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ABSTRACT OF THE THESIS

Long-distance Cadmium Transport and Regulation of Heavy Metal Stress Responses
in Arabidopsis thaliana

by

Garo Zaven Akmakjian

Master of Science in Biology
University of California, San Diego, 2011

Professor Julian Schroeder, Chair

Heavy metals such as iron, zinc and manganese are essential for many
biological processes. However, these essential heavy metals are toxic when present in
excess, and certain heavy metals, such as cadmium and arsenic, have no biological
function and are toxic even in trace amounts. In plants, heavy metals are taken up from
the environment by the roots, transported and distributed through the plant via the
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xylem and phloem and ultimately accumulated in seeds, which serve as a primary
dietary source for humans. Understanding metal loading into the seed is thus an
integral part of producing seed-based foods of high nutritional quality with relatively
low quantities of toxic, non-essential metals. In the first part of this thesis, a collection
of Arabidopsis thaliana mutants were screened to identify molecular components
underlying long-distance metal transport and seed loading by detecting altered metal
accumulation in seeds. In the second part of this thesis, an A. thaliana mutant
overaccumulating cadmium in seeds, opt3-2, is characterized. opt3-2 exhibits
differential accumulation of iron, zinc, manganese and cadmium among leaves, roots
and seeds, suggesting that metal-specific processes are responsible for long-distance
transport of these metals. opt3-2 also overaccumulates the thiol peptide glutathione in
leaves but underaccumulates glutathione in roots. Furthermore, OPT3 is shown to play
a role in the regulation of the iron deficiency response and may mediate the shoot-toroot transport of a signaling molecule, possibly glutathione, regulating metal uptake in
the roots in response to metal accumulation in leaves.
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INTRODUCTION
1. Introduction
Heavy metals, which include the transition metals, metalloids and certain pblock metals, form the crux of many biological processes, functioning as cofactors due
to their high reactivity and range of oxidation states. The biochemical processes that
heavy metals participate in are broad in scope and include photosynthesis (Zouni et al.,
2001), DNA binding and repair [reviewed in (Ciftci-Yilmaz and Mittler, 2008)], redox
processes and oxidative phosphorylation (Boekema and Braun, 2007), among others.
However, though necessary for life, essential metals such as iron (Fe) and zinc can be
toxic at high levels. Furthermore, some metals such as cadmium (Cd) have no
biological function, and these non-essential metals can be toxic even in trace amounts.
Heavy metals induce toxicity by producing reactive oxygen species via Fenton
chemistry (Fenton, 1894). Non-essential metals, which serve no biological function,
further induce toxicity by displacing essential metals from their respective binding sites,
rendering non-functional proteins (van Duijvendijk-Matteoli and Desmet, 1975; Lin et
al., 2008). Due to the essential nature of certain heavy metals as well as the harm
imposed by non-essential metals and excess amounts of essential metals, the
accumulation and availability of heavy metals must be tightly controlled.
In Arabidopsis, the regulation of heavy metal content is based upon several
transport processes: uptake from the environment through the root, transport from the
root to aerial tissues via the xylem and redistribution from the leaves to the roots and
seeds via the phloem (Curie et al., 2009; Palmer and Guerinot, 2009; Verbruggen et al.,
2009). Intracellular transport is also an integral part of metal homeostasis, not only for
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delivery of essential metals to their respective organelles, but also for storage and
sequestration. In addition to transport, metals undergo redox transitions and bind to
specific ligands. These metal-ligand complexes are ultimately the species that get
transported through the plant and dictates the direction and destination of transport. For
the purposes of this dissertation, the essential metal Fe and the non-essential metal Cd
will be used as illustrative examples of heavy metal homeostasis and detoxification
processes.
2. Intercellular Transport
A. Root uptake
In angiosperms, root Fe uptake mechanisms vary across plant taxa and can occur
via two strategies, either a chelation-based strategy (the so-called Strategy I response)
