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ABSTRACT

Pseudomonas aeruginosa PDMZnCd 2003 is a plant growth-promoting
and Zn and Cd tolerant bacteria. This bacterial strain produced siderophores in
nutrient broth (NB) (control) and NB separately containing with Zn, Cd, and Zn plus
Cd. The siderophores were produced along with its bacterial growth curves.
UV/visible scanning spectrophotometer of the supernatants in a range of 200-800 nm
indicated that pyochelin was in control and all metals treatments, whereas pyoverdine
was in the Cd and Zn plus Cd treatments. Siderophores from the medium supernatants
(pH-8) and the supernatants adjusted pH to 2 (pH-2) were extracted by partition
solvent extraction with ethyl acetate and n-butanol. Thin layer chromatographic
(TLC) patterns showed pyochelin, pyoverdine and pseudomonine containing in the
crude extracts. Pyochelin, pyoverdine chromophore, pyocyanin and pyridine-2,6-
dithiocarboxylic acid (PDTC) were identified by liquid chromatography couple with
mass spectrometry (LC-MS). S K-edge XANES spectra of pH-2 and pH-8 crude
extracts determined by X-ray absorption fine structure (XAFS) and sulfur peak fitting
indicated that multi-oxidation state of sulfur in reduced form were in the crude
siderophore extracts. Fourier transform infrared (FTIR) spectroscopy and the principle
component analysis showed the difference in functional groups of oxygen (O) and
sulfur (S) between pH-2 and pH-8 crude extracts. Zn K-edge XANES spectra and Cd
K-edge XANES spectra analyzed with linear combination fit (LCF) indicated to their
oxidation state +2, and the pH adjustment from 8 to 2 decreased the amount of Zn and
Cd in the pH-2 crude extracts. Zn K-edge EXAFS and Cd K-edge EXAFS spectra
indicate to O/S coordination bonding with Zn and Cd in the pH-8 crude extracts. This
research clearly showed that Zn and Cd induced P. aeruginosa PDMZnCd2003 to
produce more than one type of siderophaores. In which, Cd induced the bacterium to
produce pyoverdine for relieving the Cd toxicity.

A pot experiment was carried out by growing marigold (Tagetes electa L.)
in a Zn/Cd contaminated soil and each plant groups were separately treated with
ethylenediaminetetraacetic acid (EDTA), citric acid and crude siderophore. The
results showed that the providing of EDTA, citric acid and the crude siderophore
improved the growth of marigold in the Zn/Cd contaminated soil. Especially,



siderophore enhanced the chlorophyll content in the plants’ leaves. The EDTA
increased solubility of Zn and Cd in the soil and supported Zn and Cd accumulation in
shoot parts. However, citric acid and siderophore were not improved the Zn and Cd
accumulation. Therefore, the unclear effect of the crude siderophore extracts on the
Zn and Cd accumulations should be studied further.
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CHAPTER 1

INTRODUCTION

1.1 Background

Gynura pseudochina (L.) DC., a Zn/Cd hyperaccumulative plant, was found
in a Zn mining area of Padang Industry, Mae Sot, Tak province, Thailand. This
perennial plant was reported on tolerance and accumulation of a high Zn and Cd
concentration (Phaenark et al. 2009; Nakbanpote et al. 2010; Panitlertumpai et al.
2013). Rhizospheric bacteria can enhance the uptake and accumulation of heavy
metals in phytoremediation processes (Rajkumar et al. 2012). Pseudomonas
aeruginosa PDMZnCd2003 was isolated from the rhizospheric soil of G. pseudochina
growing in the zinc mine. This bacterial isolate tolerated to Zn and Cd, and it had
plant growth-promoting abilities of indole-3-acetic acid (IAA) production, nitrogen
fixation and phosphate solubilization even under the metals stress (Meesungnoen et
al. 2009). In addition, Zn and/or Cd in nutrient broth induced P. aeruginosa
PDMZnCd2003 to secrete parrot and yellow-green chemicals, which probably
indicated to some siderophores (Meesungnoen et al. 2012). Siderophores are a group
of naturally chelating agent produced by microorganism to chelate iron (Fe) and other
metals. In which, Pseudomonas species normally produce pyoverdines, yellow-green
siderophores (Cornelis and Matthijs 2007; Meyer 2007).

Effects of various heavy metals on bacterial siderophore production have
been studied. The siderophore production of Bacillus amyloliquefaciens NAR38.1
was increased when cultured in glucose mineral salts medium without Fe and under
heavy metals stress of Zn,.cobalt (Co), molybdenum (Mo) and manganese (Mn).
However, the abiotic stress from.Cd, copper (Cu), arsenic (As), lead (Pb) and
aluminum (Al) affected to decrease siderophore production (Gaonkar and Bhosle
2013). Uranium (U) induced siderophore production in marine cyanobacteria
Synechococcus elongatus BDU 130911 even in Fe minus U dosed [Fe(-)U(+)]
medium (Rashmi et al. 2013). An addition of Pb induced siderophore production of a



Pb resistant P. aeruginosa 4EA, but a high Pb treatment significantly declined in its
siderophore production (Naik and Dubey 2011). However, a significant negative
correlation was observed between the amount of siderophores produced by bacteria
isolated from heavy metal contaminated soil and the amount of heavy metal (Hussein
and Joo 2014).

Some analytical techniques used for studying and characterizing
siderophores are UV-Vis spectroscopy, thin layer chromatography (TLC), Fourier
transform infrared spectroscopy (FTIR), high-performance liquid chromatography
(HPLC) and liquid chromatography-mass spectrometry (LC-MS). Siderophores of
Arthrobacter luteolus were characterized as enterobactin in catecholate type by HPLC
analysis, UV-Vis spectra and FTIR peaks (Emmanuel et al. 2012). Pyocyanin,
pyochellin and 1-hydroxy-phenazine were detected by LC-MS/MS in the P.
aeruginosa BRp3’s crude siderophore extracts (Yasmin et al. 2017). Rhizobium
leguminosarum’s siderophores were trihydroxamates, because supernatant of the
bacterial culture was turned to orange color by ferric perchlorate reagent, and UV-Vis
spectrum of the supernatant showed a broad spectral peak with a £max at 450 nm
(Carson et al. 2000). Using various spectroscopic methods of UV-Vis spectroscopy,
extended X-ray absorption fine structure (EXAFS) and electron paramagnetic
resonance (EPR) could solved the stoichiometry and coordination of the Fe (111)
complexes of pyochelin, these results were consistent with the role of pyochelin in the
uptake of Fe by FptA receptor protein in the outer membrane of P. aeruginosa (Tseng
et al. 2006). The complexation properties of azotochelin with a series of oxoanions
Mo (VI), W (VI) and V (V) and divalent cations Cu(lIl), Zn(lI), Co(ll) and Mn(11)
were investigated by potentiometry, UV-Vis spectroscopy and X-ray absorption fine
structure (XAFS) (Bellenger et al. 2007). A systematic density functional theory study
supported by EXAFS and the infrared spectroscopic data were conducted to explain
the structure and vibrational spectra of aqueous desferrioxamine B (DFOB) metal
complexes vary with transition metal-ions (Kruft et al. 2013).

Metal availability and mobility of metals in soil are important keys to
improve uptake and accumulation of the metal in plants (Bhargava et al. 2012; Bolan
et al. 2014). The efficiency of these plants can be increased by adding chelating
agents. Application of ethylenediaminetetraacetic acid (EDTA), a synthetic chelator,



affected to increase bioconcentration factor (BCF) and translocation factor (TF) of Cd
in marigold (Tagetes patula) and impatiens (Impatiens walleriana) (Wei et al. 2012).
Comparison in the ability of citric acid (CA), oxalic acid (OA), nitrilotriacetic acid
(NTA) and EDTA showed that CA>EDTA>0OA>NTA for phytoremediation of U
tailings by Indian mustard (Brassica juncea (L.) (Jagetiya and Sharma 2013).
Nevertheless, synthetic chelators, especially EDTA, are barely degraded in
environments and the remains can be leached to ground water (Sun et al. 2001; Wu et
al. 2004; Zhang et al. 2010). In addition, the synthetic chelators have negative effects
or toxicity on plants and microorganisms (Krujatz et al. 2012). As naturally occurring
chelating agents for iron, siderophores impacted to mineral dissolution and mobility
(Bau et al. 2013; Voinot et al. 2013), enhanced iron uptake and prevented pathogens
damage in plants (Miethke and Marahiel 2007). Their chelation made the abiotic
metals such as AI**, Cd?*, Cu?* and Ni?* hardly able to inhibit the synthesis of auxins,
then the potential effects of auxins increased the plant growth-promoting and enhance
the phytoremediation (Dimkpa et al. 2008). In addition, siderophores can promote
phytoextraction (Rajkumar et al. 2010). Siderophores such as desferrioxamine B
(DFOB), pyoverdine, pyochelin supplied Fe and other metals to plants (Yehuda et al.
2012; Nagata et al. 2013; Radzki et al. 2013).

The applications of siderophores in phytoremediation have been investigated
over the synthetic chelators. Siderophores reduced toxic Cd uptake in Streptomyces
tendae F4 whereas increased Cd uptake in sunflower (Helianthus annuus) (Dimkpa et
al. 2009a). DFOB enhanced Cd accumulation in Thlaspi caerulescens (Karimzadeh et
al. 2012). Plutonium (Pu)-DFOB complex was greater uptake 2-4 times than Pu-
diethylenetriaminepentaacetic acid (DTPA) in Zea mays L. (Thompson et al. 2012).
The coordination properties of pyoverdin (Pvd), produced by P. aeruginosa towards
Cd(11) and Cu(ll) indicated that stability constant of Pvd-Cu complex was much
higher than that of Pvd-Cd; therefore, pyoverdine enhanced the mobility,
phytoavailability and phytoextraction of Cu in tomato (Lycopersicon esculentum cv.
St Pierre) and barley (Hordeum vulgare cv. Pasadena) (Cornu et al. 2014). Marigold
is a suitable economical ornamental plants for phytoremediation in Thailand, because
of a high demand of the cut flower (Chintakovid et al. 2008; Nakbanpote et al. 2016).

Marigold had potential to remediate many toxic metals, especially Cd (Lal et al. 2008;



Liu et al. 20114, b). Although there are many application of marigold in
phytoremediation, effects of siderophores on mobility of heavy metal metals in soil
and uptake of the metals in marigold have not been reported.

Therefore, this research aimed to study the productive siderophores of P.
aeru-ginosa PDMZnCd2003 under Zn, Cd, and Zn plus Cd contaminated in nutrient
broth (NB). Siderophore production under Zn and/or Cd treatments is quantitatively
analyzed by Chrome Azurol Sulfonate (CAS) assay, and characterized by UV-Vis
spectroscopy, FTIR, XAFS and LC-MS. Furthermore, the applications of crude
siderophores on Zn and Cd accumulation were investigated by using marigold (T.

erecta) as a model plant for pot experiments.

1.2 Objectives

1.2.1 Study the effect of Zn, Cd and Zn plus Cd on siderophores production
of P. aeruginosa PDMZnCd2003.

1.2.2 Characterize the P. aeruginosa PDMZnCd2003 siderophores produced
under Zn, Cd and Zn plus Cd treatments, by UV-Vis spectrophotometry, FTIR, XAFS
and LC-MS.

1.2.3 Investigate the applications of P. aeruginosa PDMZnCd2003
siderophores on Zn and Cd accumulations in marigold.

1.3 Advantages of this study

1.3.1 The data obtained could explain the siderophores production from P.
aeruginosa PDMZnCd2003 under the abiotic stress of Zn and/or Cd.

1.3.2 Bacterial cultivation, siderophore extraction and many analytical
techniques used in this research.could be applied to study siderophore production by
other bacteria under other metals stress.

1.3.3 Application of crude siderophores from P. pseudomonas, which is both
a plant growth promoting bacterium and a probable pathogenic bacterium, could be

another way of microbial application in a phytoremediation process.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction

Heavy metal pollution is the one of main worldwide problems that affect the
human quality and environments. Beginning of pollution is industrialization,
civilization, human activities, destroyed and utilized natural resources. The worst
effects of environmental pollution have been ameliorated. Several approaches have
been developed to resolve the problem. The recent concept of remediation is a
sustainable technology to cover of commercial, social and environment factors (de-
Bashan et al. 2012). Using green materials or living organism including plants, algae
and microorganism have been interested to restore the contaminated area. The overall
processes are called bioremediation. Phytoremediation is a technical term of using
plants associated with microorganism (Figure 1). Advantages of phytoremediation are
low cost, flexible and supplementary method for engineering-based remediation
methods (Pilon-Smits 2005). To successful of phytoremediation, bacteria and fungi in
rhizosphere release various metabolites and enzymes to mobilize/immobilize the
metal leading to improve metal uptake and accumulation or plant growth. The
microbial processes in the rhizosphere are rhizoremediation.

The common definition of rhizosphere is the surrounding root surface or
cover the extended root or the soil tightly compact with the root. This area is
influenced proportionally by plant root (root exudates), and there are still living
activities and interaction between plant root and other organisms such as microbes
and microfuana (nematodes and protozoa etc.). The complexed relationships between
plants and rhizospheric organisms have been studied including microbial community,
root exudates, microfauna and nutrient cycling (Hawkes et al. 2007; Standing and
Killham 2007).

Microorganism such as fungi, mycorrhiza and bacteria is respected to

enhance phytoremediation with the prompting plant growth and biocontrol ability.



Plant growth-promoting bacteria (PGPB) have been widely studied and applied. They
have many advantages including grow fast, broad utilize of substrates, and produce
benefit secondary metabolites (Tilston et al. 2010). Siderophores is a metabolites of
microorganism that secreted to scavenge iron or essential elements for their growth.
These compound impact phytoremediation by enhance heavy metal uptake to plants.
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Figure 1 Importance of soil-plant-microbial interactions in bioremediation for the
cleanup of metals and organics.



2.2 Zinc and Cadmium

Heavy metal is defined base on the density as 3.5-7 g cm™ (Duffus 2002).
However, the heavy metal definition is quite meaningless on physical property in
plants and other living organisms. The metals are available to them in solution or to
react with other elements or form compounds/complexes and can be solubilized, do
not deal with metal state (valence state of 0). Even if chemical compound such as salt
is formed, the metal density does not play any role (Appenroth 2010). Some heavy
metals including (Fe), zinc (Zn), copper (Cu), manganese (Mn), and cobalt (Co)
Cadmium (Cd), lead (Pb), and mercury (Hg) are essential heavy metals in organism
(Nakbanpote et al. 2016). Heavy metals are not degraded biologically in soil. It occurs
as free metal ions, exchangeable metal ions, soluble metal complexes (sequestered to
ligands), organically bound, precipitated, or insoluble compounds such as oxides,
carbonates, and hydroxides; or they may form silicate (indigenous soil content)
(Kabata-Pendias and Pendias 2001).

2.2.1 Zinc (Zn)

Zn is the first element in group 12 in the periodic table. It has atomic
number 30, atomic mass 65.39 (atomic mass unit, amu), melting point 419.58°C,
boiling point 907.00°C and classified to be transition metal. Zn has the density 7.133
g cm™ at 293 K and hexagonal in crystal structure. The common oxidation state is +2.
Leakage of Zn to environment causes by the processes of Zn mining, smelter slag,
chemical fertilizers, etc.

Zn is an essential element for biological metabolism. It involves in
enzyme reactions, transcription factors of gene expression and zinc finger protein in
the interaction of DNA structure and other protein. Many proteins consist of Zn as co-
factor and co-activating function because it is stable in biological medium. Zn across
cell membrane through specific Zn-protein channel (Tapiero and Tew 2003).

2.2.2 Cadmium (Cd)

Cd is an element in group 12 of periodic table. However, it is not
categorized as a transition metal, because no electron is filled in d or f electron shell.

It has atomic number 48, atomic mass 112.411 amu, density 8.7 g cm, melting point



321 °C, boiling point 767 °C, oxidation state +2 (+1 in mildly basic oxide), and
hexagonal close-packed crystal structure.

Cadmium has been no reported the advantages in living organism,
however, marine diatoms Thalassiosira weissflogii was found cadmium-containing
carbonic anhydrase enzymes (Lane et al. 2005). Cd is released by mining, metallurgy
industry, manufactures of batteries, pigments and phosphate fertilizer. Cd are affected
cell reproduction, differentiation, cause apoptosis and lead to cancer in prostate, lung
and testes. Itai-Itai is well-known of Cd toxicity and developing to disease in Japan.
Cd ions can induce ROS production and DNA damage. In addition, Cd can compete
with other essential ions to interact with protein, enzymes or any molecules in
metabolism processes especially Zn, Ca and Fe (Bertin and Averbeck 2006; Nordberg
2009).

