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ACADEMIC ABSTRACT

AtOPT6, is a member of oligopeptide transport (OPT) gene family. In
Arabidopsis thaliana, there are nine members in the OPT gene family that are thought to
be involved in peptide transport. Expression analysis using promoter – GUS transgenic
lines showed that AtOPT6 is expressed predominantly in the vascular tissues of
vegetative organs including roots, hypocotyl, cotyledons and leaves and in the developing
ovules, filament tissues and funiculi in reproductive organs. Spatial and temporal
expression of AtOPT6 correlates with transport of peptides in the major sink tissues
indicating that this transporter may be involved in long distance transport of peptides to
provide organic nitrogen to the developing plant organs.
Over-expression of AtOPT6 leads to cadmium hyper-sensitivity and higher
accumulation of cadmium and phytochelatins in root tissues. opt6 mutant plants exhibited
10-fold less bacterial growth and the leaves showed minimal chlorosis when infected
with the bacterial pathogen Psuedomonas syringae pv. tomato DC3000 (Pst DC3000) as
compared with wild-type control plants. This difference in bacterial population was
abolished when opt6 mutant plants were infected with a Pst DC3000 strain lacking
coronatine biosynthesis. Therefore, AtOPT6 might be involved in the transport of
coronatine, a phytotoxin that causes chlorosis in the infected tissue. In addition, the opt6
mutant plants also showed less susceptibility when infected with both cyst (Heterodera
glycines) and root-knot (Melidogyne incognita) nematode. AtOPT6 mediated transport of
various Arabidopsis CLAVATA3/ENDOSPERM SURROUNDING REGION-like
(CLE-like) and nematode secreted peptides when expressed in Xenopus. Nematode

xiv

secreted peptides mimic plant CLEs to induce differentiation of root cells to form the
feeding site and assist nematodes in obtaining nutrients for growth and proliferation in
infected root tissues. Expression of AtOPT6 increased during the early stages of both cyst
and root-knot nematode infection in and around the developing feeding sites.
Collectively, these data suggest two possible functions for AtOPT6 during nematode
parasitism: AtOPT6 may transport nutrients in the form of peptides into the feeding site
developed by the nematodes or AtOPT6 transports plant CLEs or nematode secreted
peptides into the infected root cells and these peptides induce root differentiation to form
the feeding site.

xv

INTRODUCTION

Plants, immobile and unable to pursue nutrients for sustenance, make use of
resident transporters for uptake and distribution of nutrients, vital metals and minerals.
Transporters of nutrients, minerals and metals are specific in nature. There are more than
one thousand transport proteins in Arabidopsis involved in transport of sugars, amino
acids, peptides, minerals, metals and other important components required for normal
growth and development of plant organs.

PEPTIDE TRANSPORT:
Sequencing of the Arabidopsis genome revealed more than 80 families of
transport proteins comprising more than 1000 genes, which represent roughly 0.33% of
the total genome. These gene families are involved in transport of a large variety of
substrates in plants from source to sink tissues (Busch and Saier, 2002). The larger
number of transport proteins in plants compared to other organisms may be attributed to
the fact that plants have to obtain nutrients and escape from biotic and abiotic stress while
remaining stationary. Transport proteins help plants to achieve this goal. Among the
diverse nutrients, nitrogen is one of the most crucial elements required by plants.
Nitrogen is transported in plants mainly in the form of nitrate or ammonia (Miller et al.,
2007) from the soil. Moreover, in plants, reallocation and controlled distribution of
organic nitrogen stored in the form of protein reserves is essential during developmental
processes such as seed germination, leaf senescence and the formation of reproductive
organs (Rentsch et al., 2007). Nitrate transporters are thought to play a role during both
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uptake of nitrogen in soil and in distribution of nitrogen during plant development (Tsay
et al., 1993; Orsel et al., 2002). Two gene families in Arabidopsis were identified that
encode transporters responsible for nitrate uptake and distribution within the plant: the
peptide transport family (PTR; also known at NTR1) and (nitrate transport family (NRT2)
(Tsay et al., 1993; Steiner et al., 1994; Song et al., 1996; Orsel et al., 2002).
Another mechanism by which organic nitrogen is distributed within the plants is
by transport of peptides. Peptide transport is a well-studied physiological process in
bacteria, fungi, plants and animals. Peptide transporters function in translocating small
peptides across the plasma membrane in an energy-dependent manner. In lower
eukaryotes, internalized peptides serve primarily as a source of amino acids for protein
synthesis or as a nitrogen source (Steiner et al., 1995). In higher eukaryotes, peptide
transport is observed during early stages of seed germination and other processes where
nitrogen demand is high in the developing tissues (West et al., 1998; Lee and Tageder
2004). Peptide transporters were also found to play roles in cellular processes such as cell
wall recycling, quorum sensing and sporulation in bacteria and yeast (Perry et al., 1994;
Sato et al., 1994). Recent studies suggested that peptide transporters also play an
important role during biotic and abiotic stress (Karim et al., 2005). The three main
transporter families discussed below mediate peptide transport in plants.

The ABC family:
Peptide transporters have been classified into different groups based upon their
energetic requirements and substrate specificity. In general, the relationship between the
transporter and its substrate is very specific. The ABC (ATP Binding Cassette) transporter
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super family uses energy derived from ATP hydrolysis to translocate substrates across the
membrane. Transported substrates include a broad range of compounds such as ions,
macromolecules and lipids (Schmitt and Tampe, 2002). ABC transporters are common
and well studied in both eukaryotes and prokaryotes. In Arabidopsis thaliana, 129 ORFs
are predicted to encode transporter proteins belonging to the ABC super family. The
ABC super family comprises 13 % of the total number of transporter proteins in
Arabidopsis (www.membranetransporter.org, Sanchez et al., 2001). ABC proteins
contain one or two ATP-binding cassettes, also termed nucleotide binding folds (NBFs),
which share 30-40% identity between family members (Higgins et al., 1992). Each NBFs
covers approximately 200 amino acid residues and contains two Walker motifs; where
Walker A box and Walker B box are separated by 120 amino acid residues and an ABC
signature motif is situated between the two Walker boxes (Sanchez-Fernandez et al.,
2001). Walker motifs are known to be nucleotide binding sites. In addition to NBFs,
ABC transporters possess two to three hydrophobic integral membrane domains (TMDs)
with four to six putative transmembrane α-helices. The NBFs catalyze ATP hydrolysis
whereas the TMDs are thought to form the pathway for solute transport across the
phospholipid membrane bilayer and contribute to substrate selectivity and specificity.
Unlike NBFs, TMDs exhibit no sequence similarity except in the hydrophobic region
(Sanchez-Fernandez et al., 2001, Higgins et al., 1992).
The size of ABC proteins range from 250 – 1800 amino acid residues in
Arabidopsis. Members of the ABC super-family may be divided into 12 subfamilies
based on protein size, domain organization and orientation. Of these 12 subfamilies, the
prominent sub-families include multidrug resistance proteins (MRPs), multidrug
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transport proteins (MDRs), peroxisomal membrane proteins (PMPs), mitochondrial
membrane proteins (ATMs) and pleiotropic drug resistance (PDRs) proteins (SanchezFernandez et al., 2001). The first ABC transport gene cloned was AtMDR1, a plasma
membrane localized protein, involved in light-dependent hypocotyl elongation (Sidler et
al., 1998). However, its mode of action in plants remains unclear. AtMRPs have orthologs
in humans and all MRPs are glutathione S-conjugate (GS-X) pumps that transport a
broad range of compounds through conjugation with glutathione (Rea, 1999). The first
evidence for the presence of ABC-MRPs in plants was the observation that glutathioneconjugated compounds were transported into vacuoles in an ATP-dependent manner
(Martinoia et al., 2002), suggesting that these transporters are an integral part of the plant
detoxification mechanism. Since then, five MRPs were cloned out of 15 putative MRPs
from Arabidopsis and they encode GS-X pumps with different substrate selectivity and
transport capabilities (Rea et al., 1998; Tommasini et al., 1998). Glutathione is a tripeptide, thought to provide a source of sulphur and peptides during seed development
(Cairns et al., 2006). AtATM3, a protein localized to the mitochondrial membrane, is the
closest homolog to yeast ATM. It is ubiquitously expressed in plants and involved in
heavy metal tolerance (Kim et al., 2006, Chen et al., 2007). Two other ATM members of
Arabidopsis were localized to the mitochondrial membrane and have a different
functional role than AtATM3. AtATM3 was implicated to play a role in the export of
mitochondrially synthesized iron/sulphur clusters (Chen et al., 2007). Members of the
PDR sub-family, AtPDR8 and AtPDR12, are involved in the transport of heavy metals
such as cadmium and lead and function in heavy metal resistance in plants (Lee et al.,
2005; Kim et al., 2007). Recent investigations revealed that plant ABC transporters are
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not only implicated in detoxification but also in guard cell regulation, chlorophyll
biosynthesis and ion fluxes (Gaedeke et al, 2001, Klein et al., 2003 and Martinoia et al.,
2002).
While most of the ABC transport proteins are involved in metal detoxification and
other cellular mechanisms, some are hypothesized to play a role in providing nutrition in
the form of peptides. The transporter associated with the antigen processing (TAP)
subfamily of ABC transporters in Arabidopsis was identified based on sequence
similarity to the animal TAP gene family (Sanchez-Fernandez et al., 2001). The role of
TAP proteins in animals is to transport peptide degradation products into the lumen of the
endoplasmic reticulum, which indicates that the function of peptide transport may be
extended in the Arabidopsis TAP members (Reits et al., 2000). However, experimental
evidence is lacking with regard to the function of TAP members in plants.

The PTR family
The

PTR

(Peptide

Transporter)

or

alternatively

POT

(Proton-coupled

Oligopeptide Transporters) family uses the proton motive force to translocate peptides
that are two to three amino acids in length (Chiang et al., 2004). These transporters are
found in bacteria, archaea, plants and animals. PTR proteins contain twelve putative
transmembrane (TM) domains and are 450-600 amino acid residues in length in bacteria
and 600-750 amino acid residues in length in eukaryotes (Steiner et al., 1995, Hauser et
al., 2001). There is a hydrophilic loop between transmembrane domains 6 and 7; the
function of which is still unclear (Tsay et al., 2007). Members of the PTR gene family
function as proton symporters, but the substrate:H+ stoichiometry is variable and
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depends upon the peptide charge (Chiang et al., 2004). The generalized transport
stoichiometry is as follows: substrate (out) + nH+ (out) → substrate (in) + nH+ (in)
(http://www.tcdb.org/tcdb/). PTR proteins possess a unique signature motif FING
(Steiner et al., 1995), and two other conserved motifs (Hauser et al., 2001). The FING
motif is required for peptide transport. A mutation at amino acid 167 in hPepT1 (human
PTR type peptide transporter) resulted in the loss of protein activity (Yeung et al., 1998).
Members of the PTR family were shown to transport a wide range of nitrogencontaining substrates including amino acids, peptides and nitrate (Tsay et al., 1993;
Frommer et al., 1994; Stacey et al., 2002; Chiang et al., 2004). The PTR gene family in
Arabidopsis consists of 53 genes, while rice (Oryza sativa) has more than 80 putative
PTR members (Tsay et al., 2007). Most of the characterized PTR proteins transport dipeptides. The first PTR gene isolated from Arabidopsis was defined through study of
chlorate resistant mutant 1 (CHL1). This gene is also known as AtNRT1.1 (Tsay et al.,
1993). Chlorate is a homolog of nitrate and is transported into plants via the nitrate
uptake system and then it is converted into chlorite, which is toxic to plants. Mutants
defective in nitrate uptake showed resistance to chlorate treatment. A nitrate uptake
mutant, chl1 was isolated by screening plants for chlorate resistance and the CHL1 gene
was subsequently isolated using this T-DNA tagged mutant. Transport studies in Xenopus
laevis oocytes indicated that CHL1 is a proton-coupled nitrate transporter (Tsay et al.,
1993). Another PTR protein, NTR1, was shown to transport histidine in addition to
peptides (Frommer et al., 1994). However, histidine uptake assays by AtPTR2-B, which is
identical to NTR1, showed that there was no difference in the growth of yeast cells (a
histidine auxotroph requiring the peptide histidine for growth) expressing or lacking the
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AtPTR2-B gene. The data suggest that AtPTR2-B (NTR1) is not an amino acid transporter
(Song et al., 1996). AtPTR2B (now referred to as AtPTR2) was expressed in germinating
seedlings, roots, leaves, stem and floral organs. Antisense expression of AtPTR2 cDNA in
Arabidopsis resulted in an enlargement of rosette leaves, delay in flowering, and a partial
degree of abortion in developing seeds (Song et al., 1997). AtPTR2 was localized to the
embryo around the heart stage during seed development, correlating with the seed
abortion phenotype (Rentsch et al., 1995). Functional characterization of AtPTR2 and
another fungal PTR2 in Xenopus revealed that these peptide transporters did not exhibit
any nitrate transport activity (Chiang et al., 2004). Moreover, both AtPTR2 and fPTR2
showed transport of di- and tri-peptides but not tetra-peptides. Both transporters showed
high affinity towards di- and tri-peptides with neutral and positively charged amino acids.
However, they differed in transport containing negatively charged peptides. Negatively
charged di-peptides evoked larger currents in AtPTR2-injected oocytes but smaller
currents in fPTR2-injected oocytes (Chiang et al. 2004).
So far, the best characterized peptide transporter is HvPTR1. Expression of
HvPTR1 is highly specific to the scutellum of germinating barley grain and is not
expressed in the roots or leaves of mature plants. The temporal and spatial expression
pattern correlates with a peptide transport mechanism during barley germination (West et
al., 1998; Higgins and Payne, 1977). HvPTR1 was cloned based on sequence similarity
with AtPTR2 and PEPT1, and it mediates transport of di-peptides in Xenopus
(Waterworth et al., 2000). It is localized to the plasma membrane of scutellar epithelial
cells only during germination and is phosphorylated in response to a high levels of amino
acids present in germinating barely (Waterworth et al., 2000; Waterworth et al., 2005).
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The phosphorylation of HvPTR1 in response to rising levels of amino acids reflect post
transcriptional regulation of this protein and suggest a balance in flux of organic nitrogen
in the endosperm during germination mediated by transport protein activity (Waterworth
et al., 2005).
The general function of PTR family members is thought to be transport of di- and
tri-peptides and provision of nitrogen and amino acids to sink tissues during plant growth
and development (Stacey et al., 2002; Chiang et al., 2004). However, recent studies
indicate that some members of the PTR family also contribute to biotic and abiotic stress
tolerance in plants and are implicated to play a role during plant defense (Dietrich et al.,
2004 and Karim et al., 2007). For example, AtPTR2 was shown to transport
phaseolotoxin when expressed in yeast (Dietrich et al., 2004). However, the speficic role
of AtPTR2 during bacterial pathogenesis remains to be determined. AtPTR3, another
member of the PTR family, was shown to be induced when exposed to higher salt
concentrations and Atptr3 mutant seedlings were unable to grow on high salt
concentrations (Karim et al., 2005). In addition, Atptr3 mutants were also more
susceptible to bacterial pathogens Pseudomonas syringae pv. syringae and Erwinia
corotivora species (Karim et al., 2007) suggesting a role of AtPTR3 during abiotic stress
and in plant defense.

The OPT family:
The OPT super-family (Oligo-Peptide Transporters) of peptide transporters use
proton coupling to drive transport (Osawa et al., 2006). Members vary in the length of
substrates transported, ranging from peptides that are three to thirteen amino acids in
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length (Osawa et al., 2006; Reuss and Morschhauser, 2006; Sharon Pike, personal
communication). The OPT family is found in bacteria, fungi and plants but not in animals
(Lubkowitz et al., 1997; Stacey et al., 2002; Weinberg and Maier, 2007). Hydropathy
plots reveal that the OPT proteins contain 12-14 putative transmembrane domains
(Stacey et al., 2002). The first identified OPT member was the yeast CaOpt1p in Candida
albicans (Lubkowitz et al., 1997), followed by Isp4 in S. pombe (Sato et al., 1994;
Lubkowitz et al., 1998) and ScOPT1, ORF YPR194c and ORF YGL114w in S. cerevisiae
(Lubkowitz et al., 1998; Hauser et al., 2001). Heterologous studies of CaOpt1p expressed
in S. cerevisiae demonstrated that it transports tetra- and penta-peptides and, to a lesser
extent, tri-peptides. Transcription is regulated by nitrogen (Lubkowitz et al., 1997). The
OPT1 gene of S. cerevisiae (ORF YJL212c), also known as Hgt1p, was shown to
transport the endogenous opioids, Met-enkephalin (YGGFM) and Leu-enkephalin
(YGGFL) into yeast cells when expressed under the control of a constitutive promoter
(ADH) in a high copy number vector (Hauser et al., 2000). The Hgt1p (ScOPT1) protein
also mediates specific uptake of reduced and oxidized glutathione (GSH and GSSG,
respectively) in yeast. This uptake is not affected by an excess of L-amino acids or by
various di- and tri-peptides and the ∆ hgt1 mutant also accumulates amino acids such as
proline at a normal rate (Bourbouloux et al., 2000). The S. pombe Isp4p gene, a close
homologue of Hgt1p (38% identity and 57% similarity), is induced during sporulation
and transports tetra- and penta-peptides (Sato et al., 1994, Bourbouloux et al., 2000).
Members of the OPT gene family from Arabidopsis were identified based on
sequence similarity with the yeast OPT (CaOPT1p) (Koh et al., 2002). The OPT superfamily in Arabidopsis comprises 17 genes that can be divided in two sub-clades based on
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sequence similarity and putative function (Koh et al., 2002; Yen et al.,
2001;http://www.cbs.umn.edu/arabidopsis). The oligo-peptide transporter sub-clade
consists of nine OPT members that are likely involved in transport of tetra- and pentapeptides (Koh et al., 2002). Hereafter, we refer to this sub-clade as the OPT gene family,
to distinguish it from the OPT super-family. The yellow stripe-like (YSL) gene sub-clade
contains eight OPT members that appear to function in the transport of chelated transition
metals, such as iron and copper (Curie et al., 2001). Hereafter, we refer to this sub-clade
as the YSL gene family. The plant OPT family is relatively small when compared to the
ABC super-family and the PTR family. Sequence comparison of nine AtOPTs revealed a
highly

conserved

NPG

motif

(NPG[P/A]F[N/T/S]XKEH[V/T/A][L/I/V][I/V]I[T/S/V][I/V/M]
[F/M][A/S][N/S/A]) with an invariant glutamic acid residue and a KIPPR motif
(K[L/F][G/A][H/M/T]YMK[I/V/L][P/D/S] PR) (Koh et al., 2002). Transport uptake
studies in heterologous systems of yeast and Xenopus suggested that plant OPTs can
mediate transport of tetra- and penta-peptides, indicating that these OPTs are functional
peptide transporters (Koh et al., 2002; Osawa et al., 2006). Expression analysis using RTPCR and promoter – GUS constructs revealed that AtOPTs are preferentially expressed
in the vascular tissues of root, leaves, flower and seeds (Koh et al., 2002; Stacey et al.,
2006). The characterization of AtOPTs is described in detail in Chapter I.
Besides the Arabidopsis OPTs, OPTs from other plant sources have also been
characterized. BjGT1 was isolated from Brassica juncea based on sequence similarity to
AtOPT3 and ScHGT1 (Bogs et al., 2003). Heterologous expression of BjGT1 in yeast
mutants deficient in glutathione transport could complement and rescue the yeast growth
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when supplied with GSH as the only source of sulfur, suggesting BjGT1 could mediate
transport of glutathione in yeast (Bogs et al., 2003). Another OPT homologs, OsGT1
from Oryza sativa, also conveyed transport of glutathione and its conjugates when
expressed in yeast (Zhang et al., 2004).
The evidence that various yeast and plant OPTs are regulated by nitrogen and are
involved in uptake of tetra- and penta-peptides, enkephalin and glutathione suggests that
OPTs play an important role not only in nutrient transport but also during other cellular
processes.