(Romheld and Marschner, 1986) or a reduction-based strategy (the Strategy II response)
(Yi and Guerinot, 1996). In Arabidopsis and other eudicots, Fe is taken up as a free ion
in its most reduced state (Fe2+) (Yi and Guerinot, 1996) (Figure 1A). The reductionbased Fe uptake strategy involves solubilization of oxidized Fe by a proton ATPase
(Schmidt et al., 2003) and reduction of Fe3+ by the ferric chelate reductase FRO2
(Ferric Reduction Oxidase 2) to generate Fe2+ (Robinson et al., 1999). Fe2+ is ultimately
taken up into the roots through the high affinity Fe transporter IRT1 (Iron Regulated
Transporter 1) (Eide et al., 1996; Cohen et al., 1998). IRT1 expression is Fe-responsive
and is up-regulated under Fe-deficient conditions, and its role in scavenging Fe during
Fe starvation is well established (Palmer and Guerinot, 2009). Even though IRT1 is
primarily induced during Fe deficiency, growth is severely impaired in irt1 mutant
plants even during Fe excess (Vert et al., 2002), suggesting that IRT1-mediated uptake
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Figure 1: Overview of Cd and Fe transport and accumulation in Arabidopsis thaliana.
(A) Root uptake and xylem loading of Cd and Fe. The rhizosphere is acidified by an
unidentified proton ATPase (labeled as AHA) (Schmidt et al., 2003) to solubilize Fe3+
(brown circles), which is then reduced to Fe2+ (orange circles) by the iron reductase
FRO2 (Robinson et al., 1999). Fe2+ and Cd2+ (red circles) are then both taken up by
IRT1. Fe2+ is loaded into the xylem by an identified transporter and binds to citrate,
which is pumped into the xylem via FRD3 (Durrett et al., 2007). Cd2+ is loaded into
the xylem as a free ion via HMA4 and moves up the xylem as an unidentified metal
complex (Cd-X). The mechanisms mediating unloading of Cd and Fe from the xylem
have not yet been described. (B) Fe and Cd are loaded into seeds via the phloem. Fe is
transported through phloem and is loaded into seeds as an Fe-NA complex via YSL1
and YSL3 (orange arrow) (Waters et al., 2006). Cd is also loaded into seeds via the
phloem (red arrow); however, transporters mediating this process have not been
identified. (C) Fe is accumulated and stored in chloroplasts. Fe is transported across
the thylakoid membrane via PIC1 (Duy et al., 2007) and is stored in ferritin complexes
in the thylakoid lumen (Petit et al., 2001). (D) In leaves, Cd is accumulated in
vacuoles as PC-Cd complexes for detoxification. Free Cd is pumped into the vacuole
by the cation exchanger CAX1 (Shigaki et al., 2005). Low molecular weight PC-Cd
complexes (LMWCs) are transported into the vacuole via ABCC1/2 (Song et al.,
2010). In the vacuole, free Cd and PC-Cd are bridged by sulfide ions (yellow
diamonds) to form high molecular weight complexes (HMWCs) (Pickering et al.,
1999).
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is the primary means of Fe acquisition even under standard conditions.
While metal uptake transporters are discussed in respect to their role in a
particular deficiency (i.e., IRT1 as an Fe transporter), heavy metal transporters are, in
general, highly unspecific. IRT1 has one of the broadest known substrate ranges of the
metal transporters and, when expressed in yeast, is capable of transporting Fe,
manganese, zinc, cobalt and nickel (Korshunova et al., 1999; Rogers et al., 2000), and
irt1 mutant roots accumulate significantly lower levels of zinc and manganese
compared to wild-type roots (Vert et al., 2002). IRT1 also transports Cd (Korshunova et
al., 1999) (Figure 1A), and up-regulation of IRT1 greatly enhances Cd uptake (Cohen et
al., 1998). In response to increased Cd uptake, Arabidopsis down-regulates IRT1 upon
Cd exposure, even during Fe starvation (Connolly et al., 2002), severely limiting Fe
uptake (Meda et al., 2007; Takahashi et al., 2011). Plants thus face a trade-off between
proper nutrition and exclusion of toxic metals, and coping with toxic metal stress
involves not only detoxification and prevention of uptake, but also inherently results in
a nutritional deficiency as well.
B. Root-to-shoot metal transport
Once symplastic, metals are chelated and transported among tissues via the
xylem and the phloem, and transport of heavy metals within the plant is significantly
more specific than uptake at the root level. Intercellular transporters are typically more
substrate-specific, possibly due to the various specific metal-ligand complexes that
metals form intracellularly.
Fe is transported through the xylem bound to the organic acid citrate, which is
loaded into the xylem via FRD3 (Ferric Reductase Defective 3) (Figure 1A). frd3