2.3 Phytoremediation of heavy metal contamination

Heavy metals cannot degrade unlike other contaminants such as organic
compounds or pesticides. Metals in soil are in form of free metal ions or soluble metal
complexes, adsorbed on surface of soil particles, bound to soil organic matter such as
humus, formed to oxide, hydroxide or carbonate compound and precipitation, and
embedded in ore structure. Only free metal ions and metal absorbed on soil particle
surface can be bioavailability (Colombo et al. 2014).

Phytoremediation is the use of plant to clean up the pollutants by physiology
and metabolism of plants occurring against toxic pollutant to survive under stress
environments (Ghosh and Singh 2005; Pilon-Smits 2005; Kramer 2005). Plants which
growing in contaminated area develop several mechanisms for survival in metal
toxicity including preventing metal uptake or accumulation inside. Plant which can
accumulate a high metal concentration in its biomass called hyperaccumulator. Wild-
type hyperaccumulators usually have low rate of metal uptake. The slow growth of
hyperaccumulators and limitation of metal solubility in soil are problems in this
approach. Artificial or genetically engineering hyperaccumulator have been
developed for commercial proposes or more effectiveness. Another strategy to
improve metal uptake to plant roots have been studied and found including beneficial



microorganism that enhance metal uptake and metal bioavailability (Atlas and Philp
2005).

2.4 Microbial-assisted phytoextraction

There are few researches in field experiments of soil-plant-microbes relation-
ship. Information of the interaction between microbes and plant, the metal chemistry
processes and bioaugmentation in filed experiments is required before application
(Lebeau et al. 2008; Ma et al. 2011; Rajkumar et al. 2012). The general information of
microbial-assisted phytoremediation divided into plant growth-promoting bacteria
(PGPB) and siderophore-producing bacteria (SPB) (Rajkumar et al. 2010).

2.4.1 Plant growth-promoting bacteria (PGPB)

Microorganisms play a key role in natural and artificial ecosystem. Plant
growth-promoting bacteria (PGPB) are beneficial bacteria containing plant growth
promoting abilities (Figure 2(a)). PGPB synthesize phytohormones such as indole-3-
acetic acid (IAA) by using tryptophan obtained from plant. IAA activate plant cell
elongation and proliferation. It is a signaling molecule for bacterial colonization in
plant. IAA functions are contrast with ethylene. Ethylene is involving in the tolerance
of biotic and abiotic stress, inhibit cell elongation, seedling formation when it is
overproduction. A 1-aminocyclopropane-1-carboxylic acid (ACC) is intermediate
precursor in ethylene biosynthesis pathway and IAA is altered tol-
aminocyclopropane-1-carboxylate synthase (ACS) for ACC biosynthesis. PGPB can
utilize ACC as a nitrogen source by produce ACC deaminase enzyme (Glick 2014).
Cytokinins and gibberellins are the others phytohormones found in PGPB (Gutierrez-
Manero et al. 2001; Arkhipova et al. 2007).

Figure 2(b) shows that PGPB enhance nutrient providing such as nitrogen
by nitrogen fixation. Phosphorus, magnesium and insoluble minerals are provided to
plant by many processes including acidification, chelation and redox reaction. Iron is
an essential element for living organism and exists as insoluble ferric state (Fe®").
Bacteria synthesize siderophores to scavenge iron and other elements and defense

plant’s pathogen by competition or limitation of available iron (Sayyed et al. 2008). It



improve 1AA biosynthesis by reducing the oxidative stresses from heavy metals

(Dimkpa et al., 2009b).
PGPB also act as biocontrol (Figure 2(c)) by producing antibiotic agents

to suppress plant pathogens and activate the induced systemic resistance of plant
defense mechanism (Van Loon and Bakker 2006). Extracellular enzymes or
organic/inorganic compounds from PGPB enhance the plant colonization.

Extracellular polymeric substances (EPS), biosurfactances and glycoprotein that
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secreted outside the bacterial cells can modify the soil structure and induce the plants

to response on stresses (Nehl and Knox 2006).

Simulating plant growth for enhancing bioproductivity

Figure 2 Summarize of plant growth promoting bacteria and endophytic bacteria
improve heavy metal phytoremediation by (a) plant growth promoting factors, (b)
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2.4.2 Siderophore-producing bacteria (SPB)

Some heavy metals in soil is slightly soluble and difficult to uptake by
plants. Phytoremediation, especially phytoextraction, need to increase metal uptake.
The pH of rhizosphere has influenced metal behavior including bioavailability and
mobility. Lower pH causes metal ion to release from soil surface and mobility. Some
chelating agents such as EDTA, citrate, oxalate and malate can improve the metal
availability and metal uptake by plant root (Jagetiya and Sharma 2013). EDTA
enhances the Cd uptake in French marigold and impatiens (Wei et al. 2012). Jagetiya
and Sharma (2013) compared chelator citric acid, oxalic acid, nitrilotriacetic acid and
EDTA and found that EDTA depressed Indian mustard growth but it enhanced
uranium uptake. However, the toxicity of synthetic chelators and the leaching of
synthetic chelators to ground water lead to not acceptance. Addition of EDTA
reduced the toxicity of Ni and Cd, but it also exhibited an inhibitory effect on growth
of growth-promoting rhizobacterium P. brassicacearum (Krujatz et al. 2012).

Biochelators, which are produced by plant and microorganism such as
metallothioneins, organic acids and siderophores, enhance metal mobilization in
rhizosphere and bulk soil. Chelating agents such as bacterial siderophores are released
to scavenge metal ions leading to reduce metal toxicity by stop their mobility and
reactivity. These molecules are alternative, degradable and friendly to environments.

Siderophores is important biomolecules on iron acquisition in bacteria and
indirect iron supplement mechanism in plants. In addition to iron, other metal such as
Zn, Cd, and Cu can be chelated by siderophores. The siderophore biosynthesis is
participating in heavy metal tolerant mechanism of bacteria. Bacteria protect their
cells from metal toxicity by various ways including sequestration, exclusion or efflux
system, complexation, detoxification and compartmentalized in vacuole. EPS also
prevent bacterial cells from metal ions by binding them with anionic functional
groups or ligands (sulfhydryl, carboxyl, hydroxyl, sulfonate, amine and amide groups)
(Nies 1999; Meesungnoen et al. 2012).

SPB assist phytoremediation by enhance metal availability and also
indirectly promote plant growth. The mechanism of SPB on plant tolerant are
summarized in Figure 3. Plant growing in contaminated area or extreme environment

have negative effects on growth, physiology and the iron deficiency (Figure 3(a)).
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SPB can reduce its effects on plants by chelating or transform them to lower toxic
than free ions. Plants in iron starvation, their leaves are usually lack of chlorophyll
leading to chlorosis. Siderophores help it by reducing the ROS species including
superoxide radicals, hydrogen peroxide, hydroxyl radicals and singlet oxygen or
oxidative degradation of plant hormones caused by metal ions, leading to protect the
plant hormones or enzyme productions such as IAA production and superoxide
dismutase, respectively (Figure 3(b)). SPB increase the antioxidant enzymes such as
peroxidase to reduce oxidative damage by heavy metal (Figure 3(c)). SPB also
prevent the plant from plant pathogens by chelating iron in the rhizosphere leading to
reduce the iron availability to pathogens (Figure 3(d)). In addition, siderophores
improve the bacterial IAA synthesis in the presence of heavy metals by chelating the
heavy metal leading to reduce the inhibitory of metals on IAA synthesis and increases
the plant growth-promoting effects of IAA (Figure 3(g)).
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Figure 3 Plant growth-promoting mechanisms of SPB in metal contaminated soils.
Metal accumulation in plant tissues negatively affects Fe uptake and chlorophyll
biosynthesis (a). SPB alleviate metal-induced oxidative stress in plantsand reduce the
oxidative degradation of indole-3-acetic-acid (IAA) by reducing the formation of free
radicals (b). SPB also minimize negative effects of reactive oxygen species (ROS) by
increasing peroxidase (POD) activity (c). Siderophores protect the plant from
microbial pathogens by chelating iron in the rhizosphere and thus reducing its
availability to pathogens that are reliant on this metal (d). Siderophores promote
bacterial IAA synthesis in the presence of heavy metals by chelation, which in turn
reduces the inhibitory capacity of these metals on IAA synthesis and potentially
increases the plant growth-promoting effects of IAA (e).
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SPB can enhance phytoextraction by increasing metal accumulation in
plant biomass. Siderophores chelate metal ions bearing on soil particles and become
to metal-siderophore complexes. The root transported mechanisms of siderophores
have various ways to improve metal accumulations. SPB release siderophores into
rhizosphere and thus chelate to insoluble metal ions to form siderophore-metal
complex. There are 3 pathways to import siderophore-metal complex into root (Figure
4); (i) degradation the complex and uptake the metal into the root, (ii) direct uptake
the whole siderophore-metal complex molecule passes through the root membrane,
and (iii) ligand exchange between the metal ion in the siderophore-metal complex and
the ligands on the cell membrane, the free siderophores was released or degraded by
cell membrane-enzymatic systems. The metal ion in the siderophore-metal complex
can alter to be soluble metal and is uptake by SPB again (Rajkumar et al. 2010).
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Figure 4 Role of SPB in phytoextraction of heavy metal contaminated soils.
Siderophores produced by SPB solubilize insoluble heavy metal-bearing minerals by
chelation. Plants can uptake metals from metal-siderophore complexes by root
processes including chelate degradation and release the metals, the direct uptake of
siderophore—metal complexes or by a ligand exchange reaction.
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2.5 Biology and chemistry of siderophore

Siderophores is a naturally-iron chelators produced from microorganism, and
they can across or active transport through the cell membrane. Siderophores are
secondary metabolites that can chelate Fe or other ions such as Al, Zn, Cu, Cd or rare
earth elements (REES). In which, the concentrations of iron or other ions affect the
regulation of siderophores biosynthesis (Raymond and Dertz 2004; Meyer 2007;
Visca et al. 2007).

2.6.1 Siderophore biosynthesis

The biosynthetic pathway of siderophores are involve in aerobic
metabolism that oxygen molecules activated mono-, di- and N-oxygenases enzymes
and used acid molecules from the final oxidation reactions in citric acid cycle, such as
citrate, succinate and acetate. Moreover, all siderophore peptides are synthesized by
non-ribosomal peptide synthetases. Siderophore synthesis is independent from the
primary metabolism (Visca et al. 2007; Schalk and Guillon 2013). For example,
pyoverdine (PVD) biosynthesis-pathway in P. aeruginosa POAL is shown in Figure 5.
There are 4 largest PVD synthesis gene including pvdL, pvdl, pvdJ and pvdD for
encoding peptide synthetase enzymes (Figure 5(a)). These enzymes involve the
formation of peptide bond in‘amino acids via non-ribosomal synthesis leading to the
present of amino acid residues in PVD such as p-Ser, N°>-formyl-N®-hydroxyornithine
(FOHOrN) and chromophore precursors. The order of amino acids in PVD involve the
transfer of intermediates from PvdL via Pvdl and PvdJ to PvdD and generated the
peptide chain (Figure 5(a)). PvdH, PvdA and PvdF are precursor-generating enzymes.
PvdH generates 2,4-diaminobutyrate (Dab) and PvdA and PvdF is catalyze synthesis
of fOHOrn. Biochemical processes of PVD chromophore maturation have not yet
been fully characterized. PVD precursor is synthesized and maturation in the

cytoplasm. PVD exportation mechanism is-not clear (Visca et al. 2007).
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Figure 5 Pyoverdine (PVD) biosynthetic pathways. Ferribactin biosynthesis and
maturation in P. aeruginosa PAOL. Reactions catalyzed by precursor-generating
enzymes (PvdH, PvdA and PvdF) are shown [bottom of part (a)]. Nonribosomal
peptide synthetases (PvdL, Pvdl, PvdJ and PvdD) are dissected into modular domains:
A, adenylation domain; AL, acyl-CoA ligase domain; C, condensation domain; and T,
thiolation domain. Ovals indicate auxiliary domains: E, epimerization domain; Te,
thioesterase domain. Substrates recognized by each module (M) are indicated. The
combined activity of the nonribosomal peptide synthetases results in the generation of
the PVD precursor ferribactin. The probable cytoplasmic membrane (CM) and
periplasmic (PP) location-of proteins (PvdE, PvdM, PvdN, PvdO, PvdP and PvdQ)
that have uncharacterized roles in PVD synthesis and/or export are shown. Proposed
scheme for maturation of the PVD chromophore (b). Structures corresponding to
ferribactin, mature PVD and the unsaturated form dihydroPVD are indicated.
Abbreviations: ASA, aspartate b-semialdehyde; Dab, 2,4-diaminobutyrate; FA, fatty
acid; fOHOrn, N°- formyl-N°-hydroxyornithine; OHOrn, N°-hydroxyornithine; OM,
outer membrane; R, acyl chain; Rz, peptide chain.
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2.5.2 Siderophore transport system

Siderophores in Pseudomonas is specific in the level of genus and species,
another species cannot stole or use it. Therefore, the transport system is also
developed for this competition and protecting other species theft it. The transport
system have specific receptors on cell membrane, protein recognition, signaling
mechanism, etc. (Smith 1998; Cornelis and Matthijs 2002; Beasley and Heinrichs
2010; Schalk et al. 2012).

Iron chelated by siderophores is called ferrisiderophore. It is transfers to
bacteria via energy-coupled transport involving TBDTs (TonB-Dependent
Transporters) and the TonB complex that composed of TonB, ExbB and ExbD. The
ferrisiderophore entering in the periplasm is dependent on the siderophore pathway
and bacteria (Figure 6). For example, ferrichrome or ferripyochelin in P. aeruginosa
are transported across the inner membrane by permeases (Figure 6(a)) while
ferrichrome or ferrienterobactine in Escherichia coli are across by ABC transporters
(Figure 6(b)). Iron is released into the cytoplasm by mechanisms involving either
enzymatic degradation or chemical modification of the siderophore and/or iron
reduction. However, iron can be released from the siderophore in the periplasm as
found in pyoverdine pathway in P. aeruginosa (Figure 6(c)). The mechanism of
ferrisiderophore dissociation in the cytoplasm found in ferrichrome and
ferrienterobactin pathways in E. coli. Iron is released from ferrichrome in the
cytoplasm in a process probably involving iron reduction followed by acetylation of
the siderophore and it’s recycling into the growth media. For the ferrienterobactin
pathway, a cytoplasmic esterase hydrolyses the siderophore. Iron release from the
siderophore in the periplasm found only in the ferripyoverdine pathway in P.
aeruginosa and involves no chemical modification of the siderophore, but the iron is
reduced and the siderophore recycled into the extracellular medium by the efflux
pump PvdRT-OpmQ (Schalk et al. 2011).
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Figure 6 Three mechanisms and strategies of ferrisiderophore pathways in Gram-
negative bacteria. Ferrisiderophore uptake across the outer membrane (OM) involves
a TonB-dependent transporter (TBDT). TBDT is specific for each siderophores. The
energy provided by the proton-motive force (pmf) in the inner membrane (IN) is
require for this first uptake process by TonB—ExbB-ExbD complex actions. Uptake of
ferrisiderophore across the inner membrane involves either (a) specific permeases or
(b) specific ABC transporters. In which, (a) and (b) show iron released from
siderophore in the cytoplasm (ferrichrome and ferrientreobactin pathways in E. coli).
(c) shows iron released from the siderophore in the periplasm (ferripyoverdine
pathway in P. aeruginosa) with no chemical modification of the siderophore, then the
iron is reduced and the siderophore is recycled into the extracellular medium by the
efflux pump PvdRT-OpmQ.

v/ |

TonB
machinery

!