THE FUNCTION OF PEPTIDE TRANSPORTERS DURING PLANT GROWTH
AND DEVELOPMENT
Peptide transporters play significant roles during plant development. Reallocation
of nitrogen is essential during seed germination, leaf senescence and seed loading and is
aided by peptide transporters (West et al., 1998, Miranda et al., 2003). The first evidence
of active peptide transport in plants was shown in barley embryos (Higgins and Payne
1977a; Higgins and Payne 1977b). Later, it was observed that transport of peptides was
faster than that of amino acids during seed germination in barley (Higgins and Payne,
1978). Transport of peptides is more efficient than transport of amino acids in terms of
nitrogen transporter per energy used. During pollen development, seed germination, and
accumulation of storage proteins in seeds, when nitrogen is required in greater amounts,
peptide transporters are able to transport nitrogen and carbon more efficiently than amino
acid transporters. During seed germination, protein storage reserves are partially
hydrolyzed into smaller peptides. These peptides are then transported into the developing
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embryo where they are completely hydrolyzed and serve as a source of carbon and
nitrogen. One of the best characterized peptide transporters is HvPTR1, which is
expressed in the scutellum of germinating barley (West et al., 1998). The temporal and
spatial pattern of HvPTR1 expression suggests that it plays a role in transport of peptides
in the germinating barley grain. Expression analysis of AtOPT gene family members,
based on studies of promoter – GUS fusions, also indicates that they are involved in
transport of peptides during seed germination and seedling development (Stacey et al.,
2006).

Thus, several lines of evidence indicate that peptide transport provides a

significant source of organic nitrogen during germination and growth processes
associated with the early stages of seedling development. In plants, about 8,000 different
peptides are produced as a result of protein degradation (Dietrich et al., 2004). The
possible substrates for peptide transporters can vary broadly, ranging from several
hundred hydrolyzed peptides to signaling molecules. These peptides are produced by
protein degradation or synthetic biosynthesis and are found to be present during plant
development.
Stacey et al. (2002) showed that AtOPT3 is required for proper embryo
development. An AtOPT3 T-DNA insertional knock-out mutant line (T-DNA insertion
was in exon 4; referred to as the Atopt3-1 mutant) showed an arrest in embryo
development at the eight-cell stage. An AtOPT3 promoter::GUS fusion showed
expression in maternal tissue during embryo development. AtOPT3 promoter::GUS
fusions also showed AtOPT3 expression in vascular tissues of root, stem and leaf (Stacey
et al., 2002). Yeast complementation experiments in a rich nutrient medium showed that
AtOPT3 can rescue a yeast mutant deficient in metal transporters and was possibly
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involved in copper, manganese and iron transport (Wintz et al., 2003). A two-three fold
increase in GUS activity was observed in roots and shoots when AtOPT3 promoter::GUS
plants were grown under iron starvation (Stacey et al., 2006), suggesting a role for
AtOPT3 in iron transport. A second T-DNA knock-out insertion mutant with an insertion
in the 5` UTR region of AtOPT3 (referred as the Atopt3-2 mutant) resulted in shorter
plants compared with the wild-type control. Atopt-2 showed significantly lower
expression of AtOPT3 transcripts. Also, the Atopt3-2 mutant had much lower iron content
and higher Cu, Zn and Mn content compared with wild-type control plants (Stacey et al.,
2007). Cross-sections of Atopt3-1 leaves showed defects in the chloroplast development.
This likely explains the embryo lethal phenotype since other mutants that affect plastid
development are also embryo lethal (Yu et al., 2004; Stacey et al., 2007 – In press). The
iron distribution in roots and shoots of the Atopt3-2 mutant was very different from that
of the wild-type plants. Iron distribution was mainly in the vascular tissue in the Atopt3-2
mutant; whereas it was distributed throughout the roots in wild-type plants (Stacey et al.,
2007). The difference in iron distribution between the mutant and wild-type plants is
indicative of disruption in iron mobilization in Atopt3-2 mutant plants. Thus, all of the
above data suggest that AtOPT3 could play an important role in long distance transport of
iron.

13

THE

FUNCTION

OF

TRANSPORTERS

IN

HEAVY

METAL

DETOXIFICATION
Plants, being rooted in soil, are unable to escape toxicity resulting from the
presence of heavy metals in the soil. During the acquisition of essential transition metals
such as iron, zinc, copper, and manganese from soil, plants inevitably take up heavy
metals such as cadmium, mercury and lead. Moreover, accumulated transition metals can
also be harmful to plants. Plants have developed homeostatic mechanisms to ensure
proper concentrations of transition metals and to minimize the damage from exposure to
toxic heavy metals. This homeostatis requires a regulated network of transport,
mobilization and sequestration processes to maintain uptake, distribution and
detoxification of metal ions. There are two known mechanisms that plants utilize to
remove excess metal ions from the cytoplasm; efflux into the apoplastic space and
compartmentalization (Kim et al., 2006). The main storage compartment for toxic metals
is the vacuole in plant cells. The known proteins that mediate transport and detoxification
of heavy metals in plants belong to the following families: the cation diffusion facilitator
(CDF) family (Blaudez et al., 2003), the heavy metal transporting P

1B

-ATPases (HMA)

family (Hammond et al., 2006), the natural resistance associated macrophage protein
(NRAMP) family (Weber et al., 2004) and the ABC family (Lee et al., 2005).
Transporters of the CDF family mediate cytoplasmic efflux of metals such as
zinc, cobalt, cadmium and nickel and have been termed metal tolerance proteins (MTP)
(Becher et al., 2004; van de Mortal et al., 2006; Talke et al., 2006). Three genes of the
CDF family: MTP1, MTP8 and MTP11 are highly expressed in Arabidopsis halleri and
Thlaspi caerulescens, and are accumulators of heavy metals. MTP1 most likely transports
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zinc as it was identified in a screen for proteins that were able to complement a Znsensitive yeast mutant and was shown to contribute to basal zinc tolerance and
accumulation in leaves (Drager et al., 2004). MTP8 and MTP11 are close homologs to
Stylosanthes hamata MTP8 (ShMTP8), which conferred manganese tolerance when
expressed in yeast and Arabidopsis (Delhaize et al., 2003). MTP8 was also shown to be
up-regulated in response to cadmium and copper exposure in roots and shoots in A.
halleri (Talke et al., 2006; van de Mortel et al., 2006). Higher transcript levels of these
genes during heavy metal exposure suggest a role in adjustment of metal homeostasis in
the hyper-accumulator plants.
The HMA family members are involved in pumping cations across the membranes
and out of the cytoplasm using hydrolyzed ATP as an energy source. Two genes, HMA3
and HMA4 contribute to partial zinc tolerance in a zinc sensitive yeast mutant and are
highly expressed in hyper-accumulator plants A. halleri and T. caerulescens (Becher et
al., 2004; Talke et al., 2006; van de Mortel et al., 2006). HMA4 was also shown to
mediate efflux of cadmium from yeast cells (Talke et al., 2004). In both hyperaccumulator species, HMA4 was expressed 2-3 fold higher in roots than in shoots and its
transcript levels showed increases in response to elevated cadmium concentrations and
zinc deficiency (Bernard et al., 2004; Papoyan and Kochian, 2004). In A. thaliana, HMA2
and HMA4 were suggested to play roles in root-to-shoot mobilization of zinc via xylem
loading and are thought to be plasma-membrane localized. Moreover, over-expression of
HMA4 confered cadmium tolerance in Arabidopsis (Verret et al., 2004). It may be
possible that HMA4 causes cadmium hyper-accumulation and contributes to cadmium
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tolerance by mediating cytoplasmic cadmium efflux in root and leaf cells (Verret et al.,
2004).
The NRAMP gene family also plays a role in metal homeostatis. NRAMP3, for
example, is highly expressed in roots and shoots, and is implicated in iron homeostasis.
Heterologous expression of NRAMP1, NRAMP3 and NRAMP4 in yeast can mediate iron,
manganese and cadmium uptake (Curie et al., 2000). An A. thaliana nramp3-1 mutant
was shown to accumulate manganese and zinc in roots under iron deficiency (Thomine et
al., 2003). However, a direct role of the NRAMP transporters in cadmium hyperaccumulation or tolerance has not been demonstrated.
AtPDR12, a member of the pleiotrophic drug resistance (PDR) sub-family of the
ABC transporter super-family, is a plasma-membrane localized protein shown to confer
lead resistance in Arabidopsis. Atpdr12 mutant plants showed higher lead content and
plants over-expressing AtPDR12 showed lower lead content and were more resistant as
compared to wild type plants, suggesting a function as an efflux pump to exclude lead or
lead containing toxic compounds from the cytoplasm (Lee et al., 2005). In yeast, HMT1
is involved in vacuolar sequestration of cadmium (Cd). The HMT1 gene encodes an ABC
membrane transport protein (Ortiz et al., 1995). hmt1 is a cadmium-sensitive mutant, and
unable to form GSH-Cd complexes upon exposure to cadmium. The HMT1 protein is
localized in the vacuolar membrane where it mediates MgATP-energized transport. YCF1
is another ABC-type vacuolar transporter in yeast, which was shown to confer tolerance
to cadmium by vacuolar sequestration of a GSH-Cd complex (Li et al., 1997).
AtOPT6, another member of the OPT gene family, was able to mediate uptake of
both reduced (GSH) and oxidized (GSSG) forms of glutathione in yeast strains deficient
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in the endogenous glutathione transporter (HGT1; also called ScOPT1) (Cagnac et al.,
2004). The authors also reported that AtOPT6 expression was induced in the presence of
herbicide, primisulfuron (Cagnac et al., 2004). Uptake studies in Xenopus laevis oocytes
indicated that AtOPT6 was able to transport GSH supporting earlier data (Sharon Pike –
personnal communication). Identification and characterization of transporters in metal
homeostasis has shed light on possible entry pathways into the plant and the mechanism
of metal tolerance for toxic metals such as cadmium and lead. Heavy metal treatment of
plants induces the transcription of many genes (Weber et al., 2004). However, the
mechanism by which the heavy metal is sensed and the downstream signaling pathways
leading to gene induction have yet to be elucidated.

Heavy metal detoxification

mechanisms are also mediated by phytochelatin (PC), which can bind heavy metals. The
role of AtOPT6 in heavy metal detoxification is discussed in detail in Chapter II.

THE FUNCTION OF TRANSPORTERS DURING PLANT DEFENSE
Plants are sessile organisms and cannot escape when attacked and are
continuously threatened by potential pathogens. Unlike animals, plants do not possess an
adaptive immune system. Instead, plants have developed a number of defense
mechanisms that facilitate defense against pathogens. They make use of pre-existing
physical and chemical barriers, as well as inducible defense mechanisms that become
activated upon attack. The primary line of defense is composed of pre-existing physical
and chemical barriers preventing pathogen entry. Physical barriers such as the plant
cuticle may inhibit fungal infection by reducing spore germination or hyphal penetration
(Jarosz et al., 1982). Chemical barriers such as secretion of cell wall phenolics,
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phytoalexin production (Kauss et al., 1992), and elicitation of an oxidative burst (Kauss
and Jeblick 1995) provide an initial level of defense (Mur et al., 1996). In addition to
preexisting barriers, plants can mount a systemic response, which establishes an
enhanced defensive capacity in tissues adjacent to and distant from the site of primary
attack. There are active plant defense mechanisms that enable systemic responses.
During basal plant defense, plants use salicyclic acid (SA) and jasmonic acid (JA) /
ethylene-induced signaling pathways that restrict the invasion and subsequent growth of a
pathogen (Metraux et al., 1990; Doares et al., 1995). Basal plant defense also involve
recognition of effector proteins released by the invading pathogen by specific resistance
genes (R) encoded in plants. This mechanism is termed gene-for-gene resistance, since
resistance requires the presence of an avirulence gene (encoding the effector protein) in
the pathogen and the corresponding resistance gene in the host plant (Flor 1971).
Several transport proteins play a role during plant defense. Upon entry into the
plant, pathogens modify host cellular mechanisms promoting virulence and facilitating
their own proliferation within various plant tissues. In order to propagate within plant
tissues, pathogens need transporters to send signals to modify plant development and
obtain nutrients to support their growth. Several proteins transporting sugars, amino acids
and peptides are induced upon and during pathogen attack and, therefore, are implicated
to play a role in the host-pathogen interaction (Meyer et al., 2004, Hammes et al., 2006,
Karim et al., 2005 and Campbell et al., 2003). AtPTR1, a plasma-membrane localized diand tri-peptide transporter, also mediates transport of phaseolotoxin when expressed in
yeast (Dietrich et al., 2004). Phaseolotoxin is a bacterial phytotoxin produced by
Pseudomonas syringae pv phaseolicola, which causes halo blight on legumes and
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bacterial canker on kiwifruit (Bender et al., 1999). However, Atptr1 mutants have not
been characterized and the relation between phaseolotoxin transport and the function of
AtPTR1 during pathogenesis is unclear. Penetration 3 (PEN3), an ABC transporter
protein, was suggested to play a role in exporting toxic material to attempted invasion
sites by biotrophic fungal pathogens (Stein et al., 2006). pen3 mutants were highly
susceptible to biotrophic and necrotrophic fungal pathogens and Pen3 was localized to
the plasma-membrane (Stein et al., 2006). A full discussion of the role of transporters in
plant defense can be found in Chapter III and Chapter IV.
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CHAPTER I: EXPRESSION ANALYSIS OF THE AtOPT
GENE FAMILY IN ARABIDOPSIS

INTRODUCTION

The OPT gene family in Arabidopsis is composed of nine members (AtOPT1AtOPT9) that are thought to play a role in nitrogen transport to sink tissues during
vegetative growth, seed germination, pollen and ovule development, and seed formation.
There is also evidence supporting a role of AtOPT3 in mobilization of iron during plant
development (Stacey et al., 2006; Stacey et al., 2007). A total of nine Arabidopsis OPT
orthologs were identified based on sequence similarity (49% - 53%) to the yeast OPT,
CaOPT1p (Koh et al., 2002). Within the family, OPTs share 61% to 85% sequence
similarity. Moreover, there is no significant sequence similarity of these OPTs with either
ABC or PTR transporters. The size of OPT proteins ranges between 737 – 767 amino
acids and hydropathy plots suggest 12 – 15 putative transmembrane domains (Koh et al.,
2002,; www.rarge.gsc.riken.jp). Heterologous expression of AtOPTs in yeast showed that
AtOPT1, 4, 5, 6 and 7 were able to transport a penta-peptide (KLLLG) and AtOPT4 was
able to transport additional tetra-peptides KLGL and KLLG (but not di- and tri-peptides),
suggesting that AtOPTs are functional peptide transporters and AtOPT4 demonstrates a
less stringent substrate specificity (Koh et al. 2002).
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A detailed electrophysiological study of AtOPT4 was carried out in Xenopus
laevis oocytes by cloning AtOPT4 behind the 5` UTR of ScOPT1 to improve expression
efficiency (Osawa et al., 2006). Studies using KLGL as a substrate, indicated that
AtOPT4 is a proton-coupled transporter with high affinity for the tetra-peptide substrate
(Km=15µM) (Osawa et al., 2006). Expression analysis of AtOPTs during plant growth
and development was carried out using AtOPT promoter – GUS constructs to observe the
role of AtOPTs during germination, seedling development, vegetative growth and flower
and seed development. Preferential expression of all AtOPTs (AtOPT1, AtOPT3, AtOPT4,
AtOPT6, AtOPT7 and AtOPT8) was observed during early stages of plant growth with all
OPTs expressed in vascular tissues (Stacey et al., 2006). The expression analysis
conducted using promoter – GUS constructs also correlated with the RT-PCR expression
profile of the AtOPTs carried out earlier by Koh et al. (2002). During germination, higher
expression levels were observed for AtOPT3, AtOPT6 and AtOPT7 in the cotyledons and
hypocotyl tissues, whereas other OPTs showed weaker expression levels in those tissues.
During seedling growth, the expression of all OPTs was limited to developing vascular
tissues of roots, cotyledons and true leaves with varied degrees of expression among the
OPTs. No GUS activity was detected in the root epidermis, root hairs or root tips of any
of the OPTs indicating that OPTs do not play any role in acquisition of nutrients from soil
or other medium. The expression pattern differed during the reproductive stage of
development among all the OPTs with AtOPT1 expressed in sepals, anthers, pollen
grains and pollen tubes; AtOPT3 in anthers, pollen grains and the developing embryo;
AtOPT4 with weaker expression in sepals; AtOPT7 was expressed in pollen grains and
AtOPT8 was expressed in anthers, pollen grains and during early stages of seed
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development (Stacey et al., 2006). AtOPT1 was the only member that showed expression
in the pollen tube. These data were strengthened by performing reciprocal crosses
between wild-type control plants and transgenic plants expressing the AtOPT1 promoter
– GUS construct (Stacey et al., 2006). AtOPT8 was expressed in the integument and
endosperm tissues of the embryo immediately after embryo development (Stacey et al.,
2006). Thus, the differential expression patterns of OPTs during flower and seed
development suggest a possible role for OPTs in flower development, pollen tube growth
and seed development. However, single knock-out mutant lines of specific AtOPTs do
not exhibit any visible phenotype likely reflecting functional redundancy among different
members of the family. One exception is Atopt3 mutant lines, which are embryo lethal
(Stacey et al., 2002a). In this Chapter, I will discuss in detail the expression analysis of
AtOPT6 and AtOPT9, comparing these results to the published expression patterns of
AtOPT7 and AtOPT8 (Stacey et al., 2006).
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METHODS AND MATERIALS

Bacterial Strains and Plasmids
Bacterial strains and plasmids are listed in Table 1. When necessary, the construction of
various strains and plasmids is described in the text.

Bacterial Culture Medium and Growth Conditions
All strains of Escherichia coli were grown and maintained on LB medium; pH- 7.0 at 37
°C (Sambrook et al., 1989). Transformed Escherichia coli strains were routinely
maintained on LB medium supplemented with appropriate antibiotics or streaked from
frozen stock prepared for a particular strain as indicated in the text.

Plasmid DNA Isolation
Plasmid DNA was isolated from E. coli using the standard alkaline lysis method
(Sambrook, et al, 1989) or using a QIAprep Spin Miniprep Kit (Qiagen, Valencia, CA)
according to the manufacturer’s instructions. DNA concentration was determined using a
ND-1000 spectrophotometer (NanoDrop, Wilmington, DE).

Enzymes and DNA Primers
Restriction enzymes used in this study were purchased from Promega (Madison, WI) and
New England Biolabs (Ipswich, MA), whereas enzymes used in various other molecular
biology techniques were used as specified in the text. DNA primers used in this study
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were ordered from Integrated DNA Technologies (IDT, Coralville, IA) or Sigma
Genosys (Sigma, St. Louis, MO).

Cloning Plant Constructs
AtOPT promoter sequences were PCR amplified from Arabidopsis thaliana ecotype ColO genomic DNA using Turbo Pfu DNA Polymerase (Stratagene, La Jolla, CA) and
cloned upstream of the promoterless β-glucoronidase (GUS) gene encoded in the binary
vector pCambia1391Z (Hajdukiewicz et al. 1994). Gene specific primers and their
sequences are listed in Table 2. Restriction sites engineered in the primer sequences are
underlined. Promoter regions were 2.0 kb for AtOPT6, 2.2 kb for AtOPT7, 2.2 kb for
AtOPT8 and 3.0 kb for AtOPT9.