6
mutants exhibit impaired root-to-shoot Fe translocation (Rogers and Guerinot, 2002;
Green and Rogers, 2004), and xylem sap from frd3 plants contain significantly less
citrate compared to wild-type (Durrett et al., 2007). However, frd3 plants accumulate
considerably more Fe in the vasculature than wild-type plants (Green and Rogers,
2004). While experiments in Xenopus oocytes have demonstrated that FRD3 is a citrate
efflux pump, FRD3 fails to show any transport of

55

Fe, regardless of the presence or

absence of citrate (Durrett et al., 2007). These results suggest that Fe and its primary
xylem chelate citrate are loaded into the xylem via independent mechanisms, and Fecitrate complexes form in the xylem itself.
Cadmium is primarily loaded into the xylem via the P1B-type ATPase HMA4
along with its close paralog HMA2 (Wong and Cobbett, 2009) (Figure 1A). hma2hma4
mutants show essentially no Cd translocation from roots to shoots in radiotracer
experiments (Wong and Cobbett, 2009), and heterologous and in vitro assays have
demonstrated that HMA4 mediates Cd transport as a free ion (Mills et al., 2005;
Baekgaard et al., 2010). Localization of HMA2 and HMA4 expression to the xylem
parynchema (Hussain et al., 2004; Verret et al., 2004) confirms the role of HMA2/4 in
Cd xylem loading. In plants, Cd is usually found chelated to phytochelatins, an
oligomer of the thiol peptide glutathione, but analysis of xylem sap from Brassica
napus revealed that both phytochelatins and glutathione are scarce in the xylem,
especially compared to the concentration of Cd in the xylem (Mendoza-Cozatl et al.,
2008). NMR and extended X-ray absorption fine microscopy of extracted xylem sap
suggest that Cd is bound to an N- or O-containing ligand, possibly citrate, histidine or
the amino acid-derivative nicotianamine (NA) (Salt et al., 1995). However, the exact
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speciation of Cd in the xylem is currently unknown.
C. Phloem-mediated transport
Knowledge of post-xylem transport of heavy metals is relatively scarce.
However, it does appear that once metals leave the xylem, there is an exchange of
ligands, after which metal-chelate complexes begin independent redistribution
processes.
In green tissues and the phloem, Fe is mainly found as complexes with
nicotianamine (NA) (von Wiren et al., 1999). Fe-NA complexes are recognized and
transported via the phloem to the roots and seeds, presumably via members of the YSL
(Yellow Stripe-Like) family of transporters (Curie et al., 2009) (Figure 1B), orthologues
of the canonical Fe-siderophore root uptake transporter from Zea mays (Curie et al.,
2001). Both YSL1 and YSL3 are both phloem-localized transporters that have been
shown to transport Fe-NA in yeast, and seeds ysl1 ysl3 double mutants exhibit lower
levels of Fe compared to wild-type (Waters et al., 2006), suggesting that YSL1 and
YSL3 are phloem Fe-NA transporters.
Transporters mediating Cd transport through the phloem and seed loading
remain unknown (Figure 1B). However, it is likely that Cd is transported through the
phloem as Cd-PC complexes. Phytochelatin levels in phloem sap extracted from B.
napus are relatively high, and the ratio of PCs:Cd and the pH in the phloem are ideal for
Cd chelation by PCs (Mendoza-Cozatl et al., 2008). Furthermore, grafting experiments
and shoot-specific expression of PC synthase, the enzyme that catalyzes phytochelatin
synthesis from glutathione, have shown that PC transport between tissues is
bidirectional and that localization of PC synthesis has a strong effect on Cd distribution
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in the plant (Gong et al., 2003; Chen et al., 2006), suggesting that the phloem is indeed
responsible for Cd redistribution, likely as a PC-Cd complex.
3. Mechanisms of tolerance: metal complexation and sequestration
While intercellular transport of heavy metals is poorly understood, intracellular
transport and storage is relatively well characterized. Transport into the chloroplast is
essential for storage of Fe for future use, and storage is a protective mechanism against
the deleterious effects of high concentration of essential heavy metals in the cytosol.
Sequestration into the vacuole is also the primary means of detoxifying non-essential
heavy metals in plants. Similar to phloem-mediated transport, sequestration of heavy
metals occurs via metal-specific mechanisms.
A. Plastidial Transport and Storage of Iron
When Fe levels are replete, excess Fe is stored primarily in the chloroplast
(Ragland et al., 1990) (Figure 1C). To date, only one Fe transporter, PIC1 (Permease In
Chloroplast 1), has been identified in the chloroplast. PIC1 mediates Fe uptake in yeast,
and pic1 mutant plants exhibit severe photosynthetic defects (Duy et al., 2007).
Furthermore, pic1 roots down-regulate IRT1 expression and up-regulate the Fe storage
protein ferritin (Duy et al., 2007). These expression profile changes are reminiscent of