Efflux pump

The molecular mechanism involved in the activation of pyoverdine

production starts from the interaction on the cell surface between the pyoverdine-

metal complexes and FpvA. Pyocheline pathway occurs in cytoplasm and involves

pyochelin—metal uptake and interact with the cytoplasmic PchR regulator. TonB

dependent transport is not only used in iron uptake but other biological metals in

siderophore complex also use this route in Gram-negative bacteria. Therefore, the

biological metals able to be transported by TonB-dependent pathways. Metal

specificities of the pyochelin and pyoverdine pathways show in Figure 7. FptA and

FpVA are the ferripyochelin and ferripyoverdine TBDTs. Stimulation of pyoverdine

production by metals other than iron may involve the FpvR/PvdS signaling cascade

activated by the pyoverdine—metal complex binding to FpvA at the cell surface.
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Figure 7 Metal specificities of the pyochelin and pyoverdine pathways. Pyochelin (a)
and pyoverdine (b) are the two major siderophores produced by P. aeruginosa. FptA
and FpvA are the ferripyochelin and ferripyoverdine TBDTSs. (i) Metals are bound by
siderophore; (ii) metals that lead to upregulation of the siderophore in iron-limited
conditions (underlined are the metals leading to upregulation in iron-supplemented
conditions); (iii) metal-siderophore complexes bound to TBDT; and (iv) metal—
siderophore complexes transported. Abbreviations: OM, outer membrane; IN, inner
membrane. For (b), FpvR is the anti-sigma factor and FpvI and PvdS are the sigma
factors involved in pyoverdine biosynthesis regulation. PvdRT-OpmQ is the efflux
pump involved in pyoverdine secretion and recycling.

2.5.3 Siderophore structures

Siderophore have binding ligands consists of O atoms of hydroxamate,
cat-echolate, hydroxy-carboxylic acid, and carboxylic acid. Each ligand is bidentate
with two oxygen atoms by coordinate covalent bonds. The cycling compounds
facilitate the complex and chemical structural stability and resist to enzyme
degradation. There are four types of siderophores including hydroxamate
siderophores, catecholate siderophores, carboxylate siderophores and mixed ligands/
heterocyclic-chelating siderophores (Figure 8(a,b,c)). It is classified by ligand and/or
functional groups which chelated iron or other ions (Krewulak and VVogel 2008).

2.5.3.1 Hydroxamate siderophore

Hydroxamate siderophores contain hydroxamic acid (Figure 8(c)) such

as DFOB and Ferrichromes (Figure 8(d)).
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2.5.3.2 Catecholate siderophore
Catecholate siderophores contain catachol (Figure 8(b)) or 2,3-
dihydroxybenzoate (DHB) or phenol such as enterobactin (Figure 8(e)) and
salmochelin.
2.5.3.3 Carboxylate siderophore
Carboxylate siderophores contain a- hydroxy carboxylic acid (Figure
8(a)) such as staphyloferrin A and B, Rhizoferrin (Figure 8(g)).
2.5.3.4 Mixed ligand/heterocyclic-chelating siderophore
Siderophores in this group are diverse and some siderophore have
aromatic ring and/or peptide chain in their structures such as pyoverdine, mycobactin

and anguibactin (Figure 8(f)).
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Figure 8 Ligands found in siderophore including (a) a-hydroxy carboxylic acid, (b)
catechol and (c) hydroxamic acid. Some siderophores in each group are (d)
Hydroxamate siderophore Ferrichrome, (e) Catecholate siderophore Enterobactin, (f)
Mixed catecholate-hydroxamate siderophore Anguibactin and (Q)
Hydroxycarboxylate siderophore Rhizoferrin.



21

2.5.4 Effects of metals on siderophore production
The effects of various heavy metals on heavy metal-resistant

microorganism and/or PGPB have been investigated. Gaonkar and Bhosle (2013)
showed the trace elements induced siderophore production whereas toxic metals
decreased its production. CuO nanoparticles (NPs) inhibited pyoverdine production of
P. chlororaphis O6 while EDTA co-inoculation enhanced its production (Dimkpa et
al. 2012). Naik and Dubey (2011) reported an increase Pb reduced siderophore
production. Whereas, presence of U in media increased the siderophore production by
Cyanobacteria S. elongatus BDU130911 (Rashmi et al. 2013).

2.6 Siderophore of Pseudomonas species

Pseudomanas is gram negative bacteria, aerobic y-proteobacteria, classified
to family Pseudomonadaceae. They are found in wide range environmental condition
such as water, air, soil and extremely environments, because they are capable to
utilize various substrates for their growth. The importance of Pseudomonas is impact
on organism to ecosystem level (Peix et al. 2009). Some strain of P. aeruginosa is the
opportunistic human pathogen. The importance of Pseudomonas in human health is
their highly virulent by secreted siderophores. This make the Pseudomonas
siderophores are novel studies in medical science to prevent or decrease the virulent
by siderophores (Aizawa and Aizawa 2014). Moreover, P. syringae discovered to be a
plant pathogen (Lamichhane et al. 2014). However, siderophores produced by
beneficial bacteria have been accepted to enhance of nutrient uptake to plants
(Marschner et al. 2011). P. putida and P. fluorescens are well-known to be PGPB.
Some soil Pseudomonas concern the geochemical cycling of rock or earth by secreted
siderophores. Siderophores have affected the REESs solubilisation and mobility in ores
or soil cycle. Therefore, siderophores from Pseudomonas is important role in nature
(Mirleau et al. 2000; Jiricny et al. 2010) and many studies have been reported for
many decade.

The parrot green color of P. fluorescens was found in culture media and
suggested to be siderophores (Meyer and Abdallah 1978; Meyer and Hornsperger
1978). Elliott reported that pyoverdine (PVDs) is a typically pigment (yellow-green)



of fluorescent Pseudomonas. In addition to pyoverdines, other siderophores are
produced in different growth conditions such as culture media, temperature, heavy

metal and growth time (Braud et al. 2007). Pseudomonas siderophores are shown in

Figure 9.
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Figure 9 Siderophores produced by fluorescent pseudomonads including (a)
pyoverdine, (b) pyochelin, (c) pseudomonine, (d) PDTC, (e) quinolobactin, (f)
corrugatin and (g) norcardamine.
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2.6.1 Pyoverdine (PVDs)

Pyoverdine are the major siderophore of the fluorescent pseudomonads.
Pyoverdine or pseudobactin is consisting of quinoline chromophore, peptide chain
containing 6 to 12 amino acids with half d-amino acids and acid (amide) side chain
with dicarboxylic acid (Figure 10). The peptide chain is strain specific and varies
among species. The catechol of the chromophore and two amino acids are involved in
iron chelation. Bacteria are uptake pyoverdine-iron complexes by specific receptor
locating in the outer membrane which recognized their peptide chain (Schalk and
Guillon 2013). The pyoverdine of P. aeruginosa is involved in virulence in animal
models (Buckling et al. 2007; Mossialos and Amoutzias 2009). Pyoverdine improve
the iron and metal competition, growth promotion and biocontrol because their high
affinity constants for iron. These abilities are suggested playing role in bioremediation
(Rajkumar et al. 2010).
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Figure 10 The three PVDs of Pseudomonas aeruginosa. (a) PVD Group I, (b) PVD
Group 11, and (c) PVD Group IlI. Abbreviations: aThr, allo-threonine; cDab,
tetrahydropyrimidine ring generated by condensation of Dab with the preceding
amino acid; Chr, chromophore; cOHOTrn, cyclic-N°>-hydroxyornithine; Dab, 2,4-
diaminobutyrate; fOHOrn, N°-formyl-N°-hydroxyornithine.
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2.6.2 Pyochelin
Pyochelin is a siderophore contain salicylic acid with a lower affinity for
iron (I11). Its formula is C14H16N203S2 (molecular mass 324). There are two stereo-
isomeric structures (pyochelin I'and I1). It synthesized from chorismate and two moles
of cysteine. Salicylic acid and the iron-chelator and antibiotic dihydroaeruginoic acid
are by-products of pyochelin. Pyochelin involved in the acquisition of trace-metals
(Co and Mo) than iron (Visca et al. 1992). Salicylic acid play role in plant defense by
inducing systemic acquired resistance (SAR) and biocontrol. Pyochelin of pathogenic
P. aeruginosa is virulence in mice and humans. Ferri-pyochelin can degrade toxic
organotins in the environment. Ferri-pyochelin can affect in redox-cycle especially in
the presence of the P. aeruginosa phenazine pigment pyocyanin resulting in the
production of cell-damaging active oxygen species.
2.6.3 Pseudomonine
Pseudomonine is a salicylic acid-based siderophore. Its formula is
C16H18N4O4 (molecular mass 330). It produced when the pyoverdine is repressed.
2.6.4 Yersiniabactin
Yersiniabactin is salicylic acid based-siderophore. Its formula is
C21H27N304Ss (molecular mass 481). The yersiniabactin also found in human and
animal pathogenic enterobacteria such as Yersinia spp., E. coli, Citrobacter spp.,
Klebsiella spp., Salmonella enterica and Enterobacter spp.
2.6.5 Pyridine-2,6-bis(monothiocarboxylic acid) (PDTC)
Pyridine-2,6-bis(monothiocarboxylic acid) or PDTC (molecular mass
198) is siderophore which contained several ability such as convert the pollutant CCl,4
to COz in iron-limiting conditions, form complexes with metals and involve in the
defense mechanism of bacteria against heavy metal toxicity. PDTC is repressed by the
pyoverdine production. PDTC forms 2:1 complexes with iron stability (~1033), nickel
and cobalt (Stolworthy et al. 2001). Different metal-PDTC complexes have been
found to have antimicrobial activities (Sebat et al. 2001).
2.6.6 Quinolobactin
Quinolobactin (QB) (8-hydroxy-4-methoxy-2-quinoline carboxylic acid)

is a secondary siderophore with a low affinity constant for Fe(l11). It is produced in
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the first 16 hours of iron stress before suppressed by pyoverdine production.
Quinolobactin can detect by IEF and CAS (Cornelis and Matthijs 2007).

2.7 Siderophore extraction and characterization

Once the universal siderophore detection method was developed by Schwyn
and Neilands (1987). New siderophores have been increasingly discovered because a
large diversity of its structure and their chemical and physical properties. The several
techniques for siderophore detection, extraction and purification have been improved.
Solvent extraction is widely used in many studies for long time because it is easy to
extract and concentrate.

New techniques of Chromatography have been developed and published.
Sayyed and Chincholkar (2006) purified the siderophores of Alcaligenes faecalis
BCCMID2374 by using Amberlite XAD-4 column and absorbed on Sep-PakCis col-
umn. TLC techniques on polyamide TLC and silica TLC could separate the
siderophores of Erwinia sp., but polyamide TLC gave the better separation of
catechol-type siderophores (Xie et al. 2006). Eghbali et al. (2009) developed
siderophore separation in biological samples were by a complexed biomixture in
pressure-driven mode using perfectly ordered pillar array columns.

Siderophore characterization and structure elucidation have been
investigated. Boopathi and Rao (1999) purified the siderophore of P. putida type Al
and determined the structure and characterization of siderophore by amino acid
analysis, MS, absorption and fluorescence measurements and EPR. Zane and Butler
(2013) isolated siderophore of marine Pseudoalteromonas sp. and structural analyzed
as lystabactins by MS, amino acid analysis, and NMR. Several techniques have been
conducted to study and characterize of siderophores such as FTIR (Patel et al. 2009;
Ahire et al. 2011; Upritchard et al. 2011), XAFS (Harrington et al. 2012b; Kruft et al.
2013), UV-Vis spectroscopy (Enyedy et al. 2004; Tseng et al. 2006; Harrington et al.
2011), TLC (Xie et al. 2006; Rashmi et al. 2013). The literature reviews of several

techniques used in siderophore characterization are shown in Table 1.
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2.7.1 Pseudomonas siderophore detection
2.7.1.1 Pyoverdine

Yellowish-green pyoverdines are detectable under UV light (365 nm)
by their bluish-green fluorescence. Maximum absorbance of free-pyoverdines in
visible are 365 nm and 380 nm (pH<5), 402 nm (pH 7) and 410 nm (pH 10). The
maximum absorbance of Fe(l11)-chelated typical pyoverdines is near 400 nm (pH 3—
8), with broad charge transfer bands at 470 and 550 nm. The siderotyping technique is
a powerful tool for characterize pyoverdine (Meyer 2000). Figure 11 show pyoverdine

complex with Fe** and the emission of fluorescence after exposed under UV light.
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Reference: Eghbali et al. (2009)

Figure 11 Pyoverdine structure (a) Molecular structure of a pyoverdine, (b) Petri dish
exposed under UV-light.

2.7.1.2 Pyochelin

Pyochelin is light yellow with a yellowish-green fluorescent, it is
confused to pyoverdin. In methanol, it forms a wine-red (pH 2.5) to orange (pH 7.0),
non-fluorescent when complex with. iron. Iron free pyochelin have maximum
absorbances are 218, 248 and 310 nm and iron-pyochelin complexes are 237, 255,
325, 425 and 520 (pH 2.5) or 488 (pH 7.0) nm. TLC and HPLC are the popular
method to detect pyochelin. IEF and CAS overlay also detect this siderophores. In
TLC, salicylic acid and pyochelin are detected in concentrated chloroform or
dichloromethane extracts of acidified culture supernatants. In HPLC, ethyl acetate
extracts of acidified culture supernatants are concentrated before injection. Salicylic
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acid, dihydroaeruginoic acid and pyochelin I and Il are identified by their retention
times and UV spectra (Bultreys 2007).
2.7.1.3 Pseudomonine

Pseudomonine emit blue fluorescent under UV light. Pseudomonine
have the maximum absorbances at 298, 237 and 203 nm and detectable by HPLC
(Anthoni et al. 1995).

2.7.1.4 Yersiniabactin

Yersiniabactin is nearly colorless and orange when chelated to iron.
Ferri-yersiniabactin is detected in the culture medium by HPLC and identified by its
spectral characteristics. The maximum absorbances are near 227, 255, 305, at pH 5.3
and 386 nm at pH 7.0 (Bultreys et al. 2006).

2.7.1.5 Pyridine-2,6-bis(monothiocarboxylic acid) (PDTC)

PDTC emits a blue Fe(Il)-complex and a brown Fe(l11)-complex; the
maximum absorbances of Fe(l11)-(PDTC), are 345, 468, 604 and 740 nm, and of
Fe(I1)-(PDTC), are 314 and 687 nm. PDTC concentration is usually determined by
measuring the absorbance of Fe(ll)-(PDTC). at 687 nm.

2.8 Marigold for heavy metal phytoremediation

2.8.1 Marigold
Marigold or Tagetes is an annual or perennial plant that popular around
the world. There are various sizes among 0.1 to 2.2 m tall and their leave are pinnate.
Their flowers are golden, orange, yellow and white colors, the floral head are
averagely 4-6 cm diameter with both ray florets and disc florets.

The scientific classification is following;
Kingdom: Plantae
Order: Asterales
Family: Asteraceae
Subfamily: Asteroideae
Tribe: Tageteae
Genus: Tagetes
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Marigolds grow well in any sort of soil with good drainage. The
advantages of marigold are used as food coloring, perfume oil, and cut-flower
marketing. The orange pigments in flower called carotenoid and lutein are mixed in
chicken feed to improve egg yolk coloration. The marigold cut flowers in Thailand
are usually apply in various ways including religious worship such as Hindu,
Buddhist, and other ceremonies. Planting of marigolds for cutting flowers are mainly
in the North and North East of Thailand.

There are 56 species of marigolds including T. erecta L. (African
marigold, Aztec marigold), T. lucida Cav. (Mexican mint marigold, Texas tarragon),
T. minuta L. (wild marigold, black mint), T. patula L. (French marigold), T. tenuifolia
Cav. (signet marigold) and any hybrid species. In Thailand, T. erecta, T. patula and
hybrid marigold such as mule marigolds, nugget marigold, fireworks marigold, red
seven-star marigold and showboat marigold are popular for cut-flower market. Figure

12 shows the flowers of T. erecta and T. patula.

Figure 12 Some species of marigolds in Thailand, T. erecta (a) and T. patula (b).

2.8.2 Marigold planting
The general steps for marigold planting are sowing marigold seed in plug
tray or container and watering well for seed germination. This stage may be take a
several days (12-20 days) for true 2-4 leaves occurred. Then the young marigolds are
transplanted to growing pot or planting area, watering once a day, fertilizers are

needed. It was various fertilizers following farmer and most is secret for their
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commercial. After 45-60 days, the marigold flowers will be flowering and ready to
cut for sale.

2.8.3 Application of marigold in phytoremediation

For sustainable phytoremediation in agricultural area, an economic plant

such as marigold is a good choice. They contain appropriate properties including; (1)
economic ornamental flower in Thailand and (2) good hyperaccumulator of heavy
metals such as Cd which contaminates in agricultural area in Mae Sot, Tak province,
Thailand. These reasons could motivate the people who live in the contaminated area
to go along with phytoremediation process. Marigolds have been reported and studied
in phytoremediation. Microbial inoculation or bioaugmentation has been reported for
improving the heavy metal accumulation in marigold. There are no reports about the
application of SPB or siderophores to assist heavy metal accumulation in marigolds.
Nevertheless, the marigold study for phytoremediation in Thailand has reported.
Chintakovid et al. (2008) reported the application of marigold in phytoremediation for
sustainable development in As contaminated area, Ron Phibun, Nakorn Si
Thammarat, Thailand. The literature reviews of marigold in phytoremediation are

shown in Table 2.



