage caused by
harmful oxygen species. Increased activity of théoaidative enzyme superoxide
dismutase and peroxidase is observed when plaatexposed to Cd (Shad al.,
2001). The increased activity of antioxidative emeg in metal exposed plants
appears to serve as an important component of xéohdiat defense mechanism of
plants to combat metal induced oxidative injury @&kt al., 2001). The activity of
another antioxidative enzyme catalase increasederseedlings grown at moderately
toxic Cd (100uM) level. Whereas with highly toxic Cd (5Q0@M) level, a marked
inhibition in catalase activity was noted (Slehlal., 2001). Decline in catalase activity
in plants grown under higher levels of Cd appearbé due to inhibition of enzyme
synthesis or a change in assembly of enzyme sub{8titahet al., 2001). Glutathione
together with ascorbic acid affect plant tolerarioereactive oxygen species by
participation in the detoxification of these spscia plant cells (Noctor & Foyer,
1998). The adaptation ¢felianthus annuus plants grown in the presence of Cd has
been shown to be due to increased activity of k@josidative enzymes superoxide
dismutase, catalase, ascorbate peroxidase, glathreductase together with
unaltered values of reduced to oxidized glutathi¢@&H/GSSG) and reduced to
oxidized ascorbic acid (AsA/DHA) ratios (Gallegoal., 2002).
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3.3Zinc (Zn)

3.3.1 Chemical and physical properties

Zinc (Zn) occurs in group llb of the periodic taliethe elements together
with Cd. Zn is one of the most common elementfiédarth’s crust. It is found in the
air, soil, and water and is present in all foodstually most Zn ore found in the
environment is in the form of zinc sulfide. In plemental (or metallic) form, Znis a
bluish-white, shiny metal. Powdered Zn is explosared may burst into flames if
stored in damp places. Metallic Zn has many us@sdiastry. A common use for Zn is
to coat steel and iron as well as other metalsdwgnt rust and corrosion; this process
is called galvanization. Metallic Zn is also mixedh other metals to form alloys such
as brass and bronze and used to make dry cellribatt&n can also combine with
other elements, such as chlorine, oxygen, and rsuifuform Zn compounds. Zn
compounds that may be found at hazardous wasteaieZn chloride, Zn oxide, Zn
sulfate, and Zn sulfide. They are widely used mustries. The physical properties of
Zn are shown in Table 3.4 (Irwat al., 1997).

Table 3.4 The physical properties of Zn (Irwat al., 1997).

Properties

Atomic number 30

Atomic weight 65.38 g/mole
Melting point 419.5°C
Boiling point 908 °C

Temperature at 1 mm Hg (vapor pressure) 487 °C

3.3.2 Occurrence of Zn in environment

Zn enters the air, water, and soil as a resultotfi Imatural processes and
human activities. Most Zn enters the environmerthasresult of mining, purifying of
Zn, Pb, and Cd ores, steel production, coal burnamgl burning of wastes. These

activities can increase Zn levels in the atmosphéfaste streams from Zn and other
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metal manufacturing and Zn chemical industries, e&tin waste water, and run-off
from soil containing Zn can discharge Zn into waigys (ATSDR, 2005).

The level of Zn in soil increases mainly from dispbof Zn wastes from
metal manufacturing industries and coal ash fromctdt utilities. Sludge and
fertilizer also contribute to increased levels of i the soil. In air, Zn is present
mostly as fine dust particles. This dust eventusdiitles over land and water. Rain and
snow aid in removing Zn from air. Most of the Znlakes or rivers settles on the
bottom. However, a small amount may remain eithiesalved in water or as fine
suspended particles. The level of dissolved Znatewmay increase as the acidity of
water increases. Fish can collect Zn in their b®diem the water that they swim in
and from the food that they eat. Most of the Zsaii is bound to the soil and does not
dissolve in water. However, depending on the typesal, some Zn may reach
groundwater, and contamination of groundwater hasumwed from hazardous waste
sites. Zn may be taken up by animals eating sairioking water containing Zn. Zn is
also a trace mineral nutrient and as such, smadiuais of Zn are needed in all
animals (ATSDR, 2005).

3.3.3 Effects of Zn on human health and animals

Zn is an essential nutrient and present in aliésof the human body. It is
a structural component of over 300 enzymes, imporfar metabolism of all
macromolecules, in the metabolism of nucleic aadsl in metabolism of other
minerals (EC SCF, 2003). Zn also has an importal® for gene expression as a
constituent of transcription factor (Zn finger danms. In the human genome, about
10% of proteins have the potential for binding Zandreini et al., 2006). Zn
deficiency is rare, but suboptimal intake of Znfiequent. Deficiency therefore
impacts many aspects of health, growth, reprodngcsasceptibility to infections, and
behavior. Acrodermatitis enteropathica is a gergisease that leads to Zn deficiency.
Excess Zn derives from pollution (WHO, 2001). Syomp$ of acute poisoning are
nausea, vomiting, diarrhea, lethargy, and fevero@ik exposure should interfere with
copper status and immune response interfering végroduction. Zn and Cu are
mutual antagonists, interfering for absorptionhe tntestine. Zn also interferes with

iron absorption.
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The large amount of Zn inhaled (as Zn dust or furfnes smelting or
welding) can cause a specific short term diseaiedcanetal fume fever, which is
generally reversible once exposure to Zn ceasesekier, very little is known about
the long term effects of breathing Zn dust or funidse large amount of Zn taken into
the body through food, water, or dietary supplemeahn also affect health. The levels
of Zn that produce adverse health effects are nmhigher than the Recommended
Dietary Allowances (RDAs) for Zn of 11 mg dajor men and 8 mg d&dyfor women.

If large doses of Zn (10-15 times higher than tBRare taken by mouth even for a
short time, stomach cramps, nausea, and vomiting aoaur. The high levels of Zn
ingested for several months may cause anemia, datm@gpancreas, and decrease
levels of high density lipoprotein (HDL) choleste(ATSDR, 2005).

The consumption of food containing very large amsuof Zn (1,000
times higher than the RDA) for several months cdusany health effects in rats,
mice, and ferrets, including anemia and injuryht® pancreas and kidney. Rats that ate
very large amounts of Zn became infertile or hadlsn babies. Putting low levels of
certain Zn compounds, such as Zn acetate and Ariadd) on the skin of rabbits,
guinea pigs, and mice caused skin irritation. Skiation from exposure to these
chemicals would probably occur in humans (ATSDR)3)0

Consuming too little Zn is at least as importanhealth problem as
consuming too much Zn. Without enough Zn in the,d)eople may experience loss
of appetite, decreased sense of taste and smelleateed immune function, slow
wound healing, and skin sores. Too little Zn in tiet may also cause poorly
developed sex organs and retarded growth in yousg. i a pregnant woman does
not get enough zinc, her babies may have birthctlefATSDR, 2005).

3.3.4 Effectsof Zn on plants

Generally, Zn is the least toxic among heavy mettlss an essential
nutrient for plant growth, although elevated concaions resulted in growth
inhibition and toxicity symptoms. Zn concentratioimsplants are between 15-100
ppm. Zn is a constituent of metalloenzyme or a cofafor several enzymes such as
carbonic anhydrases, alcohol dehydrogenases, sugerdismutase and plays an

important role in regulating nitrogen metabolisns 2n forms stable complexes with
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DNA and RNA it might also affect DNA and RNA stahjl Zn deficiency may cause
significant changes in plant metabolism, resultinggrowth retardation, stunted
growth and interveinal chlorosis of leaves and shmternodes. Zn deficiency is more
widespread than that of any other micronutrient Zndfertilizers are often used in
agriculture (Hagemeyer, 1999).

Naturally, plants may expose to the Zn enrichedssdeveral plant
species have adaptation for Zn tolerance while isemsspecies or genotypes may
show toxicity symptoms. Normally, the symptoms af @xicity are similar to those
of Zn deficiency. An excess supply of Zn affectshbshoot and root growth and the
shoot become stunted and chlorotic. Further, thgeemis of roots and the cell in the
epidermis may become lignified. The well documerggohptoms of Zn toxicity are
decreased leaf chlorophyll content and rate of ggyithesisAt some stages in the
biosynthesis of chlorophyll, Zn may compete with, Feading to chlorosis. The
chlorophyll loss was accompanied by a reduced hetgsynthetic rate. Moreover, Zn
causes callose deposits on sieve tube plates irplileeem resulting in restricted
carbohydrates translocation, leading to accumulaifosugars and starch in the leaves
and a reduced transport to growing parts. Zn toxiviay increase permeability of root
membranes, which will cause nutrients to leak ooinfthe roots. The excess of Zn
may also affect enzymes involved in plant metabodisFor example it was found that
phosphoenolpyrovatecarboxylate (PEPC), a key enzgmg@hotosynthesis in £
plants, was more sensitive to Zn. Other enzymesctd#tl by heavy metals are
hydrolytic enzymes like phosphatase and ribonueled$itrate reductase enzyme

included in nitrogen metabolism is also disturbgakcess of Zn (Pahlsson, 1989).
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3.4 Permissible limitation

The standard guidelines for Cd and Zn contaminateld are shown in
Table 3.5. In non-contaminated soils, total conegians of Cd and Zn generally less
than 2 and 900 mg Ky respectively (Alloway, 1995; Bowen, 1979). Theaeges of
concentrations depend predominantly on the pareté¢nial of soil and on the degree
of weathering. Toxic levels in soils with respeatplant growth are reported as 3-8
mg kg* and 70-400 mg kbfor Cd and Zn, respectively (Kabata-Pendias & Pasdi
1984). To protect ecosystems when sewage sludappised to agricultural soil, the
European Union has set the following range for hiemetal concentrations in soil,
according to the soil pH (low value for pH 6, higidue for pH 7): 1-3 mg Cd Kgand
150-300 mg Zn KQEEC, 1986). Most countries have set the standaidetines or
maximum permissible limitation which is appliedgootect the agricultural land and
human health (Table 3.6).

Table 3.5 Guidelines for Cd and Zn contaminated soils.

Guidelines Total concentration Reference

(mg kg")

Cd Zn
Non-contaminated soil 0.02-2 1-900 Alloway, 1995; Bowen,

1979

The toxic levels with respect to3 — 8 70 — 400 Kabata-Pendias &
plant growth Pendias, 1984
The European Union 1-3 150 - 300 EuropearEconomic
maximum permissible level for Commission, 1986

sludge amended soils

Thai background level 0.002 -0.141 0.1 - 140 Pongsakul & Attajarusit,
1999

Thai investigation level 0.15 70 Zarcinaset al., 2004
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Table 3.6 The maximum permissible concentration of heavyafsén soils of some

countries and areas (Xia, 1996).

Country pH Heavy metal concentration (mg kg
Cd Zn
China <6.5 0.3 200
6.5-7.5 0.3 250
>75 0.6 300
Germany >6.0 3.0 300
France >6.0 2.0 300
Italy > 6.0 3.0 300
Canada (Ontario) > 6.0 1.6 220
England Field land>6.0 3.5 280
Scotland >5.5 1.6 150

The US federal government develops regulationsracdmmendations to
protect public health which came enforced by law. The Environmental Protection
Agency (EPA), the Occupational Safety and Healtimiuistration (OSHA), and the
Food and Drug Administration (FDA) are some fedeaglencies that develop
regulations for toxic substances. Recommendatiagnsige valuable guidelines to
protect public health, but canndte enforced by law. The Agency for Toxic
Substances and Disease Registry (ATSDR) and therdinstitute for Occupational
Safety and Health (NIOSH) are two federal orgamzrest that develop
recommendations for toxic substances. Regulatiom r@commendations can be
expressed in not-to-exceed levels in air, watel, sofood that are usually based on
levels that affect animals, then they are adjusidtelp protect people.

Some regulations and recommendations for Cd andinftude the
following: EPA has stated that drinking water stibabntain Cd and Zn no more than
5 ppb and 5 ppm, respectively. Furthermore, anyasad of more than 1,000 pounds
(or in some cases 5,000 pounds) of Zn or its comg@sunto the environment (i.e.,

water, soil, or air) must be reported to EPA. TiRARIso limits how much Cd can be
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put into lakes, rivers, dumps, and cropland, aneksdmot allow Cd in pesticides. The
FDA limits the amount of Cd in food colors to 15nppThe National Academy of
Sciences (NAS) estimates a Recommended Dietaryvalice (RDA) for Zn of 11 mg
day* (men). 11 mg dayis the same as 0.16 mgkgf body weight per day for an
average adult male (70 kg). An RDA of 8 mg dagr 0.13 mg kg of body weight for
an average adult female (60 kg), was establishedvaimen because they usually
weigh less than men. Lower Zn intake was recommefioleinfants (2-3 mg day)
and children (5-9 mg ddy because of their lower average body weights. RBé
provides a level of adequate nutritional statusiiost of the population. Extra dietary
levels of Zn are recommended for women during peagy and lactation. An RDA of
11-12 mg day was set for pregnant women. Women who nurse badites need 12—
13 mg day. To protect workers, OSHA has set an average legalof 1 mg m® for
Zn chloride fumes and 5 mg frfor Zn oxide (dusts and fumes) in workplace air
during an 8-hour workday, 40-hour work week. Thegulation means that the
workroom air should contain no more than an avemddgemg n°® of Zn chloride over
an 8-hour working shift of a 40—hour work week. ISKD similarly recommends that
the level of Zn oxide in workplace air should neteed an average of 1 mgrover a
10-hour period of a 40—hour work week. OSHA nowitkrthe amount of Cd in
workplace air to 5 pg

3.5 Cd contamination in Thailand

Cd contamination in agricultural soil and cropyexsally rice, has been
discovered in Mae Sot district, Tak province, Taad (International Water
Management Institute, South East Asia Region, 2@monset al., 2005). Since
1977, Zn mining activities have been started afte Department of Mineral
Resources, Ministry of Industry classified thisaaees the richest source of Zn minerals
in Thailand. At present Zn mine has been activedgrating by Padeang Industry.
There is a report showing that the paddy fieldgirerg irrigation from the two creeks
(Mae Tao and Mae Ku) were found to contain markedévated Cd and Zn levels.

Both creeks passed through a Zn rich area whereZthenine had been actively
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operated for more than 20 years. About 85% of thddp soil samples receiving
irrigation from both creeks contained Cd contenbwebthe acceptable level. Rice
grain and soybean grown in the areas were alseteet¢o have elevated Cd content
compared with the normal values. The Cd contaméhareas were estimated to be
about 13,200 rais (x1,600%mof paddy fields affecting 12 villages with a tota
population of 12,075 in 2004.

In 2005, Simmonst al. conducted a survey study in Mae Sot district, Tak
province, Thailand to assess the degree of soila@d Zn contamination and
associated rice grain Cd contamination downstrefianaactively mined zone of Zn
mineralization in that area. Total soil Cd and Zmaentrations in the rice-based
agricultural system investigated ranged from 0.284 mg kg and 100 to 8,036 mg
kg™, respectively. Further, the results indicate thatcontamination is associated with
suspended sediment transported to fields via tigatron water. Consequently, the
spatial distribution of Cd and Zn is directly redtto a field’s proximity to primary
outlets from the in-field irrigation channels amder-field irrigation flows with 60—
100% of the Cd and Zn loading associated with fr& fhree fields in irrigation
sequence. Rice grain Cd concentrations in the ieddsfsampled ranged from 0.05 to
7.7 mg kg. Over 90% of the rice grain samples collected @ioed Cd at
concentrations exceeding the Codex Committee onl Palditives and Contaminants
(CCFAC)draft Maximum Permissible Level for rice grain of 0.2 @8d kg*. From a
public health perspective, Weekly Intake (WI) valueom rice consumption alone
ranged from 20 to 98 ug Cd kdBody. This poses a significant public health ik
local communities (Simmoret al., 2005). In 2004, the Pollution Control Department
of the Thai Ministry of Natural Resources and Eanment also collected rice grain
samples from 45 randomly selected house holds nvRhiatat Pha Daeng, subdistrict.
Rice grain Cd concentrations ranged from 0.05 togbkg* with a mean of 1.25 mg
kg™. Estimated WI values ranged from 22 to 44 ug Cd Rgdy (Ministry of Natural
Resources 2004). In 2007, Swaddiwudhipeh@l conducted a survey to determine
urinary Cd, a good index of excessive Cd exposue l@ody burden, among the
exposed residents aged 15 years and older in theo@tminated areas, Mae sot
district, Tak province. Of the 7,697 persons suegkyt5.6% had urinary Cd levels < 2
ng g* creatinine and 47.2% had Cd levels between 2 ahdgig” creatinine. About
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4.9% were between 5 and 1 g* creatinine and 2.3% had Cd concentrations > 10
ug g* creatinine. The American Conference of Governnielmidustrial Hygienists
Biological exposure index for urinary Cd isp§ g* creatinine. The proportion of
persons who had urinary Cd > | g* creatinine significantly increased with
increasing age and was also higher among womenntiezn The persons who mainly
consumed rice grown locally in the contaminatedasrkead higher urinary Cd than
those who did not. Since consumption of the contated food grown in the areas is
the main source of excessive Cd exposure, the ptioduof rice and other crops for
human consumption should be prohibited. This meascan prevent further
accumulation of Cd in the body of the exposed patah. The production of non-

food crops in these areas is strongly recommendéddapported by the government.

3.6 Remediation technologies for heavy metal contaminated soils

3.6.1 Conventional remediation technologies

Conventional technologies available for water amitiremediation can be
broadly classified based on whether they are enegloysitu or ex situ (Saxeneet al.,
1999). The most commonly used technologiesiricgitu andex situ remediation are
listed as follows:

Soil flushing: The process involves physical separation by ca&irtor
horizontal leaching using a fluid (water or an amuge solution containing chelators)
which is followed by collection and treatment oktleachates in basins or trench
infiltration systems. The average cleanup timeaf@0,000 ton contaminated soil site
using this approach is more than 3 years.

Pneumatic fracturing: The process involves injection pressurized &io in
the soil to develop cracks in low permeability aehiereby enhancing the extraction
efficiencies of othein situ technologies

Solidification/Sabilization: In these processes the contaminant is
physically enclosed in a stabilized mass or throagkemical interactions induced
between the stabilizing agent and the contamiriBim. average clean up time for a

20,000 ton contaminated soil site using this apghraa about 1 year
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Vitrification: This technology utilizes thermal energy to mék tsoil to
enable physical or chemical stabilization.

Electrokinetics: The contaminants are mobilized as charged species
towards polarized electrodes placed in the soike Tfigrated contaminants can be
removed or treateih Situ.

Chemical reduction/oxidation: In this remediation process, the
contaminants are chemically converted into lessauftBmus, more stable, less mobile
and/or inert forms.

Soil washing: This process refers to the separation of contantin
adsorbed to fine soil particles using an aqueousdtisn, through size separation,
gravity separation, or attrition scrubbing.

Excavation, retrieval and off-site disposal: This method requires removal
and transportation of the contaminated soil to affesite treatment and disposal-
facility.

The conventional technologies are not suitablepi@actical applications
because these techniques are high cost, low efigjelarge destruction of soil
structure and fertility and technically limited telatively small areas. Most of soil
characteristics changed after treating with thesbrtiques and thus decreased the soil
quality. Thus, the development of phytoremediat&trategies for heavy metals
contaminated soils is necessary (Saxatrah., 1999). The advantages of this technique
including the related lower costs compared withvesrional techniques, avoiding the
excavation of soil, have no adverse effect on tieguality, and can be used in the

contaminated soil of large area.

3.6.2 Phytoremediation

The idea that plants are used to extract metate Boils came from the
discovery of different wild plants, usually founa onineralized soils, which can
accumulate high concentrations of metals in thieoos (Garbisu & Alkorta, 2001).
Phytoremediation can be defined as the processtibting plants to absorb,
accumulate, detoxify and/or render harmless, coimamis in the growth substrate
(soil, water and air) through physical, chemical lioblogical processes. The

phytoremediation can be applied to both organic iandganic pollutants present in
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solid or liquid substrates. It is an emerging lowst; ecologically friendly alternative
to the conventional remediation technologies. Rlagtown in metal-enriched
substrates take up metal ions to varying degrees djptake is largely influenced by
the bioavailability of the metals in soils whichdentrolled by soil associated factors
such as pH, CEC, soil texture, etc. Additionalhg tapability of plant itself to tolerate
and/or accumulate metals from soils and rhizosph@ocesses around plant root also

influence on the uptake of plants (Saxenal., 1999).

3.6.3 Advantages of phytoremediation

Phytoremediation has many advantages as follow}: Ifige scale
application, as plants can be sown or planted iigelareas, (2) growing plants is
relatively inexpensive, (3) plants provide an aesthvalue to the landscape of
contaminated sites, (4) phytoremediation procesgnigironmentally friendly and
ecologically safe, (5) some plant species usegligtoremediation can have potential
economic returns which would offset the cost oftéEhnology, (6) plants concentrate
the contaminants within their tissues, thereby cetuthe amount of hazardous waste
and (7) concentrated hazardous wastes require esmadtlamation facilities for
extraction the heavy metals. Apart from the di@dtantages, plants provide indirect
benefits to the contaminated sites such as: (Xpased aeration of the soil which in
turn enables microbial degradation of organic cmmants and microbe-assisted
uptake of metal contaminants, (2) reduced soil ieroslue to plant stand, (3)
enhancement of rhizospheric micro-fauna and flooa fnaintaining a healthy
ecosystenfSaxenat al., 1999).

3.6.4 Phytor emediation approaches

Phytoremediation is accomplished by many approadmeesfollowing
(Garbisu & Alkorta, 2001).

Phytoextraction: is the use of plants to remove contaminants femifs.
Pollutant-accumulating plants are utilized to tgors and concentrate toxic
contaminants (metals or organics) from the contateih soil into the above-ground

shoots which were then harvested and incineratétbraburied.
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Phytostabilization: The use of plants to reduce the bioavailabilify o
pollutants in the environment. Plants stabilizeygahts in soils, thus rendering them
harmless and reducing the risk of further environtaledegradation by leaching of
pollutants into the ground water or by airbornesgpk

Phytovolatilization: The use of plants to volatilize pollutants. Ptaextract
volatile pollutants, e.g. selenium, mercury, frowmil and volatilize them from the
foliage.

Phytodegradation: The use of plants and associated microorganisms
(plant-assisted bioremediation) to degrade orgapdatlutants. Plant roots in
conjunction with their rhizospheric microorganismse utilized to remediate soils
contaminated with organics; the air purifying usésome plants.

Rhizofiltration: The use of plant roots to absorb or adsorb pailist
mainly metals, from water and aqueous-water stredant roots grown in aerated

water absorb, precipitate and concentrate toxi@almétom polluted effluents.

3.7 Soil associated factor sinfluencing heavy metal availability

Basically, the availability of heavy metals in sal controlled by: (1)
chemical (pH, Eh, CEC, metal speciation), (2) ptasisize, texture, clay content,
organic matter), and (3) biological (bacteria, fj)rocesses and their interactions
(Ernst, 1996).

pH: The chemical forms of heavy metals in soil areecHd by
modification of the soil pH. An increase in pH risun higher adsorption of heavy
metals to soil particles and reduces the uptakeeafry metals by plants (Kua al.,
1985). On the other hand, acidification increades metal absorption by plants
through a reduction of metal adsorption to soitipkas (Brownet al., 1994; Chanewgt
al., 1995).

Redox potential (Eh) The Eh of the soil is a measure of the tendency of
the soil solution to accept or donate electronsEAsdecreases, heavy metal ions are
converted from insoluble to soluble form, thus easging bioavailability (Kabata-
Pendias & Pendias, 1984).
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Cation Exchange Capacity (CEC)'he CEC is a measure of the ability of
the soil to retain metal ions. The CEC increasdh imcreasing clay content in the soil
while the availability of the metal ions decrea@éabata-Pendias & Pendias, 1984).

Soil type The bioavailability of heavy metals in the so$@ldepends on
the texture of the soil. A gradient of metal ioradability exists in varying soil types
with the availability being lowest in clay soilsjliowed by clay loam, and finally
loams and sand. Similarly, heavy metal concentatio soil are also dependent on
the soil order; Gleysols and Luvisols have the égghconcentration, followed by
Brunisols and Podzols. However, this observatiom @liso be related to soil texture
because Gleysols and Luvisols have higher clayecwptompared with Brunisols and
Podzols (Webber & Singh, 1995). Normally, a higharel of heavy metal can be
retained in fine-textured soils such as clay araly dbam, compared with coarse
textured soils such as sand. This is in part dubgdow bioavailability of these metal
ions, or reduced leaching as metals are boundet@ail matrix in fine-textures soils
(Webber & Singh, 1995). The complexation betweesviianetals and organic matter,
humic acid in particular, has been well documenfededland, 1990). The high
organic matter content enhances the retention efiribtals, drastically reducing the
metal availability.