the Fe toxicity response and suggest that PIC1-mediated Fe transport into the
chloroplast is an essential component of the Fe-sequestration and storage mechanism.
Iron is stored in the chloroplast as insoluble Fe oxides bound within large
ferritin (FER1) clusters (Figure 1C). During Fe deficiency, FER1 expression is
essentially absent, and FER1 protein undergoes rapid turnover and is degraded in order
to mobilize stored Fe (Gaymard et al., 1996). FER1 expression is also highly up-
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regulated during Fe excess to sequester unnecessarily high levels of Fe that could be
toxic (Petit et al., 2001). Thus, for the purposes of storage, Fe must be sensed and its
accumulation must be regulated in two ways (i.e., sequestration in response to toxicity
and mobilization in response to deficiency). However, for non-essential metals,
sequestration and transport occurs unidirectionally into the vacuole.
B. Vacuolar transport of Cd
Cadmium serves no function in the cell, and plants thus transport all available
Cd into the vacuole (Figure 1D). Cadmium exposure up-regulates many components of
the sulfur uptake and assimilation pathway in order to increase glutathione levels
(Mendoza-Cozatl et al., 2005; Mendoza-Cozatl and Moreno-Sanchez, 2006). Cadmium
is also an activator of phytochelatin (PC) synthase (Ogawa et al., 2011), which
oligomerizes glutathione into phytochelatins of various lengths (Clemens et al., 1999;
Ha et al., 1999; Vatamaniuk et al., 1999). Cadmium exposure thus enhances
biochemical flux through the sulfate assimilation and gluathione and phytochelatin
synthesis pathways, ultimately allowing PCs to bind Cd and begin entry into the
vacuole.
The ease of isolating intact vacuoles allowed early biochemical characterization
of Cd transport into the vacuole as a proton-driven mechanism (Salt and Wagner, 1993)
and PC transport as an ATP binding cassette (ABC) transporter-driven process (Salt and
Rauser, 1995). Free Cd2+ has been shown to be transported into the vacuole by the
cation exchanger CAX1 (Shigaki et al., 2005) (Figure 1D), and plants overexpressing
CAX1 exhibit enhanced Cd tolerance (Wu et al., 2011), suggesting a role of CAX1 in
Cd tolerance. While PC-mediated Cd sequestration into the vacuole was well-
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characterized, the transporters mediating PC-Cd efflux were unknown for nearly 15
years. The ABC-transporter Hmt1p from the fission yeast Schizosaccharomyces pombe
conferred significant tolerance to Cd in yeast, and had been thought to be the PC-Cd
transporter in S. pombe (Ortiz et al., 1995); however, there are no HMT1 orthologues in
plants, and it was later found that hmt1Δ yeast still accumulate PCs in the vacuole
(Preveral et al., 2009). Identification of a PC transporter in plants was complicated due
to the lack of a phenotype in the single mutants of the Arabidopsis vacuolar ABC
transporters (the ABCC/MRP subfamily) (Song et al., 2010). Genetic analyses later
revealed that the ABC transporter Abc2p is also a major contributor to Cd tolerance in a
PC-dependent manner in S. pombe (Mendoza-Cozatl et al., 2010), and phylogenetic
analysis identified ABCC1 and ABCC2 as the ABC2 orthologues in Arabidopsis (Figure
1D). Both ABCC1 and ABCC2 exhibit ATP-dependent PC transport ability (Song et
al., 2010), and the abcc1 abcc2 double mutant exhibits sensitivity to both As (Song et
al., 2010) and Cd (Akmakjian GZ, Mendoza-Cozatl DG, Schroeder JI; unpublished
results), confirming that these two transporters are the vacuolar PC-Cd transporters in
Arabidopsis. Upon entry into the vacuole, PC-Cd and free Cd bind free sulfide to form
high-molecular weight PC-Cd complexes, the final storage form of Cd in the plant
vacuole (Pickering et al., 1999).
4. Regulation: The Iron Deficiency Response
Because of the importance of metal nutrition and the possible toxicity of heavy
metals, metal-responsive genes are under substantial transcriptional and posttranscriptional regulation. IRT1 and FRO2 are transcriptionally regulated primarily by
the bHLH transcription factor FIT (FRU-like Fe Deficiency-Indicuble Transcription
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Factor) (Colangelo and Guerinot, 2004) and its many binding partners, including
bHLH38, bHLH39 (Yuan et al., 2008) EIN3 and EIL1 (Lingam et al., 2011). FIT
activity is induced by Fe deficiency and is repressed under Fe-replete conditions and
metal toxicity (Colangelo and Guerinot, 2004). However, the precise mechanisms by
which metal levels are sensed to regulate FIT activity are unknown. Furthermore,
whether FIT is also regulated by Cd exposure has yet to be investigated.
While Fe and Cd sensing are unknown processes, significant evidence has
accumulated to suggest that metal levels are sensed in both the roots and the shoots. By
conducting split-root experiment, Vert et al. demonstrated that when half of the root
system was grown in Fe-replete media and the other half was grown in Fe-deplete