Table 2 Literature review of marigold in phytoremediation.
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Marigold species Results References
Nugget marigold Field experiment of nugget marigold was examined  Chintakovid et al.
in As contaminated area of Ron Phibon, Thailand. (2008)
As was found in largely leaves (46.2%) but the Chemosphere. 70:
flower (5.8%) was less than in leaves. Nugget 1532-1537

T. erecta,
Chrysanthemum indicum
and Gladiolus
grandiflorus

Marigold (T. erecta)

Marigold (T. erecta)

French marigold (T.
patula)
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CHAPTER 3

RESEARCH METHODOLOGY

This research investigated the effects of Zn, Cd and Zn plus Cd on
siderophore production and characterized the siderophore induced by Zn, Cd and Zn
plus Cd (Figure 13) and the application of crude siderophore extracts on Zn and Cd
accumulations in T. erecta L. for improving the phytoextraction (Figure 14). Each
experiment was completed in triplicate. Chemicals used in this study were of
analytical grade, and all glasswares were soaked in 5% (w/w) HNO3 for 24 hours and

then rinsed with deionized water to remove cohesive ions on their surface.

P. aeruginosa PDMZnCd2003 were cultured in nutrient broth with the metals following:
1. Control 2.Zn20mg L*
3.Cd20mg L 4.7Zn 20 mg L plus 20 mg L Cd

Bacteria relative growth monitoring
were determined by ODgso, pH and
UV-Vis spectroscopy

Supernatants were divided to pH2 and pH8

Siderophore was extracted by partition solvent
extraction by ethyl acetate and then n-butanol

Siderophores quantity were

determined by CAS assay

Siderophore was characterized by

FTIR, XAS, TLC, LC-QTOF MS

Figure 13 Research diagram for studying the effects of Zn and/or Cd on siderophore
production by P. aeruginosa PDMZnCd2003
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Pot experiment

Seedling of marigold (T. erecta L.) was planted in each
experimental pots following;

Fertile soil Deionized EDTA Citric acid Crude siderophore DMSO
ertile sot water (250 pM (250 UM

kgt soil) kgt soil) (250 uM kg soil) (69% DMSO)

At flowering stage, 90 days-old marigold (T. erecta) were harvested

Fresh, dry weight and relative Zn and Cd concentrations in leaves and
chlorophyll content of leaves, roots, rhizospheric soils were determined by
stems and flowers were examined FAAS

Figure 14 Research diagram for pot experiments to study the application of
siderophores and other chelating agents on Zn and Cd accumulation in marigold (T.
erecta).

3.1 Siderophores production, extraction and characterization

3.1.1 Bacterial cultivation under Zn and/or Cd treatments

Due toa high range of Fe concentration (9-20 g kg™) in soil of a crop field
in Mae Sot, the effect of Fe-free media was not investigated. It was sufficient for
bacterial growth in the Fe concentration at 10-10°> M (Andrews et al. 2003). P.
aeruginosa PDMZnCd2003 (accession number JX193586) in a culture starter of
ODeso = 0.8 was inoculated as a ratio of 2%« inoculum size into nutrient broth (NB)
containing each of Zn 20 mg L™ (code: Zn), Cd 20 mg L* (Code: Cd) and Zn plus Cd
20 mg L Zn and 20 mg L™ Cd (code: Zn+Cd) by following (Meesungnoen et al.
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2012). The Zn and Cd stock solutions (pH 5) were prepared from ZnSO4.7H20 and
3CdS04.8H20, respectively. The bacterial cultures were incubated at 30+2°C and
collected every 3 hours at 0-24 hours and 6 hours at 30-72 hours. Optical density
(OD) at 660 nm and pH of bacterial cultures were investigated. Supernatants were
separated from the bacterial cells by centrifugation at 8,000 rpm for 3 minutes, and
the samples were stored in a refrigerator (4°C). The siderophore concentration were
examined by Chrome Azurol Sulfonate (CAS) assay, and the UV-Visible absorption
spectra were scanned by a UV-Vis spectroscopy.
3.1.2 Supernatant scanning by UV-Vis spectroscopy

Supernatants were scanned by UV-Vis spectrophotometry (Beckman
Coulter, California) in a wavelength range of 200-800 nm. In case of absorbance
value over than a detection limit of the instrument, the supernatants were diluted
before rescanning and measurement.

3.1.3 Quantification of siderophore by CAS assay

Siderophores in the supernatants were quantitative examined by the CAS
assay (Schwyn and Neilands 1987). Every step to prepare CAS assay solution has to
prepare under a stirring system. A 6 ml of 10 mM Hexadecyltrimethylammonium
bromide (HDTMA) was added to 20 ml deionized water. A 1.5 ml of iron (I11)
solution (1 mM FeCl3.6H20, 10 mM HCI) was slowly added into a beaker containing
7.5 ml of 0.2 mM CAS solution, then the mixed solution was slowly added into the
HDTMA solution. Buffer solution was prepared by dissolving 4.307 g of piperazine-
N,N'-bis(2-ethanesulfonic acid) (PIPES) in deionized water and slowly added 6.25 ml
of 12 M HCI and adjusted the pH to 5.6-6 by 0.5 M NaOH. Then, the buffer solution
was added to the mixed HDTMA flask under stirring and adjusted the volume to 100
ml to-obtain the CAS assay solution (blue color solution). To examine the
siderophore, 0.5 ml of a supernatant sample was mixed with 0.5 ml of CAS assay
solution. The reactants were incubated for 2 hours. The reduction of the absorbance of
blue color was detected at wavelength 630 nm. Deionized water was used as blank
solution. The product of siderophore were quantified as an EDTA equivalent at a
concentration between 0-0.03 mM EDTA.
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3.1.4 Siderophore extraction

The siderophore extraction was modified from Payne (1994). The
supernatants were divided into two portions. One part of the supernatant was adjusted
to pH 2 by added 12 M HCI for releasing metal in siderophores (Payne 1994). The
other part was not adjusted the pH to obtain metal-siderophore complexes. The
scheme of the solvent partition extraction is shown in Figure 15. The 100 ml of
supernatants were extracted twice with 50 ml of ethyl acetate by separation funnel at a
1:0.5 ratio of supernatant: solvent. The ethyl acetate (EtOAc) fractions were pooled
together. Then, the partial supernatant fractions were continuously extracted twice
with a 50 ml of n-butanol. The n-butanol (BuOH) fractions were pooled together. The
ethyl acetate and n-butanol fractions were concentrated by rotary vacuum evaporator
(Buichi, Switzerland) at 50 °C. Crude extracts were rinsed by 99.9% methanol and
collected in 1.5 ml brown vial to prevent light. The remaining methanol in the vial
were purged by nitrogen gas and stored at -20 °C.

3.1.5 Analytical methods
3.1.5.1 Zn and Cd concentration in crude siderophore extracts
The sample digestive method was modified from Pages et al. (2008).

Crude siderophore extracts were digested with concentrated HNOgz at 150 °C and
filtrated by acid resistant filter paper (N0.50, Whatman® GE Healthcare) before
measured the Zn and Cd concentrations by Flame atomic absorption spectroscopy
(FAAS) (Shimadzu AA 680, Japan). Zn and Cd reference standard solutions (AAS
standard, AVS Titrinorm, Belgium) at the concentrations of 1000 ppm were used for
constructed standard curves at 0.125-3.000 mg L.

3.1.5.2 Thin layer chromatography (TLC)

The TLC condition was modified from Sayyed and Chincholkar

(2006). Crude siderophore extracts were spotted on 20x20 cm TLC silica gel 60 F2s4
on aluminium sheets (Merck, Germany) and suddenly dried with hair dryer. The TLC
plates were moved to chromatographic chamber saturated with n-butanol: acetic acid:
distilled water (12:3:5) as a mobile phase. The TLC plates was detected under UV
lamp at wavelength 254 and 366 nm.
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3.1.5.3 Liquid chromatography-quadrupole time-of-flight mass
spectrometry (LC-QTOF MS)

A 10 pl of each crude siderophore extract was dissolved in 99%
methanol and filtrated before analyzed with LC-QTOF MS. The 10 mM sodium
formate (HCOONa) was used as internal standard. The LC-QTOF MS analysis was
performed on DIONEX-UItiMate 3000 HPLC (Thermo Scientific, USA) coupled with
micrOTOF-Q Il mass spectrometers (Bruker, USA). The separation of the sample
solution was performed on Poroshell 120 EC-C1g reverse phase column (size 4.6x150
mm, particle size 2.7 um, Agilent Technologies, USA). The solvent flow rate was 0.3
ml min™ and 2 pl of the sample solution was injected into the LC system. The binary
gradient elution system was composed of deionized water as a solvent A and
acetonitrile as a solvent B, both contained 0.1%) formic acid. The linear gradient
elution was started from 10% of the solvent B, and started to increase at 5 minutes
and reached 80% of the solvent B at 50 minutes. The conditions for the positive
electrospray ionization (ESI) source were as follows: syringe pump flow rate 60 pl
min’t, the mass scanning from 50-1,500 m/z at positive ion polarity, capillary voltage
4.5 kV, the collision cell radio frequency (RF) 150 peak-to-peak voltage (Vpp),
nebulizer 2 bar, dry heater 180 °C, and nitrogen drying gas 8 L min. The LC-QTOF
MS data were collected and processed by Compass 1.3 software (Bruker, USA).

Relative peak area of each siderophore chromatogram peaks were
calculated by the equation below

Relative peak area = Peak area x Density

Peak area of internal standard
3.1.5.4 Fourier transform infrared microspectroscopy (FTIR)

Crude siderophore extracts were smeared to be a thin film on IR
Reflected Kevley low-electron microscope slide (Kevley technologies, USA) and
vacuum dried. The sample slides were analyzed by IR spectrometer (Tensor 27,
Bruker Optic) connected to an IR microscope (Hyperion 2000, Bruker Optic) with
Mercury Cadmium Tellride (MCT) detector (4,000-700 cm™), the system were flew
with nitrogen gas and cooled with liquid nitrogen in IR microscope. Spectra were
analyzed by IR reflection mode at a resolution of 4 cm™, 32 scan and replicated 150
spectra per sample. The obtained spectrum was analyzed by OPUS 6.5 (Bruker Optic,
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German). The FTIR spectra were transformed by baseline offset and linear baseline

correction, and Extended Multiplicative Signal Correction (EMSC). The transformed

spectra were statistical analyzed by Principle Component Analysis (PCA) using the

Unscrambler X 10.5 software package (CAMO, Norway). The peaks were identified
by referring to IR Mentor Pro 6.5 (Bio-Rad 1999).
3.1.5.5 X-ray absorption spectroscopy (XAS)

Crude siderophore extracts were loaded into polypropylene film

pockets (Chemplex® industries, Inc, USA). While the reference chemicals were

prepared by grounded and smeared on Kapton tape (Dupont, USA) for analyze in

transmission mode. Reference chemicals of S K-edge were FeSQg, CdS, ZnS, Zn-

cysteine complex, Cd-cysteine complex, Zn-glutathione complex, Cd-glutathione

complex, ZnCd-glutathione complex, Zn-methionine complex, Cd-methionine

complex and ZnCd-methionine complex. Reference chemicals of Zn K-edge were
Zn(CH3COO0)2, ZnCO3, Zn0O, ZnS, ZnSO4, Zn(NO3)2, Zn-cysteine complex, ZnCd-
cysteine complex and Zn-glutathione complex. Reference chemicals of Cd K-edge
used in this study were Cd(CH3COO)2, Cd(NO3)., CdO, CdS, CdSO4 and Cd-cysteine
complex. The S, Zn and Cd K-edge were evaluated by XAS. The parameter of each

experiments showed in Table 3.

Table 3 Experimental conditions for XAFS analysis of S, Zn and Cd K-edge.

Parameters S Zn Cd
BL-8, Synchrotron Light = BL-8, Synchrotron Light NW10A, Photon
. . Factory Advanced
Research Institute Research Institute ) ;
) S £ A Ring (PF-AR), High
. (Public Organization) (Public Organization)
Beamline (SLRI) (SLRI) Energy Accelerator
. E Research Organisation
(Nakhonratchsima, (Nakhonratchsima, (KEK) (Tsukuba
Thailand) Thailand) '
Japan)
Operation energy 1.2 GeV 1.2 GeV 6.5 GeV
Monochromator Double crystal InSb(111) ~ Double crystal Si(111) Double crystal Si(311)
monochromator monochromator monochromator
Fluorescence X-ray ~ 13-channel Germanium 13-channel Germanium  19-channel Germanium
detector detector detector detector
Gas filled in sample Helium Nitrogen i

chamber
Temperature

Calibrated
Material/chemical

Room temperature

FeSO,

Room temperature

Zn foil

Room temperature

Cd foil
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All spectra were processed by Athena under IEFFIT version 1.2.11d
(Ravel and Newville 2005). The replicated spectra were aligned before merged, and
then calibrated and normalized. The S K-edge XANES spectra as flattened w(E) were
analyzed by Peak Fitting of 7 Gaussian and Lorentzian peaks including sulfide, thiol,
disulfide, sulfoxide, sulfone, sulfonate and sulfate and one arctangent step at range
2.456-2.486 keV. The normalized Zn and Cd K-edge XANES spectra as flattened
W(E) were performed Linear Combination Fit (LCF) from 9.638 to 9.717 and 26.669
to 26.774 keV, respectively, weighted sum to 1 and forced between 0 and 1. All
reference chemicals were included to evaluate and chosen the best fit model. The
normalized Zn and Cd K-edge EXAFS data of y(R) at 1-2.5 A° and y(k) at 3-10 A°*!
were fitted by Athemis version 1.2.11d. The single scattering paths of electron were
generated by Atom package under IEFFIT. The cif files were obtained from
www.crystallography.net including 1101051.cif and 2014019.cif for Zn and
1011054.cif and 4324771.cif for Cd. The parameters of EXAFS fitting equation
including the coordination number (N), the inter-atomic distance (AR), Debye—Waller
factor (c%) and energy shift of the data and the theory of Eo (AEo) were adjusted to

obtain the best fit while amplitude reduction factor (So%) was fixed at 1 for all fittings.

3.2 The effect of crude siderophore extract on Zn and Cd accumulation in
marigold (T. erecta L.).

3.2.1 Plant pathogenicity test

The plant pathogenic test was modified following Blakney and Patten
(2011). Vegetative stage of healthy and closely height marigold plants were prepared
to test bacterial infection by spraying water and covered in transparent plastic bag for
24 hours. The bacterial solution was prepared by using twice washed 24 hours-old
bacterial cells by 0.85% NaCl and adjusted the bacterial cell to 10* CFU mlIt. A 5 ml
of the bacterial suspension was sprayed on marigold leave and applied on soil. Plastic
bag was covered to the infected marigold and incubated for 7 days. The appearances
of symptom including wilt, soft rot, lesion, blight, necrosis and tumor was observed
every day. Leaves and soil samples were taken to detect the bacteria on NA agar
plate.
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3.2.2 Pot experiment of T. erecta L.

Pot experiments were performed in two times upon including (i) from
siderophore-metal complexes and free-siderophores.

The treatments in this experiment were non-contaminated soil (code:
Fertile soil), contaminated soil supplement with deionized water (code: control),
contaminated soil supplement with EDTA (code: EDTA), contaminated soil
supplement with citric acid (code: citric acid), contaminated soil supplement with
crude siderophore extract dissolved with DMSO (code: siderophore) and
contaminated soil supplement with DMSO as the same ratio as crude siderophore
(code: DMSO). The contaminated soil in this study was obtained from agricultural
field nearby zinc mining in Mea Sot, Tak (N 16° 40°26” E 98° 37°46”). The non-
contaminated soil was obtained from agriculture field in Chainghain village, Maha
Sarakham. Both soil were dried by sun light and sieved through 2 mm nylon sieve.

Seeds was sown in trays with the mixes of peat moss and fertile soil in a
ratio of 1:1, watering every day. One-month old, healthy and closely height seedlings
were transplanted to each experimental pots contained 1 kg of soil. The marigold was
watered by 100 ml tap water per pot. The marigolds were acclimatized for 30 days
before started to treat by any treatments. Each treatments were added near root every
week for 4 weeks.