Plant Germination and Growth Conditions
Arabidopsis thaliana seeds were surface sterilized in a solution containing 35% chlorox
and 0.05% Tween-20 for 15 minutes, washed five-times with sterile distilled water and
re-suspended in 300 µl sterile distilled water. Seeds were then vernalized at 4°C for 3
days in the dark and germinated on half-strength Murashige and Skoog salts (Murashige
and Skoog, 1968, Sigma, St. Louis, MO), 1 % Sucrose (w/v), 0.1 % Murashige and
Skoog Vitamin solution (Sigma, St. Louis, MO), 0.05 % MES (Fisher Scientific) and
0.8% agar, pH: 5.7 and supplemented as required with 25 µg/mL hygromycin (Sigma, St.
Louis, MO). Seedlings were grown for up to 3 weeks or as required. Plants were grown
in a model CU-32L plant growth chamber (Percival Scientific Inc., Boone, Iowa).
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Table 1: Bacterial strains and plasmids
Strain / Plasmid

Genotype / Relevant Characteristics

Source

F- mcrA ∆(mrr-hsdRMS-mcrBC)

Invitrogen, Carlsbad,

φ80lacZ∆M15 ∆lacX74 recA1 endA1

CA

Escherichia coli
DH10B

araD139 ∆ (ara, leu) 7697 galU galK λrpsL nupG /pMON14272 / pMON7124
DH5α

F- φ80lacZ∆M15 ∆(lacZYA-argF) U169

Invitrogen, Carlsbad,

recA1 endA1 hsdR17 (rk-, mk+) phoA

CA

supE44 λ- thi-1 gyrA96 relA1
Agrobacterium tumefaciens
EHA105

pTiBo452 ∆T-DNA, bar/GUS

Hood et al., 1993

Ag11

pAL154/156, C58, RecA, pTiBo452
∆T-DNA, bar/GUS

Jones et al., 2005

Promoter::GUS plasmid constructs:
AtOPT6-ProGUS

A 2.0 kb genomic DNA amplified from

This study

AtOPT6 promoter region cloned into
HindIII- AvrII site in pCAMBIA1391z
AtOPT7-ProGUS

A 2.2 kb genomic DNA amplified from
AtOPT7 promoter region cloned into
BamHI-EcoRI site in pCAMBIA1391z
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Stacey et al., 2006

Table 1: Continued
AtOPT8-ProGUS

A 2.2 kb genomic DNA amplified from

Stacey et al., 2006

AtOPT8 promoter region cloned into
BamHI-AvrII site in pCAMBIA1391z
AtOPT9-ProGUS

A 3.0 kb genomic DNA amplified from
AtOPT9 promoter region cloned into
BamHI site in pCAMBIA1391z
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This study

under 16 hour day/ 8 hour night cycle or continuous light at 22 °C with 60 % relative
humidity. For seed amplification and analysis of mature plants, 14-day-old seedlings
were transferred to Pro-mix soil (Premier Horticulture, Red Hill, PA) and grown at 22 °C
under continuous fluorescent white light in either a plant growth chamber with 60 %
relative humidity or in the green house.

Plant Transformation and Selection of Transgenic Plants
Stable transformation of Arabidopsis was performed by the vacuum infiltration protocol
for Agrobacterium tumefaciens- mediated T-DNA gene transfer as described (Bechtold
and Pelletier, 1993) with slight modification. Arabidopsis thaliana (ecotype Columbia)
plants were grown as described above until first bolts emerged. To facilitate growth of
multiple bolts, emerging bolts were clipped off and multiple bolts were grown to an
approximate length of 15 cm. Agrobacterium tumefecians (EHA105) cultures were
started 24-48 hours prior to infiltration and grown to an O.D600 nm of 0.8 at 30°C in LB
medium with appropriate antibiotics. Cells were centrifuged at 4000 rpm in a J2-MC
centrifuge (Beckman Coulter, Inc., Fullerton, CA) for 5 minutes and re-suspended in
infiltration medium (1X MS salts, 1X B5 Vitamins, 5 % Sucrose and 10 µg of benzyl
aminopurine, pH: 5.7). Silwet L-77 (0.05 %, OSi Specialities Inc., Danbury, CT) was
added to promote better infiltration. Plants were inverted in an Agrobacterium culture
solution to submerge the flowers and a vacuum of approximately 0.05 bars was applied
for 5 minutes. Plants were then laid on their sides to remove excess Agrobacterium
culture, covered with a plastic dome for 24 hours at room-temperature and later
transferred to a growth chamber until the seeds were ready to harvest.
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Table 2: Sequences of DNA primers used in this study
Application

Sequence

Tm (°C)

Promoter-GUS cloning
AtOPT6 ProG-F

5` - CTC AAG CTT AAA GGA GCC GAT GAA

65.5

GTG ATA TTC TT - 3`
AtOPT6 ProG-R

5` - CTG CCT AGG GTT TTA GAA GAG TGA

66.8

GTG TTC CGT TCT TT - 3`
AtOPT9 ProG-F

5` - CTA GGA TCC AAA CTA GCA ATG AAG

66.1

AGT GAC CGT GTA GA - 3`
AtOPT9 ProG-R

5` - CTA GGA TCC GTG GTG AAT CTT TTA
TAG GGT TAA GGG TG - 3`

Tm = Annealing temperature of the primer.
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65.3

To select transgenic plants, transgenic seeds were surface sterilized and grown on halfstrength MS medium containing 12.5 µgm/ml hygromycin. 18-day-old transgenic
seedlings were transferred to soil for further propagation. Homozygous seeds, verified by
growth on appropriate antibiotics, of the T3 generation of transgenic plants were used for
expression analysis. For each construct, four to six independent transgenic lines were
selected for further characterization.

Histochemical Staining with X-Glucuronidase (X-Gluc)
X-Gluc staining was carried out according to Stacey et al. (2006) with slight
modifications. Plant tissues at different development stages including germinating seeds,
seedlings, rosette leaves, flower and siliques were picked using clean forceps and
immersed in a X-Gluc stain solution (100 mM Sodium phosphate, pH 7.0; 1 mM EDTA;
1% TritonX-100; 5mM Potassium ferricyanide, 1mg/ml X-Gluc) overnight at 37 °C.
Samples were washed once with wash solution (i.e., X-Gluc staining solution without XGluc and Potassium ferricyanide) and fixed in a formaldehyde, acetic acid and alcohol
(FAA) solution (50% ethanol, 5% acetic acid and 3.7% formaldehyde) for 30 minutes.
Samples were rinsed once with potassium phosphate buffer pH 7.0 and washed with
30%, 50% and 70% ethanol for 30 minutes each followed by incubation in 70% ethanol
for 16 hours or overnight to dissolve the chloroform present in leaves, flowers and
siliques. Samples were again passed through a series of alcohol washes of 70%, 50%,
30% and 0% and stored in 100mM potassium phosphate buffer pH 7.0. GUS patterns
were observed with an Olympus SZX12 microscope.
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DNA and amino acid sequence comparisons
Amino-acid sequences of plant OPTs were obtained from the following databases:
Arabidopsis

(Arabidopsis thaliana;

www.arabidopsis.org),

rice

(Oryza

sativa;

http://www.tigr.org/tdb/e2k1/osa1) and Aramemnon plant membrane protein database
(http://aramemnon.botanik.uni-koeln.de) for AtOPT, AtYSL, OsOPT and BjGT1
sequences. Yeast OPT sequences were obtained from NCBI sequence viewer v2.0 by
submitting a query for Candida albicans and Saccharomyces cerevisiae OPT genes.
Sequence alignments were performed using ClustalX 1.83 (Thompson et al., 1997) with
PHYLIP output format. Dendrograms of OPT sequences were generated using the
program PHYLIP (Felsenstein, 2000) and trees were viewed and rooted using Tree
Viewer (Zmasek and Eddy, 2001).

Public microarray data analysis
Microarray

data

were

collected

from

the

GENEVESTIGATOR

(www.genevestigator.eth.chhttps://www.genevestigator.ethz.ch).

A

22K

website
array

of

Arabidopsis genes and collective dataset from NASCArrays, ArrayExpress, and
AtGeneExpress was used for data mining. Where possible, normalized data were used
and experiments with low signal value were eliminated due to the difficulty of
differentiating real expression from background. Digital northerns were performed at the
Genevestigator website to assess the reliability of the data.
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RESULTS

Phylogenetic analysis of Arabidopsis OPTs: Comparison with OPT transporters
from fungi and plants
A phylogenetic tree was generated for all OPT transporters to identify close
homologues of AtOPTs and shed light on possible functions of Arabidopsis OPTs based
on the known function of OPTs from other species (Fig 1). OPT transporters from S.
cerevisiae, C. albicans, S. pombe, B. juncea, O. sativa and YSL transporters from
Arabidopsis were selected for phylogenetic comparison since OPTs from these species
have been identified and some are well characterized. The amino acid sequences of
Arabidopsis OPTs do not show strong similarity to Arabidopsis YSLs and fall into two
separate sub-families of the OPT super-family. This analysis suggests that Arabidopsis
OPTs and YSLs likely carry out distincut functions. The exception is OPT3 which,
although it clearly groups with the OPT sub-family, was recently shown to be involved in
iron transport (Wintz et al., 2003; Stacey et al., 2007). A recent publication suggested that
AtYSL2 mediates transport of a Fe-phytosiderophore complex in yeast implicating a role
of YSLs in iron transport (Schaff et al., 2005). The major iron chelator in plants,
nicotianamine, which is transported by YSLs, is a modified peptide. Therefore, both YSL
and OPT are known to transport peptide-like substrates. Rice and Arabidopsis OPTs are
highly similar and fall into the same clade, along with OsGT1, a known rice glutathione
transport protein (Zhang et al., 2004). Among Arabidopsis OPTs, ATOPT6 was shown to
mediate transport of glutathione. Therefore, OsGT1 and AtOPT6 appear to be related
orthologs.
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Figure 1: Phylogenetic relationship of A.thaliana OPT transporters with several paralogs
and orthologs from plants and fungi.
Amino acid sequences from A. thaliana, O. sativa, B. juncea, S. cerevisia, S. pombe and
C. albicans were used for comparison. The branch lengths are proportional to the degree
of divergence, with the scale of “0.1” representing 10% change.
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The transport properties of AtOPT7, the closest homologue of OsGT1, have not
been characterized. It is also interesting to note that ScHGT1, which is known to mediate
glutathione transport (Osawa et al., 2006) does not fall into the same cluster as AtOPT6
and OsGT1. Since the selectivity filter of transporters can be defined by only a few amino
acids, overall sequence similarity is not a good predictor of substrate specificity.

Expression analysis of AtOPT6 and AtOPT9 during seed germination and vegetative
growth
Storage proteins are degraded into smaller peptides by proteases during seed
germination, which can serve as a nitrogen source to actively growing cells. AtOPT6 and
AtOPT9 promoter – GUS lines were analyzed during seed germination, seedling growth
and vegetative growth stages to elucidate a possible role of these OPTs in peptide
mobilization and distribution to actively dividing cells. AtOPT6 showed a strong
expression pattern in pre-vascular tissue of cotyledons from newly germinated seeds, as
compared to a weaker expression pattern of AtOPT9. During seedling growth (3-5 days
post germination), expression of AtOPT6 was localized in the developing vascular tissue
of cotyledons and hypocotyls (Fig 2A). Expression of AtOPT9 was limited only to
developing vascular tissue of cotyledons (Fig 2D). No expression was observed for
AtOPT9 in vascular tissue of developing hypocotyls. The expression pattern of OPTs in
germinating seedlings is suggestive of a role in peptide mobilization and redistribution in
developing tissues after storage proteins are broken down by peptidases during initial
germination.

34

Both AtOPT6 and AtOPT9 are not expressed in the developing root tissues at this
stage (Fig 2A and 2D). AtOPT7 and AtOPT8 showed a similar expression pattern in
developing seedling to AtOPT6 (Fig 2B and 2C). Seedlings with the first two true leaves
and seedlings at the 6-7 leaf stage were observed to see if any changes occurred in the
expression patterns of AtOPT6 and AtOPT9. As shown in Fig 2E-2L, expression of
AtOPT6 was consistently higher than AtOPT8 and AtOPT9 in vascular tissues of
cotyledons, hypocotyl and true leaves (Fig 2E, 2I). AtOPT7 showed expression similar to
AtOPT6 (Fig 2F, 2J). AtOPT8 (Fig 2G, 2K) and AtOPT9 (Fig 2H, 2L) showed similar,
although weaker, expression in the vascular tissues of cotyledons, hypocotyls and true
leaves. In roots, the strongest OPT expression was in AtOPT6 promoter – GUS lines (Fig
2M), followed by AtOPT7 (Fig 2O), AtOPT9 (Fig 2S) and weakest in AtOPT8 (Fig 2Q).
The expression was detectable in the stele tissue of the roots including pericycle and
vascular tissue. However, in AtOPT8 and AtOPT9 promoter – GUS lines, the expression
seemed to be restricted to vascular tissues. None of the OPTs were expressed in the root
hairs. No detectable expression of any of the OPTs was observed in root tips (Fig 2N
(AtOPT6), 2P (AtOPT7), 2R (AtOPT8) and 2T (AtOPT9)). In rosette leaves, AtOPT6 (Fig
2U) was predominantly expressed in primary veins and also in the secondary and tertiary
veins as was AtOPT7 (Fig 2V) However, the expression of AtOPT7 may be the result of
GUS diffusion into other tissues. The diffusion may be the result of longer exposure to
the GUS substrate. AtOPT8 (2W) and AtOPT9 (2X) were not expressed as strongly as the
other OPTs in rosette leaves. Interestingly, expression of AtOPT9 in rosette leaves was
limited to primary and tertiary veins. There was no detectable GUS expression in
secondary veins.
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Figure 2:

GUS expression patterns for promoter::GUS lines of AtOPT6, AtOPT7,

AtOPT8 and AtOPT9 in various plant organs.
(A-D) Staining of vascular tissue in developing cotyledons and hypocotyls in germinating
seeds.
(E-H) Vascular tissues of roots, cotyledons, leaves and hypocotyls were stained similarly
in developing seedlings.
(I-L) Vascular tissues of roots, cotyledons, leaves and hypocotyls were stained in a
similar pattern in 3-week-old seedlings. Staining was strong in roots of AtOPT6 (I) and
AtOPT7 (K) promoter GUS lines.
(M-T) GUS staining in the roots and root-tips: Note the strong staining in AtOPT6 (M)
and AtOPT7 (O) promoter GUS lines in roots. None of the promoter GUS lines were
expressed in root-tips.
(U-X) Similar GUS staining pattern in rosette leaves. All promoter - GUS lines are
expressed in vascular tissue, however the expression pattern is strongest in AtOPT7 (V)
and weakest in AtOPT9 (X) promoter - GUS line.
(A, E, I, M, N, U) – AtOPT6 promoter - GUS lines
(B, F, J, O, P, V) – AtOPT7 promoter - GUS lines
(C, G, K, Q, R, W) – AtOPT8 promoter - GUS lines
(D, H, L, S, T, X) – AtOPT9 promoter - GUS lines
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Expression patterns in roots and seedling tissues suggest that OPTs do not play a
role in acquisition of nutrients from soil or medium, rather they may be involved in
mobilization of nutrients in planta.

Expression analysis of AtOPT6 and AtOPT9 during flower and seed development
AtOPT6 showed very high expression levels in the filament of stamens, vascular
tissue of sepals and developing ovules during early stages of flower development (Fig
3A). Post-fertilization, the expression of AtOPT6 was still strongest in the filament of
stamens and vascular tissue of sepals. However, there was no detectable expression in the
fertilized ovules (Fig 3B). There was no expression in petals at any stage during flower
development. During flower development the demand of nitrogen is high in sink tissues
such as developing ovules and anthers that produce a large amount of pollen. The
expression in developing ovules and vascular tissues of filaments suggest that AtOPT6
might be involved in providing nitrogen in the form of small oligopeptides. In contrast to
AtOPT6, AtOPT9 was expressed only in anthers and pollen grains during flower
development (Fig 3C and 3D). There was no difference in the expression level of
AtOPT9 pre- or post-fertilization in anthers and pollen grains. During seed development,
both AtOPT6 (Fig 3E and 3G) and AtOPT9 (Fig 3F) were expressed in the vascular tissue
of funiculi, which provide nutrition to developing maternal tissues of the embryo at the
onset of heart stage of embryo development. AtOPT9 promoter – GUS lines were stained
for a longer period of time to observe the expression pattern. AtOPT6 and AtOPT9 were
still expressed in vascular tissues of funiculi during later stages of seed development.
There were differences in the expression patterns of AtOPT6 and AtOPT9 during flower
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development. AtOPT6 was expressed in sepals, filaments of stamens and developing
ovules. AtOPT9 was expressed only in anthers and pollen grains. The data clearly show
differences in the tissue-specific expression of the OPTs during flower development,
suggesting different or overlapping roles in providing nutrition to selective sink tissues
during times of higher nutrient demand. The expression pattern and the timing of the
GUS expression during seed development indicate that OPTs might be involved in
supplying nitrogen to rapidly developing seed tissue. There is selective and distinct tissue
specific expression of AtOPT6, AtOPT7, AtOPT8 and AtOPT9 during various stages of
plant growth and development (Table 3). Microarray expression analysis (Fig 4) also
supports the AtOPT promoter – GUS expression data.
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Figure 3: Expression analysis of AtOPT6 and AtOPT9 during flower and seed
development.
(A-B) AtOPT6 promoter – GUS expression during pre- and post fertilization stage in
floral tissues.
(C-D) AtOPT9 promoter – GUS expression during pre- and post fertilization stage in
floral tissues.
(E and G) Expression of AtOPT6 promoter – GUS lines during seed development.
(F) Expression of AtOPT9 promoter – GUS lines during seed development.
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Table 3: Comparative analysis of expression patterns of AtOPT Promoter-GUS lines at
different stages of plant growth and development.

AtOPT Promoter-GUS lines
Plant
tissues
AtOPT1

AtOPT3

AtOPT4

AtOPT6

AtOPT7

AtOPT8

AtOPT9

Germinat
ing seeds

Vascular

Vascular

Vascular

Vascular

Vascular

Vascular
(weak)

Vascular
(weak)

Seedling

Vascular

Vascular

Vascular

Vascular

Vascular

Vascular
(weak)

Vascular
(weak)

Root

Vascular

Vascular

Vascular

Vascular

Vascular

Vascular
(very
weak)

Vascular
(weak)

Rosette
leaf

Vascular

Vascular

Vascular

Vascular

Vascular

Vascular

Vascular
(weak)

Sepal

Vascular

Vascular

Vascular
(Stigma)

Vascular

Vascular

None

None

Petal

Vascular

Vascular

Vascular

None

None

Vascular

None

Stamen

Filament/
Pollen

Pollen

Filament

Filament

Filament

Filament/
Pollen

Pollen

Carpel

Pollentube

Style

Style

Developing
Ovules

Style
Stigma

None

None

Silique

Funiculi

Funiculi

Funiculi

Funiculi

Funiculi

Funiculi

Funiculi

Seed

None

Endosperm
Integument
Embryo

None

None

None

Endosperm/
Integument

None
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Figure 4: Development map of AtOPT expression.
This graph was generated using public micro-array data, of tissue specific expression of
AtOPT Promoter-GUS fusions at various growth stages during plant development. Values
below 200 are inconclusive due to background hybridization noise in microarray
experiments. (This data was obtained from www.genevestigator.ethz.ch).
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AtOPT6
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AtOPT8

43

AtOPT9

DISCUSSION

AtOPTs as a gene family may play a role in peptide transport during seed
germination and vegetative development
Peptide transporters are thought to transport peptides during germination. Storage
proteins, the reservoirs of nitrogen, are known to be hydrolyzed into smaller peptides by
proteases present during seed germination (Muntz et al., 2001). These small peptides
were shown to be transported across the scutellum into the differentiating embryo
(cotyledons and hypocotyl) by peptide transporters (Higgins and Payne, 1977a and
Higgins and Payne, 1982). The spatial and temporal expression patterns of AtOPT6 and
other AtOPTs seem to overlap with the timing of protein degradation during early
seedling germination. Also, the expression of AtOPT6 and AtOPT9 in the vascular tissue
of developing cotyledons and the expression of AtOPT6 in the vascular tissue of
developing hypocotyls provides evidence that these OPTs are involved in transport and
redistribution of peptides derived from hydrolyzed storage proteins in cotyledons,
providing nitrogen transport to cells rapidly undergoing division and differentiation.
Expression of AtOPT6 and AtOPT9 in the vascular tissue of rosette leaves, even after
bolting, suggests that they are involved in the long distance transport of peptides from
source tissues to sink tissues, such as developing floral organs. Stacey et al (2006)
suggested a role of AtOPTs in senescence based on the spatial and temporal expression
pattern in rosette leaves. This suggestion was based on the observation that the onset of
senescence begins immediately after rosette leaves fully expand (with OPTs being
expressed in vascular tissue of leaves) and the plants redistribute nitrogen rapidly from
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rosette leaves to other tissues with the aid of OPTs. The absence of expression of all
AtOPTs in root epidermis, root hairs and root tips indicates that OPTs are not involved in
the uptake of nutrients from soil or medium but rather mobilization, transport and
redistribution within the plant.