media, both root systems induced expression of IRT1, suggesting the role of a systemic
signal (Vert et al., 2003). These observations were confirmed with the characterization
of the frd3 mutant. frd3 plants accumulate excess amounts of Fe in the roots and the
vasculature, but are unable to unload Fe from the xylem (Durrett et al., 2007). Despite
Fe-sufficiency in the roots, however, frd3 plants constitutively up-regulate the Fedeficiency responsive genes IRT1 and FRO2. Interestingly, severed frd3 roots are able
to properly regulate IRT1 and FRO2 (Green and Rogers, 2004). Taken together, these
results provide evidence of a systemic signal originating from the leaves that regulates
the Fe-deficiency response in the roots.
5. Conclusion
Homeostasis of essential metals is intimately intertwined with detoxification of
non-essential metals. By necessity, plants must balance levels of essential metals while
detoxifying non-essential metals, and the transport mechanisms underlying Fe and Cd
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translocation are thus highly coordinated processes to ensure proper nutrition while
maintaining low levels of toxic metals. In this dissertation, I aim to explore not only
how individual metals are transported throughout the plant, but also a single process can
affect the accumulation and distribution of multiple metals.
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CHAPTER 1
Abstract
Seeds are among the most important plant tissues for providing nourishment
for both developing embryos and the human diet. While seeds provide vital nutrients,
including metals, seeds are also a potential gateway for toxic metal entry into the food
chain. To identify molecular components involved in transporting and loading metal
ions into seeds, we screened an Arabidopsis mutant collection for altered metal
content in seeds in response to heavy metal stress. Plants were grown in heavy metalladen soil, and the heavy metal content in dried mature seeds was determined using
ICP-OES to determine ionomic differences in mutants relative to wild-type. Of the
224 mutants screened, 23 (10.2%) mutants exhibited an altered metal accumulation
phenotype of at least one of the 26 metals analyzed. A selection of Arabidopsis
ecotypes was also screened, and Ts-0, Sha-0, Cvi-0 and Mrk-0 were found to have
altered ionomic profiles compared to the Col-0 ecotype. Several loci in the screen
were represented by independent alleles, which showed consistent phenotypic
differences among alleles, validating the robustness of our methodology. Despite the
presence of several disadvantages in our screen, such as inability to determine
phenotypes in disrupted intracellular processes and loss of certain phenotypes due to
our stress, the ionomic profiling described here was shown to be productive for
phenotype discovery and for identifying genes involved in metal homeostasis.
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Introduction
Seeds represent one of the most vital structures for plant life. Seeds are also the
primary contributor to the human diet and are a major source of human nutrient intake,
including heavy metals (Food and Agricultural Organization of the United Nations.,
2006). However, seeds are also a major entry point for toxic metals such as cadmium
(Cd), arsenic and mercury into the human food chain, and many cases of heavy metal
poisonings have been attributed to consumption of contaminated seed-base products
(Honda et al., 2010; Satarug et al., 2010; Satarug and Nazar, 2010). Thus, it is of
significant public interest to generate seed-based foods that are of high nutritional
quality while maintaining low levels of toxic metals. Prior to beginning development
of toxic-metal free seeds, however, an understanding of the molecular components
mediating metal entry into the seeds is required.
Metal transport among tissues requires three independent processes: uptake
through the root, transport to green tissues via the xylem and redistribution of metals
to roots and seeds via the phloem (Offler et al., 1989; Palmer and Guerinot, 2009).
Once plants enter reproductive stages of growth, seeds are the primary sink for most
essential and non-essential compounds, including metals. Disruption of any
intercellular transport process generally results in abnormal metal accumulation in
seeds (Morrissey and Guerinot, 2009). This phenomenon has been well described for
root uptake mutants such as mutants of the iron (Fe) uptake transporter IRT1, which
possess systemic Fe underaccumulation (Vert et al., 2002). Mutations in inter-tissue
long-distance transporters also exhibit altered Fe accumulation in seeds, such as the
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ysl1ysl3 double mutant, which underaccumulates Fe, copper (Cu) and zinc (Zn) in
seeds (Waters et al., 2006). The seed can thus be thought as an indicator of wholeplant metal homeostasis and can be exploited to identify mutants and natural plant