Crude siderophore extracts from Zn+Cd were chosen for the pot
experiment, because the crude extracts contained Zn and Cd siderophores complexes.
Dimethyl sulfoxide (DMSO) was used to dissolve the crude siderophore extracts and
de-ionized water was also added to the crude siderophore solution to dilute the DMSO
concentration. The dissolved crude siderophore was quantitatively evaluated the
siderophore concentration by CAS assay. The concentration of siderophore was
modified following Cornu et al. (2014) at 250 pmol kg soil. Other chelators such as
EDTA and citric acid were compared the effect of crude siderophore and DMSO
solution. The equal ratio of crude siderophore solution was used to compare the self-
effect of DMSO in the crude siderophore solution.

Three month olds marigold was harvested at flowering stage. The
rhizosphere soil were kept and each parts of plant were separated. The leaves and
roots were washed by tap water for 2-3 times and wiped the plants by wiped paper
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before collected the wet weight. Root washing process was modified following Zhang
et al. (2015). The roots were washed in tap water for 2-3 times and soaked in the
0.85% NaCl solution with 0.01 M EDTA for 1 minute and washed in 0.85% NaCl
solution for 2-3 times. The washed roots were wiped by wiped paper before collected
the wet weight. All samples were dried at 60 °C until the weight stable to obtained dry
weight.
3.2.3 Zn and Cd analysis
3.2.3.1 Total Zn and Cd extractions in shoot
The dry samples were grounded before the extraction. The plant
extraction procedure was modified following Miller (1998). A 0.1 g of the sample
were added into an acid-tolerant glass tube. The 3 ml of 70% HNO3 were added to the
sample tube and left overnight. The sample tubes were heated at 150 °C for 1 hour.
The 1 ml of 70% HCIO4 were added slowly into the sample tubes and heat at 215 °C
for 2 hours. A 3 ml of deionized water were added into the sample tube and incubated
in water bath at 90 °C for 1 hour. The digestion samples were filtrated by Whatman
filter paper No.50 and adjusted the volume in 10 ml-volumetric flask.
3.2.3.2 Total Zn and Cd extractions in soil
This procedure were modified following ASTM (2004). A 0.1 g of dry
soil were added into an acid-tolerant glass tube. A 5 ml of aqua regia (conc. HCI
mixed with conc. HNOs in a ratio as 3:1) were added into the sample tube and left
overnight. After that, the sample tube were heated at 150 °C for 1 hour and heated
again in water bath at 90 °C for 1 hour, leave it cool. Then filtrated by Whatman
paper (No0.50, Whatman® GE Healthcare) and adjusted the volume by 10 ml-
volumetric flask.
3.2.3.3 Water extractable Zn and Cd.in soll
The metal extractable method was modified from (Cajuste et al. 2000).
A 0.5 g of dry soil were added into a 15 mi-centrifuge tubes. 10 ml of deionized water
were added into the soil tubes, mixed and shaken at 150 rpm for 2 hours. The sample
tubes were then centrifuged at 6,000 rpm for 5 minutes. The supernatants were
filtrated with Whatman paper No.2 and adjusted the volume to 10 ml by deionized

water.
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3.2.4 Method validation
The limit of detection (LOD) and the limit of quantitation (LOQ) were
investigated by the equations below (Shrivastava and Gupta 2011);
LOD = Mean of sample blank+3SD
LOQ = Mean of sample blank+10SD
3.2.5 Statistical analysis
The data were reported as the means * standard error (S.E.). The analysis
of variance were used the one-way ANOVA performed by SPSS (SPSS 14, SPSS
Inc., IL, USA). The significant differences between the treatments were analyzed by
Duncan’s multiple range test or Dunnett T3’s multiple range test under the significant

of the homogeneity of variance.



CHAPTER 4

RESULTS

According to the methodology in Chapter 3, the results obtained was
separated into 2 parts of (i) the effects of siderophore production and analysis of the
productive siderophore induced by Zn, Cd and Zn plus Cd and (ii) the application of
crude siderophore extracts on Zn and Cd accumulations in T. erecta L. for

phytoextraction.

4.1 Siderophore production and analysis of the productive siderophore induced
by Zn, Cd, and Zn plus Cd

4.1.1 Bacterial growth curve and siderophore production

Bacterial growth curve was done for understand the bacterial physiology
and characteristic of the siderophore production. The bacterial growth curves in each
treatment including Zn (code: Zn), Cd (code: Cd), Zn plus Cd (code: Zn+Cd) and
control (code: Ctrl) show in Figure 16(a). Lag phase did not presented in all
treatments and control. Log phase occurred in 3-21 hours in all treatments. Stationary
phase in all treatments were short period, then the bacterial growth entered to death
phase. However, the absorbance (ODseo) of Cd and Zn+Cd were lower than Ctrl and
Zn. The bacterial growth curve was similar pattern to the previous report of
(Meesungnoen et al. 2012) that also examined dry weight and protein content.
Therefore, these results could refer to the previous results.

The pH of bacteria during the growth increased along the relative bacterial
growth and was rather stable after entered the death phase as well as the siderophore
concentration (Figure 16(b, ¢)). The increasing of pH may be due to the oxidative
deamination of amino acid in the peptone, which is a composition of NB media, and
occurring ammonia as a by-product of the process.

Figure 16(c) shows siderophore productions of the bacteria in each

treatments. The siderophore concentrations increased at hour 6-15 in Ctrl and at hour



6-21 in Cd and Zn+Cd. Siderophore concentration in all treatments were hardly
change after entering hour 24. The siderophore concentration of Zn was lowest
because Zn is essential element and it was sufficient available in this treatment than
the others, therefore, it was not activated the siderophore production. While both Cd

and Zn+Cd were the highest in siderophore concentrations.
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Figure 16 Relative growth (a), pH (b) and siderophore concentration (c) during P.
aeruginosa PDMZnCd2003 cultivation in Ctrl (solid line), Zn (long dash line), Cd
(dash line) and Zn+Cd (dot line) at 0-72 hours.
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The supernatant colors are shown in Figure 17. The supernatants of Zn and
Ctrl were parrot-green and light-yellow, respectively. While, the Cd and Zn+Cd color
were yellow-green. The yellow-green color was defined to be a pyoverdine. The
parrot green color could contained pyocyanin in the culture media. However, there are
colorless siderophore such as pyridine-2,6-bis(monothiocarboxylic acid) (PDTC) and
pseudomonine. Therefore, other analytical methods were investigated. The
supernatants of all treatments were preliminary analyzed the siderophores by UV-Vis

spectroscopy.

Ctrl Zn Cd ZnCd

0h 24 h

3h 30h

6h 42h

9h
48 h

12 h
54 h

21h

Figure 17 Supernatant colors of P. aeruginosa PDMZnCd2003 in the Ctrl, Zn, Cd and
Zn+Cd at 0-72 hours show that Zn and Ctrl were parrot-green and light-yellow,
respectively, while the Cd and Zn+Cd color were yellow-green.
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4.1.2 UV-Vis spectra of all supernatants

The UV spectra of Pseudomonas supernatants were reported including
pyoverdine at 300-400 nm and pyochelin at 200 and 300 nm. In addition, pyochelin is
light yellow with a yellowish-green fluorescent, it is confused to pyoverdine. Iron free
pyochelin have maximum absorbance at 218, 248 and 310 nm and iron-pyochelin
complexes at 237, 255, 325, 425 and 520 (pH 2.5) or 488 (pH 7.0) nm. Pyoverdines
are detectable under UV light (365 nm) by their bluish-green fluorescence. Maximum
absorbance of free-pyoverdines in visible are 365 nm and 380 nm (pH<5), 402 nm
(pH 7) and 410 nm (pH 10). The maximum absorbance of Fe(ll1)-chelated typical
pyoverdines is near 400 nm (pH 3-8), with broad charge transfer bands at 470 and
550 nm.

The UV-Vis analysis were done in non-diluted supernatants for
preliminary screening of siderophores. The UV-Vis spectra of supernatants (Figure
18) show the peaks at 250 and 330 nm in all treatments and control and at 420 nm in
Cd and Zn+Cd. The hidden peak of 250 nm was clearly presented in the diluted
supernatants of 24 hours at 100-fold (Figure 18). Therefore, the UV-Vis spectra of
supernatants at 250 and 330 .nm assume to be a peak of pyochelin (Cox and Graham
1979) and the peak at 420 nm was pyoverdine (Naik and Dubey 2011). The peak at
420 nm was detected only the yellow-green color supernatants. Moreover, pyochelin
in Ctrl (Figure 18(a)) was higher than the others because the pyochelin biosynthesis
involve to iron than other metals (Schalk et al. 2011). While pyoverdine increased
along the time until almost stable at entering dead phase (Appendix A) because the

metal (Cd) stimulate the biosynthesis of pyoverdine (Schalk et al. 2011).
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Figure 18 UV-Vis spectra of P. aeruginosa PDMZnCd2003’s supernatants at 0-72
hours and 100x diluted supernatants at 24 hours in the Ctrl (a), Zn (b), Cd (c) and
Zn+Cd (d) show the peaks at 330 nm in all treatments and control, and at 420 nm in

Cd and Zn+Cd. The hidden peak of 250 nm was clearly presented in the 100x diluted

supernatants of 24 hours.
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4.1.3 Analysis of crude siderophore extracts
4.1.3.1 Zn and Cd concentrations in crude siderophore extracts

Before the step of partition solvent extraction, each supernatants from
the four treatments were divided into two portions. Siderophores in supernatants
without pH adjustment (pH 8) contained Zn and/or Cd whereas the other portion of
each supernatants were adjusted the pH to pH 2 for releasing the metal ions in the
siderophore complexes and obtained the free-siderophores (Payne 1994). The crude
siderophores from the pH 2 supernatants were called the pH-2 extracts. While the
crude siderophores from the no pH adjusted supernatants were called the pH-8
extracts. Then it was partitionally extracted by two solvents, ethyl acetate (EtOAC)
and n-butanol (BuOH). Therefore, the crude siderophore extracts from ethyl acetate
and n-butanol fractions were called the EtOAc fraction and the BuOH fraction,
respectively. The crude siderophore extracts and solvent fraction color were separated
to 16 samples following to Table 4.

The solvent fraction color (Table 4, Appendix B) of each fractions
were correspond to pyochelin and pyoverdine in the fractions. Pyochelin is light
yellow with a yellowish-green fluorescent. In methanol, it forms a wine-red (pH 2.5)
to orange (pH 7.0), non-fluorescent when complex with iron (Cornelis and Matthijs
2007). Whereas, pyoverdine show yellow-green fluorescent. The fraction colors
indicated that the pyochelin and pyoverdine from supernatants were extracted into the

solvent fractions.

Table 4 Crude siderophore extract’s code names and the colors of solvent fractions.

— Ny Siderophore fraction Color of solvent fraction
pH-2 extract = pH-8extract pH-2 extract pH-8 extract

Ctrl EtOAC Ctrl-E-2 Ctrl-E-8 Yellow-orange Yellow-orange
BuOH Ctrl-B-2 Ctrl-B-8 Red-orange Blue

Zn EtOAC Zn-E-2 Zn-E-8 Yellow-orange Yellow-orange
BuOH Zn-B-2 Zn-B-8 Red-orange Blue

Cd EtOAC Cd-E-2 Cd-E-8 Yellow-orange Yellow-orange
BuOH Cd-B-2 Cd-B-8 Red-orange Fluorescent green

Zn+Cd EtOAc ZnCd-E-2 ZnCd-E-8 Yellow-orange Yellow-orange

BuOH ZnCd-B-2 ZnCd-B-8 Red-orange Fluorescent green
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For further quantitative or comparative study, crude siderophore
extracts were examined the density by grams of crude siderophore extract per volume
(Table 5). Zn and Cd concentrations in the crude siderophore extracts were examined.
The crude siderophore extract density of the EtOAc fractions were lower than the
BuOH fractions, however, in case of Zn+Cd, it was not different. The FAAS results in
Table 5 show that the Zn and Cd concentrations in the pH-2 extracts were lower than
the pH-8 extracts. It indicated that the metal ions in the pH-2 extracts was released
from the siderophores. While the siderophores in the pH-8 extracts was mainly in the
siderophore-metal complex form. Ethyl acetate is polar aprotic solvent which do not
dissolved the metal ions into its fraction while n-butanol is polar protic solvent which
can dissolve the metal ions. Hence, the rest metal ions in the partial supernatant from
ethyl acetate extraction could be transferred and dissolved in the n-butanol fraction. It
was the one factors caused the higher Zn and Cd concentrations in the BuOH fractions
than the EtOAc fractions. Therefore, the pH-2 extracts and the pH-8 extracts were
used to study the different between free-siderophore and siderophore-metal complex,

respectively.

Table 5 Crude siderophore extract density and Zn and Cd concentrations (mg mg™?) in
all crude siderophore extracts.

Crude siderophore density® Zn (mg gh)° Cd (mg g?)°

pH-2 extract pH-8 extract pH-2extract pH-8extract pH-2extract pH-8 extract

Sample

EtOAc BuOH EtOAc BuOH EtOAc BuOH EtOAc BuOH EtOAc BuOH EtOAC BuOH

Ctrl 0.734 1.040 0.786 1.055 0.009 0.038 - 0.059 0.198
Zn 0.838 0.950 0.793 1.068 0.037 = 0.157  0.281  2.055
Cd 0.784 0.858  0.814  0.947 0.007 - 0.012 0.018 0.355 - 0.350 0.672 11.396

Zn+Cd 0.908 . 0.920 ~0.882 0.956 0.030 0.108 0516 3.506 - 0430 0254 2122

#<LOQ and LOD (LOQ = 0.022 and LOD = 0.009)
b Crude siderophore extracts density were examined by grams.of crude siderophore extract per volume
¢ Unit of mg g* obtained by the metal concentration (mg ml?) divided by crude siderophore extract
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4.1.3.2 Thin layer chromatography (TLC)

TLC was carried out to primarily determine the approximate number
and characteristic of siderophores in the crude siderophore extracts. A 1 pl of each
crude siderophore extracts were spotted on TLC plate to semi-quantitative comparison
among crude siderophore extracts. Figure 19(a) shows the TLC chromatogram
detected under UV light at 360 nm. The TLC figure was adjusted for sharpen the
chromatogram by PhotoScape program. There are some TLC chromatograms emitted
blue and green fluorescent. The pyoverdine and pyochelin emit yellowish-green and
pseudomonine emit blue fluorescence under UV light. Therefore, the pyochelin,
pyoverdine and pseudomonine were detected by TLC.

Retention factor (Ry) is the distance migrated of each chromatograms
divided by the total distance of the solvent. Each groups have the similar R; and
number of chromatogram (Figure 19(b)). The crude siderophore extracts were
represented into 4 groups including EtOAc-pH-2, EtOAc-pH-8, BuOH-pH-2 and
BuOH-pH-8 (Figure 19). The pattern of the Ry and TLC chromatogram in each
groups was corresponded to the solvent fractions and pH in the extraction. The polar,
charge, or free- or metal complex forms of siderophores in each crude siderophore
extracts caused the differences of TLC band characteristics. The crude siderophore
extracts from the Zn+Cd supernatants were completely entire bands than the others.
Moreover, the Zn+Cd supernatant was contained pyochelin and pyoverdine.
Therefore, the four crude siderophore extracts from the Zn+Cd supernatant including
ZnCd-E-2, ZnCd-E-8, ZnCd-B-2 and ZnCd-B-8 were selected to indicate the
siderophore molecules by LC-MS.
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4.1.3.3 Liquid chromatography-mass spectrometry (LC-MS)

LC-MS was carried out to search and confirm the siderophores in the
crude siderophore extracts. A 10 pl of crude siderophore extracts were dissolved by
methanol and 10 mM sodium formate was used as internal standard. Based on the
data of crude siderophore density (Table 7), the quantitative analysis of peak area
could be compared. The LC chromatograms (Figure 20) show the different between
the EtOAC fractions (ZnCd-E-2 and ZnCd-E-8) and the BuOH fractions (ZnCd-B-2
and ZnCd-B-8) because the characteristics of siderophores obtained by each solvent
extraction, charge, free- or metal siderophore complex form of the crude siderophore
extracts. Some peaks in the LC chromatograms were presented in all four crude
siderophore extracts while the other peaks were found in its groups (Figure 20).