Chelates An essential component of the bioavailability msg is the
exudation of metal chelating compounds by plantgd@e.g. phytosiderophore). These
chelators are synthesized by plants and can melhkavy metals such as Cu, Pb and
Cd by formation of stable complexes (Merethal., 1988). Chelators are usually low
molecular weight compounds such as sugars, orgais, amino acids and phenolics
that can change the metal speciation, and thusl miei@vailability. Apart from the
chelating agents produced by plants, the additibsyathetic chelating agents to
contaminated soils was shown to substantially emeethe metal solubility in the soil.
Nowadays, numerous studies have focused on ewvauthie effect of adding synthetic
chelates such as ethylene diaminetetracetic a&d £, ethyleneglycoltetracetic adid
(EGTA) and citrate on the uptake of metals by Ea&taltet al., 1998; Cunningham
& Ow, 1996). In contrast, addition of chelates tmenal nutrient solutions has also
resulted in decreased metal accumulation as weill #s apparition of phytotoxicity

symptoms (Srivastava & Appenroth, 1995).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Biology) / 33

Cd being a chemical element is dissolved in thessution, adsorbed in
organic and inorganic colloidal surfaces, occluitéd soil materials, precipitated with
other compounds and incorporated into biologicalemals. A shift from solid-phase
forms to that of the soil solution is essentialitorease plant available chemical
constituents in the soil. The factors governing ¢leilibrium between the solid and
liquid phases of Cd in soils are complicated ant fatly in the soil system. It is
influenced by aforementioned factors, for exammg gH, organic matter content,
redox potential, chemical form of Cd, etc. It haseb reported that amounts of Cd
absorbed by plants tend to increase as the coatentiof Cd in the soil increases. A
large number of studies suggest that Cd accumuldiip plant in relation to Cd
concentration in soil deal with soil that has besnended with municipal sewage
sludge. There is some evidence shown that plamt&rgron Cd enriched soils in
containers in the green house absorb more Cd heasame plant grown on the same
soil amended with identical amounts of Cd in thedi This differential behave is
most probably depended on root developm@e Vries & Tiller, 1978). Several
chemical extractants have been tested to providedex of Cd phytoavailability of
Cd recovery from soils. They include weak acidsjtred salts and chelating agents.
The Cd extracted by the NBAC was regarded as an exchangeable form, whdreas t
HCI and HNQ extractions estimated closely the total amountsné&researches have
been suggesting the use of DTPA extracting solutigpredicting Cd uptake and yield
by crops. The mobility and phytoavailabilty of Cardely depends on its chemical

form and speciation in soils. Cd solubility in soi$ decreased as pH increased.

3.8 Metal tolerant plants

Metal tolerance refers to specific individuals af@ecies which are able to
withstand greater amounts of toxicity than theimediate relatives on normal soil
(Antonovics et al., 1971). Tolerance is therefore conferred by tlsspssion of
specific physiological mechanisms which effectivelyable it to function normally
even in the presence of high concentrations ofrpiatetoxic elements (Baker, 1987).

The phenomenon of heavy metal tolerance in plaats dttracted the interests of
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scientists for 50 years since the discovery of dterance ofAgrostis tenuis grass
(Bradshaw, 1952), and so far a substantial numbtrerant species or ecotypes have
been identified around the world (Baker, 1987).

3.8.1 Basic strategiesin metal tolerant plants

A few of the higher plant species have adaptatibias enable them to
survive and to reproduce in soils heavily contane@dawith heavy metals. Such
species are divided into two main groups: (1) peewetallophytes that grow on both
contaminated and non-contaminated soils, and @)late metallophytes that grow on
metal contaminated and naturally metal-rich sdilaker, 1987). Primarily two basic
strategies are recognized that confer tolerantbeadoxicity of heavy metal in plants.
There are (i) metal exclusion strategy, comprisawpidance of metal uptake and
restriction of metal transport to the shoots aijdnfietal accumulation that the plants
have mechanisms to keep toxic metals in theirazedlor tissue (Baker, 1981; 1987).

The pseudometallophytes possessing exclusion ddawvee strategy are
currently used to revegetate bare soil area (B.ghytostabilization), where the lack
of vegetation results from excessively high metaiaentrations (Dahmani-Mullest
al., 2000). There is some evidence shown that plagussess the avoidance
mechanisms restricting the entry of toxic metals itheir cell or tissues. Seed coat
presents the first barrier for Cd absorption byngeating seed, therefore Cd does not
enter the embryos even at lethal concentratione@@e& Ilvanov, 2001). At the plant
root, the barriers against Cd uptake include imiimdiion of Cd by extracellular
carbohydrates like mucilage, callose as well asth® constituents of cell wall
(Wagner, 1993; Nishizonet al., 1987). In roots and leaves of bush bean Cdseam
to get bound mostly on pectic sites and histidgugs of the cell wall (Leitat al.,
1996). After absorption by roots Cd ions accumupatmarily in the rhizodermis and
cortex. The multilayer cortex seems to reduce tixecteffects of Cd on other tissues
by binding most of the Cd ions in the cell wall (&gn & Ivanov, 2001).The
Casparian strip present in endodermis is also @ebdor Cd entrance into the central
cylinder (Seregiret al., 2004).

The accumulation strategy consists of highly speed plant mechanism

to keep high concentration of metals in the tissu@ifferent plant species have
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different potentials to bioconcentrate metals ieirthissue so it is difficult to know
whether the metal uptake of plant is low, normahigh. Therefore, Markert (1994)
tried to give normal values of metal concentrationplants (Table 3.7). The vascular
plants which accumulate exceptionally high conadidns of heavy metals in their

tissues are called hyperaccumulators.

Table 3.7 Normal composition of trace elements in a planakért, 1994).

Trace element ngg’
Alumimium 80
Cadmium 0.05
Chromium 15
Cobalt 0.2
Copper 10
Gold 0.001
Iron 150
Lead 1.0
Manganese 200
Mercury 0.1
Molybdenum 0.5
Nickel 1.5
Silver 0.2
Zinc 50

There are many mechanisms that the plants emplaplévate and/or
accumulate toxic heavy metal in their cells. Prdyabeavy metal ions, such as¢d
might be bound to particular proteins and peptidsgle the cell. Phytochelatins (PC)
represent a group of metal binding peptides. Themmmon structure isy{glutamic
acid-cysteing)}glycine, where n = 2-11{{Glu-Cys)-Gly] (Zenk, 1996). Primarily
Cd can be bound to the thiol group of the cystaisdues in the phytochelatin
peptides and the Cd—PC complex is about 1000 tiessstoxic to the plant enzymes
as compared to free Cd ion (Kneer & Zenk, 1992)tifeometal-PC complex has been
shown to protect sensitive metabolic enzymes. Thoelyction of phytochelatins is a
widespread mechanism of Cd detoxification in highlemts. Typically, C& enters

the plant cell through the permeable cell wall. Tietal ions will immediately
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activate the latent, constitutive PC synthase slgathesizes, at the expense of GSH,
PC molecules for chelating metal ions. SubsequeRC—metal (C&) complexes are
actively transported across the tonoplast intovéneuole (Salt & Rauser, 1995)he
vacuole is most likely the ultimate storage comparit for heavy metal ions. In
tobacco leaves and other plant species PC-heawgl matplexes have shown to
accumulate in vacuoles {deli-Lange & Wagner, 1990). The vacuolar
compartmentalization of PC—-Cd complexes prevergdrée circulation of Cd ions as
well as PC-Cd complexes in the cytosol and forbestto localize within a limited
area (Hartet al., 1998). However the PC-Cd complexes are not deplofmside
vacuoles, they have a rapid turnover (Gatilal., 1988). Under the acidic pH condition
inside the vacuole, PC-Cd complexes dissociateCahthay be bound with vacuolar
organic acids like citrate, oxalate, malate (Kretzal., 1989). The PC molecules are
subsequently degraded by vacuolar enzymes andhtheidual amino acid can re-
enter the cytosol. The diagram showing the biosssithand turnover of metal-PC

complexes is depicted in Fig 3.3 (Zenk, 1996).
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Figure 3.3 Cd detoxification in plant cell. Cd ions enteritigge cell activate the PC
synthase that catalyzes the transformation of G&HPEC. The Cd-PC
complexes are actively transported into vacuole fietal is stored inside
the vacuole by binding with organic acid (Zenk, @9



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Biology) / 37

3.8.2 Hyperaccumulator plants

Hyperaccumulators are herbaceous or woody plamtsatcumulate and
tolerate, without visible toxicity symptoms, a hued times or greater metal
concentrations in shoots than those usually fomndon-accumulators (Baket al.,
2000; Barcel6 & Poschenrieder, 2003). They havdvedointernal mechanisms that
allow them to take up and tolerate large metal eatrations that would be extremely
toxic to other species (Clemens, 2001; Lasat, 200#&)se plants are perfectly adapted
to the particular environmental conditions of theabitat and the high uptake and
accumulation of metals may contribute to their deéeagainst herbivores and fungal
infections (Boyd & Martens, 1998). Usually, the atmtlic and energetic costs of their
adaptation mechanisms do not allow them to comefiteiently on uncontaminated
soil with non-metallophytes. Hyperaccumulatorsehavow biomass production since
they have to use their energy in the mechanismghathey have evolved, to cope
with the high metal concentrations in the tissue.

The hyperaccumulators first characterized were neesbof the
Brassicaceae and Fabaceae families (&a#l., 1998). At present, over 420 plant
species of hyperaccmulators from all over the wadhdt can accumulate high
concentrations of metals at contaminated sites we®overed (Bakeet al., 2000).
The standard criteria for hyperaccumulator havenb#fined. Basically there are at
least four criteria as follows:

(1) The concentrations of heavy metals in plant osho reach
hyperaccumulating levels which are shown in Tab8(Bakeret al., 1994a).

(2) The concentration of heavy metal in above-gtbpart is 10-500
times more than that in usual plants (1 mg Cd; K0 mg Zn kg; Shen & Liu,
1998).

(3) The metal concentrations in shoots are inéyigreater than that in
roots or shoot/root quotient should be more thashbwing an ability of the plant to
uptake metals and store them in their above-gr@amtd(Baker & Whiting, 2002).

(4) Extraction coefficient, which is defined asethheavy metal
concentration in plant above-ground part dividedhmst in soil, should be more than

1, indicating the capacity of plants to take upah&bm soil (Cheret al., 2004).
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Table 3.8 The lowest metal concentration in shoots of hypmremulators, number of
taxa and families which are hyperaccumulators, am@mples of
hyperaccumulators (Baket al., 1994a; Reeves & Baker, 1998).

Metal Concentration in shoots Number of Example of species

(mg g* dry weight) Taxa Families

Cd >0.1 1 1 Thlaspi caerulescens

Pb >1.0 14 6 Minuartia verna

Co >1.0 28 11 Aeollanthus biformifolius
Cu >1.0 37 15  Aeollanthus biformifolius
Ni >1.0 317 37  Berkheya coddi

Mn >10 9 5 Macadamia neurophylla
Zn > 10 11 5 Thlaspi caerulescens

3.8.3 Metal uptake and transportation in plants

Metal transportation in plant species with exclasstrategy is frequently
based on reduced metal uptake into roots, prefatestorage of metals in root
vacuoles and restricted translocation to shootpelrccumulator plants, in contrast,
take up more metals, store a lower proportion efrthin roots, and export higher
amounts to shoots (Greger, 1999). Typically, trenptakes up the Cd from soil via
the root system. To a lesser extent Cd gets adctsplant system via leaves. The
ability of leaves to absorb Cd depends on spetefaf morphology (Godzik, 1993).
However, in aquatic plants, Cd is taken up not dhhpugh roots but also by shoot
system. It appears that the availability of Cd tlemgs is depended on the pH and ionic
strength of the soil medium (Hatehal., 1988; Ahumada & Schalscha, 1993). Free
Cd ion (Cd") is considered to be the Cd species which is widehilable to the plants
(Grantet al., 1998). Cd interaction at the shoot or root stefes affected by Hions
(pH) and C&' concentrations; in both cases the availabilityCof is sensitive to the
presence of dissolved organic matter in the salinsent as well as ambient water
surrounding the shoots (Ornes & Sajwan, 1993; Cathpbal., 1998).

In terrestrial plant species, heavy metals are Imaaken up from soll

through root system and transported to shoots. @heyirst taken into the apoplast of
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the root. Then some of the total amount of the hemetal is transported further into
the cell, some is transported further in the amipdend some becomes bound to cell
wall substances. The primary cell walls consist af network of cellulose,
hemicellulose and glycoproteins. This network formoses of different sizes in which
the ions can move. In the smaller pores the pedyjtigharged metal ions are attracted
to negative charges of the cell wall structure. &ejping on the density of negative
charges in the cell wall, the metal ions can beceatrated. To be able to reach the
xylem vessels of the roots, the metals have toscrtbe endodermis and the
suberinized Casparian strips, which retard theaeot of Cd into the central cylinder
(Sereginet al., 2004). Consequently, most of the metal uptakpeildormed by the
younger parts of the root where the Caspariansstaige not yet fully developed
(Hardimanet al., 1984; Marschner, 1995). Part of the heavy mtétt has been taken
into the apoplast is further transported througk fflasma membrane into the
cytoplasm. There are some evidences shown thatdddcomss the tonoplast via
Cd*/H*-antiport system (Salt & Wanger, 1993) as well s phytochelatin—-Cd
transporter (\dgeli-Lange & Wagner, 1990) that appears to be MgRrATependent
(Salt & Rauser, 1995). In cytoplasm, heavy metald ko negative charges in various
macromolecules which are either soluble or padetitilar structures.

Formation of less toxic metal complexes is esskentm metal
hyperaccumulation in plants. The toxicity of metations is mainly due to their
tendency to form organic complexes with distingahds, which interfere with
membrane functions, enzyme reactions, electrorspi@m system. The metal uptake
and root-to-shoot transport of high metal conceiuina are only possible when these
toxic interactions are avoided by the synthesistaing chelators that efficiently bind
the metals in a non-toxic form, thereby allowingxftto and through the xylem up to
the leaves. The transport of heavy metals in thegoh is probably difficult since the
phloem consists of living cells containing subsemand ions easy to bind to (Greger,
1999). The Cd transportation from roots to shoatsprobably driven by the
transpiration system. Evidence for this was prodgidg Saltet al. (1995) who showed
that ABA-induced stomatal closure dramatically reetll Cd accumulation in shoots of

Indian mustard.
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Studies of Cd uptake by plants have indicated thatlower Cd
concentrations (2.5 to 90 nM), its transport isagative, energy requiring HATPase
mediated process whereas at high concentratio@sldhe uptake is a non-metabolic
(passive) process, involving diffusion coupled wiskequestration. Although the
mechanism of Cd transport across the plasmalemmaoatf cells is not well
understood, the electrochemical potential across rttembrane appears to be an
important factor (Grangt al., 1998). It is suggested that the uptake of catisalutes
is likely to be driven largely by the negative mearte potential across the plasma
membrane, which is generated in part by metabtficEpendent processes such as
proton extrusion via the plasma membraneAdPase (Kochian, 1991). Also, Cd
uptake is a transporter mediated process whictbaghvichaelis-Menten kinetics and
is controlled by a transport protein present inrtteambrane (Hawt al., 1998). Similar
carrier mediated uptake has been reported for abaunof divalent cationic
micronutrients (Kochian, 1991). Zn competitivehhibits Cd uptake by plant roots,
suggesting that Cd is transported across the plasmabrane via a native Zn-
transport system. However, the reported kineticstamts of Zn and Cd uptake are
quite different. The K value for Zn uptake by roots ranges between 2 jiM6and
for Cd uptake nearly two orders of magnitude lowEnus if Zn and Cd share a
common influx pathway, the affinity of the transgorappears to be considerably
higher for Cd than for Zn (Haet al., 1998).

Absorption of Cd by green microalg&#lorella vulgaris, Ankistrodesmus
braunii and Eremosphera viridis revealed that Cd is mainly sorbed in the cell wall
The binding sites seem to be the acidic groupseéncell wall structure (Geisweid &
Urbach, 1983). In water hyacintki¢hhornia crassipes) Cd was found to accumulate
throughout the roots (Hosoyamatal., 1994). InSolidaga altissima, Cd was found in
most parts of the plant, but located mainly in ¢aenbium, cortex and phloem tissues
(Hosoyamaet al., 1994). Within the cell, most of the Cd is accueted in the
vacuole. The fact that Cd is found in Golgi appasaand endoplasmic reticulum is
apparently related to metal secretion through #iestrface and into the vacuole. A
small quantity of Cd reaches nuclei, chloroplastpamondria and exerts toxic effects
on these organelles (Millet al., 1973; Maliket al., 1992).
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3.8.4 Potential plantsfor phytoremediation

Cd is a toxic heavy metal associated with Zn minamgd industrial
opration. Hyperaccumulation of Cd is a rare plnesioon in higher plants. Znis an
essential microelement, but is toxic to animals plaohts at high concentrations. So
far, Thlaspi caerulescens (Brassicaceae) has been identified as Cd and Zn
hyperaccumulator able to meet Cd and Zn hyperaclaiion criteria of 100 and
10,000 mg kg' shoot dry weight, respectively (Bakeral., 2000). Another possible
Cd and Zn hyperaccumulator could Beabidopsis halleri (L) which was found to
hyperaccumulate Cd and Zn in hydroponics (Klpgieal., 2000). The plant species
with high ability to accumulate high concentrat@nCd in their tissues are shown in

Table 3.9. They might be useful for applying in fwngmedation program.

Table 3.9 Plant species which can accumulate high concémraf Cd in their tissues.

Species Cd concentration Cd concentration in References
(mg kg* DW) culturing media
Lemna trisulca 2,300 0.64 mg cdi Huebert & Shay, 1993
Lemna minor 13,300 10 mg Cdli Zayedet al., 1998a
Azolla filiculoides >10,000 15 mg CdY Selaet al., 1989
Thlaspi caerulescens >1,000 200 mg cdl Brownet al., 1995
Thlaspi caerulescens 14,100-28,000 500M Lombi et al., 2000
Cardaminopsis halleri 281 Dahmani-Mullegt al., 2000
Taraxacum officinale 20-410 (shoot) 0.5-50uM Simonet al., 1996
20-1,360 (root)

Teraxacum officinale 1,049 Kuleffet al., 1984
Triticum aestivum 479 (shoot) 150 mg Cd'l Brown & Thomas, 1983
Thlaspi caerulescens >1,000 Robinsoet al., 1998
Thlaspi caerulescens 2,800 500 mg Cd kfsoil Lombiet al., 2000
Thlaspi caerulescens 164-1,020 Cd-contaminaed Bakeret al., 1994b

soils Brownet al., 1994
Helianthus annuus 114 10 mg Cd kg soil ~ Simon, 1998
Cichoriumintybus 10-300 (shoot) 0.5-50uM Simonet al., 1996

10-890 (root)
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T. caerulescens could accumulate Cd in the leaves up to 1600 mdg-H
dry weight without detectable decrease of its domass up to 50 mg extractable Cd
kg™ soil (Robinsoret al., 1998). Recently, in the hydroponics experimerg Brench
population ofT. caerulescens (Ganges ecotype) was able to accumulate Cd in the
shoots more than 10,000 mg kevithout biomass reduction. This population wasabl
to accumulate up to 500 mg Cdkdgn the shoot at 12 mg Cd Kgsoil in the field
trial, which is encouraging for the Cd phytoextraetfrom agricultural soils (Lombi
et al., 2000). Very different values have been reporgdgmbut dry mass off.
caerulescens. Robinsonet al. (1998) estimated that dry biomass productionhig t
species averaging 2.6 thawhereas in field trials Kayset al. (2000) found less than
1 t ha’. On the other hand, the yield of fertilized crdpTo caerulescens could be
easily increased by a factor of three without digant reduction in Cd tissue
concentration (Bennetét al., 1998). Robinsoret al. (1998) accepting dry mass
potential of T. caerulescens of about 5 t hd calculated that soil contaminated by 10
mg Cd kg" would be cleaned in only 2 years. Controversiallgaerulescens is not
suitable for phytoextraction due to its rosette rabteristics, making difficult the
mechanical harvesting and has low resistance tambdry environments (Vassilet/
al., 2002). As the aforementioned information, mahiyperaccumulator plants have
slow growth rate and very low biomass; they theeefoeed much time to remove
contaminants from soils.

The ideal plant for metal phytoextraction has tohiighly productive in
biomass and to assimilate and translocate higherdrations of heavy metals to its
shoots. Additional favorable traits are fast gronghsy propagation and a deep root
system. Some tree species, mainly willo&alik) and poplarsRopulus) exhibit these
traits and are in use in phytoremediation progra@isrt-rotation coppice of willow
has shown particular promise as a renewable ermeogyhaving ability to accumulate
higher levels of some heavy metals, for exampleadd Cd (Riddell-Blaclet al.,
1997; Rulfordet al., 2002). In factSalix species are not metal hyperaccumulators, but
it was shown that some clones are able to accuen@dtup to 70 mg kg dry weights
in leaves (Landberg & Greger, 1994; 1996). Due tp ‘mriation in shoot Cd
concentrations found in differerffalix species and clones, very different values

concerning Cd removal have been reported (VasstleV.,, 2002). The resistance of
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willow plants to excess Cd is very important chéggstic, as they have to be able to
grow continuously on Cd-contaminated land and tivelean additional economical
value (dry matter for energy, chip wood and papedpction), but this aspect is not
very well addressed.

The use of non-woody biomass plants has been iateduced in the
phytoextraction concept in order to overcome thetétions, such as low dry biomass
of hyperaccumulators as well as low phytoavailabitif some metals. For the later
limitation the chemically assisted approach haslb=/eloped (Sakt al., 1998). It
has been mostly adjusted to Pb phytoextractiony(&& et al., 1997), but later
extended to the other target metals. Firstly, theendcally—assisted metal
phytoextraction was based only on EDTA (ethyleneilg tetraacetic acid)
application, but it has been criticized for someddgroperties of the chemical as well
as for the possible leaching of metals to groundw#&Crémanet al., 2001). At
present, a number of studies are forwarded to &ffetient and environmentally
acceptable amendments.

The primarily interest concerning non-woody biomaseps now is
focused on not only oilseed raf#r§ssica napus), tobacco Kicotiana tabacum), flax
(Linium usitatissimum), peppermint lentha piperita), cotton Gossipium hirsutum),
but also triticale and maizeZda mays), sunflower Helianthus annuus), Indian
mustard Brassica juncea) (Vassilevet al., 2002). Using garden plants to remove
metals from contaminated soils is a popular andsfsatory strategy, because it
recovers the contaminated sites and also geneeaimsomic value if appropriate
flower species are cultivated. When rainbow pibkafithus chinensis) was grown on
a contaminated site in northern Taiwan for five keeeghe Cd concentration in the
plant shoot increased from 1.56 (under the cortesitment) to 115 mg k§ and the
Cd uptake was about 100 ghgr™ (Chen & Lee, 1997).
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3.8.5 Chromolaena odoratum

Chormolaena odoratum (Fig. 3.4) is a perennial shrub that forms dense
tangled bushes 1.5-2.0 m in height, occasiona#lghing 6 m as a scrambler up trees
(McFadyen & Skarratt, 1996). Its stems branch freekith lateral branches
developing in pairs from the axillary buds. Theasldtems are brown and woody near
the base; tips and young shoots are green andleatcthe root system is fibrous and
does not penetrate beyond 20-30 cm in most solis. flower heads are borne in
terminal corymbs of 20 to 60 heads on all stemstaadches. The flowers are white
or pale bluish-lilac, and form masses covering thieole surface of the bush.
Moreover,C. odoratum can spread very easily due to its fast growth, iteé prolific,
wind-dispersed seed production (McFadyen & Skar@96). It is grown best in
areas with a pronounced dry season (McFadyen, 1989)

Classification of Chromolaena odoratum

Kingdom — Plantae (Plants)

Subkingdom — Tracheobionta (Vascular plants)
Superdivision — Spermatophyta (Seed plants)
Division — Magnoliophyta (Flowering plants)
Class — Magnoliopsida (Dicotyledons)
Subclass - Asteridae
Order - Asterales
Family — Asteraceae (Aster family)
Genus — Chromolaena DC. (thorewagt)
SpeciesGhromolaena odoratum (L.) King & H.E. Robins.

C. odoratum has been reported as a Pb hyperaccumulator faurgbi
Ngam Pb mine, Kanchanaburi province, Thailand (Rdkun et al., 2006) In field
survey, it could accumulate Pb in shoots and raptf 1,377 and 4,236 mg kgiry
weight, respectively and could tolerate soil Pbosmrirations up to 100,000 mg kg
Under hydroponic experiment§, odoratum accumulated Pb in shoots and roots up to
1,772 and 60,655 mg Kg respectively at the Pb supply level of 10 mg C.
odoratum is a potential hyperaccumulator plant, which greegidly, has substantial
biomass, wide distribution, and is suitable for tphytoremediation of metal
contaminated soils (Tanh&hal., 2007).
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Figur e 3.5 Helianthus annuus
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3.8.6 Helianthus annuus
Helianthus annuus or sunflower (Fig. 3.5) is an annual plant in thmily
Asteraceae, with a large flowering head. The stétheoflower can grow as high as 3
m tall, with the flower head reaching up to 30 endiameter with the "large" seeds. It
is biomass producing crop of interest in phytoreiasoh.
Classification of Helianthus annuus
Kingdom - Plantae
Subkingdom - Tracheobionta
Superdivision - Spermatophyta
Division - Magnoliophyta
Class - Magnoliopsida
Subclass - Asteridae
Order - Asterales
Family - Asteraceae
Genus - Helianthus

SpeciesHelianthus annuus

Sunflower is used in diverse situations for envin@mtal clean up. At a
contaminated wastewater site in Ashtabula, Ohiveék old sunflowers were able to
remove more than 95% of uranium in 24 h (Dushenkbwal., 1997a; 1997b).
Rhizofiltration has been employed using sunfloweriU.S. Department of Energy
(DOE) pilot project with uranium waste at Ashtahulio, and on water from a pond
near the Chernobyl nuclear plant in the Ukraineaf®wers accumulated Cs and Sr,
with Cs remaining in the roots and Sr moving ifite $hoots (Dushenkov & Kapulnik,
2002). Chen & Cutright (2001) conducted the experita to investigate the ability of
synthetic chelators for enhancing the heavy mepgke ofH. annuus. They found
that H. annuus could accumulate Cd and Ni in shoots up to 115 &h#l mg kd,
respectively with the EDTA application rate of @%g" (Chen & Cutright, 2001).
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3.9 Rhizosphere

The term “rhizosphere” was first proposed by Hittteedesignate the zone
of enhanced microbial abundance in and arounddbtsr The soil-root interface is
generally called the rhizoplane. The rhizosphemejsesented by few millimeters of
soil surrounding the plant roots and influenced thgir activities. Because the
rhizosphere is characterized by steep gradientsiafobial abundance and chemical
characteristics, the boundary between rhizospherk kalk soil is not accurately
determined. The rhizosphere can be defined as tdyhitynamic, solar/plant driven
microenvironment which is characterized by feedbladps of interactions between
plant root process, soil characteristics, and §mandhics of the associated microbial
populations. It can also be defined as any voluinsod specifically influenced by
plant roots and/or in association with roots an@tshand plant produced material.
This space includes soil bound by plant roots,oéetending a few millimeters from

the root surface and can include the plant roateapial layer (Gray & Smith, 2005).