AtOPT6 and AtOPT9 play distinct roles during flower and seed development
AtOPT6, AtOPT9 and all other members of the AtOPT gene family showed
distinct tissue specific expression during flower development. The temporal and spatial
expression patterns were different for each AtOPT, with some overlap. AtOPT6 was the
only AtOPT gene family member that showed unique expression in developing ovules.
AtOPT1, AtOPT3 and AtOPT8 were the only members of the family that showed unique
expression in pollen tubes and the developing embryo, respectively (Stacey et al., 2006).
AtOPT6 expression is strong in ovules during early stages of inflorescence development
but is completely abolished as the flower reaches maturity. Female gametophyte
development, megagametogenesis and megasporogenesis, occur during this stage of
inflorescence development and require high amounts of nitrogen and carbon for
developing ovules (reviewed in Drews et al., 1998). The expression of AtOPT6 coincides
with female gametophyte development implying that AtOPT6 may be transporting
peptides from source tissues, such as rosette leaves, to sink tissues of ovules. Also,
AtOPT6 shows very strong expression in stamen filaments in the early stages of
inflorescence and the expression remains strong throughout inflorescence development.
Stamens consist of filaments, anthers and pollen grains. The tapetum cells are part of the
anther and are sites of intense metabolic activity during microsporogenesis (Lee and
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Tegeder, 2004). Nitrogen and carbon demands in those tissues are higher during
microsporogenesis.

Expression of AtOPT6 and AtOPT9 in the filaments during

microsporogenesis indicates that both are involved in mobilization of nitrogen in the form
of peptides to these actively developing cells. AtLHT2, an amino acid transporter with
high affinity for neutral and acidic amino acids was shown to localize in tapetum cells
and was implicated in the import of amino acids into the tapetum cells (Lee and Tegeder,
2004). In order for amino acids to be imported to tapetum cells they need to be
transported from source tissues to filaments and anthers. It is possible that amino acid
transporters and peptide transporters are working together to achieve import of nitrogen
to sink tissues.
The chalazal is a specialized maternal tissue formed in vascular tissues of the
funiculi and is thought to promote transfer of nutrients across the plasmalemma between
the developing endosperm and maternal tissues of the embryo (Olsen, 2004) during the
heart stage of embryo development. The onset of expression of AtOPT6, AtOPT9 and
other AtOPTs in vascular tissue of the funiculi and the rest of the silique overlap with the
heart stage of embryo development, indicating a functional role of OPTs in peptide
transport to developing seeds.
The synopsis of the expression analysis of AtOPT6 and AtOPT9, along with other
AtOPTs (Stacey et al., 2006), at seed germination, vegetative growth, flower and seed
development stages indicates a functional role of these oligo-peptide transporters in the
import of nitrogen into rapidly differentiating tissues and other sink tissues. Overlapping
expression in rosette leaves, stem and sink tissues of floral organs reveals a role in long
distance mobilization of protein reserves. Single knock-out mutant lines of specific
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AtOPTs did not show any visible phenotypes during plant growth and development with
the exception of in Atopt3-1, where one-fourth of the seeds were aborted in the
heterozygous mutant lines indicating a seed lethality phenotype (Stacey et al., 2002).
Other peptide transporters were also proposed to play similar role in peptide or amino
acid mobilization, including the amino acid transporter AtLHT2 (Lee and Tegeder, 2004),
peptide transporters HvPTR1 (West et al., 1998) and AtPTR1 (Dietrich et al., 2004). This
indicates that different transporters transporting various forms of petides may have
overlapping functions in mobilization and transport of nitrogen in form of peptides.
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CHAPTER II: THE FUNCTION OF AtOPT6 IN HEAVY
METAL DETOXIFICATION

INTRODUCTION

Heavy metals such as cadmium (Cd) and lead (Pb) are widespread environmental
pollutants that are toxic to plant growth. Plants take up these toxic metals when essential
transient metals such as zinc (Zn), manganese (Mn), copper (Cu) and cobalt (Co) are
transported from soil to plant cells by specific transport proteins. The tolerance to heavy
metals is achieved by sequestration of ions, after their uptake, in metabolically inactive
compartments, such as vacuoles and the apoplastic space (Clemens, 2000). Excess
cadmium can have a negative impact on various metabolic enzymes and transcription
factors by substituting for zinc (Qu and Zhu, 2006). Cellular mechanisms for
sequestration of Cd during high Cd exposure are thought to include sequestration of this
toxic metal in the cytosol via glutathione (GSH) and phytochelatins (PCs). Cd
sequestration in the vacuole is carried out by tonoplast Cd/H antiporters, ABC
transporters and NRAMPs (Clemens, 2000; Hall and Williams, 2003; Martinoia et al.,
2007). Metal binding peptide ligands such as metallothioneins (MTs), which are small
gene-encoded, cysteine-rich polypeptides, also play a role in heavy metal tolerance
(Cobbett, 2000). The role of GSH and PCs in Cd tolerance has been extensively studied
in yeast and plants.
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GSH is a tri-peptide consisting of the amino acids Glu, Cys and Gly with Glu and
Cys residues linked through a γ-carboxylamide bond and Gly linked with Glu and Cys
residues (Cobbett, 2000). There is evidence that GSH binds with Cd and this results in
compartmentalization to avoid toxicity (Adamis et al., 2007). PCs are synthesized from
GSH where repetitions of a γ-Glu-Cys dipeptide are followed by a terminal Gly; (γ-GluCys)n – Gly, n is typically 2-5 residues but can be as many as 11. The main enzyme
catalyzing the reaction is phytochelatin synthase (PCS) (Cobbett, 2000). Expression of
AtPCS1 mediated an increase in Cd accumulation, indicating it was probably involved in
chelation of the PC-Cd complex (Vatamaniuk et al., 1999). AtPCS1 was isolated through
the cloning of the CAD1 gene of Arabidopsis (Howden et al., 1995). Mutants at the cad1
locus in Arabidopsis are Cd sensitive and deficient in the formation of Cd-binding
complexes and in PC biosynthesis. In particular, PCs are undetectable in the cad1-3
mutant after prolonged exposure to Cd (Howden et al., 1995). PC-Cd complexes are
sequestered in the vacuole as demonstrated through studies of Cd-sensitive mutant hmt1
in yeast (Ortiz et al., 1995). The Hmt1 gene encodes an ABC transport protein localized
to the vacuole membrane and hmt1 mutants were unable to form PC-Cd complexes and
export the complex into the vacuole upon exposure to Cd and, therefore, were sensitive to
Cd (Ortiz et al., 1995).
Distinct from the PC-Cd transport activity, an alternative mechanism, identified in
yeast and oat tonoplast vesicles, is a Cd/H antiporter activity dependent upon the proton
gradient (Salt and Wagner, 1993; Ortiz et al., 1995). Cd/H antiporters such as CAX4
(cation exchanger) are involved in root-to-shoot partitioning of Cd and contribute to
increased tolerance to high Cd, Zn and Mn ions (Korenkov et al., 2007). Another gene
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family involved in heavy metal detoxification is the ABC transporter family. AtATM3
over-expressing plants showed increased Cd resistance, whereas Atatm3 mutant plants
were sensitive to Cd, compared to wild-type controls. Also, the closest homolog of
AtATM3 was HMT1 suggesting AtATM3, like HMT1, may be involved in sequestration of
PC-Cd complexes in plant cells (Kim et al., 2006). Similar to AtATM3, AtPDR8 also
enhanced resistance to Cd and Pb when over-expressed and Atpdr8 mutants were
sensitive to Cd and Pb. However, unlike AtATM3, which is localized in the
mitochondrial membrane, AtPDR8 was localized in the plasma-membrane suggesting it
may be an efflux pump that drives Cd or Cd-conjugates out of the cytoplasm and into the
apoplastic space (Kim et al., 2006; Kim et al., 2007).
From the preceding discussion it is apparent that the mechanism of Cd
detoxification is more complex than simply chelation of Cd-PC and sequestration to the
vacuole or apoplastic space. Additional experiments are needed to address the long
distance transport of PC-Cd and the proteins involved in this process. In this chapter, I
will discuss a possible role of AtOPT6 in mobilization of Cd and PC-Cd conjugates.
Over-expression of AtOPT6 resulted in hypersensitivity to Cd whereas Atopt6 mutant
and wild-type control plants did not display hypersensitivity as seen in over-expressing
lines. More experiments will be discussed in detail to address the possible involvement
of AtOPT6 in long distance transport of GSH-Cd and PC-Cd complexes.
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METHODS AND MATERIALS

Bacterial strains and plasmids
Bacterial strains and plasmids used are listed in Table 1 of Chapter I.

Bacterial culture media and growth conditions
Refer to Chapter I for strains of Escherichia coli. Agrobacterium tumefaciens was grown
and maintained on LB medium; pH- 7.0 at 30 °C.

Plasmid DNA isolation
Refer to methods and materials in Chapter I.

Enzymes and DNA primers
Refer to methods and materials section of Chapter I.

Generation of AtOPT6 over-expression transgenic lines
A 2.4 kb genomic DNA of AtOPT6 (At4g27730) was PCR amplified from genomic DNA
of Arabidopsis thaliana ecotype Col-O using Turbo Pfu DNA Polymerase (Stratagene,
La Jolla, CA) and cloned downstream of the CaMV 35S promoter region in the modified
binary vector pCAMBIA1200 (+S) between the EcoRI-BamHI restriction sites (Dr.
Minviluz Stacey – personal communication). Primers and sequences are listed in Table I.
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Plant transformation and selection of transgenic plants
Refer to methods and materials section of Chapter I.

Total RNA isolation and reverse transcription polymerase chain reaction (RT-PCR)
Total RNA was isolated from 2 to 3-week old seedlings of Arabidopsis thaliana (ColO)
using the Trizol® reagent (Invitrogen, Carlsbad, CA). Where necessary, the roots and
shoots were separated prior to RNA isolation. The quantity of RNA was measured using
a ND-1000 spectrophotometer. The quality of RNA was determined by agarose gel
electrophoresis. RNA samples were purified using the Qiagen RNeasy Mini Kit (Qiagen,
Valencia, CA) according to manufacturer’s protocol. To remove genomic DNA
contamination, total RNA was treated with TURBO DNase (Ambion Inc., Houston TX)
according to manufacturer’s protocol. RNA was reverse transcribed to synthesize singlestranded cDNA using Superscript III reverse transcriptase (Invitrogen, Carlsbad CA),
oligo(dT), 10mM dNTP and 0.1M DTT at 50° C for 2 hours in a 25 µl reaction. The
reaction was inactivated by heating at 70° C for 15 minutes. 2 µl of this reaction was used
in a polymerase chain reaction (PCR) including 2.5 mM MgCl2, 1mM dNTPs, 0.5 units
of Ex-Taq DNA Polymerase (Takara, Madison WI) and gene specific primers as listed in
Table I. As an internal control, gene specific primers of Actin2 were used in each PCR
reaction. To analyze expression of specific genes, 4 µl of the PCR reaction was used for
agarose gel electrophoresis.
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Quantitative RT-PCR
Total RNA was isolated according to the above protocol. A total of 2 µg of RNA was
used with 5µl of SYBR green (Applied Biosystems, Foster City, CA) and a 2mM final
primer concentration in a 10µl reaction volume. Relative quantification analysis was run
on a 7500 Real Time PCR system (Applied Biosystems, Foster City, CA) for total of 40
cycles. Data analysis was performed according to manufacturer’s protocol. A list of gene
specific primers and sequences is given in Table I.

Plant germination and growth conditions
Refer to methods and materials in Chapter I. All plants described in this section are from
Arabidopsis thaliana (ecotype – ColO).

Root inhibition and root growth assay
Wildtype (ecotype – ColO), opt6 mutant plants (Rosso et al., 2003) and AtOPT6 overexpression transgenic plants were sterilized, vernalized and germinated on half-strength
MS and half-strength MS medium containing 50 µM cadmium chloride (CdCl2) for 18
days under continuous light at 22°C with 60% relative humidity in a model CU-32L plant
growth chamber (Percival Scientific Inc., Boone, Iowa). The plates were placed vertically
in the growth chamber. Root measurement was carried out and recorded for each plant
line grown on MS and MS medium supplied with 50 µM CdCl2.
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Table 1: Sequences of DNA primers used in this study
Application

Sequence

Tm (°C)

Generation of over-expressions transgenic lines
AtOPT6Oex-A

5`- CAG GAA TTC ATG GGA GAG ATA GCA
ACA GAG TTC AC - 3`

64.8

AtOPT6Oex-B

5` - CAG GGA TCC CTA GAA GAC GGG ACA
GCC TTT GAC - 3`

70.9

Quantitative and semi-quantitative RT-PCR
AtOPT6OexRT-L

5` - ATG AGC TAG AAG ACG GGA CAG CCT
TT - 3`

61.5

AtOPT6OexRT-R

5` - TAC TTG CTT GTG CCA TTG CCA TCA - 3`

59.6

Actin2-F

5` - GTT GGT GAT GAA GCA CAA TCC AAG - 3`

56.7

Actin2-R

5`- CTG GAA CAA GAC TTC TGG GCA TCT - 3`

58.9

AtOPT6 qRT-F

5` - CAA CCA AAT CCA AGA ATC TAA ACA
C - 3`

58.1

AtOPT6 qRT-R

5` - GTC ATG ATC ACC ACT CAG GTA CTC - 3`

57.9

At2g28390-F

5` - AAC TCT ATG CAG CAT TTG ATC CAC T - 3`

59.6

At2g28390-F

5` - TGA TTG CAT ATC TTT ATC GCC ATC - 3`

58.9

Tm = Annealing temperature of the primers.
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Root inhibition was calculated based on the root length of seedlings grown on MS
medium (100%) vs. root length of seedlings grown on MS medium supplied with
cadmium (100-X %). To measure fresh tissue weight, seedlings were removed from the
plates, washed twice with sterile water and blotted dry with tissue paper to remove excess
water. Fresh tissue weight was measured in milligrams and plotted on the graph.

Inductively coupled plasma optical emission spectroscopy (ICP-OES) measurements
of thiols (GSH and PCs) and cadmium
Sample preparation
Arabidopsis seedlings of wild-type and AtOPT6 over-expressing transgenic lines were
germinated on ¼ strength MS agar medium until the first true leaves appeared. Seedlings
were transferred to hydroponic culture and 4-week-old seedlings were exposed to 20 µM
CdCl2 for 72 hours. Roots and shoots were separated from seedlings and frozen in liquid
nitrogen. The tissues were ground in a chilled mortar and then placed in micro centrifuge
tube. The thiols were extracted by adding 1 ml of extraction buffer (6.3mM
Diethylenetriamine-pentaacetic acid (DTPA) in 0.1% trifluroacetic acid) per 1 gram of
fresh ground tissue weight. Samples were vortexed and centrifuged at 10,000 x g for 10
minutes at 4 °C. The resulting supernatant was used for thiol-labeling with
monobromobimane (mBBr). To avoid oxidation of thiols, all buffers used in this study
were bubbled with nitrogen for at least 10 minutes prior to use in the extraction
procedure.
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Fluorescence high pressure liquid chromatography (HPLC)
65 µl of the extracted sample was mixed with 115 µl of the labeling solution (200 mM
Heppes buffer, 6.3mM DTPA, 0.5mM mBBr; pH 8.0) and incubated for 30 minutes at 45
°C in the dark. Post incubation the labeling procedure was terminated by acidifying the
medium with 20 µl of 30% v/v perchloric acid (PCA). The samples were vortexed and
centrifuged for 10 minutes at 10,000 x g at 4 °C. The supernatant was filtered using 0.22
µm membrane filter (Millipore, Billerica, MA). Before HPLC analysis, the supernatant
was precipitated by adding 30% PCA to achieve a 3% final concentration. Samples were
vortexed for 1 minute and centrifuged at 10,000 x g for 10 minutes at 4 °C. A total of 50150 µl of sample was injected into the HPLC for analysis.
ICP-OES measurement of cadmium
Arabidopsis seedlings from wild-type and AtOPT6 over expressing lines were grown on
¼ strength MS agar plates until the first true leaves appeared. Seedlings were then
transferred to hydroponic culture. 4-week-old seedlings were exposed to 20 µM CdCl2
for 72 hours. Roots and shoots were separated, dried and digested in nitric acid for
cadmium quantification by ICP-OES (Lee et al., 2003).

Substrate uptake studies
Plasmid constructs
To increase the expression efficiency of AtOPT6 cDNA when expressed in Xenopus
laevis oocytes, a 17 bp sequence of 5` UTR of ScOPT1 (ATAACGTCACAGAACAC)
was introduced at the 5` end of the AtOPT6 cDNA (Osawa et al., 2006). A BamHI
restriction site and a 5` UTR sequence was engineered at the 5` end of a AtOPT6 forward
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primer and was used to amplify a 600 bp sequence of AtOPT6 cDNA using Turbo Pfu
DNA polymerase (Stratagene, CA). The resulting PCR product was purified using
QIAquick PCR Purification Kit.

The AtOPT6 reverse primer contained a BseRI

restriction site in the primer sequence. A partial 600 bp product of AtOPT6 cDNA cloned
in pGEM-HE was digested with BamHI-BseRI (600 bp) and was replaced with the
modified PCR product containing the 5` UTR of ScOPT1 and partial AtOPT6 cDNA. The
absence of amplification errors in the PCR product was confirmed by sequencing and
restriction digestion.
cRNA synthesis
For expression in oocytes, the AtOPT6 5` UTR vector was linearized by digestion with a
NheI restriction enzyme and purified using a QIAquick PCR Purification Kit (Qiagen,
Valencia, CA). Capped cRNA was transcribed in vitro using the T7 mMessage
mMachine RNA transcription kit (Ambion, Austin, TX) according to manufacturer’s
protocol.
Two-electrode voltage clamping and substrate uptake studies
Two-electrode voltage clamping was performed as described in Osawa et al. (2006). For
glutathione and phytochelatin uptake studies, these peptides were dissolved in water and
uptake was measured at various peptide concentrations.
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RESULTS

Construction of transgenic Arabidopsis over-expressing AtOPT6
AtOPT gene family members show 61%-85% sequence similarity within the
family and single knock-out mutants of the various AtOPTs, with the exception of
AtOPT3, do not display visible phenotypes. To address the function of AtOPT6 by gainof-function, transgenic lines over-expressing a 2.4 kb genomic DNA coding sequence of
AtOPT6 expressed from the CaMV35 S promoter were generated. Four independent
transgenic lines, termed 6Oex-1, 6Oex-11, 6Oex-27 and 6Oex-31, were selected for
further analysis from a total of 32 independent transgenic lines tested for their expression
level. Transcript levels of AtOPT6 assessed by semi-quantitative RT-PCR analysis
revealed that these four independent transgenic lines expressed 2.25 – 4.25 fold higher
transcript levels than the wild-type control (Fig 1). Further analysis of the transcript by
quantitative PCR showed that 6Oex-1, 6Oex-27 and 6Oex-31 transgenic lines showed 2-3
fold higher expression that the wild type, whereas 6Oex-11 showed almost 8-fold higher
AtOPT6 RNA levels (Fig 2). The transcript level of AtOPT6 in 6Oex-1, 6Oex-27 and
6oex-31 fell in a similar range with each other. Therefore, 6Oex-1, 6Oex-27 and 6Oex-31
transgenic lines were selected for further analysis.