variants that exhibit altered metal transport at any stage of translocation.
Several analytical methods have been developed to study metal content,
including inductively coupled plasma (ICP) (Lahner et al., 2003) and synchrotronbased X-ray tomography (Punshon et al., 2009). Due to its rapid processing rate, high
degree of sensitivity and ability to measure many elements simultaneously, ICP-based
methods are generally the technique of choice for measuring metal content in plant
tissues (Mäser et al., 2002; Lahner et al., 2003; Baxter, 2009). By measuring many
ions simultaneously, ICP analysis allows the construction of the whole-seed “ionome”,
the complete homeostatic set of all ions, including metals, metalloids and non-metals.
Ionomic disruptions are indicative of nutrition deficiencies, toxicity and other abiotic
and biotic stresses (Lahner et al., 2003; Baxter et al., 2008). However, the genetic
networks that regulate the plant and seed ionome are largely unknown.
To identify mutants exhibiting perturbed metal transport processes, a collection
of Arabidopsis thaliana T-DNA insertional and fast-neutron mutants were screened
for altered ionomic profiles in seeds in response to heavy metal stress. Mutants were
grown side-by-side with wild-type plants in soil laden with a mixture of excess
amounts of both essential and non-essential metals, and the metal content of their
mature dried seeds was assessed by ICP-optical emission spectroscopy (OES). A total
of 224 mutants were screened, 23 of which accumulated differential amounts of metals
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compared to wild-type. Nine A. thaliana ecotypes were also screened, and four
ecotypes (Ts-0, Sha-0, Cvi-0 and Mrk-0) exhibited ionomic profiles significantly
different compared to the Col-0 ecotype. The phenotypes observed span various
metals including heavy metals as well as Group 1 and 2 metals. Accumulation
phenotypes of previously published mutants were also verified in our screen,
validating our methodology. In addition to identification of phenotypes for novel
mutants, we identified novel phenotypes for previously published mutants. Our screen
is thus robust for characterizing not only genes of unknown function but also for
expanding the role of characterized genes in establishing the seed ionome.
Results
Arabidopsis ecotypes exhibit altered ionomic profiles compared to Col-0
Due to the diversity of environments in which natural accessions of plants
grow, natural variation among ecotypes is expected for adaptation to a particular
environment. We thus investigated ionomic differences in several A. thaliana wildtype accessions. Ten different A. thaliana ecotypes were grown in heavy metal soil,
and the metal content of their seeds was determined by ICP-OES. The concentration
of each metal within a sample was normalized to the magnesium (Mg) concentration
of that same sample. Mg has been shown to be a suitable reference metal for data
normalization (Lahner et al., 2003), and Mg concentration per dry weight was also
determined to ensure that Mg did not differentially accumulate among ecotypes (data
not shown). The normalized metal contents were then standardized to the Col-0
ecotype using the Z-score statistic (i.e., the number of standard deviations from the
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Col-0 mean). The resulting plot is an ionomic profile, which, at a glance, provides
statistical details of elemental species of interest in reference to Col-0.
Four ecotypes, Sha-0, Cvi-0, Ts-0 and Mrk-0, exhibited significant ionomic
differences from Col-0 (Figure 2). Ts-0 overaccumulated sodium (Na) and potassium
(K), bulk electrolytes associated with salinity stress (Figure 2A). Both Mrk-0 (Figure
2B) and Cvi-0 (Figure 2C) overaccumulated Na and the heavy metal copper (Cu);
however, Cvi-0 also overaccumulated Zn whereas Mrk-0 did not. Finally, Sha-0
(Figure 2D) overaccumulated only the toxic heavy metal Cd.
Many screened mutants exhibit altered ionomic profiles for various metals
A collection of fast neutron and T-DNA insertional mutants was screened to
identify genes influencing metal transport and accumulation in seeds. Of the mutants
screened, 23 mutants (10.2% of the mutant pool) displayed ionomic profiles
significantly different from wild-type (summarized in Table 1). Because several
mutants screened were in the Ws-0 background, these mutants were compared to their
corresponding genetic background.
It is worthy to note that several of the screened mutants represent multiple
alleles for the same locus. Three genes represented by multiple alleles exhibited an
altered ionomic profile. Two ACA10 mutants exhibited Na overaccumulation in seeds
(Figure 3A, B), two CHX17 mutants exhibited K overaccumulation (Figure 3C,D) and
two NRAMP1 alleles exhibited manganese (Mn) underaccumulation in seeds (Figure
3E,F). Of the remaining genes represented by multiple mutant alleles, no phenotype
was observed for either allele.