3.9.1 Plant growth promoting rhizobacteria (PGPR)

Plant growth promoting rhizobacteria (PGPR) areetefogeneous group
of bacteria that can be found in the rhizospherepat surfaces and in association
with roots, which can improve the extent or quabfyplant growth. In general, they
can be separated into extracellular PGPR (ePGRR}jrgy in the rhizosphere, on the
rhizoplane or in the spaces between cells of tla¢ cortex, and intracellular PGPR
(IPGPR), which exist inside root cells, generalty dpecialized nodular structures
(Gray & Smith, 2005). In the last few decades @daarray of bacteria including
species ofPseudomonas, Azospirillum, Azotobacter, Enterobacter, Brevundimonas,
Bacillus, Rhizobium, Kluyvera and Mesorhizobium have been reported to enhance
plant growth (Zhuanget al., 2007). The direct promotion by PGPR entails ezith
providing the plant with a plant growth promotingbstances synthesized by the
bacteria or facilitating the uptake of certain plaatrients from the environment. The
indirect promotion of plant growth occurs when PGR#&sen or prevent the

deleterious effects of one or more phytopathogamicoorganisms.
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The exact mechanisms by which PGPR promote planttgrare not fully
understood, but are thought to include (i) the igbito produce or change the
concentration of plant growth regulators like iresdetic acid and ethylene, (i) a
symbiotic N fixation (iii) antagonism against phytopathogemniicroorganisms by
production of either antibiotics or cyanide, (igl@bilization of mineral phosphates
and other nutrients (Zhuare al., 2007; Gray & Smith, 2005; Yan-d al., 2007).
Plant growth promoting bacteria must be rhizosgheompetent, able to survive and
colonize in the rhizospheric soil. Unfortunatelize tinteraction between associative
PGPR and plants can be unstable. The results ebtdiom laboratory scale cannot
always be dependably reproduced under field carditi The variability in the
performance of PGPR may be due to various envirotamhdactors that may affect
their growth and exert their effect on the planheTenvironmental factors include
climate, weather conditions, soil characteristicsh® composition or activity of the
indigenous microbial flora of the soil (Yan-deal., 2007).

3.10 Properties of PGPR

3.10.1 1AA production

Indole-3-acetic acid (IAA) is the most important miger of the auxin
family. It generates the majority of auxin effettsntact plants, and is the most potent
native auxin. Auxins are a class of phytohormone ghay important role in
coordination of many growth and behavioral processethe plant life cycle. It
regulates almost every aspect of plant growth aaldpment in various biological
processes including cell division, elongation, aliifierentiation; root initiation and
elongation; vascular system patterning; somatic rgagenesis; apical dominance;
flower development; fruit ripening; and tropismsaf} et al., 2007). In the plant,
IAA can be derived from either of two tryptophamépendent pathways, which may
utilize indole-3-glycerol phosphate or indole aspwrecursor, or four tryptophan-
dependent pathways including the indole-3-pyrueid dIPyA) pathway, the indole-3-
acetonitrile pathway, the indole-3-acetaldoximehpeaty, and the tryptamine pathway
(Hull et al., 2000; Zhacet al., 2002). IAA can be conjugated to amino acids assig
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and carbohydrates. IAA conjugates have been intglican several important plant
processes including IAA storage, transport, prasadirom enzymatic destruction, and
targeting of the 1AA for catabolism. The bioactifiegm of IAA is believed to be free
IAA. Plants maintain the IAA concentration by a qaex network of pathways
through the interplay of IAA biosynthesis, conjugafiormation, hydrolysis, and
irreversible oxidation (Campanekaal., 1996; Ostiret al., 1998).

The ability to synthesize phytohormones is widelgtrtbuted among
plant-associated bacteria. Most of the bacteritaisd from plant rhizospheres are
able to produce IAA. Similar to plant IAA produatiomicroorganisms also possess
several different IAA biosynthetic pathways. Thetaim®lic routes are classified in
terms of their intermediates as the indole-3-acetam(IAM), IPyA, indole-3-
acetonitrile, and tryptamine pathways (Costacurtdaiaderleyden, 1995). One major
route, the 1AM pathway, is employed mostly by pagoic bacteria including the
gallforming bacterium Pseudomonas syringae pv. savastanoi. First, oxidative
decarboxylation of tryptophan leading to indoleegtmide is catalyzed by laaM
(tryptophan-2-monooxygenase). The conversion ofole@-acetamide to IAA is
catalyzed by laaH (indole-3-acetamide hydrolasepthBIAM pathway (L-
tryptophan>IAM —1AA) and IPyA pathway are shown in Fig. 3.6 (Pat&rGlick,
1996). The IPyA pathway is the major IAA biosynibhepathway used by plant
growth-promoting bacteria includingseudomonas putida GR12-2 (Patten & Glick,
2002). In many cases, a single bacterial strain pwssess more than one pathway
(Manuliset al., 1991). The IAM pathway is involved primarily gall formation, and
the IPyA pathway enhances bacterial epiphytic finfranget al., 2007). Although
the role of IAA biosynthesis by microorganisms @ fully understood, IAA provides
bacteria with a mechanism to influence plant grolsttsupplementing the host plant’s

endogenous pool of auxin (Yaegal., 2007).
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Tryptophan
Tryptophal-2-monooxygenas
(laaM)
Indolepyruvic aci Indoleacetamic
(IPyA) (IAM)
Indole-3-pyruvate decarboxylase Indole-3-acetamide hydrolase
(IlpdC) (laaH)
Indoleacetaldehyde » Indoleacetic acid (IAA)

Figure 3.6 IAM and IPyA metabolic routes of IAA biosynthegathways (Patten &
Glick, 1996).

3.10.2 Phosphate solubilization

Phosphorus (P) is one of the major essential matrients for biological
growth and developmentts cycle in the biosphere can be described asnopr
‘sedimentary’, because there is no interchange thighatmosphere. Microorganisms
play an important role in the P cycle. This cyclecurs by means of the cyclic
oxidation and reduction of P compounds. The comaéoh of soluble P in soil is
usually very low. The cell might normally take uprPthe forms of HPG or H,POy
(Rodriguez & Fraga, 1999). Most agricultural sailsntain large reserves of P, a
considerable part of which has accumulated as aecpuence of regular applications
of P fertilizers A large portion of soluble inorganic phosphate ligpto soil as
chemical fertilizer is rapidly immobilized after @lcation and becomes unavailable to
plants The phenomena of fixation and precipitation ofnPsoil is generally highly
dependent on pH and soil type. A second major compioof soil P is organic matter.
Organic P may constitute 30—-50% of the total phoghin most soildt is largely in
the form of inositol phosphate (soil phytate).sltsiynthesized by microorganisms and
plants and is the most stable of the organic fasfrghosphorus in soil, accounting for
up to 50% of the total organic Pther organic P compounds in soil are in the fofm
phosphomonoesters, phosphodiesters including pbbpjas and nucleic acids, and
phosphotriesters (Rodriguez & Fraga, 1999).
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Although several phosphate solubilizing bacteri@uocin soil, usually
their numbers are not enough to compete with diheteria commonly established in
the rhizosphere. Thus, the amount of P liberatethésn is generally not sufficient for
increasing plant growth. Therefore, inoculationptdnts by a phosphate solubilizing
microorganism is powerful technique to increasenplgeld. There are several reports
on plant growth promotion by bacteria which carubdize inorganic and/or organic P
from soil after their inoculation in soil or plaseeds. The productions of other
metabolites beneficial to the plant, such as phytolones, antibiotics, or
siderophores, have created confusion about the ifgpewmle of phosphate
solubilization in plant growthHowever, there is evidence supporting the role of
phosphate solubilizing rhizobacteria in plant giowenhancemen{Rodriguez &
Fraga, 1999). For example the growths of maize letidice were stimulated by
several microorganisms capable of mineral phospéaltebilization. Inoculation with
Rhizobium leguminosarum selected for their P-solubilization ability has beshown to
increase significantly the P concentration andriprove growth in maize and lettuce
(Chabotet al., 1996). A strain oPseudomonas putida also stimulated the growth of
roots and shoots and increasé&e-labeled phosphate uptake in canola (Lifshital.,
1987). Inoculation of rice seeds wiglzospirillum lipoferum strain 34H increased the
phosphate ion content and resulted in significanprovement of root length and fresh
and dry shoot weights (Murty & Ladha, 1988). Sirankous increases in P uptake and
crop yields have also been observed after inoculatith Bacillus firmus (Datta et
al., 1982) andBacillus polymyxa (Gaur & Ostwal, 1972).

The mechanism of phosphate solubilization is neteruly understood. It
is generally accepted that the mechanism of mingnakphate solubilization is the
action of organic acids synthesized and releaseddilymicroorganisms. Organic
acids results in acidification of the microbial Icednd its surroundings and
consequently P may be released from a mineral plaosp(Goldstein, 1994). The
production of organic acids by phosphate solulmiizrhizobacteria has been well
documented. Among them, gluconic acid seems tohbemost frequent agent of
mineral phosphate solubilization. It is reportedfss principal organic acid produced
by phosphate solubilizing bacteria such Reeudomonas sp. (lllmer & Schinner,

1992), Erwinia herbicola (Liu et al., 1992),Pseudomonas cepacia (Goldsteinet al.,
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1993). Another organic acid identified in strainghwohosphate-solubilizing ability is
2-ketogluconic acid, which is present Rhizobium leguminosarum (Halder et al.,
1990), Rhizobium meliloti (Halder & Chakrabartty, 1993Bacillus firmus (Banik &
Dey, 1982). Strains oBacillus liqueniformis and Bacillus amyloliquefaciens were
found to produce mixtures of lactic, isovalericobstyric, and acetic acids. Other
organic acids, such as glycolic, oxalic, maloniod auccinic acid, have also been
identified among phosphate solubilizers (lllmer &h#&ner, 1992; Banik & Dey,
1982). Alternative possibilities other than orgaracids for mineral phosphate
solubilization have been proposed. The release’dbhhe outer surface in exchange
for cation uptake or with the help of Hranslocation ATPase could be possible ways
for phosphate solubilization. Other mechanisms Haeen considered, such as the
production of chelating substances by microorgasism well as the production of
inorganic acids, such as sulphidric, nitric, ancboaic acid (Sperberg, 1958; Duff &
Webley, 1959; Rudolfs, 1922; Hopkins & Whiting, 891

3.10.3 Sider ophor e production

Siderophores are organic ligands produced by migeoosms and some
plants under Fe-limited conditions, and commonlgsent in soil systems (Neilands,
1981; Kraemer, 2004). They have a high specifittityFe’* and also form complexes
with other metals, although with a lower affinitdy & Boyer, 1996). The ability to
form stable metal ligand complexes suggests tlimrgphores may influence metal
mobility in soils by affecting rates of mineral vikaring, and by either enhancing or
inhibiting metal adsorption (Hepinstalit al., 2005). Siderophore formation in
response to heavy metal exposure may have bottiti@hand detrimental effects. It
may lower the free metal concentration and prodderotective effect if the uptake
receptor discriminates against the metal-sideraphmymplex. If the siderophore
uptake receptor does not distinguish against thdalms&lerophore complex,
siderophore formation may also provide a secondaghanism for metal uptake (Hu
& Boyer, 1996). The effects on metal uptake andicitx are dependent on the
siderophore-metal complex being recognized by atakepreceptor. For example,
production of the siderophore decreased the tgxioft Cu to the cyanobacterium
Anabaena sp. (Clarke et al., 1987) but increased the toxicity of Cu Bacillus
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megaterium (Arceneawst al., 1984). There is evidence shown that phytosiderms
(PS) facilitate not only Fe uptake but also Zn kptay graminaceous plants (Zhaasig
al., 1991; Romhelcet al., 1991). If phytosiderophore is efficient metalimizing
agents in soil and if they serve as efficient menlgafor metal uptake by plants, they
might serve as an effective means to achieve pkirenetion of contaminated soils.
Since PS release is confined to the small portioth® soil where roots are located,
the adverse effects of metal leaching by exceskidie is expected to be negligible.
Moreover PS release not only facilitated Fe uptake also led to coincidental uptake,
translocation, and accumulation of other transitioetal ions (Zn, Cu, Mn) in the
plant shoot (Shenket al., 2001).

The majority of siderophores are either of the dabéate class or
hydroxamate class (Fig. 3.7), but siderophoresatointy other functional groups have
been found. Bacteria produce siderophores contpiainariety of functional groups
but most fungi produce hydroxamate-type sideroph@Renshawet al., 2002). For
example, the straiRseudomonas aeruginosa ATCC 15692 (PAO1) has been shown to
synthesize two distinct siderophores, pyochelin ppaverdin. Pyochelin is a poor
water soluble, low molecular weight siderophore akhibinds F& with a
stoichiometry of two molecules per Fe atom andmaar&ably low stability constant.
Pyoverdin is a very water soluble molecule and westul chelator of ferric iron,
which is bound with a stoichiometry of 1:1 with thegh stability constant (Cox &
Adams, 1985; Wendenbauehal., 1983).
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Figure 3.7 The catecholate (left) and hydroxamate (rightcfional groups
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3.11 Phytoremediation assisted by soil rhizobacteria

Metal tolerant plants play important role in phyerediation program.
The ideal plant for phytoextraction should growidlyp produce large biomass, and
be able to tolerate and accumulate high conceotrsitf metals in shoots (Net al.,
2002). Although hyperaccumulator plants have exopptly high metal accumulating
capacity, most of these have a slow growth rateddtah produce limited amounts of
biomass when the concentration of available meatatee contaminated soils is very
high. An alternative is the use of plants with o metal accumulating capacity but
higher growth rates, such as Indian must&mssica juncea). Another way is the use
of combination between plants and plant growth ptmg rhizobacteria (PGPR),
which is recently considered to improve efficieméyphytoremediation (Zhuarg al .,
2007). Actually, rhizosphere contains a large patoih of microorganism possessing
high metabolic activity compared to bulk soil. Mdbial populations are known to
affect heavy metal availability to the plant thrbuthe release of chelating agents,
acidification, phosphate solubilization, and redihanges. Especially, some PGPR
may exert some beneficial effects on plant growthough several mechanisms
including N, fixation, production of phytohormones and sidemnels, and
transformation of nutrient element§he useof rhizobacteria in combination with
plants is expectetb provide high efficiency for phytoremediati¢Abou-Shanalet
al., 2003b; Whitinget al., 2001). The examples of the phytoremediation using

combination between plants and PGPR are shownbite3al10.
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Table 3.10 Phytoremediation of heavy metal using combinatetween plants and

PGPR (Zhuangt al., 2007).
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Bacteria Plant Heavy | Condition Role of PGPR Reference
metal
Azotobacter chroococcum HKN-5 | Brassica Pb, Zn| Pot - Stimulated plant Wu et
Bacillus megaterium HKP-1 juncea experiments | growth al., 2006
Bacillus mucilaginosus HKK-1 in - Protected plant from
greenhouse | metal toxicity
Bacillus subtilis SJ-101 Brassica Ni Pot - Facilitated Ni Zaidi et
juncea experiments | accumulation al., 2006
in growth
chamber
Brevundimonas sp. KR013 None Cd Culture - Sequestered Cd Robinson
Pseudomonas fluorescens CR3 media directly from etal.,
Pseudomonas sp. KR0O17 solution 2001
Rhi zobium leguminosarum
bv. trifolii NZP561
Kluyvera ascorbata SUD165 Indian Ni Pot - Both strains Burdet
mustard Pb, Zn | experiments | decreased plant al., 2000
in growth growth inhibition by
chamber heavy metals
Kluyvera ascorbata SUD165/26 | Canola - No increase of meta
tomato uptake
Mesor hizobium huakuii subsp. Astragalus | Cd Hydroponics | -Expression of PGS | Sriprang
rengei B3 sinicus gene increased etal.,
ability of cells to 2003
bind Cd",
approximately 9- to
19-fold

3.11.1 Interactionsin rhizosphere

Successful phytoremediation is largely depended tlm interactions
among soils, heavy metals, rhizobacteria, and plaflhe complex interactions are
affected by a variety of factors, such as charasties and activities of plants and
rhizobacteria, climatic conditions, soil properties

Plant — bacteria interactions Soil microbes play significant roles in
recycling of plant nutrients, maintenance of stilisture, detoxification of noxious
chemicals, and control of plant pests and planmivtiroln phytoremediation of heavy



Chetsada Phaenark Literature Review / 56

metals, rhizobacteria can improve remediation &fficy of plants or reduce

phytotoxicity of heavy metals. In addition, plarded bacteria can form specific

associations in which the plant provides the b&ctgith a specific carbon source that
induces the bacteria to reduce the phytotoxicitysed by metal contaminated soil.
Alternatively, plants and bacteria can form non#peassociations in which normal

plant processes stimulate the microbial communitigich in the course of normal

metabolic activity degrades contaminants in soiant roots can provide root

exudates, as well as increase ion solubility. THesehemical mechanisms increase
the remediation activity of bacteria associatedhpitant roots (Yan-det al., 2007).

Heavy metal -bacteria interactions There is some evidence shown that
rhizobacteria possess several mechanisms whichltarheavy metals bioavailability
through the release of chelating substances, aetdn of the microenvironment, and
by influencing changes in redox potential (SmithR&ad, 1997). For example, the
addition of Sphingomonas macrogoltabidus, Microbacterium liquefaciens, and
Microbacterium arabinogal actanolyticum to Alyssum murale grown in serpentine soil
significantly increased the plant uptake of Ni wreampared with the un-inoculated
controls as a result of soil pH reduction (Abou-$dizet al., 2003b). However, heavy
metals are known to be toxic to plants and mosamgs when present in soils in
excessive concentrations (Yan@el., 2007).

Plant — bacteria — soil interactionsThe specificity of the plant-bacteria
interactions is dependent upon soil conditions, cwhican alter contaminant
bioavailability, root exudates composition, and riauit levels. In addition, the
metabolic requirements for heavy metal remediati@y also dictate the form of the
plant-bacteria interaction, either specific or nuewsfic. Along with metal toxicity,
there are often additional factors that limit plagrowth in contaminated soils
including arid conditions, lack of soil structurlgw water supply and nutrient
deficiency (Yan-deet al., 2007).
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3.11.2 Effects of PGPR on phytoremediation

Plant growth Plant growth promoting rhizobacteria (PGPR) aapriove
plant growth and development in heavy metal contameid soils by mitigating
phytotoxicity of heavy metals. It is well known thaavy metals can even be toxic for
metal tolerant plants, if the concentration of rieeta the environment is sufficiently
high. The toxicity is partly attributable to iroreficiency in plants growing on heavy
metal contaminated soil (Walla@® al., 1992). Furthermore, the low Fe content in
plants grown in the presence of high concentratainseavy metals generally results
in these plants becoming chlorotic, since Fe deficy inhibits both chloroplast
development and chlorophyll biosynthesis (Imsanti@98). PGPR can produce
siderophores, which have the effect of chelatint Bed significantly increasing the
bioavailability of soil bound Fe (Hepinstall, 2008Jonsequently, PGPR may help
plants obtain sufficient iron (Wallacet al., 1992). A number of PGPR containing
enzyme ACC deaminase, which hydrolyses and de@ehse amount of ethylene
precursor, can reduce ethylene level and stimplatet growth (Glick, 2005). In some
plants, ACC is exuded from roots or seeds and thken up by rhizobacteria and
cleaved by ACC deaminase to ammonia asicttobutyrate (Gliclet al., 1998). The
lowering of ACC levels results in a reduction ire tamount of plant ethylene and a
decreased extent of ethylene inhibition of planédéieg and root elongation. In
addition the growth of plant root may also be stated by IAA produced by PGPR.
The low level of IAA produced by rhizobacteria gaoomote primary root elongation,
whereas high level of IAA stimulates lateral andvexditious root formation (Glick,
1995). Generally, PGPR can facilitate plant groiwhaltering the hormonal balance
within the plants.

Soil properties There is evidence shown that the chemical conditioin
the rhizosphere differ from those of the bulk s@k a consequence of various
processes that are induced by plant roots and/thébyhizobacteria (Hinsinger, 2001;
Marschner, 1995). Plant-bacteria interactions costunulate the production of
compounds that could alter soil chemical propettiehizosphere and enhance heavy
metals accumulation in plants. For example, saitliication in the rhizosphere of
Thlaspi caerulescens facilitates metal ion uptake by increasing metal mobility

around the roots (Delormet al., 2001). In addition, microorganisms can remove a
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number of metals from the environment by reducingnt to a lower redox state
(Lovley, 1995). Many of the microorganisms thatatye such reactions use the
metals as terminal electron acceptors in anaereljiration. The microbial reduction
of C°* to CP* has been one of the most widely studied forms etaibioremediation.
A wide diversity of heterotrophic organisms is knote carry out this reaction which,
depending upon the organism, can take place anaeligbor aerobically (Wang &
Shen, 1995).

Transformation of heavy metalsThe efficiency of phytoremediation is
also influenced by the bioavailability of metalsplants. Rhizobacteria may transform
heavy metals to the forms that are more readilgriakp by plant roots. For example,
bacteria could enhance Se accumulation in plant®tiycing selenate to organic Se,
and organoselenium forms like SeMet are known tdalien up at faster rates into
roots than inorganic forms (Zayest al., 1998b). Rhizobateria can also directly
influence metal bioavailability by altering chemiqaoperties, such as pH, organic
matter content, redox state. The pH and organictecbnare the main factors
controlling the bioavailability of heavy metals soils (Grayet al., 1998). For
example, a strain dPseudomonas maltophilia was shown to reduce the mobile and
toxic CP* to nontoxic and immobile €% and also to minimize environmental
mobility of other toxic ions such as HgPE*, and C4" (Blakeet al., 1993; Parlet
al., 1999).

Plant pathogens PGPR provides different mechanisms for suppressing
plant pathogens. The major mechanism is antibibgisantibiotic substances. The
antibiotics produced by bacteria are pyrrolnitrigpyocyanine, 2,4-diacetyl
phloroglucinol (Pierson & Thomashow, 1992) and sagéores. Other important
mechanisms include production of lytic enzymes sash chitinases an@-1,3-
glucanases which degrade chitin and glucan preserthe cell wall of fungi
(Fridlenderet al., 1993; Velazhahaet al., 1999), HCN production and degradation of
toxin produced by pathogen (Yan-eeal., 2007).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (RBigy) / 59

CHAPTER IV
MATERIALSAND METHODS

4.1 Plant screening for phytoremediation potential

4.1.1 Instruments

1) GPS

2) Block digester

3) Flame atomic absorption spectrophotometer (FAASjavae
SpectraA 55B)

4) pH meter: Hanna Instruments, model pH 211 micragse

5) Hot air oven

6) Rotary Shaker

7) Vortex: Genie, model K-550-GE

8) Plant press

9) Fume hood

4.1.2 Chemical preparations

4.1.2.1 DTPA extracting solution

DTPA extracting solution was 0.005 M DTPg@liethylene
triamine pentaacetic acid), 0.01 M calcium chlori@@aC}p), and 0.1 M TEA
(Triethanolamine; HOCKHCH,)sN) with pH 7.3. To prepare 10 liters of this satuj
19.67 g of DTPA, 14.7 g of Cag£2H,0 and 149.2 g of TEA were dissolved in
approximately 200 ml of deionized water. After @igredients were sufficiently
dissolved, deionized water was added to bring thlarwe to 9 liters. The pH of the
solution is adjusted to 7.30+0.05 with 6 M HCI vehdtirring. The solution was added
by deionized water to final volume of 10 liters.iglsolution was stable for several
months (Lindsay & Norvell, 1978).
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4.1.2.2 Aqua Regia solution (3:1 HCI:HNO

This solution must be prepared fresh for each exymart. 300
ml of HCI (37% wi/v; Merck) was placed into a beak&®0 ml of HNQ (65% wl/v;
Merck) was then slowly added to mix with HCI in theaker. The beaker was covered
by a watch glass and left in the fume hood forfértthe reaction to subside. Finally
Aqua Regia was transferred to an appropriate stobagfle.

4.1.2.35 N HCI

5 N HCI was prepared by adding 414 ml of HCI (37%;w
Merck) into a beaker containing 586 ml of deionizeater. The solution was gently
mixed and transferred to an appropriate storagigebot

4.1.2.4 2:1 HN@and HCIQ mixture

The mixture was prepared by slowly adding 100 mH&O,
(72% wlv; Merck) into a beaker containing 200 mIHXIO; (65% w/v; Merck). The

solution was then mixed and transferred to an gpfate storage bottle.

4.1.3 Site description

Padaeng Zn mine and Baan Pha Tae village are tbotatdae Sot district,
Tak province, Thailand (Figure 4.1). The annuaigerature is 27.03C and annual
rainfall is 1797.9 mm. Zn in this area is in thernfo of Hemimorphite ore
(Zn4(SiO7)(OH)2.H20). The following five sampling sites were selectectollect the
plant and soil samples;

Site 1 Tailing pond area (N 16°'388.2" E 98° 4043.2)

Site 2 Open pit area (N 16°'32.3' E 98° 3942.3')

Site 3 Stockpile area (N 16°'342.8' E 98° 3956.1")

Site 4 Forest area (N 16°'39.7' E 98° 3852.7')

Site 5 Cd contaminated rice field (N 16° 48.2" E 98° 3758.5)

Actually, these areas were around Zn mine, theyewentaminated with
Cd because Cd and Zn naturally coexist. Site lwei® located in Padaeng Zn mine
that have actively operated for more than 20 yegite.4 was the future Zn mine area.
The area was covered with undisturbed native paties. Site 5 was a former rice

paddy area which had been contaminated with Cdrigation water from the Mae
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Tao creek, the upper stretches of which pass throay actively mined Zn-

mineralized zone.