AtOPT6 mediates glutathione and phytochelatin transport in Xenopus laevis oocytes
Cagnac et al., 2004, showed that AtOPT6 could transport glutathione (GSH) in
yeast cells. Later, transport studies of AtOPT6 in Xenopus gave no inward currents when
studied for glutathione uptake (Osawa et al., 2006).
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Figure 1: Semi-quantitative RT-PCR analysis of AtOPT6 over-expressing transgenic
lines.
Four independent transgenic lines were included for RT-PCR analysis and each analysis
was performed twice per transgenic line to determine the folds increase of AtOPT6
transcript in each transgenic line. Error bars represent standard error.
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Figure 2: Quantitative real time PCR data for AtOPT6 over-expressing transgenic lines.
Four independent transgenic lines were included for quantitative real time PCR analysis
and each analysis was performed in duplicate per transgenic line to determine the relative
level of AtOPT6 expression relative to the wild type. Error bars represent standard error.
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Another member of the AtOPT gene family, AtOPT4, showed improved
expression in oocytes when the 5` UTR of ScOPT1 was cloned upstream of the AtOPT4
start codon (Osawa et al., 2006). Therefore, to improve expression of AtOPT6 in oocytes,
a similar approach was used. The 5` UTR region from ScOPT1 was cloned upstream of
the start codon of AtOPT6 cDNA. This construct was expressed in Xenopus oocytes to
examine transport of GSH, GGFL, KLLLG and GGFM was tested for AtOPT6. In
addition, transport of PC2 and PC + Cd transport in oocytes was also tested with twoelectrode voltage clamping technique. Phytochelatins (PCs) are oligopeptides,
synthesized from glutathione (GSH), with (γGlu-Cys)n-Gly (where n = 2 to 11) (Cobbett,
2000). As shown in Fig 3A, oocytes injected with AtOPT6 cRNA showed an inward
current in the presence of GSH, GGFL, GGFM and KLLLG. Surprisingly, there was no
change in inward current when GLLLK was added to bath solution containing oocytes
injected with AtOPT6 cRNA. The difference in transport of KLLLG vs. GLLLK by
AtOPT6 demonstrates the substrate specificity of this transport protein.
Addition of PC2 and PC+Cd to the bath solution showed relatively low inward
current in oocytes when compared with the inward currents exhibited by GSH, GGFL,
GGFM and KLLLG. There is evidence of transport of PC-Cd complex in oat roots with
stochiometry of 3 Cd molecules to 1 PC3 molecule (Salt et al., 1995). Therefore, it is
possible that AtOPT6 mediates transport of PC3 or higher PCs and PC+Cd complex may
not be well formed in vitro at pH 5.0, resulting in low inward currents. AtOPT6 mediated
GSH transport in a dose-dependent manner (Fig 3B) with highest inward current
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Figure 3: Uptake studies of glutathione and phytochelatins in Xenopus oocytes by
AtOPT6.
A. AtOPT6 mediates transport of tri-, tetra- and penta-peptides in Xenopus oocytes.
B. AtOPT6 mediates transport of glutathione in a dose-dependent manner.
Three independent trials were carried out for each experiment and error bars indicate
standard deviation.
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exhibited at 500mM concentration of GSH. However, the currents were too low to
calculate Vmax amd Km values for GSH transport.

AtOPT6 over-expressing transgenic lines are hypersensitive to cadmium
Glutathione and phytochelatins are known to complex with Cd and subsequently
are sequestered into the vacuolar compartment or pumped out of the cytoplasm into the
apoplastic space (Ortiz et al., 1995; Kim et al., 2007). Besides sequestration of GSH-Cd
or PC-Cd complexes, long distance transport of PC-Cd from root-to-shoot and shoot-toroot was also demonstrated (Gong et al., 2003; Chen et al., 2006). However, the
mechanism of this long distance transport is unknown. Three independent AtOPT6 overexpressing transgenic lines and one wild-type control plant line were germinated and
grown on ½ strength MS salt medium as a control and ½ strength MS salt medium
supplied with 15µM, 20µM, 30µM, 40µM, 50µM, 75µM and 100µM CdCl2 to observe
the effect of cadmium on the root and shoot growth. While higher concentrations of
75µM and 100µM CdCl2 completely abolished growth of both wild-type and AtOPT6
over-expressing transgenic plants (data not shown), growth in the presence of 50µM
CdCl2 clearly distinguished the wild-type plants from those over-expressing AtOPT6. As
shown in Fig 4A, wild-type and AtOPT6 over-expressing transgenic lines showed no
difference in root or shoot growth when grown on ½ strength MS. When grown on MS
supplied with 50µM CdCl2, AtOPT6 over-expressing transgenic lines showed relatively
higher root growth inhibition compared to wild-type plants (Fig 4B). The root growth of
opt6 mutant lines was similar to the wild-type control in both MS and MS supplied with
50µM CdCl2. The root length of AtOPT6 over-expressing transgenic lines was 1 cm as
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Figure 4: Root inhibition assay of wild-type (Col-O), opt6 mutant and AtOPT6 overexpressing seedlings.
Three independent transgenic lines over expressing AtOPT6 were used in this study. This
figure is representative of all three independent AtOPT6 over-expressing transgenic lines.
This figure is represents a single experiment. Root inhibition assay was performed four
times with similar results.
(A) AtOPT6 Oex, opt6 mutant and wild type seedlings were grown on ½ strength MS
medium. Seedling growth was similar in all three lines.
(B) AtOPT6 Oex, opt6 mutant and wild type seedlings were grown on ½ strength MS
medium supplied with 50 µM CdCl2. AtOPT6 Oex seedlings were hypersensitive to
cadmium and showed higher root growth inhibition compared to wild-type and opt6
mutant plants.
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compared with the 3 cm root length of wild- type plants and opt6 mutant lines (Fig 5).
When root inhibition was calculated based on root length of these three lines, AtOPT6
over-expressing transgenic lines showed 85% root inhibition and wild-type control and
opt6 mutant lines showed around 65% root inhibition (Fig 6). Similarly, fresh seedling
weight of AtOPT6 over-expressing transgenic lines was half (~ 80 mg) that of the wildtype control (~ 180 mg) and opt6 mutant lines (~ 160 mg) in seedlings grown on 50µM
CdCl2. Fresh weight of all three independent lines was similar when seedlings were
grown on MS salts only (Fig 7).
The data on root inhibition and fresh weight clearly show that the AtOPT6 overexpressing lines are hypersensitive to cadmium. The data suggested that AtOPT6 overexpressing plants accumulated higher Cd levels, than the wild-type or opt6 mutant plants.
Interestingly, opt6 mutant and wild-type plants showed very similar levels of cadmium
tolerance on 50µM CdCl2. The similar level of cadmium tolerance of opt6 mutant and
wild-type plants may be due to gene redundancy among the AtOPT gene family
members. It is possible that one or more members of the OPT family is transporting
cadmium and, therefore, we were unable to observe a different phenotype for the opt6
mutant line. Three independent AtOPT6 over-expressing transgenic lines were used in the
root inhibition assays and all three independent lines gave similar results, indicating that
the phenotype was due to gain-of-function of AtOPT6.

66

Figure 5: Root-length comparison for wild-type, opt6 mutant and AtOPT6 overexpressing transgenic seedlings.
Three independent transgenic lines over expressing AtOPT6 were used in this study.
Wild-type, opt6 and AtOPT6 Oex transgenic seedlings were grown on ½ strength MS and
½ strength MS medium supplied with 50µM CdCl2 to determine the difference in root
length in the presence and absence of cadmium. The graph is representative of a single
trial and error bars represent standard error. This experiment was performed four times
with similar results with n = 20.
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Figure 6: Root inhibition assay for wild-type, opt6 mutant and AtOPT6 over-expressing
transgenic lines.
Three independent transgenic lines over expressing AtOPT6 were used in this study.
Seedlings were grown on ½ strength MS and ½ strength MS medium supplied with
50µM CdCl2. Root length for each seedling (n=20) per treatment was measured. Root
inhibition was calculated based on the root length of seedlings grown on MS (m; 100%)
vs. root length of seedlings grown on MS medium supplied with cadmium (n; 100-X %);
m-n/m * 100 and plotted on the graph. The graph is representative of a single trial and
error bars represent standard error. This experiment was performed four times with
similar results with n = 20.
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Figure 7: Fresh tissue weight of wild-type, opt6 mutant and AtOPT6 over-expressing
transgenic seedlings.
Thre independent transgenic lines over expressing AtOPT6 were used in this study. Plants
were grown on ½ strength MS and ½ strength MS medium supplied with 50µM CdCl2,
tissues were harvested and their fresh weight was measured. The graph is representative
of a single trial and error bars represent standard error. This experiment was performed
two times with similar results with n = 20.
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AtOPT6 over-expressing transgenic lines accumulate higher level of cadmium, GSH
and PCs in roots and lower levels of cadmium and PCs in shoots
To demonstrate that the cadmium hypersensitivity phenotype and root inhibition
was indeed due to accumulation of cadmium, we carried out ICP-MS analysis of Cd and
thiols (GSH and PCs) that bind Cd in AtOPT6 over-expressing transgenic lines and wildtype controls. Overall, the Cd content for both root and shoot fell in similar ranges for
wild-type controls (1200 µg – 1800 µg Cd/g dry-weight) (Fig 8A-8B) However, the Cd
content of AtOPT6 over-expressing transgenic lines in roots was significantly higher at
2500 µg/g (Fig 8A). In contrast, the Cd content in shoots of AtOPT6 over-expressing
transgenic lines was approximately 900 µg/g (Fig 8B), a significantly lower value than
the Cd content in roots of over-expressing lines and in the roots and shoots of wild-type
plants. These data suggest that AtOPT6 over-expressing lines do accumulate more Cd in
roots, consistent with a higher degree of root inhibition and cadmium hypersensitivity
than the wild-type control.
As indicated earlier, Cd is sequestered when conjugated with GSH or PCs. To
determine whether Cd was transported via a GSH-Cd conjugate, we checked the levels of
GSH in root and shoot tissues of both AtOPT6 over-expressing lines and wild-type plants.
As shown in Fig 9, the GSH content of wild-type roots and shoots differed greatly within
lines. However, AtOPT6 over-expressing lines showed higher levels of GSH (Fig 9A) in
roots than wild-type plants and there was no difference in GSH content of AtOPT6 overexpressing lines or wild-type plants in shoots (Fig 9B). These data suggest that Cd may
be conjugated with GSH for long distance transport.
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Figure 8: Cadmium accumulation data of wild-type and AtOPT6 over-expressing plants.
Three independent transgenic lines over expressing AtOPT6 were used in this study. This
graph is representation of one independent experiment. Error bars represent standard
error.
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Figure 9: Glutathione levels in wild-type, opt6 and AtOPT6 over-expressing plants.
Three independent transgenic lines over expressing AtOPT6 were used in this study. This
graph is representation of one independent experiment. Error bars represent standard
error.
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Figure 10: Phytochelatin content of wild-type and AtOPT6 over-expressing plants.
Three independent transgenic lines over expressing AtOPT6 were used in this study. This
graph is representation of one independent experiment. Error bars represent standard
error.
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The PC content in roots of AtOPT6 over-expressing lines was considerably higher
than the overall PC content of roots and shoots in wild-type controls (Fig 10A-10B). The
accumulation of PCs in roots of over-expressing lines was almost two-fold higher at 55
nmols/g, as compared with 35 nmols/g of PCs in the roots of wild-type controls (Fig
10A). Accumulation of PCs in shoots of AtOPT6 over-expressing lines was almost 10
times lower than PCs in shoots of over-expressing lines and half that of PCs in the shoots
of wild-type control. Notably, this suggests that Cd in the AtOPT6 over-expressing
transgenic plants is primarily in the form of a PC-Cd complex. The accumulation in roots
is consistent with the greater inhibition of root growth in the AtOPT6 over-expressing
transgenic plants.
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DISCUSSION

AtOPT6 mediates glutathione and peptide transport in the heterologous system
To improve the expression of AtOPT6 in oocytes, the 5` UTR of ScOPT1 was
cloned upstream of AtOPT6 cDNA and transport properties were examined in oocytes
using two-electrode voltage clamping. Transport studies in oocytes demonstrated that
AtOPT6 transports various peptides including GGFM, GGFL and KLLLG. Surprisingly,
AtOPT6 was unable to transport GLLLK, KG or KLG (Fig 3A and data not shown;
Sharon Pike – personal communication) indicating that AtOPT6 possesses very distinct
substrate specificity for various peptides. GSH, a tri-peptide is also transported by
AtOPT6, supporting the previous data of GSH transport in yeast (Cagnac et al., 2004).
Dose-dependent transport studies demonstrated that AtOPT6 mediates GSH uptake in a
concentration dependent manner. However, the inward currents were too small to
calculate kinetic parameters for GSH transport. The inward currents and dose-dependent
GSH uptake suggests that AtOPT6 is a low-affinity GSH transporter. The ability of
AtOPT6 to transport PC2 and PC+Cd at very low levels indicates that the choice of PCs
may be different for AtOPT6. Also, it is not known whether PCs can form a complex with
Cd in vitro. It is possible that AtOPT6 mediates PC3, PC4 or PC5 transport. It is difficult to
chemically synthesize and dissolve longer PCs and therefore transport of longer PCs by
AtOPT6 in oocytes was not tested.
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AtOPT6 over-expressing lines contain higher amount of PCs in roots
In addition to Cd, the root PC content of the AtOPT6 over-expressing lines was
also notably higher than the level in shoots. The combined data of higher Cd and higher
PC in roots supports the notion that PC-Cd complex is formed in AtOPT6 overexpressing plants. It was surprising that the shoot Cd content of the over-expressing lines
was lower than the root Cd levels. It was shown that PCs can be transported from roots to
shoots and over-expression of the phytochelatin synthase (PCS) gene increased longdistance, root-to-shoot transport of Cd, suggesting that Cd is transported as a PC-Cd
complex (Gong et al., 2003). It is possible that AtOPT6 mediates long distance transport
of PC-Cd complex from shoot-to-root, where PC-Cd is sequestered in the vacuole in
shoot tissue or stored in the apoplastic space. However, PC2-Cd complex failed to induce
inward currents in oocytes expressing AtOPT6 cRNA (Sharon Pike – personal
communication). It may be possible that the PC-Cd complex contains PC3 or higher PCs
and therefore PC2-Cd did not show any inward currents in Xenopus. There is evidence
for the transport of PC3-Cd in the oat roots (Salt et al., 1995).
In conclusion, the over-expression of AtOPT6 results in hypersensitivity to Cd, as
manifested by root growth inhibition and accumulation of Cd and thiols, mainly PCs, in
roots relative to the wild-type control. Heavy metals such as Cd, Pb, and Ni pose a threat
to the environment and are among the contaminants that need to be removed from soil, a
process broadly known as phytoremediation. Plants have the ability to hyper accumulate
various heavy metals by action of phytochelatins forming a complex with heavy metals
and sequester them into vacuole (Suresh and Ravishankar, 2004). Various strategies are
used to generate plants capable of phytoremediation such as construction of transgenic
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plants with higher PC levels to enhance uptake of heavy metals, testing multiple genes of
hyper-accumulator species (e.g. Arabidopsis halleri) involved in phytoremediation and
expressing them in plants with greater biomass (e.g. poplar) (Chang et al., 2005). AtOPT6
over-expression may become a part of various strategies for cadmium phytoremediation.
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CHAPTER III: ROLE OF AtOPT6 DURING BACTERIAL
PATHOGENESIS IN PLANTS

INTRODUCTION
Plants possess a battery of mechanisms to defend themselves from potential
pathogens. These mechanisms range from pre-existing resistance to induced resistance.
Pre-existing resistance includes the cuticle and plant cell wall, which act as barriers
preventing entry of pathogens into host cells. Induced resistance includes basal defense
and gene-for-gene resistance. To evade bacterial pathogens, the basal defense responds to
complex pathogen-associated molecular patterns (PAMPs) (Nurnberger and Brunner,
2002), whose recognition induces various defense responses. In gene-for-gene resistance,
plants employ resident disease-resistance (R) proteins that recognize the effector proteins
(avirulence proteins) secreted by pathogens. This recognition results in an acceleration
and amplification of the defense response (Kim et al., 2005). RPS2 was the first plant R
gene cloned from Arabidopsis and confers resistance against the bacterial pathogen
Pseudomonas syringae expressing the avrRpt2 effector protein (Bent et al., 1994;
Mindrinos et al., 1994). A plethora of genes encoding transcription factors, receptor
kinases, protein kinases and transport proteins play a variety of roles during plant defense
triggered upon recognition of bacterial effector proteins (Li et al., 2004, Kim et al., 2005,
Campbell et al., 2003).
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There are also low molecular weight compounds, such as β-aminobutyric acid
(BABA), phytoalexins and defensins, which protect plants against pathogens, either
through their direct anti-microbial effects or through activation of other defense
mechanisms (Zimmerli et al., 2000, Darvill and Albersheim, 1984, Hilpert et al., 2001).
BABA is a non-protein derived amino acid implicated in protection of Arabidopsis
against fungal pathogens through activation of defense mechanisms, such as callose
deposition and the hypersensitive response (HR) (Zimmerli et al., 2000). Phytoalexins are
antimicrobial compounds synthesized by plants upon infection. Accumulation of
phytoalexins was shown to be instrumental in disease resistance (Darvill and Albersheim,
1984).
For successful pathogen colonization, the key step is suppression of host defenses.
Besides the effector proteins, plant pathogenic bacteria are also equipped with an arsenal
of non-host specific toxins that contribute to virulence. These non-host specific toxins
contribute to virulence but are not required for pathogenicity and their production aids in
bacterial fitness. Most pathovars of the bacterial pathogen Pseudomomas syringae
produce a family of structurally diverse phytotoxins, some of which are peptide in nature
(Gross et al., 1991). These toxins include coronatine, tabtoxin, phaseolotoxin,
syringomycins and syringopeptins. Coronatine, phaseolotoxin and tabtoxin generally
induce chlorosis whereas syringomycin and syringopeptins induce necrosis in host tissue
(Gross et al., 1991).
Coronatine (COR) is composed of two distinct components: coronafacic acid
(CFA) and coronamic acid (CMA). CFA is a polyketide and CMA is an α-amino acid
derived moiety. CMA and CFA moieties are synthesized via different biochemical
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pathways but are coupled together in the final step of COR biosynthesis by an amide
linkage to the polyketide moiety (Ichihara et al., 1977). COR is the most toxic of all
phytotoxins and the primary symptom in host tissue is chlorosis. COR also causes cell
wall thickening, changes in chloroplast structure, hypertrophy, inhibition of root
elongation and stimulation of ethylene production (Palmer and Bender, 1995; Kenyon
and Turner, 1992). There is a strong structural and functional similarity between COR
and methyl jasmonate (MeJA), a plant defense signaling molecule derived from the
octadecanoid pathway involved in JA biosynthesis, which is elicited by biological stress
(Figure 1; Wasternack and Parthier, 1997). Both COR and MeJA induce similar
biological responses in tomato cells and potato tissues, suggesting that COR might
function as a molecular mimic of the octadecanoid signaling molecules upon entry into
the host cell (Greulich et al., 1995). Moreover, a coronatine-insensitive (coi1) mutant in
Arabidopsis showed insensitivity to both COR and MeJA, suggesting a similar mode of
action (Feys et al., 1994). However, jasmonic acid and COR induced production of
different volatile compounds in lima bean tissues (Krumm et al., 1995) indicating that
COR does not necessarily function as a direct molecular mimic of MeJA. It may be
possible that COR interacts with a plant receptor to activate downstream signaling or is
transported into the cytoplasm where it activates the octadecanoid-signaling pathway.
The mechanism of COR function will remain unclear until putative receptors or
transporters for this toxin are discovered in plant species.
Syringomycin is a cyclic lipodepsinonapeptide composed of a polar peptide and
hydrophobic 3-hydroxy fatty acid tail (Fukuchi et al., 1992). Plasma membranes of the
host cells are the primary target. The lipopeptide promotes insertion of syringomycin into
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the lipid bilayer forming pores resulting in an increase in transmembrane fluxes of
calcium, potassium and protons that are deadly to host cells (Bidwai and Takemoto,
1987). Syringopeptins are lipodepsipeptides consisting of 22-25 amino acids (Ballio et
al., 1991). They exhibit close similarity to syringomycin in phytotoxic activity and also
cause electrolyte leakage of plant cells, thus leading to necrosis (Iacobellis et al., 1992).
Tabtoxin is a monocyclic β-lactam compound. This dipeptide toxin contains the unusual
amino acid tabtoxinine-β-lactam linked by a peptide bond to form tabtoxin. Tabtoxin
inhibits glutamine synthetase, a key enzyme for nitrogen assimilation and the only
enzyme that can detoxify ammonia, which otherwise causes a variety of harmful effects
in

host

cells

(Turner

and

Debbage,

1982).