There are 6 peaks of siderophores, PDTC (peak 1), pyoverdine
chromophore (peak 2), pyocyanin (peak 3), pyochelin (peak 4) and pseudomonine
fragments (peak 5-6), were identified (Figure 20) including [PDTC]" in de-hydrogen
of thiol form (197.12 m/z at RT 6.6 mins) and [pyocyanin]* (211.14 m/z at RT 13
mins) (El-Fouly et al. 2015) in all samples, [pyochelin]* (325.07 m/z at RT 28.2 mins)
in ZnCd-E-2, ZnCd-E-8 and ZnCd-B-8, the [chromophore]* of pyoverdine (261.12
m/z at RT 11.1 mins) (Ruangviriyachai et al. 2004) in ZnCd-E-2, ZnCd-B-2 and
ZnCd-B-8 and pseudomonine fragments (286.21 and 314.21 m/z at RT 35.3 and 39.2
mins, respectively) in ZnCd-E-2 and ZnCd-E-8. Table 6 shows the m/z in each peaks
and its fragments found in MS data to support the peak identification. The data of MS
of peak 1-6 in each sample were shown (Appendix C). Most distinctive peaks in each
crude siderophore extracts were not clearly identity.

The concentrations of each siderophores were quantitatively examined
to compare the obtained siderophores in each crude siderophore extracts. Table 7
shows relative peak area of 6 siderophore peaks including PDTC, pyoverdine
chromophore, pyocyanin, pyochelin and two pseudomonine fragments. The extracted
solvent affected the concentrations of obtained siderophores. Two pseudomonine
fragments found in the EtOAc fractions corresponding to the pseudomonine blue
emission of the EtOAc fractions in TLC chromatograms. Moreover, the
pseudomonine in ZnCd-E-8 was higher than ZnCd-E-2. The pyochelin concentration
in ZnCd-B-8 was extremely higher than the others. While the PDTC, pyoverdine
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chromophore and pyocyanin concentrations were not much different. In addition, the

concentrations of PDTC, pyoverdine chromophore and pyochelin were higher in

ZnCd-B-8 than the others. It suggested that these siderophores were highly obtained

when extracted from no pH adjustment supernatants by used n-butanol.
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Figure 20 LC chromatogram of the crude siderophore extracts including ZnCd-E-2
(@), ZnCd-E-8 (b), ZnCd-B-2 (c) and ZnCd-B-8 (d) show their siderophore identity

peaks-in each crude siderophores. Peak identification; PDTC (peak 1), pyoverdine
chromophore (peak 2), pyocyanin (peak 3), pyochelin (peak 4), pseudomonine
fragments (peak 5-6).
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Table 6 LC-MS peak evaluation which consisted of molecular formula, [M+H]* m/z
and [M+H]* m/z fragments.

RT

Peak (min) Siderophore  Molecular formula [M+H]* m/z [M+H]* m/z Fragment
= - S
o 1 o A, " 136.0762
1 6.6 PDTC ' ”/\f d
CoHNOLS, 197.13 I " l169.1333
O ~187.1229
A /\T/\_ T
: chromophore . " 26112 !
C13H14N303 ' mj‘j 233.1293
T

I\r\j/ 247.1648

| | A
i C[ ©/ )@ j/f 120.0815
3 13.0 Pyocyanin N/ P : :
o I oo
C13H10N20 211.14 i 183.1488

O 0 o
] N,/: S 7
4 28.2 Pyochelin j\ \)/k o 172 0433

/
C14H16N20352 325.07 \)/Q 206.0307
e
56 35.3, Pseudomonine 6))%7 S 315.1219 286.2055
: 39.7 ° (Not found) U /\/@
Ci16H17N304 @ %\
314.2138

Table 7 The relative siderophore peak area of the LC chromatogram.

Relative siderophore peak area!

ZnCd-E-2 10.87 3.75 5.57 20.49 10.42 1.24
ZnCd-E-8 6.88 0.00 5.20 9.47 17.88 8.76
ZnCd-B-2 3.90 3.20 4.06 0.00 0.00 0.00
ZnCd-B-8 15.11 4.54 5.62 85.06 0.00 0.00

! Relative peak area were calculated by the LC peak area obtained in the experiment multiply by crude
siderophore density in each samples and divided by the peak area of internal standard sodium formate
2 pseudomonine fragment from peak 5
3 Pseudomonine fragment from peak 6
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4.1.3.4 X-ray absorption near edge structure (XANES)

Crude siderophore extracts of the pH-2 extracts and the pH-8 extracts
was studied by X-ray absorption fine structure (XAFS). XAFS can detail the different
between the pH-2 extracts and the pH-8 extracts at atom level. XAFS was analyzed at
two regions including; (i) pre-edge and absorption edge of element, this structure
called X-ray absorption near edge structure (XANES). XANES indicate the oxidation
state of each elements in crude siderophore extracts, and (ii) post absorption edge
called extended X-ray absorption fine structure (EXAFS) indicate the ligands of Zn
and Cd in crude siderophore extracts, All XAFS spectra were normalized to
quantitatively compare the peak position and peak height in case of XANES spectra.
While Zn and Cd can analyse EXAFS in case of clear spectra, the high signal-to-noise
ratio spectra were analysed in XANES.

The LC-MS indicated the PDTC, pyoverdine, pyocyanin, pyochelin
and pseudomonine contained in the crude siderophore extracts. PDTC and pyochelin
have thiol and sulfur in their structures, respectively. Sulfur is potential to be a metal
ligands. Therefore, the crude siderophore extracts were analyzed the S, Zn and Cd
elements.

The sulfur concentration in the crude siderophore extracts was relative
examined by the count of X-ray fluorescence (XRF) spectra (Figure 21). The sulfur
concentration in the crude siderophore extracts was sufficient for the S XANES
measurement. The sulfur signal in the BUOH fraction were higher than the EtOAc
fractions.

4.1.3.4.1 Sulfur K-edge XANES

The S K-edge XANES spectra of all crude siderophore extracts
show:in Figure 22. It shows the multi-oxidation at 2472, 2475 and 2480 eV. The S
XANES spectra of the pH-2 extracts and the pH-8 extracts were different by
comparing the height of each peaks in each-metal treatments. The S XANES spectra
of Cd and Zn+Cd were similarly in the pattern of each peaks while the control and Zn
treatment spectra were not related to each other. However, three peaks of S XANES
consisted of the hidden oxidation peak inside the main peak. The organic sulfur
oxidations were reported including sulfide, thiol, disulfide, sulfoxide, sulfone,
sulfonate and sulfate. These organic sulfur oxidations were -2, -1/-0.5, -1/0, +2, +4,
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+5 and +6, respectively (Schmalenberger et al. 2011). Therefore peak fitting was used

to analyse the oxidations of sulfur in S XANES data.
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Figure 21 X-ray fluorescent (XRF) spectra of the EtOAc-pH-8 (a) and BuOH-pH-8

(b) extracts including Ctrl, Zn, Cd and Zn+Cd show the elements such as S, Cl, Cd, K

and Ca.
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The S XANES spectra of all crude siderophore extracts were fitted
the analytical line shapes of sulfide, thiol, disulfide, sulfoxide, sulfone, sulfonate and
sulfate to S XANES data (Figure 23). The results obtained from peak fitting were
photon energy and area of each analytical line shapes. The photon energy of each
analytical line shapes indicate the oxidation and position of each sulfur. The area of
each analytical line shapes corresponded to the concentration of each line shapes.
Configurations of each sulfur were showed in Figure 23. The Gaussian peaks used in
this calculations were referred by following Rompel et al. (1998), Schmalenberger et
al. (2011) and Lin et al. (2014). The percentages of S XANES peak fitting area were
show in Table 8. The sulfur species in the reduced form (sulfide, thiol and disulfide)
were larger than the sulfur species in the intermediate form (sulfoxide) and oxidized
form (sulfone, sulfonate and sulfate). The reduced form of sulfur indicated that the
sulfur in siderophores can donate electron to metal ions. The thiol groups were related
to disulfide by the thiol increased and disulfide decreased. The present of thiol

supported the presenting of PDTC in the crude siderophore extracts.

2.2 1 ZnCd-B-8
Peak Fit

@ 1.7 Residaul

>

= Arctangent

T 1.2 .

N Sulfide

T / _

€ 07 - ‘ Thlol-

2 Disulfide
0.2 1 — Sulfoxide
02960 2465 2470 2475 2480 - 2485 2490  MOne
- ——— Sulfonate

Energy Su

Suliur functiopal Sulfide Thiol Disulfide Sulfoxide Sulfone Sulfonate  Sulfate

group

Oxidation -2 -1/-0.5 -1/0 +2 +4 +5 +6
Photon energy (eV) 2471 2472 2474 2476 2477 2478 2479
Configuration R-S-R R-S-H R-S-S-R R-(S=0)-R R-C-SO3; R-0O-SO; SOy

Figure 23 Normalized S K-edge XANES peak fitting by the 7 Gaussian and
Lorentzian peaks including position of sulfide, thiol, disulfide, sulfoxide, sulfone,
sulfonate and sulfate peaks. The oxidation, photo energy and configuration of each
peaks were showed in table below.
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4.1.3.4.2 Zinc and cadmium K-edge XANES

Zn and Cd K-edge XANES spectra are shown in Figure 24 and
Figure 25, respectively. Because of slightly low Zn and Cd concentration in the pH-2
extracts, it led to high signal-to-noise ratio in the spectra of pH-2 extracts. In addition,
XANES spectra confirmed that acidified supernatants before the extraction enhanced
the metal removal from the siderophores. Therefore, only crude siderophores from
pH-8 extracts were used in analysis.

Normalized Zn and Cd K-edge XANES spectra of reference
chemicals were used as the Zn and Cd model compounds, respectively, for linear
combination fitting (LCF). The reports of fitting weight, which were forced between
0-1, and R-factor were shown in Table 10 and Table 9, respectively. LCF results of
Zn K-edge XANES spectra (Table 10) show that the spectra of pH-8 extracts were
most fitted to ZnOAc> Zn-glutathione complex> ZnCd-glutathione. The Zn binding
ligand of ZnOAc is Zn-O with coordinating bidentate by two acetate ions and forming
octahedral, while Zn-glutathione complex and ZnCd-glutathione complex are Zn-S.
The LCF results of Cd K-edge XANES spectra (Table 9) show that the spectra of pH-
8 extracts were fitted to CdO> CdS>Cd-cysteine complex>CdSOa. The Cd-O binding
ligands included CdO and CdSO4 while the Cd-S included CdS and Cd-cysteine
complex. The Zn and Cd LCF results suggested that O and S could be the mix ligands
of Zn and Cd in crude siderophore extracts. Therefore, O and S were considered on
Zn and Cd EXAFS analysis.
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Figure 24 Zn K-edge XANES absorption spectra of (a) crude siderophore extracts and
(b) the reference compounds in the complexes form.
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Figure 25 Cd K-edge XANES absorption spectra of (a) crude siderophore extracts and
(b) the reference chemicals in the complexes form.
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4.1.3.5 Fourier transform infrared spectroscopy (FTIR) analysis

From the results of XANES indicated that O and S were coordinating
ligands for Zn and Cd ions. The S XANES was clearly demonstrated the different
between the pH-2 and pH-8 extracts. For study the alteration of O and S ligands
between the pH-2 and pH-8 extracts, FTIR is suitable because it detailed the changes
of metal bonding or chelating to metal ions. The alteration of FTIR peaks indicate the
metal bonding or chelating by the shift of wavenumber (D’Souza et al. 2008; Sutton
et al. 2015), peak increasing or decreasing and new peak appearances. Little alteration
of FTIR spectra in metafile of FTIR data were indicated by multivariate analysis
PCA. Before analysis by PCA, all FTIR spectra were normalized to be compared the
altered peaks such as shift and/or change in absorption.

The FTIR spectra of all crude siderophore extracts show in Figure 26.
There are the same peaks in each crude siderophore extracts spectra but different in
the absorbance or wavenumber shift. Therefore, these FTIR spectra supported the
alteration among crude siderophore extracts. All FTIR spectra were analysed by PCA.
The PCA consist of two information including the clustering of sample sets (each
FTIR spectra) reporting as score plot and the identification of the variables
(wavenumber, cm™) showing as loading plot. The principal component (PC) value
inform the important of the variable.

The possible ligands in the functional groups of the FTIR spectra were
C=0 (1600-1800 cm™), C-O (1050-1150 cm™), S=0 (1060-1110 cm™) and S-O (810-
870 cmY). These functional groups can donate lone pair electrons to metal ions. Thiol
was a weak peak near 2400 cm™ and it was not presented in the FTIR spectra. The
FTIR and PCA analysis was supported the different in the O and S ligands between
the pH-2 extracts and the pH-8 extracts by the separation as shown in the score plots.
The alteration-of wavenumber and absorption of C=0, C-0O, S=0 and S-O were

shown in Table 11 and this results were determined couple to the results of PCA.
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Figure 27 The C=0 and C-O peaks of the EtOAc (Ctrl, Zn, Cd and Zn+Cd) consisted
of score plot (a), loading plot (b) and the average of normalized FTIR spectra (c).

Figure 27 shows that C=0 (1600-1800 cm™) and C-O (1050-1150 cm
1 functional groups of the pH-2 extracts and pH-8 extracts were different. All crude
siderophores found the shift of C=0 in the pH-8 extracts only except the Ctrl-E-8.
The shift of C=0 indicated to metal ion binding (Mizuguchi et al. 1997). The shift of
wavenumber at 1675 cm* in the control sample was found only in Ctrl-B-8.
Moreover, the C-O absorbances of Zn, Cd and Zn+Cd were higher than Ctrl.
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Figure 28 The S=0O and S-O peaks of the EtOAc (Ctrl, Zn, Cd and Zn+Cd) consisted
of score plot (a), loading plot (b) and the average of normalized FTIR spectra (c).

Figure 28 shows that S=O (1060-1110 cm™) and S-O (810-870 cm™)

functional groups of the pH-2 extracts and the pH-8 extracts were different. However,

the S=0 and S-O were shifted to higher wavenumber in the Zn and Cd. These

functional groups could chelate the metal ions. However, no reports supported of the

S=0 and S-O shifted by metal chelation. Moreover, the absorbance of the Zn and Cd

were higher than control and Zn+Cd.
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Figure 29 The C=0 and C-O peaks of the BuOH fractions (Ctrl, Zn, Cd and Zn+Cd)
consisted of score plot (a), loading plot (b) and the average of normalized FTIR
spectra (C).

Figure 29 indicates that C=0 (1600-1800 cm™) and C-O (1050-1150

cm™) functional groups of the pH-2 extracts and the pH-8 extracts were distinct. All

crude siderophores had the shift peak of C=0. The C=0 peak in the samples of Zn,

Cd and Zn+Cd were shifted to higher absorbance whereas the peak in control samples

was shifted to lower absorbance. The C-O of control, Cd and Zn+Cd were shifted to

lower absorbance. The shift to lower wavenumber indicated the functional group bond

to metal ion (D’Souza et al. 2008; Sutton et al. 2015). Moreover, the C=0 absorbance

of Zn, Cd and Zn+Cd was higher than control and the C-O of control was higher than

Zn,

Cd and Zn+Cd.
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Figure 30 The S=0 and S-O peaks of the BUOH fractions (Ctrl, Zn, Cd and Zn+Cd)
consisted of score plot (a), loading plot (b) and the average of normalized FTIR
spectra (C).

Figure 30 indicates that S=O (1060-1110 cm™) and S-O (810-870 cm™)

functional groups of the pH=2 extracts and the pH-8 extracts were distinct. The S-O

demonstrated the shift in all treatments and control. While the S=O was shifted to

lower wavenumber in control and Zn+Cd. The shift to lower wavenumber indicated

the functional group bond to metal ion (D’Souza et al. 2008; Sutton et al. 2015).

Moreover, the S=0 absorbance of control was higher than Zn, Cd and Zn+Cd.
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4.1.3.6 EXAFS analysis of Zn and Cd

Zn and Cd XANES LCEF results indicated the Zn and Cd coordinated
with O and S ligands. Moreover, PCA analysis of the FTIR spectra supported that O
and S ligands chelated with metal ions. Crude siderophore extracts from the pH-8
extracts were analyzed by EXAFS. Almost Zn and Cd coordinating with ligands were
demonstrated by EXAFS. The EXAFS fitting plot results of y(k) and the magnitude
¥(R) of Fourier transformed data of the first shell show in Appendix D. The EXAFS
spectra can detail the coordination number (N), Debye—Waller factor (¢?) and band
distance (R). The shape of x(R) in the crude siderophore extracts were asymmetry,
hence, more than one electron scattering paths were investigated to fit in EXAFS.
Table 12 shows the two electron scattering paths in the first shell. Zn in the EtOAc
fraction and the BuOH fraction were coordinated with Zn-O at bond distance 1.8-2.0
A° and Zn-O/S at bond distance 1.6-2.2 A°, respectively. The Cd in Cd-E-8 only was
Cd-O coordination in the first shell at bond distance 2.2-2.4 A° whereas the others
were Cd-O/S at bond distance 2.2-2.6 A°. In addition, the ligands in the BUOH
fractions were O and S while the EtOAc fractions were O, except ZnCd-E-8. The
number of coordination of Zn and Cd were 4-8 and 3-5, respectively. The number of

bonding indicated that Zn and Cd were chelated by the crude siderophore extracts.