Figure4.1 (A) The map of Thailand showing Tak province.
(B) The Mae Sot district where the Padaeng Zreraind Baan Pha Te
village are located. Wikipedia contributor; httpri/wikipedia.org.

4.1.4 Soil sampling and analyses

Surface soil samples (0—20 cm in depth) were daltedrom five sites
during February 2006 to February 2007. For each, 9i0—20 sub-samples were
randomly collected and combined into a compositepda, and a 1 kg sub-sample of
the composite sample was taken back to the labgrédo preparation and analysis.
The samples were oven dried at 70°C for 72 h, tjrennd into fine powder and
sieved through a 2-mm nylon mesh sieve. The samps characterized by the
Department of Soil Science, Faculty of Agricultuk@setsart University, Thailand for
pH and electrical conductivity (EC) in a 1.5 so#ter suspension using pH and EC
meters, respectively (Rayment & Higginson, 1992@janic matter was measured by
the Walkley-Black titration method (Walkley & Black934); total N by the Kjedhal
method (Black, 1965); available P by the Bray llthoel (Bray & Kurtz, 1945);

available K by an atomic absorption spectrophotemeatter extraction with Ni#DAc



Chetsada Phaenark Magds and Methods / 62

at pH 7 (ICARDA, 2001); and cation exchange caya(@EC) by leaching with
NH4OAc at pH 7 followed by distillation (Rayment & Hjmson, 1992). The soils
around plant roots where the plants were taken vedse collected. They were
prepared and analyzed to determine heavy metabotradions.

Analysis for total metal concentrations in soil: To determine the total
concentration of Cd and Zn in collected soils, sainples were digested with Aqua
Regia using an open tube digestion method (Simnebras., 2005). 5 ml of Aqua
Regia was added into test tube containing 0.5spbfsamples. The tubes were heated
in block digester at 60 °C for 1 h. The samplesenaixed at intervals using a vortex
mixer. The tubes were then heated at 105 °C for After that the temperature was
increased to 140 °C. The tubes were left in thelbltigester until approximately 1 ml
of Aqua Regia remained. The samples were mixeddniex mixer at low speed. If
sample contained a large amount of organic mattel/loa iron/manganese oxides
repeated 5 ml additions of Aqua Regia may be requiDigestion was complete when
the sediment remaining at the base of the digestibe demonstrated an overall grey
bleached appearancé/hen digestion was complete, all tubes were remdveah
digestion block and 5 ml of 5 N HCI was added ititose tubes. All tubes were then
heated in the block digester again at 140 °C fomfiQutes. After that they were
removed from the block digester, placed in a raolt allowed to cool. The samples
were mixed by hand and filtered into 25 ml voluneetflasks by filter paper
(Whatmar? No.42). The filtrate volume of each sample was enapl to 25 ml and the
solution was then transferred to plastic bottldse Td and Zn concentrations were
determined by flame atomic absorption spectrophetem(FAAS). To assess the
analytical precision, three replicates of samplasan appropriate Standard Reference
Material (SRM) were performed in each analyticdtha

Analysis for extractable metal concentrations in soil: The extractable Cd
and Zn in soils were determined by using DTPA eting solution with a
soil:extractant ratio of 1:5 (Simmomsal., 2005). 5 g of soil samples were placed into
a glass bottles. 25 ml of DTPA solution was adaed those bottles. The bottles were
shaken on a rotary shaker at 120 rpm for exactly After that the samples were
filtered through filter paper (Whatm&8nNo.42). Filtrates of each sample were

collected in plastic tubes. The heavy metal comeéinns were determined by flame
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atomic absorption spectrophotometer (FAAS). To ssfee analytical precision, three
replicates of samples and an appropriate Standafdréhce Material (SRM) were

performed in each analytical batch.

4.1.5 Plant sampling and analyses

Plant samples were collected from the same sitéheasoil samples. At
least five individuals of each species were rangoadllected within the sampling
areas, then mixed to give a composite whole plampes. Plant samples for
identification were kept in a plant press for idécation. The plant identification was
accomplished by the Department of Botany, Kasetdaitersity, Thailand.

After collection, the plants were thoroughly wasledunning tap water to
remove any surface soil contamination, then rinsétl deionized water twice and
separated into shoots and roots. The samples wene dried at 70 °C for 72 h,
subsequently ground into fine powder and sieveauin a 2-mm. nylon sieve.

Analysis for heavy metal concentrationsin plant: To determine the Cd and
Zn concentrations in plant shoots and roots, @aniples were digested in mixed acid
using an open tube digestion technique (Simmanal., 2005). 1 g of each plant
sample was placed into the glass test tubes. 1@fmhixed HNQ:HCLO, (2:1, v/v)
was added into those tubes. All tubes were heatdtbick digester at 100 °C for 1 h.
Then the temperature was increased to 150 °C farAfter that it was increased to
200 °C. The tubes were left in the block digestarl @pproximately 1 ml of solution
remained. When digestion was complete, all tube® wemoved from block digester
and 1 ml of HCIl was added into those tubes. Theptesnwere gently mixed. They
were further heated in the block digester at 20600 minutes. After that the tubes
were removed from the block digester, placed iack and allowed to cool. Deionized
water was added into those tubes. The samplesmigeal and filtered by filter paper
(Whatmar? No. 42). The filtrate volume of each sample waslenap to 25 ml and the
solution was then transferred to plastic bottldse Td and Zn concentrations were
determined by FAAS. To assess the analytical ptighree replicates of samples
and an appropriate Standard Reference Material ([SRite performed in each

analytical batch.
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4.1.6 Data and statistical analyses

The heavy metal concentrations in plant and soripdas were presented
as mg kg plant dry weight and mg Kgsoil, respectively. Data were expressed as
means with standard deviation (SD). Analysis ofiarare (one way ANOVA; SPSS
11.5 computer software) was used to asses theefiifes of soil characteristics of five
study sites. If the F-value showed significant eliéinces §<0.05), means were
compared with least significant difference methio80).

Various hyperaccumulator definitions and concepésewadopted in the
analysis. They were listed as follows:

Translocation factor or shoot/root quotient is described as the ratio of
heavy metals in plant shoot to that in plant raoanslocation factorl indicates
preferential partitioning of metals to the shooakBr & Whiting, 2002; Yanquet al.,
2005; Branquinhat al., 2007; Gonzalez & Gonzéalez-Chavez, 2006).

Extraction coefficientis described as the heavy metal concentration in
shoot devided by the heavy metal concentratioroih & can be used to evaluate the
ability of plant to accumulate the heavy metal (€hieal., 2004; Yanquret al., 2005;
Branquinhoet al., 2007)

Bioaccumulation factor, defined as a ratio of metal concentration in plan
shoot to the extractable concentration of metathim soil, is used for quantitative
expression of accumulation (Deratral., 2006; Branquinhet al., 2007)
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4.2 Accumulation, toxicity and localization of Cd in Chromolaena

odoratum

4.2.1 Instruments

1) Flame Atomic Absorption Spectrophotometer: (FAA3ridnce
SpectrAA 55B

2) Hot air oven

3) pH meter: Hanna Instruments, model pH 211 micragse

4) Transmission electron microscope: (TEM; Phillips TM
equipped with energy dispersive X-ray microanal{&AX)

5) Ultracut microtome

6) Light microscope: (Olympus CH40) equipped with Dagi
camera (Olympus DP12)

4.2.2 Chemical preparations

4.2.2.1 Hogland'’s solution

The composition of the Hoagland’s solution in ®iitvas as
follows: 0.1 ml of 1M KHPQy; 1 ml of 1M KNG;s; 1 ml of 1M Ca(NQ),; 0.4 ml of 1
M MgSQOy; 0.2 ml of 5 ppm FeGI6H,0O; 0.2 ml of Micronutrients. Micronutrients
were prepared by dissolving 2.86 g ojB®;; 1.81 g of MnC}-4H,0; 0.22 g of
ZnSQy- 7TH0; 0.08 g of CuS®5H,0 and 0.02 g of BMoO, in 1 liter of deionized
water (Hoagland & Arnon, 1950). The pH of the H@agl's solutiorwas adjusted to
5.5+0.5 with HCI or NaOH.

4.2.2.2 Fixative solution (6% gultaraldehyde)

It was prepared by mixing 6 ml of 50% gulturaldedy@5 ml
of 0.2 M cacodylate buffer and 10 ml of distillechter in beaker. The pH of the
solution was adjusted to 7.2 — 7.4 by 6 M HCI. RBindhe solution was transferred to
50 ml volumetric flask and distilled water was thadded to bring to 50 ml. The
solution must be freshly prepared. The fixativeusoh used for tissue preparation to
localize Cd was similar to that of fixative prevebymentioned but 1% (w/v) of tannic

acid was added.
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4.2.2.3 Post fixative solution (1% OO

It was prepared by thoroughly mixing 5 ml of 4% QsT0 ml
of 0.2 M cacodylate buffer and 5 ml of distilled terin disposable plastic tube. The
tube was covered by aluminum foil to protect thtutson from light. The solution
must be freshly prepared before use.

4.2.2.4 Araldite epoxy resin

Araldite 502 kit (Electron Microscopy Science: EM83as an
epoxy resin embedding medium which yields a lighiigcolor block. Araldite resin
was prepared by adding 20 ml of Araldite 502 inte tisposable plastic beaker
containing 22 ml of DDSA. The mixture was thoroughlixed to achieve uniformity.
After that 0.63 ml of DMP-30 was added. The solutiwas thoroughly mixed.

Araldite was freshly prepared before use.

4.2.3 Plant species and propagation

Chromolaena odoratum was used in this experiment. Commercial seeds of
this plant were not available and the percentaggeohination of seeds obtained from
the field collection was very low. Thus the plantsre propagated by stem cutting and
cultured by hydroponic system. The plant stems welipped with shears
approximately 2-3 cm long, cleaned with tap watad agrown on the vessels
containing Hoagland’s solution. All vessels weret mn shelves equipped with
lighting (4600 Ix) in the laboratory with controfleconditions (25+2 °C, 12 h
day/night photoperiod). The solutions were aeratedlchanged every week to prevent
depletion of nutrients. Plants were grown for 2 theruntil they produced new leaves,

stems and roots.

4.2.4 Cd uptake and accumulation

Uniform plants were selected and transferred tacedrilask containing
180 ml of culture media supplemented with Cd. Thecentrations of Cd were varied
from 0.5 to 10 mg1. Plants grown in the culture solution without netarved as
control. The media were renewed every 7 days, ahddbcentrations in the culture
media were determined. There were 12 replicateseémh treatment. Plants were

harvested after 2 weeks of treatments. The fresghiyeshoot and root length of each
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plant were measured at the beginning and at theoktite experiments. The toxicity
symptoms were assessed by eye throughout the mqudri At the end of the
experiment plants were collected, washed thorouglily tap water and followed by
deionized water. They were then oven dried at 700tC72 h and their dry weights
were determined. Plant samples were ground in® fiowder. To determine the Cd
concentration in plant tissues, plant samples wen@essed by the procedures

described in the section 4.1.5.

4.2.5 Data and statistical analyses

The relative growth rate (RGR) was calculated atiogr to Hunt (1982).
RGR = [In(W) — In(Wy)]/(t2 — &); W1 and W were plant fresh weight (g) at timg t
and b.

The tolerance index (TI) was calculated by dividthg root length at the
different metal concentrations by that obtainethim control solution as suggested by
Wilkins (1978). The following equation was used:(¥8) = 100x(root length in metal
treatment)/(root length in the control).

The percentage metal uptake was calculated fromptéaka = [(G —
C1)/Co]x100, where @ and G were initial and remaining concentrations of méal
media (mg 1), respectively (Abdel-Halinet al., 2003).

The bioaccumulation coefficient (BC) was descrilasdthe heavy metal
concentration in plant divided by heavy metal coniion in the solution (Nanda-
Kumaret al., 1995)

Data were expressed as means with standard deviatipalysis of
variance (one way ANOVA; SPSS 11.5 computer sovarvas used to test the
effects of Cd on plant growth and on metal accutiaiaby plant. If the F-value
showed significant differencep<0.05), means were compared with least significant
difference method (LSD).
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4.2.6 Phytotoxicity symptoms

Similar experiments were conducted as describeseation 4.2.4. Plant
samples were randomly collected and processedEdt dnalysis. Fragments of roots,
stems and leaves were first fixed in 6% glutarajdehat 4 °C for 6 h. After that
samples were post-fixed in 1% Qs@r 6 h. They were then rinsed by fresh
cacodylate buffer three times and dehydrated ieradiog series of ethanol (ranging
from 30% to 100%). After dehydration, samples weaasferred to propylene oxide.
They were gradually saturated with Araldite eporgim. Finally, the plant tissues
were embedded in fresh Araldite and kept at 4501C2fdays and then 60 °C for 2
days. Samples were cut into thin sections (80 nnth wiamond knives or glass
knives, mounted ocopper grids, and observed through the TEM at aelating
voltage of 80 kV.

4.2.7 Localization of Cd

Plant tissues were processed by the proceduresizksan section 4.2.6,
but they were first preserved by fixative solutaexided with 1% tannic acid and were
not post-fixed with Os@ Cd localization was performed in the TEM equippetth an
energy dispersive X—ray analyzer, at an acceleyatnitage of 80 kV, with a take—off
angle of 45°. The spectra from 0 to 10 keV withg@aks were recorded after 200 s.
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4.3 | solation of rhizobacteriato find the possible strains beneficial for

improving phytoremediation

4.3.1 Instruments

1) Autoclave: Isuzu, model 20-5030/5040, and IwakideglcACV-
3167N

2) Centrifuge: IEC, model B-22M Programmable centrgug

3) Electronic balance: Mettler Toledo, model AX205

4) Flame Atomic Absorption Spectrophotometry: (FAAS;
Variance SpectrAA 55B)

5) Incubator shaker: Lab-Line, model 3530-2

6) Laminar flow hood: Issco, model Bvt124

7) Light microscope: (Olympus, model CH40) equippethwi
digital camera: (Olympus, model DP12)

8) pH meter: EUTECH Instruments, model pH 510

9) Spectrophotometer: Aquarius Cecil, model CE 7200

10) Vortex: Genie, model K-550-GE

4.3.2 Chemical preparations

4.3.2.1 Nutrient broth (NB) and agar (NA)

NB contained the following compounds in 1 literg®f beef
extract (Criterion), 5 g of peptone (Criterion) and of yeast extract (Criterion). NA
contained the same ingredients as NB with the madaf 15 g of agar (Bacto). NB
and NA were sterilized by autoclave at 121 °C, ¥b fpr 15 minutes.NA was
dispensed into sterile Petri dishes after autootavihe media were freshly prepared

before use.

4.3.2.2 Stock solutions of heavy metal

Stock solution of Cd (10,000 mg?)l was prepared by
dissolving 2.031 g of Cd&D.5H0 in 100 ml deionized water. Stock solution of Zn
(20,000 mg 1) was prepared by dissolving 4.939 g of Zn3® 100 ml deionized
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water. The stock solutions were sterilized by fittg through 0.45um millipore
membrane before use.

4.3.2.3 Salkowski's reagent

50 ml of 35% perchloric acid (Merck) was mixed witim| of
0.5 M FeC}.6H,0.

4.3.2.4 Fe-deficient mineral salt medium

The medium contained the following compounds initér;l
0.36 g of KHPOy, 1.40 g of kHPOy, 0.25 g of MgSQ@7H;0, 0.2 g of NaCl, 0.02 g of
CaCb.2H,0, 15 mg of EDTA, 0.16 mg of ZnS00.25 mg of HBOs, 0.2 mg of
NaMoO,, 0.2 mg of MnSQ@4H,O and 0.02 mg of CuS®H,0. The medium was
supplemented with mannitol and NE at the concentrations of 20 mM and 10 mM,
respectively. It was autoclave sterilized before (Bajkumaret al., 2006).

4.3.2.5 Modified chrome azurol S (CAS) assay softuti

The solution was prepared as follows:

Solution 1: 21.9 mg of hexadecyltrimethylammonium bromine
(HDTMA, Fluka) was dissolved in 25 ml deionized waivhile stirring constantly
over low heat.

Solution 2: 1.5 ml of 1 mM FeGl6H,O (in 10 mM HCI) was
mixed with 7.5 ml of 2 mM chrome azurol S (CAS, i8a)). This solution was slowly
added to the solution 1. The mixture was then feared to a 100 ml volumetric flask.

Solution 3: 50 ml of 1 M MES buffer solution (Sigma). The
pH of the solution was adjusted to 5.6 with 50% KQHis solution was added to the
volumetric flask containing the previous mixturedatien the deionized water was
added to bring the volume to 100 ml.

A faster reacting assay solution, termed a “shutl@ution
was prepared by adding 87.3 mg of 5-sulfosalicdad (Sigma) to the solution
immediately before use (Alexander & Zuberer, 1991).
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4.3.2.6 National Botanical Research Institute’squthate
growth medium (NBRIP)

NBRIP contained the following ingredients in 1 #jtd0 g of
glucose, 5 g of G&POy),, 5 g of MgC}.6H,0, 0.25 g of MgSQ@Q7H,0, 0.2 g of KCI
and 0.1 g of (NH),SO4. The pH of the media was adjusted to 7.0 befotecéaving
(Mehta & Nautiyal, 2001).

4.3.2.7 0.2 % aminonaphtholsulphonic acid

The solution was prepared by dissolving 0.5 g & 1h2,4-
aminonaphtholsulphonic acid (Sigma), 30 g of sodhisulphate (NaHS$) Himedia)
and 6 g of sodium sulphite (B8O;, Merck) in 250 ml of deionized water. If the
solution did not filter clear, it would be left aveght and again filtered. A fresh

solution should be prepared every 2 weeks.

4.3.3 I solation and identification of rhizobacteria

The bacteria were isolated from the root zon€lafomolaena odoratum
growing on Cd contaminated soil near Padaeng ZnemMae Sot district, Tak
Province, Thailand. The whole plants with soil arduheir roots were randomly
collected, kept in plastic bag and carried to @deolatory. The whole roots of plants
(about 10 g fresh weight) were removed from thdssaarefully washed in sterile
water, and homogenized in 1 ml of sterile watengsi sterile mortar and pestle. The
homogenate was added to 500 ml conical flask comizi1l00 ml of NB. The soil (1
g) associated with plant root was placed into 10®@fNB in 500 ml conical flask.
The flasks were incubated at 30°C, 150 rpm for 24Td isolate the Cd tolerant
rhizobacteria, 1 ml of culture was transferred @ Inl of fresh NB supplemented
with 25 mg Cd T in 500 ml conical flask. The flasks were then inated at 30°C, 150
rpm for 48 h. After that, aliquots of culture weserially diluted and then spread over
nutrient agar (NA) plates. The plates were incuthate 30 °C overnight. Different
strains of bacteria were picked and streaked onT¥&. isolated bacterial strains were
identified on the basis of their 16S rDNA sequegaivhich was done at the Mahidol
University-Osaka University: Cooperative Researa@nt€r (MU-OU: CRC), Faculty
of Science, Mahidol University. They were kept Ipogrol at -80°C as a stock culture

for further study.
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The growth of isolated bacterial strains was deireech The bacteria were
grown overnight in NB at 30 °C, 150 rpm. The baealesultures were then transferred
to the conical flask containing 100 ml of NB withetinitial absorbance at 600 nm of
0.05. The absorbance at 600 nm was measured evety tletermine the growth and
the growth curve was also established. (Dell’Amgtal., 2008; Belimowt al., 2005;
Rajkumaret al., 2006).

4.3.4 Deter mination of minimum inhibitory concentrations (M1C) of
heavy metals

To determine the MIC of heavy metals, 10 ml of Nipplemented with
heavy metals (Cd or Zn) was prepared in 50 ml lsteplastic tubes. The
concentrations of Cd and Zn were varied from 0a6 ghg Cd T and 0 to 400 mg Zn
I, respectively. The isolated bacteria grown ovérnig NB were added into those
tubes with the initial absorbance at 600 nm of OAlbtubes were incubated at 30 °C,
150 rpm. The absorbance at 600 nm was measured phase and stationary phase to
determine the growth of those isolated bacteriaosgg to heavy metals. The diagram
presenting the relationship between heavy metacemmations and the bacterial
growth (absorbance at 600 nm) was established.|dvirest metal concentration that
prevented growth was considered the Minimum inbilgitconcentrations (MIC)

(Abou-Shanatlet al., 2007; Hassest al., 1998).

4.3.5 Solubilization of heavy metalsin soil by isolated bacteria

The isolated bacteria were grown overnight in NB@fC, 150 rpm. They
were harvested by centrifugation at 6,000 rpm fbnfin and then washed twice with
sterile water. The bacteria were finally suspenidesterile water. An aliquot of 1 ml
of bacterial suspension (with an absorbance ah&®0f 0.5) was used as an inoculum
for 3 g of sterile heavy metal contaminated soideed in 50 ml plastic tubes. 1 ml of
sterile deionized water was added to 3 g of stexdlés as the (axenic) control. All
tubes were incubated at room temperature for 14 (flyou-Shanabkt al, 2006; Chen
et al., 2005). At the end of the experiment, the exablegt heavy metal concentrations

in soil were determined by the DTPA extraction gaheres described in section 4.1.4.
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4.3.6 Biosor ption of heavy metals by isolated bacteria

The isolated bacteria were grown overnight in NB@YC, 150 rpm. The
bacterial cultures were transferred to the conileaks containing NB supplemented
with either Cd or Zn at the initial concentratiasfsl0 mg 1*. The initial absorbance of
the bacteria at 600 nm was 0.05. The flasks cangionly NB supplemented with
heavy metals were also prepared as control. AdlkBawere incubated at 30°C, 150
rpm. Five replications were prepared. The concéotra of heavy metal retained in
the culture media and the bacterial growth were itooed at early stationary phase.
Bacterial growth was monitored by measuring bothabsorbance at 600 nm and
bacterial dry weight. To determine the dry weigh®, ml of culture was filtered
through 0.45um millipore membranes and then the filter membranese dried at
105°C to constant weight. The final concentratiohdieavy metals retained in the
filtrates were measured by FAAS (Robins@al., 2001; Congeevarast al., 2007).

4.3.7 Indole acetic acid (IAA) production

The isolated bacteria were grown overnight in NB@&tC, 150 rpm. The
bacterial cultures were then transferred to st@iléestic tubes containing 10 ml of NB
supplemented with L-tryptophan at the concentratiéri,000ug mi*. The initial
absorbance of bacteria at 600 nm was 0.05. Alldubkere incubated at 3@, 150
rpm. The IAA production was determined at late fdtase. To determine the 1AA
production, the bacterial cultures were centrifugedl0,000 rpm for 15 min. The
supernatants (2 ml) were mixed with 2 drops of @ptiosphoric acid and 4 ml of the
Salkowski’'s reagent. The development of pink colould be observed if the sample
contained IAA (Fig 5.24A). The absorbance was tak#n530 nm. The IAA
concentration was determined using a calibratiorvecwf pure IAA served as a

standard following the linear regression (Zaddal., 2006).
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4.3.8 Sider ophor e production

The majority of siderophore falls into either hyxiamate classes or
catechol classes. Both functional groups are chalpidetectable by colorimetric
assays. A sensitive chemical method for the detedf siderophores is based on their
affinity for Fe** and is therefore independent of the structure. féhewing chemical
equation explains the principle:

Fe-Dye + Ligand— FeL + Dye

A strong ligand (e.g., siderophore) is added toighliz colored Fe dye
complex. When the Fe ligand complex is formed, thiease of the free dye is
accompanied by a color change. The ternary compmlesome azurol S/iron
(llH/hexadecyltrimethylamonium bromide, reported have an extremely high
sensitivity, was chosen to determine siderophomaymtion. (Schwyn & Neilands,
1987)

The amount of siderophore produced by the isolbtaxlerial strains was
determined using the modified chrome azurol S (Caay (Alexandere & Zuberer,
1991). The isolated bacteria were grown overnighNB at 30 °C, 150 rpm. They
were harvested by centrifugation at 6,000 rpm fonfin and then washed with sterile
water. Bacterial cells were suspended in Fe-deficimineral salt medium and
incubated overnight at 30C, 150 rpm. The bacterial cultures were centrifuged
10,000 rpm for 15 minute to collect the supernatamb determine the siderophore,
0.5 ml of the supernatant was mixed by 0.5 ml ofdified CAS assay solution.
Positive reaction was qualitatively estimated bgrades in color of assay reagent from
blue to orange and quantitatively determined bysugag an absorbance at 630 nm
(Fig. 5.24C). The assay was considered as negatie®m no change in blue color was
observed. A reference solution (no siderophore) prapared using the uninoculated
medium. Zero absorbance was calibrated with a mextél CAS solution and 1.5 mM
deferoxamine mesylate. A standard curve was prdgar@analyzing the absorbance at
630 nm of ascending concentration of standard isolsit((deferoxamine mesylate or

pseudobactin).
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4.3.9 Phosphate solubilizing activity

The isolated bacteria were grown overnight in NB@tC, 150 rpm. The
bacterial cultures were transferred to sterile tmlasibes containing 10 ml of NBRIP
medium. The tubes containing uninoculated mediunveske as controls. All tubes
were incubated on a rotary shaker at 30 °C, 150fpn72 h. The bacterial cultures
were centrifuged to collect the supernatant. Thesphate in the supernatant was
guantitatively estimated using the colorimetric hoet (King, 1932). The supernatant
was measured into test tubes and deionized wateradded to about 10 ml. 1 ml of
72% perchloric acid, 1 ml of 5% ammonium molybdated 0.5 ml of 0.2%
aminonaphtholsulphonic acid were then added. Afltat, deionized water was added
to obtain the final volume of 15 ml. The contemighe test tube were gently shaken
between each addition, and finally mixed by invegtand shaking. After 5 min, the
absorbance was measured by spectrophotometer. Emelasds containing an
appropriate amount of phosphate were analyzedeagdme time and in the same way

as samples to establish a standard curve (FigE».24
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4.4 Bioinoculation of plant by PGPR to promote plant growth and
enhance metal uptake

4.4.1 Instruments

1) Autoclave: Isuzu, model 20-5030/5040, and IwakideglcACV-
3167N

2) Critical point dryer (CPD)

3) Flame Atomic Absorption Spectrophotometer (FAASyisiace
SpectrAA 55B)

4) Incubator: Lab-Line, model Ami-Hi-Lo Chamber

5) Incubator shaker: Lab-Line, model 3530-2

6) Laminar flow hood: Issco, model Bvt124

7) Hotair oven

8) pH meter: EUTECH Instruments, model pH 510

9) Scanning Electron Microscope (SEM)

10) Spectrophotometer: Aquarius Cecil, model CE 7200

11) Vortex: Genie, model K-550-GE

4.4.2 Chemical preparations

4.4.2.1 Plant culture medium

Murashige and Skoog’ medium (MS) was used in this
experiment. It was prepared from 4 chemical statlteons described as follows:

Macroelement stock solution contains the following
ingredients in 1 liter of deionized water; 33 gMifsNOs, 38 g of KNQ, 8.8 g of
CaCb.2H,0, 7.4 g of MgSQ7H,0, and 3.4 g of KKPO,.