Phaseolotoxin

consists

of

sulfodiaminophosphinyl moiety linked to a tripeptide consisting of ornithine, alanine and
homoarginine (Mitchell 1976). Phaseolotoxin inhibits ornithine carbamoyl transferase
(OCTase), which converts ornithine and carbamoyl phosphate to citrulline. Inhibition of
OCTase in plant cells causes an accumulation of ornithine and a deficiency in the
intracellular pool of arginine leading to chlorosis (Mitchell and Bieleski, 1977).
Phytotoxin biosynthesis, regulation and modes of action are well characterized. However,
the mode of transport of tabtoxin, phaseolotoxin and coronatine into the host cytoplasm is
yet to be elucidated.
Multiple transport proteins belonging to the ABC, sugar and peptide transporter
families have been implicated in bacterial pathogenesis. A member of the peptide
transport family, AtPTR3, had elevated transcripts levels upon wounding (Karim et al.,
2005). Atptr3 mutants were more susceptible to P. syringae and Erwinia caratovora
pathogens and produced more reactive oxygen species (Karim et al., 2007).
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Figure 1: Structure of coronatine and MeJA for comparison.
The coronafacic acid (CFA) moiety closely resembles MeJA structure. This figure is
taken from Uppalapati et al., 2005.
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The increase in susceptibility to bacterial pathogens in Atptr3 mutant plants and the level
of transcript accumulation upon wounding suggests that AtPTR3 may be involved in
protecting plants against biotic and abiotic stress (Karim et al., 2007). A sugar transport
protein, AtSTP4, is induced in leaves infected with a fungal pathogen and the induction
coincides with glucose uptake in host tissue after fungal infection (Fotopoulos et al.,
2003). There is also coordinated expression of AtSTP4 and a cell wall invertase,
Atβfruct1, during the host response to fungal infection suggesting a functional connection
to supply sugars to infected host cells (Fotopoulos et al., 2003). Thus, evidence exists that
transport proteins play a secondary role during plant defense and are also a target for
pathogenicity, possibly providing nutrition to the proliferating pathogen or directing
accumulation of phytotoxins at infection sites. In this chapter, I will discuss the role of
AtOPT6 during bacterial pathogenesis.
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METHODS AND MATERIALS

Bacterial strains
The bacterial pathogen Pseudomonas syringae pv. Tomato (Pst) strain DC3000 was used
in this study. A bacterial strain defective in coronotine synthesis (COR-) was kindly
provided by Dr. Barbara Kunkel from Washington University (Brooks et al., 2004).

Plant material and growth conditions
Arabidopsis thaliana ecotype ColO was used in this study. All transgenic lines mentioned
in this study were of the ColO background. All plants used in this study were maintained
in growth chambers under an 8 hour light/ 16 hour dark photoperiod at 22 °C, 70%
relative humidity and 130 EC m-1 s-2 light intensity.

Inoculation and disease assay
Disease growth assays were carried out on 5-6 week-old plants. All bacterial strains were
freshly grown on NYG (0.5% Bacto-peptone, 0.3% yeast extract, 2% glycerol and 1.5%
bacto agar; pH 7.0 with 1M NaOH) plates containing appropriate antibiotics. Bacterial
suspensions were made in 10mM MgCl2. Fully grown leaves were selected to perform
disease assays and individual leaves were syringe-inoculated with 1 x 106 CFU/ml of
bacterial suspension. Disease assays were scored at 0 and 3 days by bacterial counting.
Four leaf punches (0.45 µm in diameter) were collected in triplicate for each bacterial
strain per Arabidopsis line and ground in 100 µl of 10mM MgCl2. Appropriate dilutions
were made and the diluted suspension was spread on NYG plates containing appropriate
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antibiotics. All plates for bacterial counts were incubated at 28 °C for 2 days and the total
number of bacterial colonies was counted. Calculations for bacterial assay were
performed as below:
Day 0 CFU/ml = N * [VTO / VTS]
Y * LDA
N = number of colonies
Y = number of leaf discs used
VTO = Volume of original suspension
VTS = volume spread per plate
LDA = Leaf disc area
Day 3 CFU/ml = N * DF * [VF / VTS]
Y * LDA
Where symbols are noted above except:
Df = dilution factor
VF = final volume
For graph, average CFU/ml was calculated for each inoculum/time point and the averages
were converted into a log scale. Triplicate samples were averaged for each time point.
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RESULTS

The opt6 mutants exhibited less susceptibility to Pseudomonas syringae pv. tomato
DC3000
Public microarray data revealed that AtOPT6 transcripts were up-regulated 24
hours post infection with Pst DC3000. The microarray data suggested a possible
involvement of AtOPT6 during the plant defense response. Therefore, to investigate the
role of AtOPT6 during bacterial infection, wild-type (Col-0) plants, AtOPT6 overexpressing transgenic lines (two independent lines were used in this study) and opt6
mutant plants were infected with virulent Pst DC3000. Experiments with Pst DC3000
revealed that opt6 mutant plants had reduced susceptibility and developed mild to no
chlorosis in the infected leaves 3 days post infection (Fig 2). In contrast, the wild-type
control plants and AtOPT6 over-expressing plants developed chlorosis and displayed
higher susceptibility to Pst DC3000.
To determine whether the decreased chlorosis symptoms in opt6 mutant plants
was correlated with decreased bacterial growth in plant leaves, levels of Pst DC3000
were measured over the course of infection (Fig 3). When compared in all three lines
infected with Pst DC3000, opt6 mutant plants supported one order of magnitude fewer
bacteria than wild-type control plants. In AtOPT6 over-expressing lines, the bacteria
multiplied to similar orders of magnitude as the wild-type control. At 3 days post
infection, bacterial numbers were approximately 10-fold lower in opt6 mutant plants
when compared to wild-type controls or AtOPT6 over-expressing plants.
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Figure 2: Chlorosis observed in wild-type, opt6 mutant and AtOPT6 over-expressing
transgenic plants in response to bacterial infection.
Leaves from wild-type, opt6 mutant and AtOPT6 over-expressing lines showed variable
amounts of chlorosis 3 days post infection with Pst DC3000 at a concentration of 1 * 106
CFU/ml. Note the amount of chlorosis in the opt6 mutant leaves as compared with wildtype and AtOPT6 over expressing lines. Similar results were observed in all three
independent biological experiments.
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OPT6 Oex

Pst DC3000
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Figure 3: Bacterial growth assay for wild-type, opt6 mutant and AtOPT6 over-expressing
lines using Pst DC3000.
Two independent transgenic lines over expressing AtOPT6 were used in this study and
both gave similar results. However, data for only one AtOPT6 over expressing line is
included in this graph. This graph is representative of 3 independent biological
experiments. Bacterial growth assays were done in triplicate for each plant line and each
strain and the average of the triplicate of a single experiment is plotted. Error bars
represent standard deviation.
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Thus, opt6 mutant plants exhibited reduced bacterial growth levels compared to wild-type
and AtOPT6 over-expressing plants. This difference in bacterial growth also correlated
well with the milder chlorotic symptoms observed in opt6 mutant plants compared with
wild-type plants.

opt6 mutant plants exhibited similar sensitivity to the wild-type control and AtOPT6
over-expressing plants when infected with a Pst DC3000 strain deficient in
coronatine production
During successful infection in host plants, chlorosis is often associated with the
release of coronatine into host cells by virulent Pst DC3000 (Gross, 1991). During
infection with Pst DC3000, opt6 mutant plants displayed mild to no chlorosis and
reduced susceptibility and bacterial growth. To explore the possibility that the reduced
chlorosis in opt6 mutant plants was due to lack of movement of coronatine into host cells,
wild-type control plants, opt6 mutant plants and AtOPT6 over-expressing plants were
infected with a Pst DC3000 strain deficient in coronatine (COR-) production and bacterial
growth was observed over the course of infection. The COR – strain has a Tn5 insertion
in the cfa and cma genes, encoding enzymes responsible for the synthesis of coronafacic
acid (CFA) and coronamic acid (CMA), respectively, two well defined intermediates in
COR biosynthesis. COR – mutants are impaired in their ability to multiply at higher levels
and to elicit disease symptoms on A. thaliana (Brooks et al., 2004). As shown in Fig 4,
when infected with COR

–

strain, all three plants showed similar levels of bacterial

growth.
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Figure 4: Bacterial growth assay with Pst DC3000 and COR- bacterial strains.
This graph is representative of 2 independent biological experiments. Bacterial growth
assays were done in triplicate per each plant line per each strain and the average of a
single experiment is plotted. Error bars represent standard deviation.
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In all three lines, bacteria multiplied approximately four orders of magnitude in the first
two days following infection and reached stable population levels at day four with no
subsequent increase in bacterial growth. Infection with Pst DC3000, in contrast elicited
similar responses with opt6 mutant plants exhibiting one order of magnitude lower
bacterial growth than wild-type and AtOPT6 over-expressing plants within the first two
days (compare Fig 3 and Fig 4). However, over the next two days, bacterial populations
failed to increase and rather declined in opt6 mutant plants (Fig 4).
Thus, the opt6 mutant plants exhibited one order of magnitude lower bacterial
growth when infected with virulent strain Pst DC3000 and displayed no difference in
bacterial population when infected with the Pst DC3000 strain deficient in COR
production. Moreover, very mild to no chlorosis was observed in all three lines when
infected with the COR – strain. Taken together, these data indicate that coronatine plays a
role in developing chlorosis in infected host tissues and a lack of coronatine in host plant
cells impairs the ability of pathogen to obtain peak population levels. It also suggests that
AtOPT6 may be involved in transport of coronatine into host cells. Transport of
coronatine by AtOPT6 still remains to be studied.
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DISCUSSION

Virulent bacterial pathogen Pst DC3000 manipulates AtOPT6 during pathogenesis
to promote bacterial proliferation in host cells
The reduced susceptibility of opt6 mutant plants to the virulent bacterial pathogen
Pst DC3000 supports microarray data indicating up-regulation of AtOPT6 transcripts 24
hours post infection. opt6 mutant plants exhibited one order of magnitude lower bacterial
multiplication in planta than wild-type control plants and were less susceptible to the
pathogen. Interestingly, AtOPT6 over-expressing plants did not show an increase in
susceptibility and bacterial multiplication was similar to wild-type plants. Multiple
players and pathways are involved in plant defense during bacterial infection. The role of
transport proteins may be limited to providing nutrition for bacterial growth or delivery
of small molecules such as phytotoxins into host cells. Therefore, the difference in
bacterial populations is not as substantial as when primary players of plant defense are
involved, such as R genes. One cannot rule out functional redundancy among the various
AtOPT transporters, which exhibit up to 85% sequence similarity. It is possible that
mutant plants defective in two or more AtOPT transporters could show a much more
pronounced bacterial infection phenotype.
A few transport proteins have been suggested to play a role in plant defense
during bacterial invasion. AtPTR1, a di- and tri-peptide transport protein, was shown to
mediate transport of the bacterial phytotoxin phaseolotoxin in addition to transporting
several acidic, neutral and basic amino acids (Dietrich et al., 2004). However, the
importance of AtPTR1 during bacterial pathogenesis is still unknown. Mutant plants

92

defective in another member of the PTR super-family, AtPTR3, showed increased
susceptibility to bacterial pathogens. The suggestion was made that AtPTR3 is probably
one of the defense-related genes involved in protecting plants against biotic and abiotic
stresses (Karim et al., 2007). The type of substrate transported by AtPTR3 is still
unknown. In this study, the absence of AtOPT6 results in reduced bacterial populations in
planta. These data suggest that AtOPT6 is somehow utilized by successful pathogens to
deliver phytotoxins or other signaling molecules essential during successful invasion and
subsequent pathogenesis.

AtOPT6 may be involved in transport of bacterial phytotoxins
The number of transport proteins implicated to play a role during plant defense is
growing. AtOPT6, a member of OPT gene family, was shown to have an impact on
bacterial growth during a compatible interaction with the pathogen. However, the mode
of action by which AtOPT6 functions during bacterial invasion is still unclear. However,
preliminary data with a COR

–

strain suggests that ATOPT6 might be involved in

transport of phytotoxins such as coronatine. opt6 mutant plants exhibited mild to no
chlorosis when infected with Pst DC3000. Moreover, bacterial growth assays with a COR
–

strain showed no substantial difference in bacterial populations among wild-type, opt6

mutant and AtOPT6 over-expressing lines. Conversely, infection with Pst DC3000
showed one order of magnitude lower bacterial multiplication in opt6 mutant plants.
Taken together, these data suggest that AtOPT6 might be involved in transport of a
phytotoxin like coronatine, which is known to contribute to Pst DC3000 growth and
colonization of host tissues. However, this phytotoxin is not the primary virulence factor
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responsible for disease and it was shown that disease and bacterial proliferation occurs
even in the absence of coronatine production (Brooks et al., 2004), which can explain the
lower difference of bacterial growth in opt6 mutant plants as compared with wild-type
controls. COR, especially the CFA moiety, shares structural and functional relatedness
with methyl jasmonate (MeJA), a plant growth regulator and defense signaling molecule
produced under wounding (Wasternack and Parthier, 1997). It is also known that Pst
DC3000 takes advantage of COR to manipulate jasmonate signaling within the host to
support bacterial growth and disease development (Laurie-Berry et al., 2006). Transport
studies of MeJA by AtOPT6 in Xenopus oocytes did not reveal uptake of MeJA by
AtOPT6 ruling out the possibility that AtOPT6 is involved in transport of this signaling
molecule (Sharon Pike, personal communication). To provide solid evidence in support
of the hypothesis that AtOPT6 transports COR, the uptake of COR by AtOPT6 needs to
be tested.
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CHAPTER IV: THE ROLE OF AtOPT6 DURING PLANTNEMATODE INTERACTIONS

INTRODUCTION

Plant parasitic nematodes can infect a wide range of crop plant species and are
known to cause billions of dollars of loss each year in terms of agricultural yield
(Koenning et al., 1999). Several species of nematodes are plant parasites. The most
economically important plant-parasitic nematodes are the root-knot nematodes (RKNs;
Meloidogyne spp.) and the cyst nematodes (Heterodera and Globodera spp.). Both cyst
and root-knot nematodes are obligate parasites and they feed solely on the cytoplasm of
living host cells (Williamson and Gleason, 2003). They are sedentary endoparasites and
have complex interactions with their host plants but demonstrate distinct differences in
their migration pattern, development of feeding site and parasitic life cycle (Davis et al.,
2000). Both cyst nematodes and root-knot nematodes have wide host range and these
plant parasites can infect thousands of plant species in a similar manner, probably by
altering fundamental elements of plant cell development (Vanholme et al., 2004).
During compatible interactions, the infective second-stage juveniles (J2) of RKN
penetrate behind the root tip and migrate between cells to invade the vascular cylinder. J2
cyst nematodes can enter the host cells at any point and migrate intracellularly towards
the vasculature of the root. Once inside the root, both RKN and cyst nematodes form
complex multinucleate feeding cells, which provide nutrients to the parasite. Cyst
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nematodes form feeding cells called syncytia by dissolution of cell walls and fusion of
neighboring cells. The syncytia increase in volume by integrating adjacent cells (Jones,
1981). RKNs dedifferentiate 5-7 parenchymatic root cells around its head into
multinucleate and hypertrophied giant-cells (Fig. 1). These giant-cells are formed by
repeated cycles of mitosis without cytokinesis (Jones, 1981). Both syncytia and giantcells are multinucleate cells with thickened cell walls that form elaborate ingrowths and
contain dense granular cytoplasm, numerous mitochondria, plastids, ribosomes, well
developed Golgi apparatus, endoplasmic reticulum and a number of small vacuoles
(Wiggers et al., 1990). During early stages of cyst nematode infection, there is no
symplastic connection between the syncytia and phloem, thus requiring active transport
of nutrients into developing syncytia. At later stages when the syncytia expand and reach
the phloem cells, a symplastic connection is established between syncytia and phloem via
functional plasmodesmata allowing nutrient transport into the syncytia (Hoth et al., 2005;
Hoffmann and Grundler, 2006; Hoffmann et al., 2007).
For successful invasion and establishment of feeding sites, secretions are released
during penetration, migration and feeding cell formation. These parasitic nematodes use a
stylet, a hollow, protrusible feeding structure, to penetrate the plant cell wall. Upon
penetration into the plant cell wall, stylet secretions are released from adjacent glands
into the cell and are then used to extract nutrients from the host cytoplasm (Davis et al.,
2000). Gland secretions contain a variety of parasitism proteins that are known to induce
morphological, physiological and molecular changes in the host root cells. These secreted
proteins alter host gene expression and aid in modification of specific host root cells into
syncytia and giant-cells, which act as a continuous source of nutrients for the nematode
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(Bird, 1996). Several nematode parasitism genes encoding the stylet-secreted proteins
have been identified. Parasitism genes encode stylet secretions that are protein in nature
and are synthesized in the esophageal gland cells of the nematode. These proteins are
secreted into the host during parasitic stages of nematode infection and act as primary
signaling molecules during plant-nematode interaction to help the nematode during
migration within plant tissues, feedling cell formation and nematode feeding activity
(Davis et al., 2000).
β-1,4-endoglucanase genes from cyst nematodes were successfully isolated using
an esophageal gland-specific monoclonal antibody (Smant et al., 1998). These
endoglucanases facilitate cell wall degradation during intracellular migration of
nematodes through plant roots. Several other β-1,4-endoglucanase genes have since been
cloned from cyst and RKN by homology-based cloning or EST analysis. These genes
were up-regulated upon infection in both Arabidopsis and tobacco roots (Rosso et al.,
1999; Goellner et al., 2000; Goellner et al., 2001). Several other genes encoding cell wall
modifying proteins, such as pectate lyase, β-1,4-endoxylanase and a cellulose-binding
protein, were also identified from gland secretions of cyst and RKN (Doyle and Lambert,
2002; Dautova et al., 2001; Ding et al., 1998). Nematode β-1, 4-endoglucanase genes
have similarity with bacterial genes suggesting a horizontal gene transfer from bacteria
(Davis et al., 2000).
After becoming established in the host root tissues, both cyst and RKN likely
need to evade plant defenses in order to form feeding cells to support their growth and
reproduction. These plant-parasitic nematodes are known to secrete proteins that may
play a role in suppressing plant defense. Chorismate mutase, an RKN esophageal gland-
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Figure 1: Life cycle of cyst and root-knot nematodes.
A. Life cycle of cyst nematode (Heterodera and Globodera spp.)
B. Life cycle of root-knot nematode (Meloidogyne spp.)
This figure is taken from Williamson and Gleason, 2003.