ACA8

ACA12
CHX17
CHX17
ACA10
ACA10
SOS2
SOS2

APG9

NRAMP1
NRAMP1
ABH1

CHX6

Gene Name

Ca
-0.96 (0.38)
-1.91 (1.45)
-0.51 (0.47)
-0.73 (0.15)
-0.57 (1.50)
1.33 (0.87)
-1.18 (0.69)
0.68 (0.89)
-1.92 (1.11)
3.97 (1.28)
-3.73 (0.97)
-0.88 (0.48)
-1.87 (0.36)
-3.36 (1.12)
-2.53 (1.73)
0.21 (1.38)
0.54 (1.62)
-0.49 (0.39)
-1.15 (2.13)
6.43 (2.03)
-3.29 (2.70)

Cd
4.19 (2.78)
-0.43 (0.98)
-0.74 (0.15)
1.08 (1.22)
-0.46 (0.23)
-0.84 (0.34)
2.96 (1.00)
-0.52 (0.13)
-0.24 (0.23)
11.24 (1.23)
11.31 (0.56)
0.34 (0.67)
-0.50 (0.09)
-0.44 (0.06)
-

Cu
-*
-0.83 (0.82)
0.38 (1.54)
-4.39 (0.64)
0.11 (0.97)
2.06 (1.96)
4.22 (0.46)
-5.55 (0.00)
4.36 (6.51)
-0.43 (0.66)
-0.63 (0.28)
-0.14 (2.47)
2.68 (1.29)
-

Locus unknown. Derived from fast neutron mutagenized population described in (Lahner et al., 2003).

Multiple alleles are available for these loci.

* Metal concentration below the detection limit.

e

Accession Number
SALK_079036
Syn344_D09
SALK_069616
SALK_053236
SALK_079653
SALK_016753
SALK_108349
SALK_024520
SALK_145980
SALK_150644
SALK_024716
Syn175_D01
SALK_002039
SALK_139377
WiscDsLox297300
WiscDsLox485
SALK_016683
SAIL_1293
SALK_044642
WiscDsLox500A06
-

Fe
0.61 (0.67)
0.59 (0.59)
-1.37 (0.53)
-0.63 (0.36)
0.44 (0.98)
1.67 (1.80)
0.36 (0.72)
0.24 (0.70)
2.82 (1.05)
-1.55 (0.04)
-0.16 (0.03)
3.02 (4.25)
-0.36 (0.25)
-0.63 (0.14)
-1.78 (0.41)
-1.88 (0.14)
-0.50 (0.59)
-2.04 (0.73)
-1.32 (0.45)
-0.67 (0.97)
2.36 (2.26)
-0.14 (0.65)

K
0.88 (0.33)
0.80 (1.24)
-1.96 (0.67)
-0.09 (0.57)
-2.09 (0.36)
2.48 (1.15)
1.84 (1.27)
1.56 (1.17)
-3.41 (0.87)
-0.51 (0.51)
2.38 (0.90)
2.14 (0.73)
2.43 (0.51)
-0.79 (0.18)
-0.54 (0.23)
-0.41 (0.32)
-0.45 (0.74)
-1.09 (0.31)
1.86 (1.38)