Microelement stock solution contains the following ingredients
in 1 liter of deionized water; 166 mg of Kl, 1.25hfH3;BOs, 4.46 g of MNSQ@Q4H,0,
1.72 g of ZnSQ7H,0, 50 mg of NaV0O,.2H,0, 5 mg of CuSQ5H,0, and 5 mg of
CoCh.6H,0.

Iron source stock solution was prepared by dissolving 5.56 g
of FeSQ.7H,0 and 7.46 g of N&DTA.2H,0 in 1 liter of deionized water.
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Organic supplement stock solution contains the following
ingredients in 1 liter of deionized water; 20 gMfoinositol, 100 mg of Nicotinic
acid, 100 mg of Pyridoxine-HCI, 100 mg of ThiamiH&l, and 400 mg of Glycine.
This stock solution was freshly prepared every waadk kept in —20 °C.

To prepare MS medium, 50 ml of macroelement stoels w
placed into beaker. Deionized water was added. Bfrmhicroelement, iron source,
and organic supplement were then added. After3Bag of sucrose was thoroughly
mixed. Deionized water was added to bring theet irolume. The pH of the medium
was adjusted to 5.50+0.05. Finally, 15 g of agas wdded and mixed. The medium
was autoclave sterilized and dispensed to plantigng glass bottles. They were left

in room temperature to solidify. MS medium was Iifgprepared before use.

4.4.3 Plant species and plant propagation

The model plant used in this experiment was surdloiHelianthus
annuus). It was a member of Asteraceae family. There saane evidence shown that
H. annuus was a metal tolerant plant with low accumulatiérCd (Chen & Cutright,
2001). It was a useful plant used as a model testigate the effects of PGPR on plant
growth and metal uptake by plant. Seedling propagatvas achieved because
commercial seeds were available. The seeds obtdined CHIA TAI CO., LTD.

Thailand had purity more than 95% and germinataia more than 85%.

4.4.4 Axenic seed

Plant seeds were surface sterilized by shakingtémniles 10% Clorox
solution (filter sterilization) supplemented witktdrgent for 1 h. After that, the sterile
seeds were washed by shaking in sterile deionizgdrn#or 30 min, three times. The

sterile seeds were dried by placing on sterilerfitaper (Abou-Shanaal., 2006).

4.4.5 Bacterial inoculums

The isolated bacterial strains used in the experimewere
Chryseobacterium sp. TKS21, Comamonas testosteroni TKSO07, Cupriavidus
taiwanensis TKSO05, Delftia sp. TKS10, Pseudomonas aeruginosa TK S22, Serratia

marcesens TKS01, andCitrobacter sp. BKSO1. Bacterial inoculums were prepared by
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growing isolated bacteria in NB overnight at 30 160 rpm. Bacterial cells were then
harvested by centrifugation at 6000 rpm, 4 °C aadhed by sterile water twice. They
were suspended in sterile water. The absorbancé&08t nm of the bacterial
suspensions served as inoculums were adjusted.to 0.

4.4.6 Heavy metal contaminated soils

Cd/Zn contaminated soil used in the pot experimergs collected from
Cd contaminated paddy fields near the Padaeng Ze.rlihe soil was characterized
by the Department of Soil Science, Kasetsart Usityer Thailand. Characteristics of
soil are described in Table 4.1.

Table 4.1 Characteristics of soil used in the pot experirsent

Soil char acteristics

pH 6.5

Organic matter (OM) 1.65 %

Soil texture Loam

Total-N 0.10 %
Phosphorus 248 mgkg
Potassium 700 mg kg
Calcium 2,600 mgKky
Magnesium 300 mg Rg
EC (1:5) 2.71 dSth
CEC 14.40  cmol kY
Total Cd 39.35 mgKky
DTPA-extractable Cd 5.91 mgkg
Total soil Zn 1,651.31 mg Kg

DTPA-extractable Zn 83.84 mgkg
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4.4.7 Association between isolated bacteria and plant roots

The axenic seeds dflelianthus annuus were put into the MS media
prepared in the culturing glass bottles. 4 seeds wet in each bottle. All bottles were
incubated to geminate the plant at room temperatnoréhe dark for 3 days.
Germinated seeds were inoculated by the bacter@uiums. The seeds without
inoculation served as control. Fifteen bottles warducted for each inoculum and 7
inoculums were prepared. All bottles were put aa shelves equipped with artificial
light (12 h light/dark photo periods) at room temgiare. After 15 days, plant roots
were randomly taken and prepared for analysis Bysttanning electron microscope
(SEM). They were cut into small pieces, fixed in §dtaraldyhyde for 6 h. and post-
fixed in 1% OsQ@ Samples were then rinsed by cacodylate buffeeethtimes,
dehydrated by ascending alcohol series (30%-100%)daied in the critical point
dryer (CPD). Finally, root samples were coated bid gparticle and observed under

the SEM at an accelerating voltage of 80 kV.

4.4.8 Plant growth promoted by the isolated bacteria

The axenic seeds dflelianthus annuus were put into the MS medium
prepared in the culture glass bottles (4 seed#&howll bottles were incubated to
germinate the plant at room temperature in the ttarR days. Germinated seeds were
inoculated by the bacterial inoculums. The seetiaut inoculation served as control.
20 bottles were conducted for each inoculum andotulums were prepared. All
bottles were incubated on the shelves equipped ariificial light (12 h light/dark
photo periods) at room temperature for 15 daysatBlavere harvested and the shoot
and root length and fresh weight were measuredn They were dried at 70 °C and

the dry weight determined.

4.4.9 Pot experiments
4.4.9.1 Pot experiment under laboratory conditions
A pot experiment was conducted to investigate tiileénces
of PGPR on growth and metal uptake of plams|ianthus annuus. Heavy metal
contaminated soil was autoclave sterilized bef@m® @50 g of sterile soil was placed

in plastic pots, and axenic seeds were put intostike Sterile deionized water was
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then added. Plants were germinated and grown igedlshelf at 25+2 °C, 12 h
light/dark photoperiod. 50 ml of bacterial inoculsivere added into the soil after
plant germination. Four isolated bacterial stra{@hryseobacterium sp. TKS21,
Comamonas testosteroni TKS07, Cupriavidus taiwanensis TKS05, andDelftia sp.
TKS10) were selected. 12 pots were conducted for eacletalcstrain. The pots
without bacterial inoculation served as controlrf® were grown for 60 days and
then harvested for analysis. Plant growth and heaetal accumulation influenced by
isolated bacteria were determined. Bacterial pdmraon plant roots was also
determined by dilution plate method.

4.4.9.2 Pot experiment under environmental conaktio

The experiment was conducted similar to that dbedriin
section 4.4.9.1 but the soil was not autoclavelizied. Plants were germinated and
grown in the greenhousd-our isolated bacterial strain<CHryseobacterium sp.
TKS21, Comamonas testosteroni TKSO07, Cupriavidus taiwanensis TKS05, and
Delftia sp. TKS10) were selected. 12 pots were conducted foh éacterial strain.
The pots without bacterial inoculation served astia.

4.4.9.3 Plant analysis for heavy metal concentnatio

Whole plants were thoroughly washed and rinsedebyrized
water. Plant growth was monitored by measuring slewth, root length, plant fresh
weight and plant dry weight. Heavy metal concemdret in plant samples were
determined by the procedures described in sectibb 4Briefly, plant sample (1 g dry
weight) was digested in HNAHCIO, using an open tube digestion technique. The

concentrations of Cd and Zn were determined by FAAS

4.4.10 Data and statistical analyses

The translocation factor (TF) and extraction caédfnt (EC) described in
the section 4.1.6 were also used for the data sisaly

Data were expressed as means with standard deviatipalysis of
variance (one way ANOVA; SPSS 11.5 computer sof)varas used to evaluate the
effects of the isolated bacteria on the plant ghoahd the metal accumulation in
plants. If the F-value showed significant differead<0.05), means were compared

with least significant difference method (LSD).
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CHAPTERYV
RESULTS

5.1 Plant screening for phytoremediation potential

5.1.1 Soil characterizations

The soil characteristics from five sampling sitesrevcompared (Table
5.1). The soils from all five sampling sites had neup#l values (7.1 — 7.6). The pH
values in soils from sites 1, 2 and 3 were sigaiifity greater than from those in sites
4 and 5 §p<0.05). The electrical conductivity (EC) valuessinils from all sites were
not significantly different§>0.05). The percentage of total nitrogen in sahirsite 5
was significantly greater than that in sites 1n@ 8 <0.05) but similar to that in soil
from site 4. The available P concentrations inss@ibm site 1 and 2 were similar
(p>0.05) but significantly different from those irtes 3 and 5p<0.05). However, the
available P in soils from sites 4 and 5 were aisail@r. There was no significant
difference in the available K concentrations amth@gsites. The organic matter (OM)
in soil from site 5 was significantly different frothat in all other siteg€0.05). The
organic matters of soil samples from sites 1 and 8nd 4; and 5 were classified as
very low, low and medium, respectively. The catexchange capacity (CEC) in soil
from site 5 was the highest (12.70+1.70 cmof)kgnd significantly different from
those in other site9€0.05). Most characteristics of soils from site21and 3 were
generally similar, except the available P conceioing, while the characteristics of

soils from sites 4 and 5 were also similar, exé@dtand CEC.
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5.1.2 Cd and Zn concentrations in collected soils

Total and DTPA-extractable concentrations of heawtals in surface
soils and in soils around plant roots from fivedstgites are shown in Tables 5.1, 5.2,
and 5.3. The total Cd concentration in soils wagsificantly and positively correlated
(R? = 0.9143, n = 216) with total Zn concentration&y(/5.1) indicating that Cd and
Zn naturally coexist. The total Cd and Zn concdiures in surface soil from sites 1, 2
and 3 were significantly differenp€0.05) from those in soils from sites 4 and 5 while
those in soils from sites 4 and 5 were also sigaifily different from each other
(p<0.05). The Cd and Zn concentrations in surfacks sere extremely high at site 4,
moderately high at sites 1 — 3 and low at sitedb(& 5.1). For the five study sites, the
mean total concentrations of Cd in surface soitgea from 64 — 1,458 mg Kgvhile
that of Zn ranged from 2,733 — 57,012 mg'Kgable 5.1).

The DTPA-extractable concentrations of Cd and Zsaits from five sites
were not significantly different (Table 5.1). Theam extractable concentrations of Cd
ranged from the highest to the lowest as follovitg; 3 (65 mg k) > site 4 (48 mg
kg?) > site 2 (31 mg kg > site 1 (28 mg K@) > site 5 (12 mg Kg). The mean
extractable concentrations of Zn were ordered aityil site 3 (790 mg Kg > site 4
(639 mg kd') > site 2 (454 mg K9 > site 1 (339 mg kg > site 5 (220 mg K§.
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5.1.3 Cd and Zn concentrationsin collected plants

A total of 36 plant species from 16 families (26rlki® 2 shrubs, 2
undershrubs and 6 grasses) were collected fromsawepling sites. The Cd and Zn
concentrations in plant shoots and roots are ptedein Table 5.2 and 5.3,
respectively. Five plant speciekgticia procumbens, Gynura pseudochina, Impatiens
violaeflora, Chromolaena odoratum andBrachiaria sp.) had Cd concentrations greater
than 100 mg kg dry weight in their shoots (the Cd hyperaccumatatevel proposed
by Bakeret al. 1994) with the highest concentration (548 md kiyy weight) inJ.
procumbens (Fig. 5.2). OnlyJ. procumbens had Zn concentration in its above surface
biomass (11,071 mg Kgdry weight) greater than the 10,000 mg'kdry weight
proposed by Bakeat al. (1994) as the Zn hyperaccumulating level.
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Table 5.2 Cd concentrations (mg Rgidry weight) in soils around plant root, and in the

shoot and root of plants collected from five samgplsites.

Cd concentration (mg Kgdry weight)
Family Species Type | Sites Soll Plant
Total Cd Extractable C Shoot Root
|IAcanthaceae Justicia procumbens Herb 2| 771.9+39.7 174.1+1.0 548.0+4.2 527.4+1B8.3
Justicia sp. Herb | 5| 116.6+£3.23 17.5+0.6 1.8+0.1 18.8+0.4
IAmaranthaceae |Aerva sanguinolenta Herb 4 11,145.1£20.3 81.2+3.5 30.4+0.2 185.8+15.8
|Araceae Colocasia esculenta Herb | 5 51.9+2.0 6.4+0.5 6.7+0.1] 16.4+0.3
|Asteraceae IAgeratum conyzoides Herb 5| 104.2+0.4 14.6+0.3 20.5+0.4 14.3+0.7
Bidens biternata Herb | 5 73.5+2.4 8.3+0.2 4.840.2, 7.910.
Blumea mollis Herb | 5 69.9+1.7 18.7+1.0 8.310.1 14.3+0.F
Blumea napifolia Herb | 5 53.5+1.2 15.7+0.6 13.0+0.2 8.0+0.8
IChromolaena odoratum Shrub| 3 (1,266.0+7.6 124.9+4.1 166.0£10.3 110.3+7.7
Conyza sumatrensis Herb | 1 | 421.4+12.2 79.1+2.8 89.8+1.9 63.7+7,3
Crassocephalum crepidioides | Herb 5 75.0£3.3 12.4+0.5 17.0+0.5 13.2+1.8
Grangea maderaspatana Herb 5 50.3+4.3 8.8+0.2 13.9+0.1 11.5+1.p
Gynura pseudochina Herb 2| 184.4%45 22.4+0.6 457.748.8 76.3£2)0
Laggera pteradonta Herb | 1| 634.3+14.9 81.6x1.8 65.620.7 474177
Sonchus arvensis Herb 1 61.0+3.3 17.1+0.7 47.8+1.3 18.9+2.11
Spilanthes iahadicensis Herb | 5 58.5+1.0 6.8+0.1 0.5+0.1] 2.7¥0.%
\Wedelia trilobata Herb | 5 64.9+1.6 8.8+0.2 5.040.1 6.310.2
Balsaminaceae || mpatiens violaeflora Herb | 4 | 345.6+17.9 164.7+1.2 212.3+2.9 185.0+15.8
Boraginaceae Heliotropium indicum Herb 5 27.1+1.2 17.1+0.7 1.4+0.1 2.240.2
Buddlejaceae Buddleja asiatica Shrub | 3|1,260.6+7.4 90.3x1.8 71.9x1.5 29.4x1]1
Cyperaceae Kylinga brevifolia Grass| 5 34.6x0.1 4.6x0.4 24.1+0.2 17.5+3/4
Euphorbiaceae  [Euphorbia hirta Herb | 5 54.7+2.5 12.5+0.1 15.1+0.3 22.6x2.8
Fabaceae IAeschynomene americana Herb 1 30.5+1.1 13.7+0.2 13.2+0.3 7.5+0.8
Crotalaria montana Herb | 2 | 300.5+3.9 84.5+1.0 79.1+13(6 33.1+0,8
Lamiaceae Hyptis suaveolens gﬁ:‘uebr 5 11.7+0.3 6.8+0.1 1.2+0.3 10.0+0.4
Malvaceae Sida rhombifolia Herb | 4 | 117.8425 55.4+0.5 34.4+0.7 58.2+1.5
(Onagraceae Ludwigia hyssopifolia Herb 5 60.0+2.5 6.4+0.5 0.410.2 3.910.4
Poaceae Brachiaria sp. Grass| 4| 537.8+325 168.9+6.4 137.3+6.9 647.3167.5
Eleusineindica Grass| 1| 383.2+8.0 34.7x1.5 36.9+4.0 150.0+15.7
| mperata cylindrica Grass| 1| 521.1+6.6 40.6+3.4 53.0£3.7 133.2+16.6
Neyraudia arundinacea Grass| 2| 232.0+5.5 15.7+0.4 29.7+1.8 35.8+0[4
IThysanolaena maxima Grass| 1| 831.5+19.6 96.6+3.3 20.3+1.7 175.6+36.5
Rubiaceae ISpermacoce remota Herb 5 65.6+2.0 19.1+1.5 2.0+0.1 5.0+0.5
Rubia sp. Herb | 5 58.8+1.6 8.1+0.2 3.1+0.4 4.1+0.
Scrophulariaceae [Lindenbergia philippensis g{]‘fuebr 3 [1,294.4527.0 | 118.1%3.0 31.7+1.d 54.9+21
Scoparia dulcis Herb | 5 99.0+2.8 15.5+0.1 4.2+0.2 12.5+2.0
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shoot and root of plants collected from five samgplsites.

Zn concentration (mg Kgdry weight)

Family Species Type | Site: Soil Plant
Total Zn Extractable Zn  Shoot Root
IAcanthaceae Justicia procumbens Herb | 2 | 51,793.5+2,864{1,495.3+5.7 | 11,071.1+107.1 10,741.1+83
Justicia sp. Herb | 5 3,541.9+118.3] 409.5+8.9 205.1+49.(6,529.2+146.0
JAmaranthaceae |Aerva sanguinolenta Herb | 4 | 63,115.9+1,9200169.3+65.2 842.1+86|4 5,793.1+935.8
|Araceae Colocasia esculenta Herb | 5 1,851.1+69.6 184.515.8 316.7+8,9 5,029.2531.
|Asteraceae IAger atum conyzoides Herb | 5 3,129.2462.5 312.319.4 148.0+2(9 1,625.0433
Bidens biternata Herb | 5 2,957.6+49.6 289.6+2.1 64.9+4{8 1,637.543 6
Blumea mollis Herb | 5 3,099.4+49.1 260.5+13 )2 64.6+1.0 885.0+44
Blumea napifolia Herb | 5 2,763.3+38.5 224.8+142 77.3£15 432.5+43.
Chromolaena odoratum Shrub| 3 | 41,216.5+495.9| 1,111.7+63/6 1,773.3+159.6 1,49%&
Conyza sumatrensis Herb | 1 5,689.6+54.3 253.3+8.6 943.1+3p.5 545.7+55.7
gmg?g;a]”m Herb | 5| 2,680.3+180.2] 263.0+14/0 155.8+6.0  1,4804841
Grangea maderaspatana | Herb | 5 1,887.2466.0 209.8+5.4 261.3+12 425.0+42.
Gynura pseudochina Herb | 2 | 16,740.74697.9] 1,682.3+118.6,171.6+179.,6 3,579.3+116
Laggera pteradonta Herb | 1 | 12,454.3+536.4f 414.3+12|6 650.2+£19.5 497.3+£14.4
Sonchus arvensis Herb | 1 1,243.1+£134.5| 91.8+4.3 210.1+9.3 479.2+47.
Spilanthes iahadicensis Herb | 5 1,966.7+62.0 178.6+4.0 97.1+6(7 1,636.742(
Wedelia trilobata Herb | 5 2,533.3+32.7 273.846.6 150.3+1{8 1,600.04#2
Balsaminaceae |l mpatiens violaeflora Herb | 4 | 21,957.6+2,022(1,557.0+15.9 3,164.8+61(9 3,431.4+343.1]
Boraginaceae Heliotropium indicum Herb | 5 1,540.24+63.1 156.5+0.7] 118.3+4(3 133.045.
Buddlejaceae Buddleja asiatica Shrub| 3 | 47,888.9+571.1| 1,018.7+64/3  2,999.8+92.3 759.1+12.0
Cyperaceae Kylinga brevifolia Grass| 5 1,191.2+12.7 137.3+2. 442.3+2.2 3,186.3#4
Euphorbiaceae [Euphorbia hirta Herb | 5 1,951.2£37.0 127.3+3.2 155.3+73 282.7£28.
Fabaceae IAeschynomene americana | Herb | 1 1,397.7£75.3 72.3£1.0) 277.14#55.0 165.6+2.4
Crotalaria montana Herb | 2 | 19,549.1+305.0| 1,822.7+14\5 4,883.9+160.3 142+137.4
Lamiaceae Hyptis suaveolens gﬂ?uebr 5 318.5+2.1 49.8+2.0 46.4+1.y 117.3+5.8
Malvaceae Sida rhombifolia Herb | 4 9,305.8+319.7 898.0+7.G 582.7+52.1 907.6+50.7
(Onagraceae Ludwigia hyssopifolia Herb | 5 3,750.4£65.5 284,525 132.6+415 1,862.54
Poaceae Brachiaria sp. Grass| 4| 33,339.5+3,15111550.0+28.2|  2,494.8+22|%4,029.1+1,310
Eleusineindica Grass| 1 9,751.8+474.1 390.0+234  2,051.0+84.2,085.7+422.3
| mperata cylindrica Grass| 1| 14,739.3+296.4 392.2429.9  1,019.7+B348,603.1+340.7]
Neyraudia arundinacea Grass| 2 6,309.9+251.7 246.8+4.3 968.8+11.2,759.7+23.7
Thysanolaena maxima Grass| 1| 15,599.4+182.4 408.8+16.8 600.5+14.2,717.5+675.4
Rubiaceae Spermacoce remota Herb | 5 2,639.6+98.9 158.0+134 129.4+3.4 129.9+13.
Rubia sp. Herb | 5 2,103.9469.8 181.3+12)0 91.9+2(6 1,286.7376.
Scrophulariaceae|Lindenbergia philippensis gﬂr"uebr 3 | 55,655.2+4,052/8,670.7¢12.7|  1,015.9+89|5 1,019.1+73.8
Scoparia dulcis Herb | 5 3,280.8+54.9 288.2+3.9 158.4+31.12,582.5+367.2
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5.1.4 Potential hyperaccumulator plants based on different criteria

The translocation factors of the collected plants@d and Zn are shown
in Table 5.4. The highest translocation factors@dr(6.0) and Zn (3.95) were found
in Gynura pseudochina andBuddleja asiatica, respectively. Fifteen plant species (for
Cd) and eight plant species (for Zn) were foundhdwe translocation factors greater
than 1 (Fig. 5.3).

The extraction coefficients of the collected plaate shown in Table 5.4.
The highest extraction coefficient for Cd (2.48)swiaund inG. pseudochina while
the highest for Zn (0.37) was found in bd®h pseudochina andKylinga brevifolia
(Table 5.4). OnlyG. pseudochina had the extraction coefficient more than 1 whigh i
one of the criteria for identifying hyperaccumulapdants (Cheret al., 2004).

The bioaccumulation factors are shown in Table 5Mhen the
bioaccumulation factor was taken into account, i€ A-extractable concentrations
of metals were considered instead of total metatentrations. Several plant species
had a bioaccumulation factor greater than 1 (Fi8) &nd the highest bioaccumulation
factors for Cd (20.48) and Zn (7.40) were foun@irpseudochina andJ. procumbens,
respectively.

In this study, 4 plants speciesChfomolaena odoratum, Gynura
pseudochina, Justicia procumbens and Impatiens violaeflora) were considered as the
potential plants suitable for phytoremediation of €©@ntaminated areas. They not only
met many hyperaccumulating criteria but also passeshe characteristics useful for
phytoremediation including high biomass productiogpod distribution and

propagation (Table 5.5 and Figure 5.4).



Chetsada Phaenark Results / 90

Table 5.4 Translocation factor, extraction coefficient anddzcumulation factor for

Cd and Zn in plants collected from five samplingsi

Translocation Extraction Bioaccumulation
Family Species factor coefficient factor
Cd Zn Cd Zn Cd Zn
IAcanthaceae Justicia procumbens 1.04 1.03 0.71 0.21 3.15 7.40
Justicia sp. 0.10 0.03 0.02 0.06 0.10 0.50
IAmaranthaceae |Aerva sanguinolenta 0.16 0.15 0.03 0.01 0.37 0.72
IAraceae Colocasia esculenta 0.41 0.06 0.13 0.17 1.04 1.72
/Asteraceae IAgeratum conyzoides 1.43 0.09 0.20 0.05 1.41 0.47
Bidens biternata 0.61 0.04 0.07 0.02 0.58 0.22
Blumea mollis 0.58 0.07 0.12 0.02 0.44 0.25
Blumea napifolia 1.61 0.18 0.24 0.03 0.82 0.34
Chromolaena odorata 151 1.19 0.13 0.04 1.33 1.60
Conyza sumatrensis 1.41 1.73 0.21 0.17 1.14 3.72
Crassocephalum crepidioides | 1.29 0.11 0.23 0.06 1.38 0.96
Grangea mader aspatana 121 0.61 0.28 0.14 1.59 1.25
Gynura pseudochina 6.00 1.72 2.48 0.37 20.48 3.67
L aggera pteradonta 1.39 1.31 0.10 0.05 0.80 1.57
Sonchus arvensis 2.52 0.44 0.78 0.17 2.80 2.29
Spilanthes iahadicensis 0.17 0.06 0.01 0.05 0.07 0.54
\Wedelia trilobata 0.80 0.09 0.08 0.06 0.57 0.55
Balsaminaceae || mpatiens violaeflora 1.15 0.92 0.61 0.14 1.29 2.03
Boraginaceae Heliotropium indicum 0.64 0.89 0.05 0.08 0.08 0.76
Buddlejaceae Buddleja asiatica 2.45 3.95 0.06 0.06 0.80 2.94
Cyperaceae Kylinga brevifolia 1.37 0.14 0.70 0.37 5.30 3.21
Euphorbiaceae  [Euphorbia hirta 0.67 0.55 0.28 0.08 1.21 1.22
Fabaceae IAeschynomene americana 1.77 1.67 0.43 0.20 0.97 3.84
Crotalaria montana 2.39 1.16 0.26 0.25 0.94 2.68
Lamiaceae Hyptis suaveolens 0.12 0.40 0.10 0.15 0.17 0.93
Malvaceae Sida rhombifolia 0.59 0.64 0.29 0.06 0.62 0.65
Onagraceae L udwigia hyssopifolia 0.09 0.07 0.01 0.04 0.06 0.47
Poaceae Brachiaria sp. 0.21 0.06 0.26 0.07 0.81 1.61
Eleusineindica 0.25 0.98 0.10 0.21 1.06 5.26
| mperata cylindrica 0.40 0.22 0.10 0.07 1.31 2.60
Neyraudia arundinacea 0.83 0.55 0.13 0.15 1.89 3.92
'Thysanolaena maxima 0.12 0.22 0.02 0.04 0.21 1.47
Rubiaceae Spermacoce remota 0.41 1.00 0.03 0.05 0.11 0.82
Rubia sp. 0.75 0.07 0.05 0.04 0.38 0.51
Scrophulariaceae |Lindenbergia philippensis 0.58 1.00 0.02 0.02 0.27 0.61
Scoparia dulcis 0.34 0.06 0.04 0.05 0.27 0.55
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Table 5.5 The plant species considered as the potentialidated for

phytoremediation of Cd contaminated soils.