Table 12 Zn and Cd EXAFS results.
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First shell
R-factor

Path N o’ R (A°)

Zn EXAFS Fitting

Zn-E-8 Zn-0 4 0.0015 2.010+0.05 0.034
Zn-0 2 0.0016 1.833+0.06

Zn-B-8 Zn-0 2 0.0017 1.837+0.02 0.012
Zn-S 2 0.0038 2.211+0.04

ZnCd-E-8 Zn-0 4 0.0050 1.858+0.03 0.012
Zn-0 4 0.0029 2.047+0.03

ZnCd-B-8 Zn-0 1 0.0048 1.680+0.04 0.025
Zn-S 4 0.0097 2.106+0.06

Cd EXAFS Fitting

Cd-E-8 Cd-O 4 0.0035 2.276+0.06 0.057
Cd-O 1 0.0022 2.468+0.19

Cd-B-8 Cd-O 2 0.0016 2.254+0.05 0.020
Cd-S 1 0.0004 2.544+0.05

ZnCd-E-8 Cd-O 2 0.0057 2.082+0.07 0.020
Cd-S 2 0.0040 2.418+0.04

ZnCd-B-8 Cd-O 3 0.0021 2.319+0.06 0.062
Cd-S 1 0.0096 2.593+0.12

Fitting in y(R) = 1-2.5 A° and (k) = 3-10 A°* and showed the coordination number (N), Debye—

Waller factor (c?) and bond distance (R (A°))
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4.2 The application of crude siderophores on Zn and Cd uptake in marigold.

4.2.1 Plant pathogenicity test

Before applied the crude siderophore extracts on marigold, it need to
evaluate the possibility of the pathogenicity of P. aeruginosa PDMZnCd2003 on
marigold. The pathogenicity test was carried out in two inoculation ways, by spraying
on leave and soil and injecting in shoot. Even if leaving the inoculated marigold for 7
days, it was no any symptoms appeared (Appendix E). The leaves and soils were
taken for the bacterial detection on NA agar plates to confirm that the bacteria were
in/on the plant and soil. It found that the bacteria were in the leaf and soil samples
(Figure 31). Although the bacteria was found in the plants and soils, it had no
symptom or adverse effects on marigold.

Non-inoculation P aeruginosa PDM2003 inoculation

Figure 31 Bacterial detection on shoot from non-inoculation (a) had no green color
secreted while the P. aeruginosa PDM2003 inoculation showed the secretion of green
chemical.

4.2.2 Pot experiment
Pot experiments were performed in two times upon type of crude

siderophore treatments including (i) from siderophore-metal complexes that aimed to
improve Zn and Cd uptake in marigold and (ii) from free-siderophores that concerned
the metal scavenging in soil and uptake into marigold. Other chelators including
EDTA and citric acid were investigated for comparing the effects to crude
siderophore extracts. EDTA is wildly used as chelators in plants but it had side
effects. While citric acid is a plant root exudate that also contained chelator property.
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In the first pot experiment, bud stage of two month-old marigold plants
were treated with crude siderophore extracts from ZnCd-E-8 and ZnCd-B-8, which
were in siderophore-metal complex form, as a Zn and Cd supplements for improving
Zn and Cd accumulation in marigold. Flowering stage of three month-old marigold
plants were harvested. Flowers, leaves, roots, stems and rhizosphere soil were
collected.

No significantly different of fresh and dry weights between control and
other treatments (Figure 32 and Figure 33) of leaf, root, stem and flower. The results
indicated that the chelator treatments were not improved the marigold growth when
compare to the control. The chlorophyll contents in the plants treated with
siderophore were significantly higher than the control plants and the plants treated by
EDTA, citric acid and DMSO (Figure 34). The chlorophyll contents of plants treated
with DMSO were the lowest, because DMSO had adverse effect on marigold by its
toxicity. However, the chlorophyll in the siderophore treatments was not affected by
DMSO toxicity.
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Figure 32 Fresh weight (g) of leave (a), flower (b), stem (c) and root (d) in each
treatments.
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Figure 33 Dry weight (g) of leave (a), flower (b), stem (c) and root (d) in each
treatments.
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Figure 34 Index of relative chlorophyll content in each treatments.
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Zn and Cd concentration in leaves were no significantly different between
control and treatments (Figure 35). It indicated that these chelators had no effect on
Zn and Cd accumulation in leaves. Zn concentration in the rhizosphere soil of the
DMSO treatment was lower than the soil from control and the treatments of EDTA,
citric acid and siderophore (Figure 36(a)). In addition, the Cd concentration in

rhizosphere sail in-control and treatments were not significantly different.
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Figure 35 Total Zn (a) and Cd (a) concentrations (mg g dry weight) in leave of
marigold in each treatments.
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Figure 36 Total Zn (a) and Cd (b) concentrations (mg g* dry weight) in rhizosphere
soil of marigold in each treatments.
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The second experiment for the marigold pot experiment was carried out.
Fertile soil and no planting soil were added in this second experiment to study the
fertile and contaminated soil and metal mobility without the effect of plants,
respectively. In addition, vegetative stage of one month-old marigolds were treated by
crude siderophore extracts from ZnCd-E-2 and ZnCd-B-2, which were used as free-
siderophore for enhancing metal chelated in soil. After 2 weeks of treating, marigold
in vegetative stage were harvested. All shoots and soils were collected to examine wet
and dry weight and Zn and Cd concentrations.

The fresh weight of the fertile soil was significantly highest than the
contaminated soil (Figure 37(a)). It indicated that the heavy metals in the
contaminated soil had effected the growth of marigold. In the treatments, the fresh
weight of the control, EDTA and citric acid were significantly higher than the crude
siderophores and DMSO (Figure 37(a)). The dry weight of the fertile soil was
significantly not different from the EDTA, citric acid and crude siderophores. While
the DMSO were significantly lower than the others (Figure 37(b)). The DMSO
toxicity caused the siderophore and DMSO marigolds withered that caused the loss of
fresh weight. However, the dry weights of plants obtained from the crude siderophore
treatments were not significantly different from the plants growing in the fertile soil.
Therefore, it indicated that the treatments of EDTA, citric acid and crude siderophores
alleviated the marigolds from the adverse effects of contaminated soil when compared

with the control.
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Figure 37 Shoot fresh weight (a) and dry weight (b) of marigold in each treatments.
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The Zn concentrations in shoot of all treatments were not significantly
different (Figure 38(a)). While the Cd concentration in shoot of the EDTA was
significantly higher than the others (Figure 38(b)). Added citric acid and siderophore
were not improved the Zn and Cd accumulated in shoot of marigold except the EDTA

when compared to the control.
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Figure 38 Total Zn (a) and Cd (b) concentrations (mg g* dry weight) in shoot of
marigold in each treatments.

The rhizosphere soil of marigold were extracted the Zn and Cd by water
extraction method to obtain the soluble Zn and Cd. The Zn and Cd concentrations of
all experimental groups were under the LOD and LOQ except the EDTA (Table 13).
The EDTA was significantly higher than the others when compared to the control.

The no planting pots in each experiments was set to determine the effect
of the treatments on Zn and Cd solubility in soil without the effects of plant in each
experimental treatment set. The Zn concentrations in fertile soil, crude siderophores
and DMSO (Table 13) were under the LOD and LOQ. While the EDTA was
significantly higher than the control and citric acid. The Cd concentrations in the soil
of control, citric acid, siderophore and DMSO were under the LOD and LOQ (Table
13). The EDTA affected the Zn and Cd solubility in soil. Whereas, the soil applied
with citric acid, siderophore and DMSO were not affected the Zn and Cd solubility,

when compared with the untreated Zn/Cd contaminated soil (control).
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Table 13 Water extractable Zn and Cd concentrations (mg g* soil dry weight) of

rhizosphere and no planting soils.

Fertile soil

Control EDTA Citricacid  Siderophore DMSO
Rhizosphere soil
Zn conc. -2 -2 3.07+0.16 = 2 2
Cd conc. -2 2 0.55+0.03 R2 2 2
No planting soil
Zn conc.? -2 0.12+0.09*  0.92+#0.07°  0.16+0.06° -2 -2
Cd conc. -2 -2 0.20£0.012 -2 2 2

! Duncan’s multiple comparison test was used due to the homogeneity of variance was no significant

2 The value lower than LOD (0.01) and LOQ (0.02)



CHAPTER 5

DISCUSSION, CONCLUSION AND SUGGESTIONS

5.1 Discussion

Siderophores is accepted as one of key factors for improving heavy metal
phytoremediation by enhancing metal mobilization (Karimzadeh et al. 2013),
phytoextraction, and decrease oxidation stress in plants (Dimkpa et al. 2008;
Rajkumar et al. 2010). Bacteria adapt to-environmental changing such as the presence
of heavy metals. The iron or metal ions concentrations induce the regulation or
biosynthesis of siderophores (Raymond and Dertz 2004; Meyer 2007; Visca et al.
2007). Heavy metals are divided into biotic/essential and abiotic metals such as Zn
and Cd, respectively. Gaonkar and Bhosle (2013) found that biotic metals increased
siderophore concentration while abiotic metals decreased siderophore concentration.

The growth curves of P. aeruginosa PDMZnCd2003 were corresponded to
Meesungnoen et al. (2012). The CAS assay indicated that the siderophores contained
in all Zn and/or Cd treatments and control. The production of siderophores along the
growth curve was similar to the siderophore production of Bacillus spp. (Patel et al.
2009). Dao et al. (1999) also indicated that Cd stimulated pyoverdine production. The
stable of high siderophore concentration after 24 hours indicated that siderophores
production was activated by the metal toxicity of Cd. The bacterium produced
siderophores to reduce the available of metal ions in the culture media by chelating
and accumulated the metals in the culture media (Schalk et al. 2011). Siderophore
gene located in bacterial chromosome (Sasirekha and Srividya 2016). Ferric uptake
regulator (Fur) associates in many metabolic pathways of iron homeostasis (Kaushik
et al. 2016). In pyoverdine biosynthesis, Fe binds to Fur and forms Fe-Fur complex
that results to repress pvdS promotor, which is a promotor of pyoverdine biosynthesis
transcription genes (Nadal-Jimenez et al. 2014). Cd could interact with Fur instead of
Fe, then Fur is released from the pvdS promotor (Dao et al. 1999; Izrael-Zivkovié et

al. 2018). However, Sasirekha and Srividya (2016) reported that siderophore
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produced from P. aeruginosa FP6 decreased when the bacterium was cultured in a
media contaminated with 10 uM Cd. In case of Zn treatment, (Rossbach et al. 2000)
found that Zn induced pyoverdine production.

The yellow-green color of supernatant indicates to be a pyoverdine (Elliott
1958; Carrillo-Castafieda et al. 2005). The parrot green color could be a Pseudomonas
blue pigment pyocyanin (Hassan and Fridovich 1980). The UV spectra of
Pseudomonas supernatants have been reported. Parker et al. (2007) measured
pyoverdine of P. putida BG-1 and MnB1 by UV absorption spectra in the range 300-
500 nm. Naik and Dubey (2011) reported the UV absorption spectra of P. aeruginosa
4EA. They found the peaks of pyochelin (247 nm and 310 nm) and pyoverdine (370
nm). 1zrael-Zivkovié et al. (2018) observed pyochelin at 310 nm and pyoverdine at
400 nm. Radzki et al. (2013) and Carrillo-Castafieda et al. (2005) also showed the UV
absorption spectra at a dominant peak about 400 nm. The UV-Vis spectra in this study
indicated that there are pyochelin (peaks at 250 and 310 nm) in all Zn and/or Cd
treatments and control. Pyoverdine (peak at 420 nm) was in Cd and Zn+Cd
treatments. The results indicated that Cd affected the pyoverdine synthesis. Ztoch et
al. (2016) also found that siderophores biosynthesis increased when increase the Cd
concentration. In addition, pyoverdine and pyochelin siderophores could be
synthesized in the same condition (Gasser et al. 2015).

The siderophores in the bacterial supernatants obtained from each treatments
were extracted by the partition solvent extraction. Ethyl acetate and n-butanol were
carried out to extract more siderophores form the supernatants. Ethyl acetate was
applied to extract pyochelin from the acidified supernatant of P. aeruginosa PAO-1
and 10145 (Cox and Graham 1979). However, the obtained pyochelin in this study
was the highest in the BuOH-pH-8 fraction. More than one siderophores were found
in the crude siderophore extracts. The Zn and Cd concentrations in the crude
siderophore extracts obtained from the pH-2 extracts and the pH-8 extracts were
examined by FAAS. The Zn and Cd concentrations in the pH-2 extracts were lower
than the pH-8 extracts, because the pH adjustment from pH 8 to pH 2 before the
extraction could release both Zn and Cd from the metal-siderophore complexes
(Payne 1994).
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The TLC bands of the crude siderophore extracts demonstrated bands of
pyochelin, pyoverdine and pseudomonine. Pyoverdine and pyochelin emit yellowish-
green color (Cox and Graham 1979), and pseudomonine emits blue fluorescence
under UV light (Cornelis and Matthijs 2007). The LC-MS confirmed that pyochelin
and pyoverdine in the supernatants contained in the crude siderophore extracts. In
addition to pyochelin and pyoverdine, the LC-MS spectra clearly indicate to
pyoverdine, pyocyanin, PDTC and pseudomonine fragments. They are the
Pseudomonas siderophores, which have been reported. Ruangviriyachai et al. (2004)
elucidated the pyoverdine from P. putida, and the pyoverdine chromophore mass
(m/z) was referred in this study. Yasmin et al. (2017) extracted the siderophores from
acidified supernatants of P. aeruginosa BRp3 by ethyl acetate. They used LC-MS/MS
to determine the crude extracts and found the siderophores 1-hydroxy-phenazine,
pyocyanin and pyochelin.

The differences of metal binding ligands between the pH-2 extracts and the
pH-8 extracts were determined by XAFS and FTIR. Siderophare ligands consist of
carboxylic acid, hydroxamate, catecholate, hydroxy-carboxylic acid (Springer and
Butler 2016) and also the thiol. The PDTC have thiol group in the structure. The S K-
edge XANES spectra demonstrated the three peaks at 2472, 2475 and 2480 eV. These
multi-oxidation in S K-edge XANES were reported (Morra et al. 1997;
Schmalenberger et al. 2011; Shakeri Yekta et al. 2012; Zhu et al. 2016). Comparisons
between the pH-2 extracts and the pH-8 extracts in each peak height showed some
difference following the treatments. The Cd and Zn+Cd treatments had the similar
pattern of the peaks whereas control and Zn treatment were not related to each other.
This results suggested that Cd and Zn+Cd treatments had similar sulfur species in
their crude siderophore extracts. The percentages of S K-edge XANES peak fitting
area indicated that the most of sulfur species in the crude siderophore extracts were in
the reduced form. It suggested that the siderophores could donate electron to metal
ions. The present of thiol also supported that the PDTC was in the crude siderophore
extracts.

The Zn and Cd binding ligands were determined by EXAFS. Crude
siderophore extracts were liquid form. Therefore, the R-space shape of the EXAFS
spectra were asymmetry and the bonding in first shell are varied. It indicated that the
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Zn and Cd binding ligands in the EtOAc fractions were O and O/S (except Ctrl-E-8
was 0), respectively while the BuOH fractions were mix ligands O/S. This results
related to the O/S ligands in the Pseudomonas siderophores detected by LC-MS.
More than four coordination number in the first shell indicated that Zn and Cd were
chelated by the siderophore structure. The coordination number of the siderophores
were more than 5 (Edwards and Myneni 2005; Duckworth et al. 2009; Harrington et
al. 2012b, a). In addition, the bond lengths of Cd were longer than of Zn (Duckworth
et al. 2009). The FTIR statistical analysed by PCA indicated that the O and S
functional groups between the pH-2 extracts and the pH-8 extracts were different. The
shift of C=0 to higher wavenumber in the pH-8 extracts from Zn, Cd and Zn+Cd
treatments showed the metals chelating with C=0 of siderophores. Mizuguchi et al.
(1997) showed the FTIR spectra of Ca?*-EDTA complex shifted to higher
wavenumber. The shift of wavenumber related to the geometry of metal bonding
(Sutton et al. 2015). Conversely, showed the shift to lower wavenumber of FTIR
peaks (hydroxyl, amino, carbonyl and phosphoryl) was caused by Cd ions bound to
the peaks (D’Souza et al. 2008).