98

specific protein was implicated in the suppression of plant defense. Plant chorismate
mutases are the main enzymes in the shikimic acid pathway involved in the synthesis of
cellular amino acids, phytohormones and plant defense compounds. It was proposed that
nematode chorismate mutase may alter the synthesis of chorismate-dependent
compounds, which are involved in formation of the cell wall, as well as the biosynthesis
of hormones and defense compounds (Doyle and Lambert, 2002). A second RKN
effector protein involved in modulating plant defense is calreticulin. Calreticulin is
secreted into the feeding site via the stylet and accumulates in cell walls of giant cells and
is thought to be involved in calcium signaling and cell cycle regulation during giant cell
formation (Borisjuk et al., 1998).
Recently, a 13-amino acid peptide, 16D10, secreted from esophageal glands of
RKN parasitic juveniles into host cells, was shown to interact with two SCARECROWlike transcription factors in vivo. Transgenic expression of 16D10 in tobacco hairy roots
stimulates root growth and generates extensive lateral roots (Huang et al., 2006a). In vivo
RNAi silencing of parasitism gene 16D10 in Arabidopsis resulted in higher resistance
against 4 RKN species (Huang et al., 2006b), suggesting a clear role for this peptide in
RKN parasitism. Another nematode parasitism gene involved in modification of host
plant cells is Hg-SYV46. Hg-SYV46 was characterized from soybean cyst nematode
(SCN, Heterodera glycines) and encodes a secretory protein with a conserved C-terminal
domain of the CLAVATA3/ENDOSPERM SURROUNDING REGION (ESR)-related
(CLE) family of Arabidopsis (Wang et al., 2005). Arabidopsis thaliana has 31 members
in the CLE family and majority of the members have an N-terminal secretory signal
peptide and a conserved 14-amino acid domain at the C-terminus called the CLE motif
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(Cock and McCormick, 2001). The Arabidopsis CLV3 peptide is known to direct shoot
meristem organization by binding with the CLV1/CLV2 receptor complex to activate
downstream signaling and negatively regulating WUSCHEL expression to restrict stem
cell population size in the shoot (Rojo et al., 2002; Schoof et al., 2000). clv3 mutants
display higher numbers of floral organs. This phenotype is reversed by transgenic
expression of Hg-SYV46 in Arabidopsis (Wang et al., 2005). Therefore, the nematode
secreted peptide is functionally similar to the plant CLV3 peptide. Several CLE peptides
including Arabidopsis CLE19 and CLE40 have been implicated in maintenance of the
root meristem based on the observation that over expression of these peptides caused a
short root phenotype, in which the primary root meristem was fully differentiated (Fiers
et al., 2004; Hobe et al., 2003). A similar short root phenotype was observed when
CLE19 and CLE40 peptides, corresponding to the conserved CLE motif were applied
exogenously to Arabidopsis roots (Fiers et al., 2005) confirming earlier results. Evidence
based on these findings suggests that CLE19 and CLE40 peptides are involved in the
suppression or maintenance of root differentiation, probably by interacting with
membrane-bound proteins.
Recent findings that the SCN gene Hg-SYV46 can mimic the plant CLE-peptide
phenotype when expressed ectopically in plants indicates that these plant parasites have
evolved a mechanism to modulate fundamental developmental processes within the plant
cells to their advantage (Huang et al., 2006a; Wang et al., 2005). One possibility is that
these secreted nematode peptides may compete with plant peptides and mimic the CLEpeptide-receptor interaction; thereby, promoting differentiation of root cells to establish
and maintain the feeding site. The mechanism by which nematode peptides or plant
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peptides are processed and modified, their movement in planta, their delivery into the
plant cells, their mode of action and their interaction with membrane-bound receptors or
proteins remains unclear. The only evidence is that CLV3 is localized to the extracellular
space and signals a stem-cell restricting pathway presumably through the CLV1/CLV2
receptor complex (Rojo et al., 2003).
Only a handful of transport proteins have been shown to respond during nematode
infection. The syncytia are known to undergo dramatic changes in anatomy, gene
expression and physiology during cyst nematode development. The juveniles induce
syncytial cells 24 hours post infection and start feeding to promote nematode
development. During early stages of infection, syncytia are symplastically isolated from
the phloem and the plasmodesmata in the cell walls of syncytia are not-functional (Hoth
et al., 2005). Due to symplastic isolation, there is a need for active transport of nutrients
from phloem into the developing syncytia. AtSUC4, a sucrose transporter, was implicated
in transport of sucrose into feeding cells during cyst nematode development when
syncytium was symplastically isolated from phloem during early stages of nematode
development (Hoffmann et al., 2007). During later stages of cyst development, when the
syncytia expand and reach the vascular tissues around 12 days post infection, syncytia
and phloem are symplastically connected through a functional plasmodesmata (Hoffmann
and Grundler, 2006; Hoffmann et al., 2007) allowing the transport of nutrients through
plasmodesmatal connections. AtSUC2, another sucrose transporter, is expressed in
companion cells (CCs) of root phloem and was suggested to play a role in unloading of
sucrose into cyst nematode-induced syncytia. The study of GFP movement, expressed
from an AtSUC2 promoter in root cells, revealed a symplastic connection between root
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phloem and syncytia large enough to allow cell-to-cell movement of molecules up to 27
kDa (Hoth et al., 2005) at later stages of cyst nematode development.
AtCAT6, an amino acid transporter, was up-regulated during root-knot nematode
infection in giant cells indicating that AtCAT6 might be involved in the transport of
amino acids as nutrients in feeding sites (Hammes et al., 2006). In a study of nematodeinduced changes of transporter genes in Arabidopsis, expression of several sugar
transporters, amino acid transporters, aquaporins and peptide transporters was altered in
giant cells upon nematode infection (Hammes et al., 2005). An additional study using
promoter – GUS analysis of the amino acid transport protein AtAAP6 and aquaporin
AtPIP2.5 revealed that expression of these genes was higher in the feeding cells during
nematode infection, suggesting a role in transport of nutrients and water to the developing
root-knot nematodes (Hammes et al., 2005). In the current studies, a role for AtOPT6
during cyst and root-knot infection of Arabidopsis was investigated. Expression analysis
of AtOPT6 using promoter – GUS lines and infection assays using opt6 mutant lines
indicated that AtOPT6 plays a role during nematode parasitism of plants.
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METHODS AND MATERIALS

Plant growth and germination
Seeds of AtOPT6 promoter-GUS lines, wild-type (Col-O) and the opt6 mutant
line were surface sterilized with 30% bleach, re-suspended in 0.1% agarose and stratified
at 4° C for 2 days. Seeds were germinated on modified Knop’s nutrient agar medium
(10X macronutrient stock: 3g/L calcium nitrate, 0.68g/L potassium phosphatemonobasic, 0.49g/L magnesium sulfate; 10000X micronutrient stock: 13.5g/L potassium
chloride, 5.56g/L boric acid, 1.2g/L sodium chloride, 3.56g/L manganese chloride;
5000X zinc chloride-0.099g/L; 1000X ferric sodium EDTA 8g/L; 100000X: 1.45g/L
sodium molybdate, 0.571g/L cobalt chloride, 1.02 g/L cupric chloride; 100X potassium
phosphate dibasic 17.4g/L; 1% sucrose; 0.8% Daishin Agar; pH 6.4), plated one seed per
well in a 12 well plate (Corning Inc., NY) and incubated in the growth chamber at 23° C
with a photoperiod of 14 hour light and 10 hour dark. After approximately 8-10 days,
when the roots were 1.5 – 2 cm long, 10 µl of 0.1% agarose containing an appropriate
amount of parasitic juveniles was applied at the base of each seedling. As a mock
treatment, negative control, 0.1% agarose was applied to seedlings. Both infected and
uninfected seedlings were incubated in a growth chamber at 22 °C, 60% relative humidity
and 14 hour dark/10 hour light period and samples were collected 3, 10, 14 and 21 days
post infection to follow the life cycle of the nematode at the J2, J3 and J4 stages.
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Nematode egg hatching
Sugar beet cyst nematode (SBCN) Heterodera schachtii was maintained by mass
selection on susceptible Monohikari (Sugar beet) in green house. SBCN were extracted
from infected soil by floatation in water and collected on a 250 µm (no. 60) sieve.
Harvested cysts were crushed gently using a drill press and the eggs were collected on a
25 µm (no. 500) sieve (Faghihi and Ferris, 2000) and further purified on a sucrose density
gradient. The eggs were surface sterilized in 0.02% sodium azide for 20 minutes and
washed extensively in sterile water to remove any traces of sodium azide. Parasitic J2s
were isolated by hatching eggs in the presence of gentamycin at 1.5 mg/ml and nystatin at
0.05 mg/ml at 28° C on a modified Baermann pan for 2 days. Hatched juveniles were
collected and surface sterilized using mercuric chloride solution (0.002% mercuric
chloride, 0.001% Triton X-100, 0.02% Sodium azide) for 7 minutes followed by 5
washes with sterile water. Sterilized juveniles were re-suspended in sterile 0.1% agarose.

Nematode infection assay for AtOPT6 promoter-GUS activity
For AtOPT6 promoter-GUS constructs, seedlings were infected with 30 – 50 preparasitic J2s of SBCN and 50 – 75 pre-parasitic J2s of RKN. Samples were collected at
3dpi, 7 dpi, 10dpi, 14dpi, 18 dpi and 21 dpi. Collected samples were used to observe
induction of AtOPT6-GUS in the feeding cells for both SBCN and RKN, formed as a
result of infection in roots, by β-glucoronidase staining of roots, followed by acid-fuchsin
staining for SBCN nematodes. At each time point, a random sample of 10 roots from
infected and uninfected seedlings were stained by acid-fuschin to determine the life stage
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of the juveniles as described by Dropkin et al. (1969) and by β-glucuronidase to observe
induction of AtOPT6 in the feeding cells.

Nematode infection assay for wild-type and opt6 mutant plants
To determine the infection rate of opt6 mutant and wild-type plants, seedlings
were grown in 12-well plates. At 8-10 days post germination, 20 µl of 0.1% agarose
containing 200 pre-parasitic juveniles was applied at the base of the root tip of each
seedling. Seedlings were observed 3, 7, 10, 14, 19 and 21 days post infection to follow
the life cycle of the nematodes at various juvenile and adult female stages. The total
number of cyst were counted on each seedling as part of infection assay on day 24 to
obtain an overall count. The numbers were averaged per infected seedling for each plant
line and plotted on the graph. For RKN infection, seedlings were grown in 6-well plates
and at 14 days post germination, 30 µl of 0.1% agarose containing 200 pre-parasitic
juveniles was applied at the base of the root tip of each seedling. Seedlings were observed
during the course of infection and total number of galls were counted 30 days post
infection. The numbers were averaged per infected seedling for each plant line and
plotted on the graph.

Nematode staining by acid fuchsin
Seedlings (roots) infected with nematodes were washed in 10% sodium
hypochloride (household bleach) for 7 minutes and rinsed in tap water several times for
20 minutes. AtOPT6: promoter GUS seedlings were stained for β-glucuronidase prior to
acid fuchsin staining. 1 ml of acid fuchsin stain (1.5 % acid fuchsin in glacial acetic acid)
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was added to 50 ml boiling water. Roots were boiled in the solution for 1 minute and
were cooled at root temperature for 30 minutes in the same solution. Infected roots were
transferred to 100% ethanol and carefully observed using an Olympus SZX12
microscope.

Root growth assay of plants treated exogenously with synthetic CLE peptides
Wild-type and opt6 mutant seeds were sterilized and germinated on plates
containing Knop’s medium with 10 µM AtCLE19p, HgCLEp or no peptide as control.
Plates were incubated vertically in a growth chamber and grown under long day
conditions (i.e., 14 hours/10 hours light/dark cycle at 22 °C with 60% relative humidity).
Root-length was marked 48 hours post germination and every 24 hours thereafter. At day
10, total root length measurements were taken, averaged and plotted on the graph for
each peptide or control treatment for all plant lines.

Microscopy of root cross-sections
Galls from AtOPT6 promoter-GUS seedlings infected with M. incognita and
stained for β-glucuronidase expression were excised manually and fixed in 4% paraformaldehyde for 24 hours. Samples were washed twice with 15%, 30%, 50% and 70%
ethanol for 30 minutes. Samples in 70% ethanol were processed for embedding in
paraffin. A microtome was used to create 5 µm thick sections that were mounted on a
slide and put on a slide warmer for 42 °C overnight. The next day samples were deparaffinized, mounted with glycerol and observed with an Olympus IX70 inverted
microscope equipped with an Orca ER digital camera.
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Olympus IX70 inverted microscope with Orca ER digital camera

RESULTS

AtOPT6 promoter – GUS expression was induced early during cyst and root-knot
nematode infection
In order to examine the expression of AtOPT6 during cyst and root-knot nematode
infection, AtOPT6 promoter – GUS transgenic lines were analyzed during the course of
infection. Mock-infected plants and those infected with sugar beet cyst nematode (SBCN)
were analyzed 3, 7, 10, 14, 17 and 21 days post infection (dpi). In the roots of mockinfected samples at 3dpi, AtOPT6 expression was strong in vascular tissues (Fig 2A). In
SBCN-infected roots, AtOPT6 expression was induced during the early stages of
infection (3dpi) as parasitic juveniles (pJ2s) initiated the development of feeding sites
(Fig 2B). A striking difference with AtOPT6 expression was observed in uninfected and
infected roots during the late J2 stage of nematode development. AtOPT6 expression was
very strong in developing syncytia and surrounding cells; whereas weaker expression was
observed in the uninfected root vascular tissue of the same developmental stage of root
tissue (Fig 2C and 2D). No AtOPT6 expression was detected in the feeding site or
surrounding cells at later life stages (Fig 2F and 2H). Mock-infected roots at a similar
time point also showed no AtOPT6 expression (Fig 2E and 2G). During the time course
of cyst neamtode infection in Arabidopsis, AtOPT6 was up-regulated during early stages
of syncytia development and in surrounding cells until the late J2 stage of nematode
development as compared to uninfected roots. Expression of AtOPT6 was not detected at
later stages of nematode development in syncytia or surrounding cells.
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Figure 2: AtOPT6 promoter – GUS expression analysis during cyst nematode infection.
(A, C, E and G) Mock infected root tissues of AtOPT6 promoter – GUS plants at 3, 7, 14
and 21 dpi, respectively.
(B, D, F and H) Infected root tissues of AtOPT6 promoter – GUS plants at 3, 7, 14 and 21
dpi, respectively.
(B) Expression of AtOPT6 is up-regulated in the developing feeding site (syncytium) and
surrounding cells during the very early parasitic J2 stages of cyst nematode development.
Pictures were taken at 3dpi.
(D) Expression of AtOPT6 was up-regulated in the developing syncytium and
surrounding cells during late parasitic J2 stages of cyst nematode development. Pictures
were taken at 7 dpi.
(F) AtOPT6 was not expressed in the developing syncytium during the early J3 to late J4
stage of cyst development. Pictures were taken at 14 dpi.
(G) No alteration in AtOPT6 expression was observed in syncytia of adult females.
Pictures were taken at 21 dpi.
Arrows indicate syncytia; arrow heads indicate the cyst nematode during their course of
development.
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AtOPT6 expression during root-knot nematode development in infected roots revealed
that AtOPT6 was expressed during the stages of parasitism as J2 migrated through root
tissue and established giant-cells. Expression of AtOPT6 was stronger during the initial
infection and remained strong during late J2 (Fig 3E and 3F) and early J3 (Fig 3H and 3I)
stages of nematode development within giant-cells and surrounding, as compared with
the mock-infected roots (Fig 3D and 3G). However, during the early J3 stage of
nematode development, expression of AtOPT6 was lower in giant-cells as compared with
surrounding cells of developing galls (Fig 3I). During later stages of nematode
development (late J3 and J4 stages), AtOPT6 expression decreased significantly in both
giant-cells and surrounding gall cells (Fig 3L) but was higher than in mock-infected
roots, which showed no appreciable AtOPT6 expression (Fig 3J). By late J4 stage of rootknot nematode development, AtOPT6 expression was no longer detected in either giantcells or galls. Thus, AtOPT6 expression in giant cells and surrounding cells of roots
infected with root-knot nematode was slightly different than that found syncytia and
surrounding cells of roots infected with the sugar beet cyst nematode (compare Fig 2 and
Fig 3). In the latter case, expression of AtOPT6 was not affected during the early J3 stage
of cyst nematode development and after; whereas AtOPT6 expression was induced in the
giant cells and surrounding cells during the early J3 stage of root-knot nematode
development. During the time course of root-knot nematode infection, expression of
AtOPT6 was elevated in the giant cells and surrounding cells for a longer period of time
(late J3 stage).
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Figure 3: AtOPT6 promoter – GUS expression during root-knot nematode infection.
(A, D, G and J) Mock-infected root tissues of AtOPT6 promoter – GUS plants at 3, 7, 14
and 18 dpi respectively.
(B, E, H and K) Whole-mount pictures of the various stages of gall development at 3, 7,
14 and 18 dpi, respectively.
(C, F, I and L) Longitudinal or transverse cross-sections of whole-mount tissues depicted
in B, E, H and K, respectively.
(B) Whole-mount sample of a very early stage (pJ2) of root-knot nematode infection at
3dpi.
(C) Cross-section of root showing migrating J2. Picture was taken at 3 dpi.
(E) Whole-mount sample of late J2 infection at 7 dpi.
(F) Cross section of the gall in Fig 3E. Note the head of nematode as indicated by arrowhead and formation of giant cells indicated by arrows.
(H) Whole-mount sample of a developing gall at 14 dpi.
(I) Cross section of the gall in Fig 3H. Giant cells have formed at this point and the
nematode has started feeding and maturing. The head and partial body of the nematode is
clearly visible (arrow-head) and giant cells are indicated by arrows.
(K) Whole-mount sample of gall at 18 dpi. A gall of two different stages are present.
GUS staining is still visible in the younger gall.
(L) Cross section of the gall in Fig 3K. No GUS was detected in the more mature gall.
The empty spaces are visible where giant cells should be (arrows). During sample
processing, giant-cell contents may have been lost. GUS staining is still visible within
giant-cells of the younger gall.
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opt6 mutant plants are less susceptible to both cyst and root-knot infection
The OPT6-GUS results indicate that OPT6 is expressed during the early stages of
syncytia and giant-cell development suggesting that OPT6 may play a role in their
development. In order to obtain more insight into AtOPT6 function during cyst and rootknot infection, infection of opt6 mutant and wild-type plants was analyzed. For the cyst
infection assay, opt6 mutant and wild-type control plants were grown in 12-well culture
plates in a randomized pattern to eliminate plate effects. Seedlings were inoculated with
200 pre-parasitic second-stage juveniles (ppJ2s) of sugar beet cyst nematode and the
formation of the feeding site and infection by pJ2s was observed at 3, 7, 10 and 24 days
post-infection (dpi). The number of total female cysts were counted at 24 dpi for each
plant and average values were plotted. Three independent biological replicates were
completed for cyst nematode infection. Statistical analysis (T-test) was performed for
each independent trial with a P value of 0.05. As shown in Fig 4, the average number of
cysts on opt6 mutant plants was 50% less than found on wild-type control plants. This
was true for all three replicates. Observation under the light microscope revealed no
difference in the size or shapes of the feeding site in either the mutant or wild type plant
lines. The average number of juveniles was also counted at 24 dpi and opt6 mutant plants
showed 50% less juveniles than wild-type control plants (data not shown).
Similar infection assays were carried out using the root-knot nematode, M.
incognita. However, this infection assay was done in 6-well culture plates. Infected plants
were observed at 4, 10, 17 and 30 dpi. The total number of galls was counted at 30 dpi for
the opt6 mutant and wild-type control plants. One trial was carried out for root-knot
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Figure 4: Sugar beet cyst nematode infection assay of the opt6 mutant and wild-type
plants.
Cyst counts for opt6 mutant plants and wild-type control plants during sugar beet cyst
nematode infection. Error bars represent standard deviation. This graph is a
representation of three independent experiments with n=30 (n is total number of plants in
each infection assay). Statistical analysis was performed using a Student T test with a P
value of 0.05. Additional experiments with complemented lines still need to be done.
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Figure 5: Root-knot nematode infection assay of opt6 mutant and wild-type plants.
Gall counts for opt6 mutant plants and wild-type control plants following root-knot
nematode infection. Error bars represent standard deviation. This graph is a
representation of one experiment with n=18 (n is total number of plants infected assay).
Statistical analysis was performed using a Student T test with a P value of 0.05.
Additional replicates needed for this experiment.
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nematode infection. As shown in Fig 5, the average number of galls formed on the opt6
mutant plants was 33% less than that formed on the wild-type control plants.