Plant species

Criteria Chromolaena Gynura Justicia Impatiens
odoratum pseudochina procumbens violaeflora
Type Shrub Herb Herb Herb

Cd concentration in 166.0+10.3 457.7+8.8 548.0+4.2 212.3+2.9
shoot (mg kg dry mass)

Translocation factor 1.51 6.00 1.04 1.15

Extraction coefficient 0.13 2.48 0.71 0.61

Bioaccumulation factor  1.33 20.48 3.15 1.29

Height (m) 1.0-2.0 04-10 0.3-0.5 <0.3

Shoot dry mass 26.7+9.2 5.742.4 3.3+0.9 2.4+1.1

(g/individual) (<1m)

Season Rainy and Rainy Rainy Rainy
drought

Distribution Excellent Good Good Good

Propagation Excellent Fair Excellent Excellent

(natural habitat)
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Figure5.4 Cd hyperaccmulators from the Padaeng Zn mine.
(A) Chromolaena odoratum, (B) Gynura pseudochina,

(C) Justicia procumbens, and(D) Impatiens violaeflora.
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5.2 Accumulation, toxicity and localization of Cd in Chromolaena

odoratum

5.2.1 Plant growth and mor phologically toxicity symptoms

The growth ofChromolaena odoratum cultured in Hoagland’s solution
supplemented with various Cd concentrations is showTable 5.6 and Figure 5.5.
The differential fresh weight, shoot and root léngif Cd treated plants were
significantly different <0.05) from that of control plants. They were desex when
Cd concentrations in culture media were incregbegl 5.5).The relative growth rates
(RGR) of Cd treated plants (% as control) were obsiy decreased with increasing
Cd concentrationéFig. 5.5). Similarly the tolerance indices (TI) of Cd treatgdnts
were also declined (Table 5.6). The RGR of the tplaneated with Cd at the
concentrations of more than 2.5 migwere found to be less than 50% compared with
control. Plants treated with 10 mg Cthis the minimum RGR (5.24+0.96), differential
shoot length.31+0.70 cm plart), androot length Q.56+2.44 cm plartj.

The external morphology of roots and leaves of r€édtéd plants are shown
in Figuresb5.6 and 5.7respectively. No visible toxicity symptoms weresebved in the
roots of the plants treated with Cd at the conegioms less than 2.5 mg (Fig. 5.6).
Browning in roots was observed in plants expose@daat more than 5 mg,| some
showed root fragmentation (at 10 mg CY (Fig. 5.6E). Morphologically toxicity
symptom observed in leaves of plants treated withaC10 mg T was occurrence of

many red spots ithe vein as well as in the petioles (Fig. 5.7).
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Figure 5.6 Root morphology oChromolaena odoratum cultured in Hoagland’s
solution supplemented with various Cd concentratimn 14 days.
(A) Control
(B) 0.5 mg Cdt
(C) 2.5 mg Cdt
(D) 5.0 mg Cdt
(E) 10 mg Cd
Obviously, the plant roots were changed in colonfiwhite to dark brown

when they were exposed to elevated Cd concentgation
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Figure 5.7 Leaf morphology ofchromolaena odoratum cultured in Hoagland’s
solution supplemented with Cd for 14 days.
(A) Control
(B), (C) 10 mg Cd T
Many red spots were found in the veins of the lseamd in the petioles of

plants exposed to high Cd concentration.
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5.2.2 Cd accumulation and removal capacity

Cd accumulations inChromolaena odoratum cultured in Hoagland’s
solution supplemented with various Cd concentratiare presented in Table 5.7 and
Figure 5.8.The Cd concentrations in plant tissues (leavemnstand roots) were
significantly increased when the increased Cd catnagon in culture medigp€0.05).
Exceptionally low Cd concentrations were found @aves and stems of the plants
grown in 10 mg Cd'l solution(Fig. 5.8). The percentage metal uptake by plant was
declined with increased Cd concentrations. The mam (79.42) and minimum
(17.24) percentages of metal uptake were foundantg treated with 0.5 and 10.0 mg
Cd I', respectively. Similarly the bioaccumulation cawéints (BC) were also
decreased when the Cd concentrations in cultureianedre increased with the
minimum BC (441.54) found in plants treated withri§ Cd 1* (Table 5.7).
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5.2.3 Ultrastructural changesin plant tissues caused by Cd toxicity

The structural changes in root and leaf tissueShnbmolaena odoratum
hydroponically grown in Hoagland’s solution suppeated with Cd were investigated
using both light microscope and transmission ebectnicroscope (TEM). The light
micrograph showing the cross sections of root aafltissues are shown kiigure 5.9
and 5.10,respectively. In plants grown in media without Qtesigned as control
plants), the root tissues typically contained epids, cortex, endodermis and vascular
cylinder (Fig. 5.9A and B)While leaf tissues were composed of epidermis,opied|
and vascular bundle (vein). Mesophyll layer diffdrated into palisade and spongy
parenchyma with abundant chloropla@tsy. 5.10A and B).

When compared with control plants, no structurandes were found in
root tissues of the plants treated with Cd at thecentration less than 2.5 my(Fig.
5.9C and D).While the loss of common structures of cortex aadcular system as
results of the destruction of parenchyma cells vedméously found in the root tissues
of plants treated with Cd at the concentrationserttian 5.0 mg™, especially in
plants treated with 10 mg Cd (Fig. 5.9E and F).

As compared with control plants, no obvious chamvgex® found in the leaf
tissues of plants treated with Cd at the conceotstless than 2.5 md (Fig. 5.10C
and D). Chloroplasts in leaf tissues of plants treated wievated Cd concentrations
were swollen, especially those in plants treated %0 mg Cdt (Fig. 5.10 F).

The ultrastructural changes, caused by Cd, in plaganelles were also
investigated through the TEM. The TEM micrographsidgochondria and chloroplasts
are shown in Figur®.11 and Figure 5.12gespectively. Normal mitochondria were
bound by two membranes and the inner membranesasistae(Fig. 5.11A).Normal
chloroplasts were usually found with their broadates parallel to the cell wall. The
internal compartment was composed of stroma (matvhich was transversed by an
elaborate system of thylakoi@sig. 5.12A).Chloroplast often contained starch grains
and lipids called plastoglobuli. When compared witrmal mitochondria in control
plants (Fig. 5.11A)the mitochondria in plants treated with Cd at tb@centrations
less than 2.5 mg*lwere found to benormal (Fig. 5.11B and C)\While the outer
membrane of mitochondria in plants treated withds@adl I* was damage(Fig. 5.11 D)

and the loss of normal mitochondrial structure vdtbruption of internal cristae was
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found in plants treated with 10 mg CH(Fig. 5.11 E)When compared with the normal
chloroplasts in control plan{&ig. 5.12A),the chloroplasts of the plants treated with Cd
at the concentrations less than 2.5 fhgvere found to be norméFig. 5.12B and C).
While the chloroplasts of plants treated with higlial concentrations were swollen
and had an increased number of starch gréfige 5.12D). Disruption of thylakoid
membranes and disappearance of chloroplast mensbnaere also observed, especially
severe damages were found in chloroplast of thetplexposed to 10 mg Cd (Fig
5.12E).

Chromolaena odoratum could grow in the media supplemented with Cd at
the concentrations of less than 2.5 mguithout any visible morphological changes in
both leaves and roots. Moreover no structural obsing leaf and root tissues as well as
no structural deformities in plant organelles (militondria and chloroplasts) were found
in plants grown in media with Cd concentration s 2.5 mgt. The tissue damages
and organelle deformities were found in plantsté@avith Cd at the concentrations
more than 5 mg'l Especially severe damages were found in plaaésetd with 10 mg
Cd I''. Based on these resul€, odoratum could grow and tolerate Cd when they were

cultured in the media with Cd at the concentratiess than 2.5 mg'l
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Figure 5.9 Light micrographs showingross sections of root tissues @firomolaena
odoratum grown in Hoagland'’s solution supplemented withf@dl4 days.
(A), (B) are low and high magnification of rootdiges in the plants grown
in media without Cd (control)
(C) 0.5 mg Cdt
(D) 2.5 mg Cdt
(E)5.0mg cdt
(F) 10 mg Cd't
The loss of normal structure in root tissues wastoin the plants treated
with Cd at the concentration more than 5 fhg |

Ep = Epidermis, C = Cortex, En = Endodermis, VSas®ular System
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Figure 5.10 Light micrographs showing cross sections of lesdues ofChromolaena
odoratum grown in Hoagland’s solution supplemented withf@dlL4 days.
(A), (B) are low and high magnification of leafdiges in control plants
(C) 0.5 mg Cdt
(D) 2.5 mg Cd't
(E) 5.0 mg cdt
(F) 10 mg Ccdt
The chloroplasts in the plants treated with Cd nibas 5 mg T were
found to be swollen, especially in 10 mg Cdreatment.
Ep = Epidermis, PM = Palisade mesophyll, SM = Syangsophyll,

VS = Vascular system, Arrows indicate abnormal chptast
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Figure5.11 TEM micrograph showing mitochondria Ghromolaena odoratum
grown in Hoagland’s solution supplemented with Gd4 days.
(A) Control
(B) 0.5 mg cdt
(C) 2.5 mg Cdt
(D)5.0mg Cdt
(E) 10 mg Cd'f
Arrows indicate ultrastructural changes in mitoathas
M = Mithochondria, Th = Thylakoid membrane, CW =I@eall,
Ch = Chloroplast, ICS = Intercellular space
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Figure 5.12 TEM micrograph showing chloroplast 6hromolaena odoratum
grown in Hoagland’s solution supplemented with Gd4 days.
(A) Control
(B) 0.5 mg Cdt
(C) 2.5 mg Cdt
(D) 5.0 mg Cdt
(E) 10 mg Cdt
Arrow indicates ultrastructural changes in chloaspl Swollen starch
grains were found in chloroplasts of plants treatét elevated Cd
concentration.

M = Mithochondria, Ch = Chloroplast, CW = Cell wall

T = Thylakoid membrane, G = starch grain
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5.2.4 Cd localization

Cd localization was performed in root and leafuess of Chromolaena
odoratum grown in Hoagland'’s solution supplemented withadhe concentration of
2.5 mg I*. TEM micrographs of root and leaf tissues showdagk deposits where Cd
was accumulated are shownHigures 5.13 and 5.1%espectively. While the EDAX
spectra of Cd confirmed the dark deposits founot and leaf tissues are shown in
Figures 5.14 and 5.1 root tissues, Cd deposits were found in epidémrells, cell
wall as well as intercellular spaces and parenchygetia close to the vascular system.

In leaf tissues, Cd deposits were found in mesomylls and in epidermal cells.
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Figure 5.13 TEM micrographs showing root cells Ghromolaena odaratum grown in
media supplemented with Cd.
(A) Epidermal cell.
(B) Intercellular space among cells located ineottssue
(C) Parenchyma cell located close to the vascyktem
Arrows indicate the Cd rich sites which were caniéd by EDAX

spectra shown in Fig. 5.14
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Figure 5.14 EDAX spectra confirming that the dark deposits pr¢sn root tissues

(Fig. 5.13) were Cd rich sites.
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Figure 5.15 TEM micrographs showing leaf cells 6hromolaena odoratum grown in
media supplemented with Cd.
(A) Mesophyll cells located close to the vasculatem
(B) Mesophyll cell
(C) Epidermal cell
Arrows indicate the Cd rich sites which were caniéd by EDAX

spectra shown in Fig. 5.16.
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(Fig. 5.15) were Cd rich sites.
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5.3 Rhizobacteria screening to find potential strains used to improve

phytoremediation

5.3.1 Isolation and identification of rhizobacteria

Rhizobacteria were isolated from Cd/Zn contaminat@tiassociated with
roots ofChromolaena odoratum. Six bacterial strains showing different morphatad)
appearance on NA were selected. They were desiyrastd KS01, TKS05, TKSO07,
TKS10, TKS21 and TKS22. One bacterial strain watated from uncontaminated
soil and designated as BKSO01. The external morglyotd those isolated bacteria is
shown inFigures 5.17 and 5.18nd the colonial characteristics of the bactera a
described in Table 5.8. All bacterial strains wéram-negativgFigs. 5.18 and 5.19).

The isolated bacterial strains were identified dase the analysis of 16S
rDNA sequence. The closest strain in 16S rDNA geegquence for the TKSO01,
TKS05, TKS07, TKS10, TKS21, TKS22 and BKSO01l weSerratia marcesens,
Cupriavidus taiwanensis, Comamonas testosteroni, Delftia sp., Chryseobacterium sp.,
Pseudomonas aeruginosa andCitrobacter sp., respectively.

The growth curves of these isolated bacterial rstrén NB at 30 °C, 150
rpm are presented in Figure 5.20. All isolated &aatcould grow to stationary phase
within 24 h.
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Table 5.8 The colonial and cellular characteristics of thalated bacterial strains.

Bacterial strain

Char acteristics

Chryseobacterium sp. TKS21

Comamonas testosteroni TKS07

Cupriavidus taiwanensis TKS05

Delftia sp. TKS10

Pseudomonas aeruginosa TKS22*

Serratia marcescens TKS01*

Citrobacter sp. BKS01

Colonies were circular with entire edges, opaque,
convex, bright yellow-pigmented by a non
diffusible pigment, becoming mucous after
prolonged incubation on NA.

Cedlswere Gram-staining-negative short rods.
Colonies were circular, convex with a smooth to
wavy margin and a smooth to granular surface.
They were white with no diffusible pigments.
Cedlls were Gram-staining-negative, and rods that
were straight or slightly curved.

Colonies were white, glistering, mucous, smooth,
and convex with an entire edge.

Cellswere Gram-staining-negative rods.

Colonies were circular, low convex, entire edges
with smooth surface.

Cdls were Gram-staining-negative, straight to
slightly curved rods, single or in pairs.

Colonies were circular, smooth with diffusible
green fluorescent pigment.

Cedllswere Gram-staining-negative, rod shape.
Colonies were opaque, circular, convex, margins
entire, and white, pink, or red (pigment were
usually observed in at least some colonies)
Cellswere Gram-staining-negative, short rod.
Colonies were circular white, convex, entire edge,
and smooth surface with non diffusible pigment.

Cedllswere Gram-staining-negative, rod shape.

* indicates opportunistic strains of bacteria
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Figure 5.17 Colonial morphology of isolated bacterial strairenii Cd/Zn
contaminated soils associated with root€lfomolaena odoratum.
All bacterial strains were grown on NA and inculobag¢ 30 °C.
(A) Chryseobacterium sp. TKS21
(B) Comamonas testosteroni TKSQO7
(C) Cupriavidus taiwanensis TKS05
(D) Delftia sp. TKS10
(E) Pseudomonas aeruginosa TK S22
(F) Serratia marcesens TKSO1.
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Figure5.18 Gram staining of isolated bacterial strains
(A) Chryseobacterium sp. TKS21
(B) Comamonas testosteroni TKS07
(C) Cupriavidus taiwanensis TKS05
(D) Delftia sp. TKS10
(E) Pseudomonas aeruginosa TK S22
(F) Serratia marcesens TKSO1.
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Figure 5.19 Colonial morphology(A) and Gram staining(B) of Citrobacter sp.

BKSO01 isolated from uncontaminated soils, and groewn NA and
incubated at 30 °C.
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5.3.2 Deter mination of minimum inhibitory concentrations (MIC) of
heavy metals

All isolated bacterial strains were grown in NB plgmented with various
concentrations of either Cd or Zn and incubate2DeftC, 150 rpm. The growth of each
bacterium at log phase and stationary phase wasrnde@ed by measuring the
absorbance at 600 nm. Growth of bacteria in NB euithmetals was designated as
control or normal growth. The growth of isolatedctesia exposed to Cd or Zn is
presented in Figures 5.21 and 5.22, respectivebmpgared with normal growth,
growth of all isolated bacterial strains at log ghavas declined with increasing Cd or
Zn concentrations. Although the growth of bacteziposed to heavy metals was
delayed at log phase, most bacteria still grewdtianary phase. The bacterial growth
at stationary phase also decreased with increasiigl concentrations. The metal
concentrations that absolutely inhibited the growthbacteria were designated as
MIC. The MIC of Cd and Zn for the isolated bactesaains are shown in Table 5.9.
The highest MIC was found iComamonas testosteroni TKSO7 andCupriavidus
taiwanensis TKS05. The MIC of Cd and Zn for TKS07 were >20@ am00 mg T,
respectively while that for TKS05 were >200 and 400 I, respectively. They had
high capability to tolerate heavy metals. The lawdEC was found inCitrobacter sp.
which was isolated from uncontaminated soils arel MHC of Cd and Zn for this

strain were 40 and 120 mg, Irespectively (Table 5.9).
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Figure 5.21 Cell growth at log phag@\) and stationary phagB) of isolated bacterial
strains cultured in NB media supplemented withowsiCd concentrations
and incubated at 30 °C, 150 rpm.
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5.3.3 Solubilization of heavy metalsin soil

Metal solubilization in soil by isolated bacteriaasv evaluated by
determining extractable metal concentrations oflssmioculated with those bacteria
compared with that of uninoculated soils. The b#atestrains employed in this
experiment wereChryseobacterium sp. TKS21, Comamonas testosteroni TKS07,
Cupriavidus taiwanensis TKS05, Delftia sp. TKS10,Pseudomonas aeruginosa TKS22,
Serratia marcescens TKS01 andCitrobacter sp. BKSO1. The extractable Cd and Zn
concentrations in soils inoculated with isolatedtbaa are shown in Table 5.9. The
extractable Cd concentrations in soils inoculateth WKS07, TKS05, TKS10 and
TKS22 were significantly highep€0.05) than that in uninoculated control soils (Fig
5.23A). These four bacterial strains could incredése Cd availability in metal
contaminated soils. The extractable Zn concentratin soils inoculated with TKS21,
TKSO07, TKS22 and BKSO01 were significantly lowex(.05) than that in uninoculated
control soils (Fig. 5.23A).

5.3.4 Biosor ption of heavy metals

Cd and Zn biosorption by isolated bacterial strégsnsresented in Table 5.9
and Figure 5.23B. Seven bacterial stains employedthe experiment were
Chryseobacterium sp. TKS21, Comamonas testosteroni TKSO07, Cupriavidus
taiwanensis TKS05, Delftia sp. TKS10, Pseudomonas aeruginosa TKS22, Serratia
marcescens TKSO01 andCitrobacter sp. BKS01. Cd biosorption by these bacterial
strains ranged from the highest to the lowest wasthe following order:
TKS22>BKS01>TKS07>TKS05>TKS01>TKS10>TKS21 (Fig. 38). While the Zn
biosorption were ranged in the following order: TRSBKS01>TKS05>TKS21>
TKS01>TKS10>TKS07 (Fig. 5.23B).
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Figure 5.23 (A) Extractablemetal concentrations in soils inoculated with isaia

bacterial straingB) Cd and Zn biosorption by isolated bacteria.

Control (uninoculated)Chryseobacterium sp. TKS21,Comanonas

testosteroni TKS07,Cupriavidus taiwanensis TKS05, Delftia sp. TKS10,

Pseudomonas aeruginosa TKS22, Serratia marcesens TKS01,

Citrobacter sp. BKSO1
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5.3.5 Idole acetic acid (IAA) production

IAA production by isolated bacteriaCryseobacterium sp. TKS21,
Comamonas testosteroni TKS07, Cupriavidus taiwanensis TKS05, Delftia sp. TKS10,
Pseudomonas aeruginosa TKS22, Serratia marcescens TKS01 andCitrobacter sp.
BKSO01) determined by colorimetric method are shoiun Figure 5.24B. The
concentrations of IAA produced by these bactetraliiss are shown in Table 5.10. All
bacterial strains could produce IAA in the preseoiceyptophan. The maximum IAA
production was found in TKS10 (111.3+26.4 g IAA ‘dry mass) followed by
TKS21 (103.3+8.0 pg IAA mgdry mass). Other bacterial strains could also pced
IAA with the concentrations ranged from the low&stthe highest in the following
order: TKSO01<BKS01<TKSGITKS22<TKSO05 (Table 5.10).

5.3.6 Siderophor e production

Siderophore production by isolated bacte@hr{seobacterium sp. TKS21,
Comamonas testosteroni TKS07, Cupriavidus taiwanensis TKS05, Delftia sp. TKS10,
Pseudomonas aeruginosa TKS22, Serratia marcescens TKS01 andCitrobacter sp.
BKSO01) determined by colorimetric method are présgénn Figure 5.24D. The
concentrations of siderophore produced by thestehakstrains are shown in Table
5.10. Two bacterial strains, TKS22 and TKS01, cqurioduce high concentrations of
siderophore (24.6 and 12.14 uM DFOM hdry mass). TKS21 and TKS10 could also
produce siderophore with lower concentrations Whik&07, TKS05 an®KS01 could

not produce siderophore.
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Figure 5.24 The colorimetric determination of IAA productiorigderophore
production and phosphate solubilization by isoldiadterial strains.
(A) Standard IAA solution
(B) IAA production by isolated bacterial strains
(C) Standard siderophore (deferoxamine mesylate)

(D) Siderophore production by isolated bacterial stains

(E) Standard phosphate solution

(F) Phosphate solubilization by isolated bacterialissra
Control (uninoculation)Chryseobacterium sp. TKS21,
Comanonas testosteroni TKS07,Cupriavidus taiwanensis TKSO05,
Delftia sp. TKS10, Pseudomonas aeruginosa TKS22,

Serratia marcesens TKSO01, Citrobacter sp. BKSO1
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5.3.7 Phosphate solubilizing activity

The phosphate solubilized by isolated bactefthryseobacterium sp.
TKS21, Comamonas testosteroni TKS07, Cupriavidus taiwanensis TKS05, Delftia sp.
TKS10, Pseudomonas aeruginosa TKS22, Serratia marcescens TKS01 and
Citrobacter sp. BKS01) determined by colorimetric method are show Figure
5.24F. The concentrations of solubilized phospletd the pH of culture media
(NBRIP media) are shown in Table 5.10. TKS22, TK&0i#l BKS01 could solubilize
phosphate since the phosphate concentrationsimntieelia culture were significantly
higher £<0.05) than that in media without inoculation (cofjt Moreover the pH of
the media culture of TKS22 aBKS01 were significantlyg<0.05) lower than that of
control (Fig. 5.25).

Other isolated bacterial strains, TKS21, TKS07, DE&nd TKS10, could
not solubilize phosphate since the phosphate caratems in their media were not
significantly different p>0.05) from that in uninoculated control media. Tt of the
media culture of those bacterial strains were &mamtly higher p<0.05) than that of
control (Fig. 5.25).



Chetsada Phaenark Results / 140

700 14
OPhosphate concentration
® pH

600 + + 12
~ 500+ +10
s
E
=
£ 400 | { ° o 1s
£
g . . z
s .
S 300 T 16
=
=
£
£ .
A 200 + [ ] T4

100 + I———‘ T 2

0 f t t f f + + 0
control TKS21 TKS07 TKS05 TKS10 TKS22 TKSO01 BKSO01

Bacterial strains

Figure 5.25 Phosphate concentrations and pH of NBRIP media tesedlture the
isolated bacterial strains for 72 h. at 30 °C, f&@.
Control (NBRIP medium without inoculation)
TKS21 =Chryseobacterium sp.
TKS07 =Comanonas testoster oni
TKSO05 =Cupriavidus taiwanensis
TKS10 =Delftia sp.
TKS22 =Pseudomonas aeruginosa
TKSO01 =Serratia marcesens
BKSO01 =Citrobacter sp.
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5.4 Bioinoculation of plant by isolated bacterial strainsto promote

plant growth and enhance metal uptake

5.4.1 Root colonization by isolated bacterial strains

To investigate the root colonization by isolatedctbaal strains, the
seedlings oHelianthus annuus were inoculated with bacteria and grown on MS raedi
in culture bottles. Plant roots colonized by isethbacteria were observed by the SEM
and the SEM micrographs are shown in Figure 5.26 bakcteria were found on the
roots of control plants. All isolated bacterialestis could colonize plant roots with or

without promoting plant growth.