The P. aeruginosa PDMZnCd2003 siderophores obtained in this study was
assessed the possibility for applying in phytoextraction. The bio-chelators could assist
the metal bioavailable instead of synthetic chelators such as EDTA. It was overcome
the adverse effects of synthetic chelators including degradable, green-compound and
hardly leachate as the results of marigold pot experiment. In the first marigold pot
experiment, there are no different between control and the treatments on growth and
Zn and Cd accumulation. Siderophore enhanced the chlorophyll content. Treatment at
vegetative stage by DMSO had more extreme adversity on marigold than the bud
stage when compared with the results obtained from the second pot experiment.
Siderophores had reports to improve chlorophyll concentration (Dimkpa et al. 2009a,
b; Nagata et al. 2013; Radzki et al. 2013). Plant growth in heavy metal contaminating
area was affected by oxidative stress and interfering Fe uptake, which adversely
resulted from the heavy metals. Siderophores reduced the stress and increased the Fe
uptake to plant even if in the presence of heavy metals (Dimkpa et al. 2009Db).

Cd reduced biomass, chlorophyll content, cell viability and antioxidant
enzymes in the marigold (Liu et al. 2011a). The crude siderophore and DMSO
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treatments caused the plants to lowering fresh weight than the other treatments,
because DMSO had affected on protein denature in cell membrane leading to loss
control of osmosis or homeostasis (Singh et al. 1977). Nevertheless, EDTA, citric acid
and crude siderophore significantly improved the growth of marigold in heavy metal
contaminated soil when compared to the fertile soil. The citric acid and the
siderophore were not enhanced the Zn and Cd accumulated in the plant shoots, except
the EDTA, when compared to the control. The concentrations of water extractable Zn
and Cd from the rhizospheric soils treated with the EDTA was the highest. It
indicated that EDTA was better solubilizing Zn and Cd in the contaminated soil than
the other chelates. Due to the highest water soluble Zn and Cd concentrations, the Zn
and Cd concentrations in the plant shoots growing from the EDTA treatment were the
highest. In comparison with the control soil, EDTA affected the Zn and Cd solubility
from no-planting soil, while citric acid, siderophore and DMSQO did not have any
effects. The siderophore has advantages than the EDTA such as friendly to
environments and not allowed soluble metals to leachate widespread. A limitation of
crude siderophore extract dissolving in water was the serious factor affecting to the
results of siderophore application. DMSO was applied to increase the solubility of the
crude siderophore extract. However, a high amount of DMSO applied might cause the
cell damage. In addition, DMSQO has S=O group that can bind with metal ions.
Therefore, the effect of crude siderophore extracts on Zn and Cd accumulated by
marigold was still unclear.

Siderophore improved the plant growth by preventing heavy metal uptake to
root leading to lower adverse effect from heavy metals toxicity (Dimkpa et al. 2009b).
Siderophore containing culture filtrates (SCF) enhanced sunflower (Helianthus annus)
growth and Cd uptake in the sunflower shoot (Dimkpa et al. 2009a). Karimzadeh et
al. (2012) found that DFOB enhanced Cd accumulation in shoot and root of Thlaspi
caerulescens when presented with zeolite. Chelators such as EDTA was reported the
potential of improving the Cd accumulation (at 200-2,000 mg kg™) in impatient and
French marigold (Wei et al. 2012). Citric acid, a chelator, was also reported to the
alleviation of Cd toxicity on Brassica napus L by increasing biomass and
photosynthesis, reducing oxidative stresses and improving Cd accumulated in root,

stem and leaves (Ehsan et al. 2014). Marigold is a suitable plant in sustainable
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development in contaminated area. The economic part such as marigold cut-flower
could accumulate a high Cd of 6.5 mg kg™ (Lal et al. 2008). Marigold has advantages
in income by selling flower, elemental recovery by phytomining and helping to clean
up contaminated area (Nakbanpote et al. 2016).

5.2 Conclusion

P. aeuginosa PDMZnCd2003 produced siderophores under the Zn, Cd and
Zn+Cd treatments as well as control. Each Zn and/or Cd treatment and control
showed the different green color in the culture media. The UV-Vis spectra indicated
that pyochelin was found in all treatments and control, while only Cd and Zn+Cd
treatments contained pyoverdine. The siderophores from each supernatants were
extracted by partition solvent extraction. Before the extraction, the supernatants were
divided into no pH adjustment (pH 8) and pH adjustment to pH 2 for releasing the
metals from the siderophores. Then the supernatants were extracted by the partition
solvent exaction with ethyl acetate and n-butanol, respectively. Extraction with the
two solvents could gain more siderophores and observe the characteristics of each
siderophore obtained from each solvent fractions. The charge molecules or ions were
extracted by n-butanol. The LC-MS confirmed that pyochelin and pyoverdine were in
the crude siderophore extracts. The LC-MS spectra demonstrated the mass of
pyochelin, chromophore of pyoverdine, PDTC, pyocyanin and pseudomomnine.

The differences of metal binding ligands between the pH-2 and the pH-8
crude siderophore extracts were determined by XAFS and FTIR. The S K-edge
XANES spectra demonstrated the multi-oxidation in the crude siderophore extracts by
three peaks at 2472, 2475 and 2480 eV. The S K-edge XANES spectra were evaluated
the relative sulfur-species by peak fitting. The percentages of S K-edge XANES peak
fitting area demonstrated that the reduced sulfur were the most sulfur species found in
the crude siderophore extracts. Therefore, the siderophores could donate electron to
metal ions. The containing of thiol also denoted the PDTC containing in the crude
siderophore extracts. The Zn K-edge and Cd K-edge EXAFS spectra indicated that
the binding ligands of Zn and Cd in the EtOAc-pH-8 were O and O/S (except Ctrl-E-8
was O), respectively. Whereas, the binding ligands of Zn and Cd in the BuOH
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fractions were O/S and O/S, respectively. The coordination number of Zn and Cd
indicated that the metals were chelated with the siderophores. The FTIR and PCA
analysis showed that the O and S ligands between the pH-2 extracts and the pH-8
extracts were different. The shifting to higher wavenumber of C=0 groups in the pH-
8 extracts obtained from Zn, Cd and Zn+Cd treatments indicated that the C=0 was
involved with the metal chelation. This study suggested that more than one
siderophores were induced by Zn and Cd. Pyoverdine could involve in metal
detoxification, and it was induced by the Cd toxicity. The overall metal binding
ligands of the siderophore consisted of O/S ligands.

Application of EDTA, citric acid and siderophore improved the growth of
marigold in the Zn/Cd contaminated soil. The crude siderophores enhanced the
chlorophyll content in leaves. In comparison with the control soil, EDTA affected the
Zn and Cd water solubility in the soil, whereas citric acid, siderophore and DMSO
had no effect. Therefore, EDTA enhanced the Zn and Cd accumulated by marigold
shoots, but citric acid and the crude siderophores did not increase the Zn and Cd
accumulation. However, the problem of crude siderophore extract dissolving in water
was the serious factor for this experiment. Therefore, the effect of crude siderophore

extracts on Zn and Cd accumulated by marigold should be studied further.

5.3 Suggestions

1. Pseudomonas siderophores should be applied as chemical standards for
further study the conformation structure of siderophore during complexation with
various concentration of Zn and/or Cd.

2. This research focusing on the effect of Zn and Cd on inducible siderophore
production byP. aeruginosa. We used partition solvent extraction to separate the
siderophores. However, the crude siderophore should be purified further with solid
phase extraction to obtain purified compounds for study further in the unknown peaks
of the LC-MS.

3. Application of siderophores in phytoextraction should be studied further

by focusing on solubilizing the siderophores and how to apply it in the soil. In
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addition, some effects of siderophores in phytostabilisation the Zn and Cd should be
investigated.

biocontrol or plant pathog ote  of see ating or soaking the seed with
the cell or suspensi
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EtOAC extraction BuOH extraction

B-1 Color of pH-2 supernatants obtained from solvent extraction by (a) ethyl acetate
(EtOAC) and (b) butanol (BuOH).

pH-8 pH-8 pH-2
B-2 (b) Butanol fractions obtained from (a) the pH-8 supernatants of Zn plus Cd

treatment.

Ctrl and Zn Cd and znCd
B-3 Color of butanol fractions of the pH-8 supernatants; (a) blue white fraction from

control and Zn treatment, and (b) fluorescent-light green fraction from Cd and Zn plus

Cd treatment.
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1 0.2 524511 84008 525
2 24 1472341 202115 126.3
3 6.1 1899733 159230 99.5
4 6.6 6277134 488671 3083
5 T4 2264722 170955 106.8
3 36 20239466 825101 5156
7 1.1 2168355 146166 913
3 123 2138054 233554 1459
9 124 4399457 356165 2225
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12 14.9 1791117 158648 99.1
13 16.0 4564219 368957 2305
14 26.3 7888964 411369 257.0
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23 453 3772274 193322 120.8
24 50.8 1970552 108800 68.0
25 556 2008054 89698 56.0

* Peak 1 is internal standard peak

C-1 LC-MS chromatogram of ZnCd-E-2 crude extract obtained from Zn plus Cd
treatment, pH-2 adjustment and ethyl acetate solvent extraction.

T
| 8

E 2 3 ¥ |

o A1) | .
10 20

# RT[min] Prec.miz Prec.cz MW Area Height SIN

1 02 704877 109752 280

2 6.7 5497733 421324 1113

3 8.9 15929662 773202 2043

4 124 4513637 429485 1135

5 125 6408322 574783 1519

6 131 4157342 359210 949

7 137 19659577 1444303 3816

8 16.0 11909873 944660 2496

9 268 4389578 335107 385
10 281 5232720 581712 1537
1 282 7567611 625263 1652
12 293 5034667 356806 943
13 303 47500873 2687407 7100
14 M2 48630732 2504979 6830
15 321 14400113 999612 2641
16 335 66691067 2594136 6854
17 342 9702265 442450 1169
18 350 28305901 1659398 4384
19 33 14290866 1100662 2508
20 356 3510798 436382 1153
21 w7 5402627 463974 1228
22 6.4 13639570 1355411 3581
23 366 20706080 2271274 6001
24 368 31920747 2509959 6631
25 372 37312721 2416309 6384
26 3493 14092656 793634 2097
27 387 6998510 547979 1448
28 402 268723019 899951 2378
29 431 5158132 384112 1015

* Peak 1 is internal standard peak

C-2 LC-MS chromatogram of ZnCd-E-8 crude extract obtained from Zn plus Cd

treat-ment, pH-8 adjustment and ethyl acetate solvent extraction.

Time [min]
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Intens.
x1
8
1.0 5 !
:I \ 16,
05 ' 19,
i : u) 131415 Al .ﬁ262'7 |39
sk ahdin ww L ECHN
# RT[min] Prec.miz_ Prec.z MW Area  Height
1 02 685773 114260
2 31 2318354 313805
3 6.1 2305800 229409
4 65 2048223 245632
5 87 19283000 788303
£ 111 2419057 192858
7 13.0 3067429 333424
3 135 11651764 934070
9 145 4454306 352012
10 14.9 1440756 171096
1 16.0 1575627 166379
12 164 1738805 227383
13 177 1434144 177601
14 186 2023015 236535
15 199 3356819 258214
16 208 4837812 425867
17 211 1531000 139154
13 215 1327224 172844
12 218 3796381 319243
0 221 3085438 265626
21 229 1812119 205522
22 242 3133566 332000
23 24.4 3194405 313304
24 247 3648682 403805
2 251 3335430 326775
2% 26.0 1654607 175513
27 213 1856738 213244
28 286 3875450 425737
29 280 6098099 401832
0 289 1705627 194109

* Peak 1 is internal standard peak

C-3 LC-MS chromatogram of ZnCd-B-2 crude extract obtained from Zn plus Cd
treat-ment, pH-2 adjustment and butanol solvent extraction.

SIN

203
14.8
15.9
50.9
12.5
215
60.3
227
1.0
107
147
1.5
15.3
16.7
275
122
11.2
207
171
13.3
214
20.2
264
211
11.3
13.8
275
318
125

50

Time [min]

Intens.]
%100
2] 17
15 4 l\ 11 20
o 35 . 7%. 123 ‘14 15 1g J'L 19 . A ‘ .
10 20 30 40 50 Time [min]
# RT [min] Prec. miz Prec. z MW Area Height SIN
1 02 393174 66067 61.2
2 1.8 1827527 323270 2499 4
3 6.1 2100400 175424 162.5
4 68 6295216 407077 377.0
5 75 2749906 168180 146.5
B a7 196811792 816346 756.1
T 111 1689422 126346 117.0
3 12.3 2254054 172421 189.7
9 124 2863854 244749 267
10 13.0 2340219 194500 1801
11 1386 6325125 452395 4190
12 16.0 1883690 164184 142.8
13 16.8 2245666 118330 109.6
14 208 1075399 95039 83.0
15 224 1420847 123420 114.3
16 248 734284 53666 63.6
17 282 35428552 1821531 17797
18 311 6722366 547248 5068
19 T 1493661 78358 126
20 418 8813936 408511 378.3

* Peak 1 is internal standard peak

C-4 LC-MS chromatogram of ZnCd-B-8 crude extract obtained from Zn plus Cd

treatment, pH-8 adjustment and butanol solvent extraction.
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Ciri_EtOAc_pH2
PeakFit
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T T
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PeakFit
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Ctrl-E-2 Ctrl-E-8

D-1 S K-edge XANES spectra of Ctrl-E-2 and Ctrl-E-8 crude extracts, and sulfur
peaks fitting.
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Ctrl-B-2 Ctrl-B-8

D-2 S K-edge XANES spectra of Ctrl-B-2 and Ctrl-B-8 crude extracts, and sulfur
peak fitting.

-0.5

L L . L
2450 2480 2470 2480 2490
Energy (eV)
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Zn-E-2 Zn-E-8

D-3 S K-edge XANES spectra of Zn-E-2 and Zn-E-8 crude extracts, and sulfur peak
fitting.
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2450 2480 2470 2480 240
Energy (eV)

2450 2«160 Eneii?; (EV) 211‘50 24‘90
Zn-B-2 Zn-B-8

D-4 S K-edge XANES spectra of Zn-B-8 and Zn-B-8 crude extracts, and sulfur peak
fitting.
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Ca_EtOAG_pH2 ——
PeakFit ——
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Energy (V)

Energy (eV)
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L L 1 s L
2450 2480 2470 2480 2480

D-5 S K-edge XANES spectra of Cd-E-2 and Cd-E-8 crude extracts, and sulfur peak
fitting.
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" L L L
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Cd-B-2 Cd-B-8
D-6 S K-edge XANES spectra of Cd-B-2 and Cd-B-8 crude extracts, and sulfur peak
fitting.
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nCd_EtOAc_pH8
PeakFit
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ZnCd-E-2 ZnCd-E-2

D-7 S K-edge XANES spectra of ZnCd-E-2 and ZnCd-E-8 crude extracts, and sulfur
peak fitting.
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D-8 S K-edge XANES spectra of ZnCd-B-2 and ZnCd-B-8 crude extracts, and sulfur
peak fitting.
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Zn-E-8 ZnCd-E-8 Zn-B-8 ZnCd-B-8
D-9 Zn K-edge EXAFS fitting in %(R) = 1-2.5 A° and y(k) = 3-10 A°lof Zn-E-8,
ZnCd-E-8, Zn-B-8 and ZnCd-B-8 crude extracts.
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D-10 Cd K-edge EXAFS fitting in x(R) = 1-2.5 A° and y(k) = 3
ZnCd-E-8, Cd-B-8 and ZnCd-B-8 crude extracts.
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E-1 Plant pathogenicity test (a) putting a plant in plastic bag to control moisture
during incubation, and (b) control plants and plants inoculated with P. aeruginosa
PDM2003 for 7 days.

E-2 Quadrant steak plates for bacterial detection from (a) rhizospheric soil of non-
inoculated plants (control), and (b) rhizospheric soil of plants inoculated with P. aeru-

ginosa PDMZnCd2004, which secrete green-fluorescence color.

E-3 Pot experiment of marigold (a) 1-month old plants, and (b) 3-months old plants in
flowering stage.
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