AtOPT6 mediates Arabidopsis and nematode CLE transport in Xenopus laevis
oocytes
Cyst nematodes secrete CLE-like peptides that share significant similarity with
the Arabidopsis CLEs (Wang et al., 2005). There are atleast 31 Arabidopsis genes in the
CLE family. CLV3, the founding member of the plant CLE family, plays an important
role in the maintenance of the shoot apical meristem (Schoof et al., 2000). Other
members of the CLE family, including CLE19 and CLE40, are known to play a role in
root meristem maintenance (Fiers et al., 2004; Hobe et al., 2003). Small peptides are also
secreted by RKN. A 13-amino acid peptide, RKN 16D10, was shown to stimulate root
growth when over-expressed in Arabidopsis thaliana (Huang et al., 2006a). The
mechanism by which these nematode peptides are secreted into the plant cells is not
known. Therefore, to determine the function of AtOPT6 in the transport of these peptides,
transport of the plant peptides AtCLE19p, AtCLE5p and nematode peptides HgCLEp,
HsCLEAp, HsCLEBp and RKN16D10p was analyzed in Xenopus oocytes expressing the
AtOPT6 transporter. As a positive control for these studies, the transport of glutathione
(GSH) and the tetrapeptide GGFL, both of which are transported by AtOPT6, was also
measured. As shown in Fig 6, addition of AtCLE19p in the bath solution produced higher
inward currents, as compared with positive control substrate GSH. Addition of HgCLEp
in the bath solution also resulted in inward current similar to the GSH control. AtOPT6
also mediated transport of the other plant and nematode peptides AtCLE5p, HsCLEAp,
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Figure 6: Transport of Arabidopsis CLEs, cyst CLEs and RKN 16D10 peptide by
AtOPT6 expressed in Xenopus laevis oocytes.
A. Transport of GSH, GGFL, Arabidopsis CLEs, cyst CLEs and root-knot 16D10
peptides by AtOPT6 at 500 µM and -80mV.
B. Concentration dependent currents using AtCLE19p as a substrate. Currents were
obtained from AtOPT6-expressing oocytes at pH 5.0.
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The above data was kindly provided by Sharon Pike in Dr. Walter Gassmann’s
laboratory.
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HsCLEBp and RKN16D10. However, addition of these peptides to the bath solution
produced inward currents lower than was obtained with AtCLE19p. Concentration
dependent transport of AtCLE19p by AtOPT6 showed maximum inward currents at 500
µM (Fig 6B). Km and Imax values for AtCLE19p were calculated by linearizing substrate
concentration/current curves obtained at -80mV. The K0.5 value was calculated as 20.7
µM and the Imax value was 52 nA, indicating that AtOPT6 mediated AtCLE19 transport
with high affinity.

opt6 mutant and wild-type roots show similar sensitivity to exogenous application of
plant and nematode peptides
Exogenous application of AtCLE19p and AtCLE40p resulted in consumption of
the root meristem (Fiers et al., 2005). Earlier results demonstrated that AtOPT6 mediates
transport of both plant and nematode CLE peptides in the heterologous Xenopus system.
To determine the effect of these CLE peptides on root growth, opt6 mutant and wild-type
control plants were germinated in the presence of 10 µM AtCLE19p, HgCLEp and RKN
16D10 peptides. Root growth was marked 48 hours after germination and each 24 hours
thereafter. Root growth was inhibited and numerous lateral roots were formed both in
opt6 mutant and wild-type control plants grown in presence of CLE peptides (Fig 7).
These data indicate that the opt6 mutant plants behaved in a similar manner to wild-type
control plants.
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Figure 7: Effect of the exogenous application of CLE peptides on opt6 mutant and wildtype root growth.
Chemically synthesized peptides were kindly provided by Dr. Melissa Mitchum. One
experiment with 15 seedlings for each plant line was carried out. Error bars represent
standard error.
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DISCUSSION

AtOPT6 is up-regulated during early stages of nematode infection
Only two transport proteins, AtSUC2 and AtCAT6, were implicated in nutrient
transport during nematode feeding site formation (Hoth et al., 2005; Hammes et al.,
2006). Promoter – GFP analysis revealed that AtSUC2 was localized to the phloem
companion cells. Functional plasmodesmata, connecting the phloem and syncytium,
allowed transport of up to 27 KD compounds (Hoth et al., 2005). AtSUC2 itself was not
localized to the developing syncytium (Hoth et al., 2005). Promoter – GUS analysis of
amino acid transporter AtCAT6 revealed expression in giant cells, suggesting a role in
providing nutrients to the developing root-knot nematode (Hammes et al., 2006). In the
course of our current work, expression of the oligopeptide transport gene, AtOPT6, was
induced during the early stages of cyst development in the syncytium and surrounding
cells, but was not strongly expressed during the later stages of cyst development from the
early J3 to adult female. Root-knot nematodes are known to possess an active subventral
esophageal gland during parasitic J2 to third-stage juvenile (J3) developmental stage.
These glands secrete the 16D10 peptide into the root cells, which may play a role in the
induction of giant cell differentiation. Expression of AtOPT6 in developing giant cells
correlates with the time of secretion of root-knot secreted peptides. Expression of an
AtOPT6-green fluorescent protein in onion cells localized the transporter to the plasma
membrane (data not shown). Hence, we postulate that AtOPT6 would function in the
uptake of peptides from the apoplast. This role is also consistent with data obtained from
the expression of AtOPT6 in Xenopus oocytes. At this point, it is not clear whether the
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nematode inserts the peptides directly into the plant cell, a case in which AtOPT6
transport would not be necessary. It is also possible that the nematode releases the
peptide into the apoplastic space or that the peptide is subsequently released from the
initially penetrated plant cell into the apoplastic space. In these scenarios, uptake of the
peptide by AtOPT6 could be important. Alternatively, while AtOPT6 is capable of
transporting CLE peptides, this function may not be central to nematode infection.
AtOPT6 may function, as is the case of AtSUC2 and AtCAT6, in bringing nutrients to
the nematode feeding site.
An unanswered question is why the expression of AtOPT6 is reduced during the
later stages of nematode parasitism? If AtOPT6 was involved in the transport of peptides
as a source of nitrogen to the developing nematode, we would expect AtOPT6 expression
to remain high throughout the life cycle of nematode in feeding cells since the nutritional
demands would remain. A clear explanation is that AtOPT6 may be involved in transport
of peptides into the developing syncytium during early stages of infection when the
phloem and syncytia are symplastically isolated (Hoth et al., 2005; Hoffmann and
Grundler, 2006). There is a need of an active transport of loading nutrients from phloem
into the syncytia during early stages of cyst infection (Hoffmann et al., 2007). The
induction of AtOPT6 expression at the feeding site correlates with the phase of active
transport that requires transporters to transport nutrients into the syncytium. At later
stages of syncytium development a symplastic connection is established between
syncytium and phloem via functional plasmodesmata eliminating the need for
transporters to transport nutrients into the syncytium (Hoffmann et al., 2007). AtOPT6
expression remains unaltered during later stages of nematode infection after the
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plasmodesmatal connection have already been established indicating a role of AtOPT6 in
transport of peptides during nematode infection. However, current data does not allow us
to clearly distinguish between a possible signaling role for AtOPT6, through transport of
the nematode CLE peptides, or strictly a nutritional role, through the transport of
nitrogen-rich peptides.

opt6 mutant plants display more resistance to nematodes than wild-type plants
During the initial stages of infection, cyst nematodes secrete CLE-like peptides
(Wang et al., 2005). One of the CLE-like peptides, Hg-SYV46 secreted by Heterodera
glycines, shares high amino-acid similarity with CLV3, including a highly conserved
glycine residue shown to be critical for CLV3 function in Arabidopsis (Fletcher et al.,
1999; Wang et al., 2005). CLV3 is known to play a role in maintainence of floral shoot
meristems in Arabidopsis (Schoof et al., 2000). Hg-SYV46 was shown to complement the
clv3-1 mutant phenotype suggesting a functional similarity between the plant secreted
and nematode secreted peptides (Wang et al., 2005). This molecular mimicking of plant
peptides by nematode secreted peptides is thought to play a role in successful
development of the feeding site and in the infection of plant roots (Wang et al., 2005;
Caillaud et al., 2007). The infective and parasitic J2 to early J3 stages of root knot
nematode development are those involved in the initiation and development of the giantcell feeding sites. During these stages, which correspond to 3-11 days post infection, the
16D10 peptide is secreted by the nematode (Huang et al., 2006a). It is possible that other,
unidentified peptides are also secreted during the initial stages of nematode infection and
giant-cell development. Expression of AtOPT6 correlates with above mentioned stages of

122

nematode parasitism. The fact that AtOPT6, when expressed in Xenopus ooctyes, can
also mediate transport of the nematode CLE peptides adds further support for a crucial
role for such uptake during nematode infection. However, at this point, the data allow
only this correlation. What is lacking is clear evidence that CLE uptake by AtOPT6
occurs in planta and is crucial for nematode virulence.
In order to provide further support of a role for AtOPT6 in nematode infection,
we examined the phenotype of the opt6 mutant and wild-type control plants when
infected with the sugar beet cyst nematode and root-knot nematode. The opt6 mutant
plants showed a 50% decrease in the number of cysts formed, as compared with wildtype control plants, when infected with the sugar beet cyst nematode. The shape and size
of the syncytium formed on both the mutant and wild-type plants was similar. Somewhat
similar results were obtained upon infection with the root-knot nematode infection; the
opt6 mutant plants produced 33 % fewer galls than wild-type control plants. These results
do not resolve the issue of whether AtOPT6 transport of the nematode CLE peptides
occurs in planta. However, these data clearly show that AtOPT6 function, regardless of
the physiological substrate, is important for successful parasitism by the nematode.

AtOPT6 mediates CLE peptide transport in a heterologous system
Until recently, AtOPT transporters were thought to mediate the movement of
tetra- and pentapeptides (Koh et al., 2002; Osawa et al., 2006). However, recently, Reuss
and Morschhauser, (2006) reported that the expression of CaOPT1, CaOPT2 and
CaOPT3 in yeast allowed the uptake of an eight amino acid peptides. We have now
expanded the size range for AtOPT uptake even further by demonstrating the uptake by
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AtOPT6 of the CLE peptides. AtOPT6 transports the 12 amino acid AtCLE19p with high
affinity consistent with a physiological role for such substrates. These recent results
clearly show that AtOPT6 can transport a broad range of substrates from the tri-peptide
GSH to the 13 amino acid RKN 16D10 peptide which is consistent with earlier studies of
both plant and yeast OPT transporters (Koh et al., 2002; Osawa et al., 2006, Reuss and
Morschhauser, 2006; Sharon Pike – personal communication).
The transport of such large peptides by the proton symport mechanism of the
AtOPT transporters raises interesting questions about the molecular mechanism. As
discussed above, these data also raise the question as to whether the AtOPT transporters
play a role in the movement of plant signaling peptides. An increasing number of such
peptides have been identified in plants. Phytosulfokine (PSK), a disulfated pentapeptide,
isolated from asparagus mesophyll cell culture is a mitogenic factor involved in the early
process of cell differentiation (Matsubayashi et al., 1996). PSK interacts with a type of
LRR-RLK receptor on the plasma membrane to trigger the downstream signaling process
(Matsubayashi et al., 2002). The POLARIS (PLS) gene encodes a predicted polypeptide
of 36 amino acids and pls mutants exhibited a short-root phenotype, showed reduced
vasculature in leaves and were hyper-responsive to exogenous cytokinins. The PLS gene
is located within a short distance of an auxin inducible transcript. However, it is unclear
whether PLS polypeptide functions directly or indirectly through auxin-cytokinin
homeostatis (Casson et al., 2002). Systemin, an 18 amino acid peptide in tomato, is a key
signal for the systemic activation of defense genes in response to pest attacks (Pearce et
al., 1991). Therefore, there are several possible plant signaling peptides of the size to be
transported by AtOPTs.
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Does AtOPT6 play a role in root differentiation during the development of nematode
feeding site?
Exogenous addition of AtCLE19p and the HgCLEp peptides to Arabidopsis roots
leads to the cessation of root growth due to consumption and premature differentiation of
the apical meristem. We postulated that, if AtOPT6 mediates the uptake of these peptides,
then the opt6 mutant roots should show resistance to their inhibitory effect on root
growth. However, when tested, both the mutant and wild-type roots exhibited a similar
sensitivity when grown in presence of 10 µM AtCLE19p or HgCLEp. However, given
that 9 AtOPT transporters in Arabidopsis and their overlapping expression patterns
(Stacey et al, 2006), it is plausible that functional redundancy among these transporters
prevented us from seeing a phenotype with plants lacking only the AtOPT6 transporter.
Thus, the combined data of AtOPT6 promoter – GUS expression analysis,
infection assays using opt6 mutant and wild-type control plants and substrate transport
studies of AtOPT6 bring us to one conclusion: AtOPT6 is important during nematode
parasitism and appears to play a role during the initial and critical stages of feeding site
formation and infection. However, at this point, we cannot distinguish between two
possible mechanisms for AtOPT6 action. That is, one, AtOPT6 may transport nutrients to
the sink tissue formed by nematode infection (i.e., feeding site). AtOPT6 is not only
expressed in the feeding site but also in the surrounding cells consistent with longdistance transport of peptides from source tissue to the developing feeding site. Two, it is
possible that AtOPT6 is involved in the uptake of CLE peptides from the apoplast.
However, this mechanism is not consistent with the model for CLE action, based on the
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example of CLV3, in which the CLV peptides in the apoplast act by interaction with a
plasma membrane localized receptor (i.e., CLV1/2; Hojo et al., 2003). Therefore, we can
only speculate. Perhaps the nematode CLEs could be either secreted directly into the
cytoplasm or CLEs act by interacting with a cytoplasmic receptor and, hence, uptake
from the apoplast is essential. Alternatively, the nematode CLE peptides may be released
from the cell into which they are initially injected and then transported into neighboring
cells by the AtOPT6 transporter. This could expand the infection zone, enhancing cell
fusion as occurs during formation of the cyst nematode syncytium. What is lacking is
clear evidence for AtOPT6 uptake of nematode CLE peptides in planta. It would also be
helpful to localize the nematode CLE peptides. Are they released by the nematode
through the stylet into the plant cell cytoplasm, into the apoplast or exported from the
initially injected plant cell into the apoplast? The questions of nematode CLE peptide
uptake into plants is currently been addressed by Dr. Mitchum’s lab (Dr. Mellissa
Mitchum – personal communication).
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CONCLUSION

Nine OPT genes have been identified in Arabidopsis and so far only AtOPT3 is
well characterized in terms of its physiological role during plant growth and development
(Stacey et al., 2002; Stacey et al., 2006; Stacey et al., 2007). Here, the role of AtOPT6
during plant growth and development is dissected using various genetic, molecular
biology and pathology techniques. Expression analysis of AtOPT6 during plant
development gave a clue into possible function of AtOPT6 during various stages of plant
growth. AtOPT6 exhibited strong expression during germination in the seedlings, mainly
in the vascular tissue of developing cotyledons and hypocotyls (Chapter I – Fig 2). All
AtOPT promoter – GUS lines analyzed showed vascular expression in roots, hypocotyl,
cotyledons and leaves (Stacey et al., 2006; this study). However, no expression was
observed in root epidermis, root hairs and root tips indicating that AtOPTs are possibly
not involved in peptide uptake from soil. Floral organs displayed distinct expression
among the AtOPTs. GUS expression in developing ovules was observed only with
AtOPT6 promoter – GUS lines (Chapter I – Fig 3). Similarly, only AtOPT1 GUS
expression was observed in the pollen tube and GUS expression in the developing
embryo was observed only for AtOPT3 and AtOPT8. There were some overlapping
expression patterns in pollen grains, filaments, petals and sepals among the AtOPT
members (Stacey et al., 2002; Stacey et al., 2006). Members of the sucrose transport
family were localized to sieve elements or companion cells and led to the hypothesis that
these transporters may interact physically to achieve sugar loading into phloem. Indeed,
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by split-ubiquitin analysis in yeast, it was demonstrated that SUT2 acted as sucrose
sensor and interacted with SUT4 to regulate activity of this protein (Weise et al., 2000;
Reinders et al., 2002). Like sucrose transporters, it is possible that different members of
the AtOPT gene family may interact with each other to achieve long distance peptide
transport in plants. However, subcellular localization or interactions among the AtOPT
gene family remains to be studied.
Cagnac et al., (2004) showed that AtOPT6 mediated GSH uptake when expressed
in yeast. Similar results were obtained for GSH transport by AtOPT6 in Xenopus (Sharon
Pike – personal communication). It is known that PCs are oligo-peptides and are
synthesized from GSH. In addition, it was demonstrated that expression of phytochelatin
synthetase (PCS), an enzyme involved in PC synthesis, is induced in the presence of
cadmium. Plants sequester Cd into vacuoles and the apoplastic space in the form of PCCd complexes. Various ABC transport proteins are involved in sequestration of PC-Cd
complexes (Lee et al., 2005; Kim et al., 2006). Indirect evidence for long distance
transport of PCs was provided by Gong et al., (2003). However, the mechanism involved
in transport of PC is unclear. Here, we hypothesized a role for AtOPT6 in the transport of
PC or PC-Cd. AtOPT6 over-expressing lines grown in the presence of Cd exhibited
hyper-sensitivity to Cd. These plants also had higher root growth inhibition and less
tissue weight as compared with opt6 mutant and wild-type control plants (Chapter II –
Fig 4, 6 and 7). Measurement of Cd and PC concentration showed higher accumulation of
both Cd and PCs in roots and lower accumulation of Cd in shoots of AtOPT6 overexpressing lines as compared with the wild-type control (Chapter II – Fig 8 and Fig 10).
These data indicate that the root-inhibition phenotype is actually due to higher
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accumulation of Cd and PC in roots of AtOPT6 over-expressing lines. It is possible that
AtOPT6 is transporting PC or PC-Cd complex into the roots.
Public microarray analysis revealed that AtOPT6 transcripts were up-regulated
during infection with bacterial pathogen Pst DC3000. Therefore, to elucidate the role of
AtOPT6 during bacterial pathogenesis, wild-type control, opt6 mutant and AtOPT6 overexpressing plants were infected with Pst DC3000. Analysis of bacterial growth in
infected plants 3 days post infection, revealed that opt6 mutant plants showed 10-fold
lower bacterial levels and significantly lower chlorosis in leaves as compared with the
wild-type control and AtOPT6 over-expressing plants (Chapter III – Fig 1 and Fig 2). In
infected leaves, chlorosis is caused mainly by the presence of phytotoxins such as
coronatine, phaseolotoxin and tabtoxin released by Pst DC3000 (Gross et a., 1991). Of
these phytotoxins, coronatine (COR) is structurally similar to MeJA and is thought to
manipulate jasmonate signaling to promote virulence. The lack of chlorosis and lower
bacterial population in opt6 mutant plants may be due to lack of transport of coronatine.
To test this hypothesis, we examined bacterial growth and infection using Pst DC3000
deficient in coronatine biosynthesis (COR -). Bacterial growth was similar during the
course of infection in wild-type control, opt6 mutant and AtOPT6 over-expressing plants
when infected with the COR- Pst DC3000 (Chapter III – Fig 4). These data support the
hypothesis that AtOPT6 may be involved in transport of coronatine into the infected
cells. Transport of coronatine in oocytes expressing AtOPT6 cRNA needs to be examined
to come to any definite conclusion.
The role of AtOPT6 during nematode parasitism was also tested using AtOPT6
promoter – GUS transgenic lines and opt6 mutant plants. Promoter – GUS analysis
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during the course of both cyst and root-knot nematode infection showed that expression
of AtOPT6 increases in feeding sites (both syncytia and giant cells) and surrounding cells
during early stages of nematode infection in the root cells (Chapter IV – Fig 2 and Fig 3).
There is no induction of AtOPT6 expression during later stages of infection. There is a
growing amount of evidence that both cyst and root-knot nematodes secrete CLE-like
peptides into root cells that can mimic the plant CLE peptides and play a role in cell
differentiation, possibly to promote feeding site formation (Wang et al., 2005; Huang et
al., 2006a).
Based on promoter – GUS expression analysis, there is a possibility that AtOPT6
is involved in transport of either plant CLEs or nematode secreted CLEs in infected root
cells. This hypothesis is supported by the fact that AtOPT6 mediates transport of various
plant CLEs and nematode CLE peptides when expressed in Xenopus oocytes (Chapter IV
– Fig 6). Moreover, opt6 mutant plants show a 50% reduction in the number of cysts and
a 33% reduction in the number of galls when infected with cyst and root-knot nematode,
respectively (Chapter IV – Fig 4 and Fig 5). It may also be possible that AtOPT6 plays a
role in transport of nutrients to the feeding site. This hypothesis is supported by the
evidence that feeding sites are symplastically isolated during early stages of nematode
infection and need transporters to transport nutrients to the feeding sites (Hoth et al.,
2005; Hoffmann and Grundler, 2006). At later stages of nematode infection, symplastic
connection via functional plasmodesmata eliminates the need to transporters (Hoffmann
et al., 2007). The expression pattern of AtOPT6 during the course of nematode
development supports the hypothesis of nutrient transport in the feeding site. AtOPT6
also transports plant and nematode CLEs opening up a possibility that AtOPT6 may be
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involved in signaling processes during nematode infection. However, transport of CLEs
by AtOPT6 is not established in planta. Whether AtOPT6 is involved in signaling or
providing nutrition during nematode infection remains an open question.
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