5.4.2 Plant growth promoted by isolated bacterial strains

Growth of Helianthus annuus inoculated with isolated bacterial strains are
shown in Table 5.11 and Figure 5.27. Plant seesllingre inoculated with isolated
bacteria and grown on MS media in culture botttesl5 days (Fig. 5.28)The shoot
and root length, shoot fresh weight and dry weighte measured to determine the
effects of isolated bacteria on plant growth. Coradawith control plants, the plant
seedlings inoculated witlChryseobacterium sp. TKS21, Comamonas testosteroni
TKSO07, Cupriavidus taiwanensis TKS05 andDelftia sp. TKS10 could grow well
while those inoculated witfPseudomonas aeruginosa TKS22, Serratia marcescens
TKSO01 andCitrobacter sp. BKSO01 could not grow (Figs. 5.27 and 5.28).

The shoot and root lengths of the plants inoculatitd Chryseobacterium
sp. TKS21,C. testosteroni TKS07,C. taiwanensis TKS05 andDelftia sp. TKS10 were
significantly longer <0.05) than that of control plants. These bactesiedins had
positive effect on the root and shoot lengths efptant in the following order: TKS05
> TKS21 > TKS10 > TKSO07 (Table 5.11fp. aeruginosa TKS22, S marcescens
TKSO01 andCitrobacter sp. BKS01 had negative effects on the shoot and leowth
(Table 5.11). The shoot dry weights of the plamtsculated withC. testosteroni
TKSO07, C. taiwanensis TKS05 were significantly pg<0.05) higher than that of the
control plants (Table 5.11).
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H. annuus inoculated with isolated bacterial strains andwgroon MS
media in the culture bottles are shown in Figu85Chryseobacterium sp. TKS21,
Comamonas testosteroni TKSO07, Cupriavidus taiwanensis TKS05 andDelftia sp.
TKS10 were able to promote plant growth so theyenszlected to be used in pot

experiment to investigate the effects of bactestigins on metal uptake by plant.
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Figure 5.26 SEM micrograph showing roots bifelianthus annuus colonized by
isolated bacterial strains.
(A) Controlplant
(B) Chryseobacteriumsp. TKS21
(C) Comamonas testosteroni TKSO7
(D) Cupriavidus taiwanensis TKS05
(E) Delftia sp. TKS10
(F) Pseudomonas aeruginosa TKS22
(G) Serratia marcesens TKS01
(H) Citrobacter sp. BKSO1
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Figure 5.27 Growth ofHelianthus annuus inoculated with isolated bacterial strains
and grown on MS media in culture bottles.
Control = seedlings without inoculation
TKS21 = seedlings inoculated wi@hryseobacterium sp. TKS21
TKSO07 = seedlings inoculated wi@omamonas testosteroni TKS07
TKSO05 = seedlings inoculated wi@upriavidus taiwanensis TKS05
TKS10 = seedlings inoculated wilbelftia sp. TKS10
TKS22 = seedlings inoculated willseudomonas aeruginosa TKS22
TKSO01 = seedlings inoculated wiSarratia marcesens TKS01
BKSO01= seedlings inoculated wi@itrobacter sp. BKS01
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Figure 5.28 Helianthus annuus seedlings inoculated with isolated bacterial agand
grown in MS media for 15 days.
(A) Seedlings without inoculation (control)
(B) Seedlings inoculated witB@hryseobacterium sp. TKS21
(C) Seedlings inoculated witGomamonas testosteroni TKS07
(D) Seedlings inoculated witBupriavidus taiwanensis TKS05
(E) Seedlings inoculated withelftia sp. TKS10
(F) Seedlings inoculated witRseudomonas aeruginosa TKS22
(G) Seedlings inoculated witBerratia marcesens TKS01
(H) Seedlings inoculated wit@itrobacter sp. BKS01
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5.4.3 Growth and heavy metal accumulation of plants assisted by

isolated bacteria on sterile soilsunder laboratory conditions

Seedlings ofHelianthus annuus were inoculated with selected bacterial
strains Chryseobacterium sp. TKS21, Comamonas testosteroni TKS07, Cupriavidus
taiwanens's TKSO5 andDelftia sp. TKS10) and grown on the sterile heavy metal
contaminated soils in the laboratory for 60 daysnwestigate the effects of these
bacteria on growth and metal accumulation of plaritee growth and metal
accumulation of plants inoculated with these selkdiacteria are shown in Tables
5.12 and 5.13, respectively.

Compared with seedlings without bacterial inocolatjcontrol), the whole
plant fresh weight as well as dry weight of thengdainoculated with TKS21, TKS07
were significantly §<0.05) higher than that of control (Table 5.12 dnd. 5.29).
Additionally, growth (determined by % of controlapit) of seedlings inoculated with
TKS21 and TKSO07 were approximately 307% and 18 &%pectively (Table 5.12)

Cd concentrations in the shoots of plants inocdlatgth TKS07 and
TKSO05 were 43.39+14.58 and 46.41+13.43 mg Hgy weight, respectively and they
were significantly differentg<0.05) from that of control (26.62+6.67) (Table 3A).

Cd extraction coefficient (EC) of plants inoculateith TKS07 (1.12) and TKS05
(1.13) were approximately two times higher thanttlwh control (0.66). Zn
concentrations in the shoots of the plants inoedlatith isolated bacteria (TKS21,
TKSO07 and TKS10) were not significantly differeq>0.05) from that of control
(Table 5.13B). Exceptionally, Zn concentrationtie shoots of plants inoculated with
TKSO05 (391.04+57.48 mg Kodry weight) was significantly highep€0.05) than that
of control (264.80+38.52 mg Kgdry weight) with their extraction coefficients 024
and 0.16, respectively.

On the sterile metal contaminated soils, TKS21 8K807 were found to
promote growth ofH. annuus while TKSO7 and TKSO5 could enhance Cd
accumulation in plant shoots (Fig. 5.29) and on§S05 enhanced Zn accumulation

in plant shoot.
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Figure5.29 Cd accumulation and dry weight ld&lianthus annuus inoculated with
selected bacterial strains and grown on steril@hoeintaminated soils in
the laboratory.

Control = plants without bacterial inoculation

TKS21 = plants inoculated witihryseobacterium sp. TKS21
TKSO07 = plants inoculated witGomamonas testosteroni TKS07
TKSO05 = plants inoculated witBupriavidus taiwanensis TKS05
TKS10 = plants inoculated withelftia sp. TKS10
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5.4.4 Growth and heavy metal accumulation of plants assisted by

isolated bacteria on non-sterile soils under greenhouse conditions

Seedlings ofHelianthus annuus were inoculated with selected bacterial
strains Chryseobacterium sp. TKS21, Comamonas testosteroni TKS07, Cupriavidus
taiwanensis TKS05 andDelftia sp. TKS10) and grown on the non-sterile heavy metal
contaminated soils in greenhouse for 60 days testigate the effects of bacteria on
growth and metal accumulations in the plants. Tésults are shown in Tables 5.14
and 5.15, respectively.

Compared with the control plant seedlings, the slaoal root lengths of
the plants inoculated with selected bacteria wageifecantly longer p<0.05), except
for the shoot length of plants inoculated with THSR>0.05). Moreover whole plant
fresh weight as well as dry weight of the plantscuiated with bacteria were
significantly 0<0.05) higher than that of the control (Table 5abd Fig. 5.30), except
for that of plants inoculated with TKS2@>0.05). Growth (determined by % of control
plant) of plants inoculated with TKS21, TKS07, TK&S&nd TKS10 was approximately
141%, 181%, 152% and 174%, respectively (Table)5.14

Cd concentrations in the shoots of plants inocdlatéh selected bacteria
were significantly different g<0.05) from that of control. They were 10.97+1.27,
11.09+0.94, 13.11+1.41 and 11.57+1.53 in plantuteded with TKS21, TKS07,
TKSO05 and TKS10, respectively while Cd concentratioshoots of control plants was
9.52+0.52 (Table 5.15A). The maximum translocatfantor (0.59) and extraction
coefficient (0.40) for Cd were found in plants intated with TKSO5 (Table 5.15A).
Zn concentration in the shoots of the plants ina&d with TKS07 (236.79+18.20 mg
kg™ dry weight) was significantly differenp€0.05) from that of control (204.81+10.49
mg kg* dry weight) (Table 5.15B).

H. annuus inoculated with selected bacterial strains andvgr@n non-
sterile metal contaminated soils are shown in EduBl. These bacteria were found

to promote growth as well as Cd accumulation instheots oH. annuus.
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Figure 5.30 Cd accumulation and dry weight id&lianthus annuus inoculated with
selected bacterial strains and grown in metal comated soils in the
greenhouse.

Control = plants without bacterial inoculation,

TKS21 = plants inoculated withiyseobacterium sp. TKS21
TKSO07 = plants inoculated witGomamonas testosteroni TKS07
TKSO05 = plants inoculated wit@upriavidus taiwanensis TKS05
TKS10 = plants inoculated withelftia sp. TKS10
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Figure 5.31 (A) Helianthus annuus inoculated with selected bacterial strains and
grown in heavy metal contaminated soil for 30 daythe greenhouse.
(B) Helianthus annuus inoculated with selected bacterial strains and
grown in heavy metal contaminated soil for 60 daythe greenhouse.
Control = plants without bacterial inoculation
TKS21 = plants inoculated witBhryseobacterium sp. TKS21
TKSO07 = plants inoculated witBomamonas testosteroni TKS07
TKSO05 = plants inoculated witBupriavidus taiwanensis TKS05
TKS10 = plants inoculated witbelftia sp. TKS10
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CHAPTER VI
DISCUSSION

6.1 Plant screening for phytoremediation potential

In metal-contaminated areas around Padaeng Zn n@ak,and Zn
concentrations in soils had significantly positivarrelation. The correlative
occurrence of these two metals was already condirnme agricultural fields by
Simmonset al (2005). The total Cd and Zn concentrations inssai the five study
sites were obviously higher than non-contaminateld,swhere the concentrations of
Cd and Zn were generally less than 2 and 900 ny tespectively (Alloway, 1995;
Bowen, 1979). The Thai background levels for Cd Andvere less than 0.1 and 140
mg kg*, respectively (Pongsakul & Attajarusit, 1999). thermore they were much
greater than the levels reported as toxic with eespo plant growth by Kabata-
Pendias & Pendias (1984) (3 — 8 mg Cd lapd 70 — 400 mg Zn K. The maximum
permissible levels set by the European Union weig d — 3 mg Cd kg and 150 —
300 mg Zn kg for low (pH 6) and high (pH 7) respectively (EET386). Thus, the
high concentrations of metals in soils would beestpd to strongly restrict plant
growth. However at least 36 plant species colleateithis survey grew well in those
areas without obvious symptoms of toxicity, indiegtthey could tolerate elevated
concentrations of the two metals. Many plant specieere collected from Cd
contaminated rice field (site 5) in which the dudld the lowest metal concentrations
compared with other sites. The lower metal contatom might have little effects to
plant growth and plants growing on this site coplatentially accumulate heavy
metals in their shoots. Crop plants such as ricesay bean had also been cultivatable
in this area with potentially high yield but th@iroducts were contaminated by heavy
metals (Simmonst al, 2003; 2005). High mobility of Cd in soil-plangsgéem allows
its easy entering into food network resulting inverde health effects (Ryaat al,
1982).
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To date in an international context, over 45 faesilhave been identified
as hyperaccumulators (Sa&it al, 1998; Dushenkov, 2003; Reeves & Baker, 2000),
among which were those collected in this study (Alcaceae, Amaranthaceae,
Araceae, Asteraceae, Balsaminaceae, Boraginaceaddldfaceae, Cyperaceae,
Euphorbiaceae, Fabaceae, Lamiaceae, Malvaceaerd0aag, Poaceae, Rubiaceae
and Scrophulariaceae). Most plants that are talémheavy metals, including those
collected during this survey, are herbaceous duddo inherent ability to adapt to
stressful environments (Landberg & Greger, 1996nqumet al, 2005). At least 12
species found in this survey were also found in Bgam Pb mine, Thailand
(Rotkittikhun et al, 2006) where the climate and environmental comut were
similar to the Padaeng Zn mine. They includedromolaena odoratumConyza
sumatrensis Sonchus arvensisBuddleja asiatica all of which were considered
hyperaccumulator plants suitable for Pb—contamadhatel phytoremediation schemes
(Rotkittikhunet al, 2006).

A standard definition for Cd and/or Zn hyperaccumol plants is yet to
be agreed. At present, there are four criteriattig) concentration of heavy metal in
plant shoots reaches hyperaccumulating level (CH0& mg kg dry mass; Zn >
10,000 mg kg dry mass; Bakeet al, 1994); (2) the concentration of Cd and Zn in
above-ground biomass is 10-500 times greater thanim non-metallophytes (Cd 1
mg kg* dry mass; Zn 100 mg Kgdry mass; Shen & Liu, 1998); (3) the Cd and Zn
concentrations in shoots are invariably greaterntlihat in roots (namely a
translocation factor > 1; Baker & Whiting, 2002itda(4) an extraction coefficient > 1
(Chenet al, 2004). According to the first criterion (Cd >16@ kg* and Zn >10,000
mg kg"), 5 species qualified as potential Cd hyperaccatow Brachiaria sp,
Chromolaena odoratumGynura pseudochinalmpatien violaefloraand Justicia
procumbensand only 1 speciesl(sticia procumbensas a Zn hyperaccumulator. If
translocation factor >1 is used as the selectidar@, 15 species could be considered
as Cd hyperaccumulator and 8 species as Zn hyperadator. OnlyG. pseudochina
could be regarded as a potential Cd hyperaccunfada extraction coefficient >1.0
was considered. However total concentration of dbalnelements in soils cannot be
considered a good indicator of bioavailability (o et al 2004; Ure, 1996: Wang

et al 2004). The evaluation of bioavailable metalsassidered of crucial importance
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since it allows the assessment of the plant’s pialeto mobilize or to accumulate
metals from soil (Braquinhet al, 2007). Branquinhet al (2007) and Gonzélez &
Gonzélez-Chévez (2006) further suggest that thadsiamulation factor may be used
for the assessment of potential hyperaccumulatibris however necessary to be
cautious when applying definitions of extractioneffizients and bioaccumulation
factors because expressing the soil concentrat®ntogal soil composition or
bioavailable composition will return very differer@sults. The extraction method used
to assess the bioavailability of metals in soils @so important when the
bioaccumulation factor is mentioned as differentration methods may give the
dissimilar bioaccumulation values. However, thetledraction methods reflecting
the actual metal bioavailability have not been midi presently. To evaluate the
bioaccumulation factor both EDTA-extraction meth@tanquinhoet al, 2007) and
DTPA-extraction method (Gonzélez & Gonzalez-Chave@06) have been used.
When the extraction coefficient was consideredy ame plant was found to be a
potential Cd hyperaccumulator,G. pseudochina In contrast, when the
bioaccumulation factor was taken into account, npiestts had bioaccumulation > 1
indicating their potential as hyperaccumulator (@raho et al, 2007; Gonzalez &
Gonzalez-Chavez, 2006).

In the present study, four plant speci€sromolaena odoratunishurb),
Gynura pseudochingherb), Impatiens violaeflora(herb) andJusticia procumbens
(herb) could be considered as Cd hyperaccumulaershey met most required
criteria. They might be potential plants suitabler fphytoextraction of Cd
contaminated soils. Moreover]. procumbens also considered as a Zn
hyperaccumulator was suitable for phytoextractibrZim contaminated soils. These
four hyperaccumulator plants accumulated Cd irr thledots although at considerably
lower thanT. caerulescenwhich can accumulate Cd in leaves up to 1,600 ahdd>
dry mass (Robinsoet al, 1998). Nevertheless, they could be potentialstéor Cd
phytoextraction as they are adapted to the logalatic conditions, have high above-
ground biomass and high propagation rates. Additipntheir shoots are upright
making easy harvest. Furthermore the potential tageeimulator plants from the five
selected study areas have an advantage over bigmnedscing crops as they are

tolerant to highly elevated soil Cd and Zn concaidn. The high biomass producing
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crops, such a®Brassica junceaHelianthus annuusNicotiana tabacum are also
considered as suitable species for phytoremediasothey might compensate lower
Cd accumulation with much higher biomass yieldss8ilavet al, 2002). However,
the phytoextraction efficiency of the biomass crapdimited due to the low Cd
concentration in the harvestable parts. If highswo$s Cd concentration would be
achieved by means of induced phytoextration, thggaxtraction might be limited by
phytotoxicity problem (Vassilewet al, 2002). Among the likely hyperaccumulator
plants identified in this studyl. procumbensas the greatest potential to be used in a
phytoextraction program if Cd concentration in siso@s the selection criterion
adopted. However, Cd phytoextraction By procumbensG. pseudochinaand I.
violaeflora could be limited as they have seasonal growthogsrgrowing well in the
rainy season only. Th€. odoratum,although with lower Cd concentrations in its
shoots as compared with the other three speciey, mage greater potential in
phytoextraction programs due to its high biomasslpction, good distribution, rapid
growth and profuse root system (McFadyen & Skarra®96). Furthermore(C.
odoratumis a perennial shrub that forms dense tangleddsustb — 2.0 m in height
(McFadyen & Skarratt, 1996). In addition, it is geally preferable to use a perennial
since phytoremediation is unlikely to take a singgar. Further, the use of a perennial
will prevent the need for annual planting (Rotkittin et al, 2006). Due to these
factors, and its wind-dispersed seeds, overappears to be the best candidate for a

practical phytoextraction program.
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6.2 Accumulation, toxicity and localization of Cd in Chromolaena

odoratum

Chromolaena odoratum has been considered a Cd and Pb
hyperaccumulator from the field surveys at Padaémgnine, Tak province and Bo
Ngam Pb mine, Kanchanaburi province, Thailand,eespely (Phaenarkt al, 2009;
Rotkittikhun et al, 2006; Tanhanet al, 2007). Plants from field collection
accumulated Cd in their shoots and roots up toat@6110 mg kg DW, respectively
(Phaenarlet al, 2009). They could also accumulate 1,377 and&4r2g Pb kg DW
in their shoots and roots, respectively (Tanhain al, 2007). In hydroponic
experiments, the maximum Pb concentrations in shaad roots o€. odoratumwere
1,772 and 60,656 mg RgPW, respectively, at a Pb supply level of 10 mdTanhan
et al, 2007). h the present study, Cd accumulations ®y odoratum were
proportionally increased with increased Cd coneiuns in culture media while the
plant growth was gradually reduce@he maximum Cd concentration in shoots
(416.51 mg kg DW) was found in plants exposed to 5 mg Cdvhile that in roots
(4,389.04 mg kg DW) was found in plants treated with 10 mg CdCd accumulated
in roots was higher than that in shoots in all timents.A number of reports also
indicated that Cd was accumulated more in roots thashoots (Meuwly & Rauser,
1992; Rauser & Meuwly, 1995; Lozano-Rodrigwetzal, 1997; Seregin & lvanov,
1997; Lagriffoulet al, 1998; Wéjcik & Tukiendorf, 1999)X. odoratumaccumulated
Cd in shoots and roots up to 266 and 1,670 nmgX¢/ without showing any toxicity
symptoms at a Cd supply level of 2.5 rifg The results confirmed that this plant was
a potential Cd hyperaccumulator since Cd conceatrsitin shoots exceed the
hyperaccumulating criteriaf 100 mg kg DW (Bakeret al, 1994).C. odoratumwas
a moderate hyperaccumulator with lower Cd concéaotra in shoots compared with
Thalspi caerulescensethe well-known Cd/Zn hyperaccumulator. In a Fienc
population ofT. caerulescens@Ganges population), Cd concentration in shoots wa
exceptionally high (up to 10,000 pg W) in hydroponically grown plants (Lombi
et al, 2000). In additionT. caerulescenfom Plombiéres could accumulate 707 and
602 mg Cd kg DW in their roots and shoots, respectively (Wdjeikal, 2005a).
AlthoughT. caerulescens very efficient in taking up high amounts of Zq and Ni

from the soil, as well as accumulating these métadhioots, the use of this species for
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phytoremediation on a commercial scale is limiteg tb its small size, slow growth
rate and a rosette growth habit, making mechaiiaalesting difficult (Wojciket al.,
2005a).C. odoratumwas the good candidate possible for cleaning upd@tminated
soils since it not only tolerates high Cd level bigo retains many above favorable
characteristics suitable for practical phytoremedla It had rapid growth rate, large
biomass production, abundant seed production, vddribution (McFadyen &
Skarratt, 1996). Moreove€;. odoratumcould adaptively grow in drought areas with
their numerous roots and upright shoots make thasy @0 harvest mechanically
(Phaenarlet al, 2009; Tanhaet al, 2007). As aforementioned reaso@s odoratum
was the promising plant for phytoextraction tecloggl

Hyperaccumulators can adaptively tolerate to haaeyals; however, the
phytoxicity would be found if the plants were expdso extreme levels of metals.
Symptoms of Cd toxicity depend both on the metaltent in plant and the efficiency
of its detoxification (Wojciket al, 2005a). The most spectacular symptoms of Cd
toxicity are: growth retardation, chlorosis andnoses of leaves, red-brown coloration
of leaf margins or veins. Cd changes root morphglagot and leaf anatomy,
damages cell structures. It disturbs water balamgeeral nutrition, photosynthesis,
respiration and plant development (Prasad 1995hofgh C. odoratumhas good
capability for Cd tolerance, plant growth reductemd phytotoxicity were noticed in
plants exposed to high Cd level.Hgdroponic experimen€. odoratunmcould tolerate
Cd up to 2.5 mg without any toxicity symptoms as well as alterasion the tissues.
When plants were exposed to elevated Cd concemigtphytoxicity could be found.
The toxicity symptoms observed morphologically werewn color of roots and/or
root fragmentation. Moreover chlorosis of leaved asd spots in veins and petioles
were found in plants treated with 10 mg CdFurthermore, tissue damages as well as
organelle deformities were obviously seen in plaetgposed to Cd at the
concentrations more than 5 my kspecially severe damages found in plants treated
with 10 mg 1*. Most parenchyma cells in the cortex, endoderassyell as in the
vascular system of roots were destroyed.

The toxicity symptoms seen in the presence of eskceesamount of Cd
may be due to the destroying of the defense systdéroslls (Benavidest al, 2005).

Wojcik & Tukiendorf (2005) also found damages obtraltrastructure irea mays
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exposed to Cd. Most cortical cells were destroysdwall as many cells of the
endodermis and pericycle. Electron-dense droplet&sewvisible in the space
surrounding the destroyed membranes and nucleil&Biphenomenon was also found
by Seregin & Ivanov (1997) and Doncheva (1998) mh @nd Cu-stressed maize,
respectively. Cd-caused structural changes inapwtes, rhizodermis and cortex were
observed by Lun&kové et al (2003) in cuttings ofSalix alba and Populus
euroamericanareated with Cd. Cd toxic symptoms of root celfsAtlium sativum
were mainly continued to disintegration of cell anglles, disruption of membranes,
withdrawal of plasma membrane from cell wall, amanfation of multivesicular
bodies in the cytoplasm (Liu & Kottke, 2003). THeanges of leaf ultrastructure were
much less apparent probably due to much lower @tect in these organs.

In the present study, organelles associated withintplmetabolism
(mitochondria and chloroplast) were affected by todicity. Chloroplasts were
swollen with an increased number of starch gradisarrangement of thylacoid
membrane, and destruction of chloroplast membr@ristae as well as membrane of
mitochondria were also affecteBaszynskiet al. (1980) also found disorganization of
grana and an increase in the number and size sfoglabuli in Cd-treated tomato
plants. MoreoverEuglena gracilisexposed to Cd showed distortion of chloroplast,
irregularly arranged thylakoids and more plastogloDuretet al, 1986). Ghoshroy
& Nadakavukaren (1990) also observed retardatiochbdroplast development and
severe disruption of grana thylakoids in soybeaediegs grown in Hoagland’s
solution containing Cd. The toxicity of non—essehtnetals such as Cd is, at least in
part, a consequence of interference of these muaiitis homeostatic pathways for
essential metals (Gzwt al, 2009). It is well established that Cd and otheavy
metals may interfere with nutrition balance (Bufahi, 1987; 1988) and hydration of
plants (Pakt al, 2006), thereby resulting in ultrastructural det@tion. The changes
of mitochondrial structures may be induced as alred deficit of biologically active
Fe and other essential elements (Vazaied.,, 1992b;Ciamporova & Mistrik, 1993).

It is suggested that there is a relationship betwiee deficiencies, such as those of
Mg, P, S, K and Ca, in the cytoplasm and ultrastma¢ changes, including
degradation of mitochondrig€{amporova & Mistrik, 1993; Koyro, 1997).
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Heavy metal tolerance in plants is the result dfedént processes which
prevent excess and toxic heavy metal concentratiotise cytoplasm and organelles
(Liu & Kottke, 2003). Subcellular comparmentatiohheeavy metals can reflect the
mechanism that the plants employed to reduce nietetity. Cd transported
apoplastically can be immobilized in cell wall amdintercellular space (Nishizoret
al., 1989) by binding with some extracellular carbdfayes (mucilage, callose)
(Verkleij & Schat, 1990; Wagner, 1993). In bushiihe@d ions were mostly bound by
pectic sites and hystidyl groups of the cell wakia et al, 1996). Cd localization in
maize roots showed that the largest amounts ofntbtal were usually detected in
apoplast including cell walls of the cortex pargymoh, endodermis, pericycle and
sieve tubes, and much smaller amounts were detewtike protoplasts (Khaet al,
1984; Lozano-Rodrigueet al, 1997; Seregin & lvanov, 1997). Also in otherrla
species, apoplast and especially cell wall appedacede the main site of Cd
accumulation in roots, e.g. lrabidopsis halleri(Kipperet al, 2000) or inThlaspi
caerulescengVézquezet al, 1992a). In the present study, Cd was mainiydoin
cell wall as well as intercellular spaces amongpenyma cells in the cortex of the
root tissues. However, Cd deposits were also foundells located close to the
vascular system. There is some reports revealddGtiavas located in cytoplasm,
vacuoles and nuclei of maize roots (Rauser & Aakerl987; Wojcik & Tukiendorf,
2005). Vazqueet al (1992b) showed the presence of Cd in vacuolesnactei of
bean roots. Cd taken into plant cell might be diéexk by binding with phytochelatin
and transported into the vacuoles as non-toxic comg (Zenk, 1996). Phytochelatins
(PCs), small metal binding peptides, are essefarahormal constitutive tolerance to
several non-essential metals, particularly Cd (@eset al, 1999). Cd ions bind
phytochelatins and form stable PC/Cd complexes hvhace transported and
sequestered in the plant vacuoles (Savetreal, 1999). Cd detoxification is achieved
by the accumulation Cd, associated with phytochredatithin the vacuole (Sadit al,
1995). A number of Cd hypersensitixeabidopsismutants appeared to be impaired in
PC synthesis (Howdeet al, 1995; Cobbetet al, 1998). Tomato cell lines selected
for hypertolerance to Cd exhibited enhanced PChegit under Cd exposure (Chen &
Goldsbrough, 1994).



Fac. of Grad. Studies, Mahidol Univ. Ph.D. (Biglg / 167

In the present study, Cd accumulated in plant leaves found in palisade
and spongy mesophyll cells and epidermal. d&lbjcik et al (2005b) conducted an
experiment to localize Cd ifihlaspi caerulescen3hey also revealed the presence of
Cd in vacuoles of mesophyll cells and epidermalsceépecific Cd localization in
mesophyll cells lying on the way of water migratibom vascular cylinder to the
epidermis and stomata distinctly indicates involeemof transpiration in metal
transportation in the leaves (Wdjak al, 2005b). If plants lose the normal function in
transpiration system as a result of Cd toxicitgnp$ cannot transport metals as well as
water to the shoot. Little Cd accumulation in sisamft plants exposed to high Cd level
might be caused not only by the alterations of radrptant metabolism as a result of
improper functions of enzyme caused by Cd ion (Beleset al, 2005) but also the
lack of normal transpiration system resulted froeavese destruction of plant cell
and/or tissues. Plant exposed to high Cd concémgabver a long period of time may

die from acute metal toxicities; hence, it will éoks hyperaccumulating potential.
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6.3 Rhizobacteria screening to find potential strains used to improve

phytor emediation

Microorganisms are ubiquitous in soils to which ésgrcumulators are
native, even in those soils containing high conegians of metals (Schleget al,
1991; Ghaderiaret al, 2000). There are many reports shown that theyhezetal
resistant bacterial strains could be isolated ftbe roots of plants grown on metal
contaminated soils. Belimoet al. (2005) showed that several Cd-tolerant bacterial
strains were isolated from the root zone of Indiaurstard Brassica juncepseedling
grown in Cd supplemented soils as well as sewagggel and mining waste highly
contaminated with Cd. A high proportion of metasistant bacteria persist in the
rhizosphere of the hyperaccumulat@tdaspi caerulescen®elormeet al, 2001) and
Alyssum bertoloni{(Mengoniet al, 2001) orA. murale(Abou-Shanalet al, 2003a)
grown on soil contaminated with Zn and Ni or Nispectively. C¥' resistant plant
growth promoting bacteria (PGPRYseudomonas spPsA4 andBacillus sp Ba32
were isolated from heavy metal contaminated s&&Kumaret al., 2006).

In the present study, 6 bacterial strains wereaatsadl from the rhizosphere
of Chromolaena odoratuntCd hyperaccmulator, grown on Cd/Zn contaminatels.s
They were Chryseobacterium sp.TKS21, Comamonas testosteronTKS07,
Cupriavidus taiwanensisTKS05, Delftia sp. TKS10, Pseudomonas aeruginosa
TKS22, andSerratia marcesensTKS01. Moreover,Citrobacter sp BKSO1 the
representative bacterium from non-polluted area isakted from uncontaminated
soils. Heavy metal tolerant capabilities of theseldted bacteria were studied in
nutrient broth supplemented with various concemnst of Cd and Zn, in order to
ensure the success of inoculation and colonizdijothe isolated bacteria after being
introduced into the metal contaminated soils. Theimmal inhibitory concentrations
(MIC) of all bacterial strains isolated from metaintaminated soils ranged from 100
to >200 and 200 to > 400 mg for Cd and Zn, respectively while that from non-
polluted soils was 40 mg Cd' land 120 mg Zni. C. testosteroniTKS07 andC.
taiwanensisTKS05 had the highest tolerant capability to hematals with the MIC
of >200 mg Cdt and 400 mg Zn. The results of metal resistance in these isolated
bacterial strains were in agreement with thoseasfier researchers. Gachheti al

(1989) isolated 43 Hg resistant bacteria from défife agricultural fields, out of which
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25.5% tolerated up to 271.5 pg Méoncentration of HgGl Malik et al (2002)
isolated bacterial strains from industrial soil amegorted maximum MIC of 100 ug
ml™ for Hg and MIC values up to 2,400 pghibr the other metals (Gt Cd*, zrn*,
Ni%*, PE*, C** and CF"). Ansari & Malik (2007) reported that 40 bacteritains
isolated from heavy metal contaminated soils exéiba maximum MIC of 32 g i
for Hg?*, 200 pg mif for Cd**, 400 pg mif for Zr?* and Ca@*, 800 pg mit for Ni?* and
1600 pg mt for PEF*,

In the present study, isolated bacterial straind thee ability to absorb
heavy metals. Metal biosorption by isolated straarged from 333 — 5,493 and 89 —
1,263 pg ¢ dry mass for Cd and Zn, respectively with the mmaxih biosorption
found inP. aeruginosal KS22. Actually, intact microbial cells, live oedd, and their
products can be highly efficient bioaccumultorsboth soluble and particulate forms
of metals (Lovleyet al, 1993; Niuet al, 1993; Norberg & Persson, 1984; Silver &
Phung, 1996; Silver, 1996). The cell surfaces bfrdtroorganisms are negatively
charged owing to the presence of various aniomigcires. This gives bacteria the
ability to bind metal cations. Various microbialesjes, mainlyPseudomonashave
been shown to be relatively efficient in bioaccuatioin of different heavy metals
from polluted effluents (Husseiet al, 2001; 2005). Husseiet al. (2005) revealed
that Ni and Cd resistant strainsff putidaaccumulated Cd up to 182.37 and 160.17
mg g biomass, respectively when they were grown initigmedium with Cd
concentration of 2 mmoll. They could also accumulate other heavy metalsiiitg
Cr, Cu and Ni.

In the present studyC. testosteroniTKS07, C. taiwanensisTKS05,
Delftia sp TKS10 andP. aeruginosalKS22 had a pronounced effect on increasing
the extractable Cd concentration in autoclaved metmtaminated soils. These
microbial enhancements of Cd solubility in soilsiicbhave potential for improvement
of phytoextraction by plants. Soil microorganisnasé been shown to possess several
methods that are able to alter metal bioavailabilitthe soils (McGratlet al, 2001,
Whiting et al, 2001; Lasat, 2002). Chest al (2005) revealed that the addition of
rhizosphere bacteria to the autoclaved soils cdibase the availability of Cu in the
soils and Cu accumulation bllsholtzia splendensAbou-Shanabet al (2003b)

reported that concentration of extractable Ni wasdased from a high Ni soil of 2.2 to
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2.6 mg kg when the soil was inoculated witticrobacterium arabinogalactanolyticum
AY509224. The presence of rhizosphere bacteriaeasad concentrations of Zn
(Whiting et al, 2001), Ni (Abou-Shanaét al, 2003b) and Se (de-Souetal, 1999)
in T. caerulescen®\. muraleandB. juncearespectively.

The exact mechanisms by which PGPR promote plamttgrare not fully
understood, but are thought to include (i) the igbito produce or change the
concentration of phytohormones like IAA, gibberellcid, cytokinins and ethylene
(Arshad & Frankenberger, 1993; Glick, 1995), (igynbiotic N fixation (Boddey &
Dobereiner, 1995), (iii) antagonism against phytbpgenic microorganisms by
production of siderophores (Scher & Baker, 1988jibéotics (Shanahaat al, 1992)
and cyanide (Flaishmaet al, 1996), (iv) solubilization of mineral phosphatmsd
other nutrients (De Freitag al, 1997; Gaur, 1990). In this study, all isolatedtterial
strains were studied on their plant growth pronwmpproperties (PGPs) including, 1AA
and siderophore production, phosphate solubilipatio

All isolated bacterial strains which can producelAight be beneficial
for phytoremediation by promoting growth of plasteessed by heavy metals. Fassler
et al (2010) reported that IAA can alleviate toxic et of Pb and Zn on plant
growth. Growth of metal-stressed plants was effegfiincreased with I8 M IAA,
and also the extraction of both metals was sigauifily increased. Dell’ Amicet al
(2008) showed th&@seudomonas fluoresceA€C9 andP. tolaasiiACC23 with IAA
and siderophore production and ACCD activity cquidmote the growth dBrassica
napusgrown on either Cd contaminated or non-contamahatgls. In addition 1AA
productions by these two bacterial strains werearokd in the presence of Cd
Some IAA producing strains dfseudomonas putidaanthomonas maltophiliand
Bacillus cereuscould promote symbiotic germination of orchilerostylis vittata
(Wilkinson et al, 1994). Low levels of IAA produceth situ within tissue were
sufficient for the growth responses of the coloditissue (Wilkinsoret al, 1994).
IAA produced by bacteria promotes root growth byedily stimulating plant cell
elongation of cell division (Glicket al, 1998). All isolated bacterial strains could
produce IAA in the presence of tryptophan confirgnthat they used tryptophan as a
precursor for IAA production (Yangt al, 2007). Benget al (2001) reported that the
production of indole compounds IBaenibacillus polymyx&6, P. polymyxaPW-2,
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and Pseudomonas fluorescend20 increased in concentration with increasing
concentrations of tryptophan (0200 mg*mlAsgharet al (2002) also showed that
PGPR stains produced 24.6 pug'ndf auxins in the presence of L-tryptophan in
medium, which was 184-fold more than that withoyptophan.

Chryseobacterium spTKS21, Delftia sp TKS10, P. aeruginosalKS22
andS. marcescensKS01 were found to be siderophore producer. Waese possibly
used to enhance phytoremediation. Siderophore ptimths by bacteria possibly affect
bioavailability of heavy metals and they can algodtimulated by the presence of
metals (van der Leliet al, 1999). Siderophore productions By fluorescen®A\CC9
and P. tolaasii ACC23 were increased under Cd-stress (DelllAmatoal, 2008).
Siderophore production i\zobacter vinelandiwas increased in the presence of
Zn(ll) (Huyer & Page, 1988). Abou-shanabal (2006) confirmed that rhizobacteria
could facilitate the release of Ni from the nonedxdé phases in soil, thus enhancing
Ni availability to A. murale through acid, siderophore production and phosphate
solubilization. The use of phosphate solubilizirgteria as inoculants simultaneously
increases P uptake by the plant and crop yiRkizobium leguminosarunvith P-
solubilization ability significantly increases tleconcentration and improves growth
in maize and lettuce (Chabet al, 1996). A strain oPseudomonas putidgiimulated
plant growth and increasedP-labeled phosphate uptake in canola (Lifskitzal,
1987). In the present study. aeruginosaTKS22, S. marcescend KS01 and
Citrobacter sp BKSO1 could solubilize phosphate. Moreover, TKS##ti BKS01
reduced the pH of the culture media from neutraldidlic. The decrease in pH clearly
indicates the production of acids, which is consdeto be responsible for P
solubilization (Rodriauez & Fraga, 1999; Cunningh&mKuiack, 1992; Bano &
Mussarat, 2003).

All isolated bacterial strains with some beneficmbperties including
metal tolerance and solubilization, IAA and siddrope production and phosphate
solubilization may be useful for improving phytoredmation of Cd contaminated soil.
However, the exact mechanisms by which the rhizigh@cpromote plant growth and
enhance metal uptake were not clearly understdadt Poculations by these isolated
bacterial strains are necessary to confirm the npiate of these bacteria for

improvement of phytoremediation.
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6.4 Bioinoculation of plant by PGPR to enhance metal uptake and

promote plant growth

The use of plant growth promoting rhizobacteria PR} in
phytoremediation is now being considered becausBPRP@Got only promote plant
growth on contaminated sites but also enhance nuptake by plants (Khan, 2005;
Yan-de et al, 2007). Whitinget al (2001) found that the addition of a mixed
inoculum of Microbacterium saperdaePseudomonas monteiliand Enterobacer
cancerogene$o surface sterilized seeds Tflaspi caerulescengrown in autoclaved
soils increased Zn concentration in shoots 2—foldgared with uninoculated control;
the total accumulation of Zn was enhanced 4—fotdetsal (2003) demonstrated that
bacterial strains resistant to €uNi**, and ZA* were isolated from water hyacinths
(Eichhornia crassipas and the inoculation of some strains could inseethe C&'
removal capacity of the plant. Xiongt al (2008) also showed that rhizospheric
bacteria not only protected the hydroponically gna8edum alfrediiagainst heavy
metals (Pb, Zn, Cu and Cd), but also enhanced mptake by the plant.

In the present study,Chryseobacterium sp TKS21, Comamonas
testosteroni TKS07, Cupriavidus taiwanensisTKS05 and Delftia sp. TKS10,
Pseudomonas aeruginodaKS22, Serratia marcescen$KS01, andCitrobacter sp
BKSO01 could colonize the roots éfelianthus annuusSuccessful colonization and
persistence in the plant rhizosphere are requioed®GPR to exert their beneficial
effect on plants (Elliot & Lynch, 1984). Rhizosplemlonization is considered to be a
crucial step in the application of microorganisnes beneficial purposes such as
biofertilizer, phytostimulation, biocontrol and pbyemediation (Lugtenbergt al
2002). Root colonization, which is a complex process, mglar the influence of
various parameters such as bacterial traits, reotlaes, biotic and abiotic factors
(Benizriet al, 2001).

Chryseobacterium spTKS21, C. testosteroniTKS07, C. taiwanensis
TKSO05 andDelftia sp. TKS10 could promote the growth Bf annuusseedlings
grown on media in culture bottles. The shoot andt Hength of plant seedlings
inoculated by these strains were significantly @ased compared with non-inoculated
plants. Plant growth promotion might be caused A produced by the selected
bacterial strains since TKS21, TKS07, TKS05 and I&Svere found to produce
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IAA. The growth promoting phytohormone, 1AA, is kno to induce root growth by
enhancing cell division, cell extension and indgdiateral root growth (Fasslet al,
2010). Rhizosphere bacteria, such as some straidsemdomonaandAcinetobacter
were found to produce IAA and thereby stimulatet relmngation and lateral root
production (Lippmanret al, 1995). Inoculation of seedling hypocotyls andtsoof
canola, wheat, tomato and sunflower withotobater paspakltered plant growth and
development and significantly increased shoot aad weight and root surface area
(Abbas & Okon, 1993). Plant growth promotion effeatere hypothetically resulted
from production of phytohormone (auxins, cytokinmsgibberellins) synthesized by
colonizing bacterial cells or by a response of planbacterial elicitors of hormonal
metabolism in the inoculated plant (Abbas & Oko®93).

Nevertheless, growth ofH. annuus inoculated with Pseudomonas
aeruginosaTKS22, Serratia marcescen§KS01 andCitrobacter sp. BKS01 was
inhibited although these bacteria could also predl&A. The inhibition of plant
growth might be resulted from not only bacteridéttion to plant roots (Walkest al,
2004) but also toxic compounds produced by badtaraculants (Wilkinsonet al,
1994). Walkeret al (2004) reported th&®seudomonas aerugino$8AO1 and PA14
could infect the roots oArabidopsisand sweet basil (Bait al, 2002). Boltoret al
(1990) also showed that some pseudomonas produtim which specifically
inhibits wheat Triticum aestivurproot growth. Wilkinsoret al (1994) have revealed
that symbiotic germination dPterostylis vittatainhibited by IAA producing bacteria
was possibly resulted from other growth regulatorsoxins in culture which may be
deleterious to mycorrhizal synthesis. Gibberellmgokinins and IAA have often been
detected simultaneously in the culture fractionsnahy bacterial genera (Baregal,
1976; Cacciaret al, 1989; Tieret al, 1979). Similarly, soil bacteria are also known
to be capable of producing substances toxic totgeswth (Alstrom & Gerhardson,
1989; Fredricksoet al., 1987).

The use of plants for phytoextraction of heavy riseteom contaminated
soil is limited by the ability of the plants to gvaon these soils and take up the target
metals, as well as by the availability of the mefak plant uptake in the soil solution
(Fasslert al, 2010). There are many reports shown that treoblaicterial inoculation

could protect the plants from metal toxicity as v promote plant growth and also
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enhance metal uptake by plants. Inoculation ofdndnustard and canolBrassica
campestriy seeds with the PGPR straifluyvera ascorbatasSUD165 protected the
plant against Ni toxicity (Burét al, 1998). Belimowet al (2001) revealed that metal
resistant PGPR stimulate the growthBofnapuscultivated in Cd contaminated soil.
Metal resistant strain8zotobacter chroococcutKN-5, Bacillus megateriunHKP-

1, B. mucilaginosudHKK-1 were found to increase growth Bf junceaand altered
metal bioavailability in soil (Wt al, 2006). In the present studyhryseobacterium
sp. TKS21,C. testosteronTKS07,C. taiwanensiSKS05 andDelftia sp TKS10 were
selected to inoculatd. annuusseedlings grown on sterile heavy metal contaneidat
soils in laboratory and non-sterile soils in theegthouse. Obviously, all selected
bacterial strains could increase growth of the tslagrown on non-sterile metal
contaminated soils in the greenhouse while TKS2d 8KS07 also promoted the
growth of plants grown on sterile soils. It waselik that bacterial inoculation and
environmental factors together influence growthtted metal stressed plants. Plant
growth promotion may be resulted from IAA produaticAbbass & Okon (1993)
suggested that IAA and other plant hormones wesgamsible for increased growth of
canola, tomatol{ycopersicon esculentuiill.), and wheat Triticum turgidumL.) in
non-sterile soil inoculated witAzotobacter paspalilAA produced by rhizobacteria
can influence plant growth, including root develgmwhich improves the uptake of
essential nutrients thus increasing plant growtikrém, 2007). In particular 1AA
increased root and sometimes also shoot growthaatpthat were stressed by salinity
or heavy metals (Chaudhry & Rasheed, 2003; Shengia& 2006; Egamberdieva,
2009). Leinhos & Bergmann (1995) suggested thagemxously applied IAA may
serve in mediating morphological reactions of pdamh response to stresses,
particularly by increasing root growth. Fass¢al (2010) showed that the addition of
IAA (10™° M) to nutrient solution can alleviate Zn and Phess$ in sunflowers by
promoting root growth.

Soil condition can influence plant growth promotidsy inoculated
bacteria. Gholamet al. (2009) showed that inoculation wiBlseudomona putid&-
168 and DSM 291P. fluorescendR-93 and DSM50090 andizospirillium lipoferum
DSM1691 had more stimulating effect on maize growwthon—sterile soil than sterile

soil. It is likely that rhizobacteria, exerting théeneficial effects on plants, had more
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competitive ability to survive and affect the grbwof inoculated plants in the
presence of indigenous microflora (Khaétial, 2004). On the other hand, Roestti
al. (2006) suggested that inoculums of the PGPRnstiam the seeds may have shifted
the bacterial community equilibrium and favored dgoowth of beneficial population.

In the present stud¥;hryseobacterium sgKS21,C. testosteroni KS07,

C. taiwanensisTKS05 andDelftia sp TKS10 could enhance Cd accumulation in the
shoots ofH. annuus seedlings grown on nesterile soils while TKS07 and TKS05
also increased Cd accumulation in the shoots oplluets grown on sterile soils. The
enhancement of Cd accumulation might be mainlylredurom metal solubilizing
activity by inoculated bacteria since TKS07, TKS0% TKS10 were found to be Cd
solubilizer. Chryseobacteriumsp. TKS21, siderophore producer but not Cd
solubilizer, could also enhance Cd accumulatiomilght increase metal uptake of
plant through siderophore production. \Bual. (2006) showed that the higher DTPA
extractable Cd and Cu induced by bacterial ino@natesulted in a correspondingly
higher Cu and Cd concentration in both shoots antsrofB. juncea suggesting that
the bioavailability of these two metals was incezhghrough bacterial metabolic
activities or their interactions with the plantaotulation with PGPR may facilitate
plant growth and thus increase phytoremediationicieficy. Enhancing metal
accumulation in high yielding crop plants withoutmdhishing their yield is
fundamental to successful phytoextraction (Blayletkl, 1997).

The efficiency of revegetation and phytoremediatioin heavy metal
contaminated sites is closely related to the pmesesi higher proportions of metal
resistant microbial populations in the soil, whidtely conferred a better nutritional
assimilation and protection effect on plants (Daaimn1985). These beneficial effects
indicate that microbial inoculation might have sopa¢ential in aiding plant growth in
the revegation of mine tailing pools or other heawetal contaminated sites
(Doelman, 1985; Wet al, 2006). In the present studyhryseobacterium sgKS21,

C. testosteroniTKS07, C. taiwanensisTKS05 andDelftia sp TKS10 might be
eventually applied in the development of Cd phytmeotion. All of them could not
only promote growth of metadtressed plants but also enhance metal accumulattion
the plants grown on metal contaminated soils. Algiothese PGPR are able to

survive and colonize plant rhizosphere, the inttsadetween associative PGPR and
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plants can be unstable. The results obtaimeditro cannot always be dependably
reproduced under field conditions (Chanway & HA893; Zhendeet al, 1999). The

variability in the performance of PGPR may be duedrious environmental factors
that may affect the growth of PGPR or plant. Theiemmental factors are, for
example, climate, weather conditions, soil chargsties or the composition or

activity of indigenous microbial flora of the s@iloseptet al, 2007).
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CHAPTER VII
CONCLUSIONS

In the field survey, Chromolaena odoratum, Gynura pseudochina,
Impatiens violaeflora andJusticia procumbens were considered as Cd hyperaccumulator
andJusticia procumbens was also considered a Zn hyperaccumulator be¢haganet
required hyperaccumulation criteria which are hggtal concentrations in their shoots,
translocation and bioaccumulation factor more tHarC. odoratum was the best
candidate for phytoextraction because it accumdilate only high metal concentration
but also retained many favorable characteristigsitse for phytoextraction including
high biomass production, good distribution, profuset system and upright shoot
making easy to harvest.

In hydroponic experiment, Cd accumulation @. odoratum was
proportionally increased with increased Cd conegiatns in media while plant growth
was gradually reduced. The plants accumulated 866 870 mg Cd kKDW in shoots
and roots, respectively without showing any toyigymptoms. Phytotoxicities were
noticed in plants exposed to high Cd level. Themrewbrowning of roots, root
fragmentation, chlorosis of leaves and red spot&ins and petioles. Tissue damages
and organelle deformities were also observed. NMasénchyma cells in the cortex,
endodermis, and vascular system of roots were alesir Chloroplasts in leaf
mesophyll cells were swollen, increased numbertaifch grains, disarrangement of
thylakoid membrane, and destruction of chloropfagsinbrane. Cristae and membrane
of mitochondria were also affected. These degradativere possibly resulted from
the interference of Cd with homeostatic pathwayefssential metals.

Localization of heavy metals would reflect mechargsby which the
plants reduce metal toxicity. I odoratum's roots, Cd was mainly found in cell wall,
intercellular space and in cells close to vascsyatem indicating that Cd transported
apoplastically can be immobilized in cell wall aimtiercellular space while Cd taken

into plant cells will be bound to phytochelatin ammansported into vacuole. In plant
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leaves, Cd was found in mesophyll cells lying oa ttay of water migration from
vascular cylinder to the epidermis indicating inmehent of transpiration in metal
transportation in leaves.

Chryseobacterium sp. TKS21, Comamonas testosteroni TKSO07,
Cupriavidus taiwanensis TKS05,Delftia sp. TKS10,Pseudomonas aeruginosa TKS22
and Serrtia marcescens TKSO1 were isolated from the rhizosphereQfodoratum
grown on heavy metal contaminated sogrobacter sp. BKS01, the representative
bacterium from non-polluted area was isolated froroontaminated soil. All bacterial
strains could tolerate Cd and Zn. Their MIC ranfedn 40 to >200 and 120 to >400
mg I'* for Cd and Zn, respectively. Bacterial straindased from contaminated soil
could be tolerant to heavy metals more than tharsisolated from uncontaminated
soil. Metal biosorptions by the isolated bactesimhins ranged from 333 — 5,493 and
89 — 1,263 pg g dry mass for Cd and Zn, respectively. Normallyl] sarface of
bacteria is negatively charged owing to the presefiwarious anionic structures. This
gives bacteria the ability to bind metal cationtieTproperties of isolated bacteria
possibly enhance phytoremediation including IAA asiderophore production, and
solubilization of phosphate and heavy metals wevestigated. The bacterial strains
with some beneficial properties might have a paaéid be used in phytoremediation.

Successful colonization in the plant rhizosphereraquired for plant
growth promoting rhizobacteria (PGPR) to exert rtHegneficial effects on plants.
Chryseobacterium sp. TKS21,C. testosteroni TKS07, C. taiwanensis TKS05, Delftia
sp. TKS10,P. aeruginosa TKS22,S marcescens TKS01, andCitrobacter sp. BKS01
could colonize the roots dfielianthus annuus grown in culture bottles. Moreover,
TKS21, TKS07, TKS05, TKS10 could promote plant gitowPlant growth promotion
may be resulted from IAA synthesized by colonizbagteria or by a response of the
plant to bacterial elicitors of hormonal metaboligmthe inoculated plants. TKS21,
TKS07, TKS05 and TKS10 not only promoted the growtit also enhanced Cd
accumulation in the shoots bf. annuus’ seedlings grown on non-sterile soils in the
greenhouse. Cd accumulation enhanced by bactedaulants was possibly resulted
from metal solubilizing activity by the bacterianfi&ancing metal accumulation in high
yielding crop plants without diminishing their yielis fundamental to successful

phytoextraction.
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