Green shading denotes a significant overaccumulation of that metal. Pink shading denoted a significant underaccumulation of that metal.

a,b,c and d

‡

Locus ID
At1g06890
At1g08140
At1g18190
At1g80830a
At1g80830a
At2g13540
At2g29040
At2g30350
At2g31260
At3g22590
At3g56930
At3g63380
At4g23700b
At4g23700b
At4g29900c
At4g29900c
At5g35410d
At5g35410d
At5g54370
At5g57110
N/Ae
N/Ae

Table 1: Average Z score (SD) of mutants exhibiting an altered ionomic profile‡
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Locus unknown. Derived from fast neutron mutagenized population described in (Lahner et al., 2003).

Multiple alleles are available for these loci.

* Metal concentration below the detection limit.

e

a,b,c and d

Locus ID
Gene Name
Mn
Na
P
S
Si
Zn
At1g06890
1.39 (1.06)
0.41 (0.40)
1.53 (2.03)
-0.85 (0.52)
0.97 (1.31)
At1g08140
CHX6
-0.47 (0.75)
-2.80 (0.66)
-0.56 (0.23)
At1g18190
-0.47 (0.65)
-0.75 (0.29)
-1.11 (0.34)
-2.37 (1.06)
-1.77 (0.95)
At1g80830a
NRAMP1
-5.33 (0.48)
-0.14 (0.22)
-0.12 (0.33)
-0.65 (0.63)
a
At1g80830
NRAMP1
-2.89 (0.87)
1.08 (2.25)
-1.00 (1.37)
0.12 (0.97)
At2g13540
ABH1
-0.62 (1.30)
-2.07 (0.11)
-1.91 (1.32)
-2.16 (0.38)
-0.64 (0.55)
At2g29040
-1.30 (1.09)
0.58 (1.31)
-0.20 (3.01)
2.88 (0.70)
-0.14 (0.53)
At2g30350
0.71 (0.38)
3.09 (1.09)
0.65 (0.96)
1.67 (0.46)
-0.17 (0.68)
At2g31260
APG9
1.22 (0.77)
0.55 (1.29)
-0.20 (0.26)
0.81 (0.67)
0.85 (0.55)
At3g22590
-5.60 (3.03)
-0.76 (0.71)
-0.77 (0.95)
0.36 (0.86)
-0.59 (0.34)
At3g56930
-0.17 (0.48)
-1.04 (0.73)
4.69 (2.53)
At3g63380
ACA12
-2.48 (0.46)
-1.68 (1.51)
-0.21 (0.39)
At4g23700b
CHX17
0.29 (0.12)
2.25 (0.42)
-0.10 (0.12)
b
At4g23700
CHX17
-0.91 (0.20)
0.78 (0.44)
-0.33 (0.12)
At4g29900c
ACA10
-0.98 (0.37)
20.99 (3.11)
-3.75 (0.62)
-1.71 (1.16)
6.17 (3.62)
-3.15 (0.45)
At4g29900c
ACA10
-1.35 (0.37)
13.29 (3.17)
-4.10 (0.78)
-1.17 (0.68)
7.06 (1.26)
-2.90 (0.54)
At5g35410d
SOS2
-4.23 (1.10)
22.53 (5.84)
2.17 (1.20)
5.55 (3.11)
At5g35410d
SOS2
-1.63 (0.19)
41.62 (1.35)
1.25 (0.09)
2.59 (1.39)
5.59 (0.06)
At5g54370
0.14 (0.50)
2.62 (0.91)
-1.37 (0.95)
-1.90 (0.39)
-1.28 (0.33)
At5g57110
ACA8
0.11 (1.11)
18.92 (4.31)
-4.46 (0.84)
-1.00 (1.18)
4.44 (4.31)
-3.31 (0.66)
N/Ae
0.30 (1.64)
-0.40 (0.75)
0.04 (0.94)
-1.30 (0.90)
-1.01 (1.24)
0.06 (0.55)
e
N/A
-0.87 (2.30)
-3.13 (0.96)
-0.51 (0.50)
‡
Green shading denotes a significant overaccumulation of that metal. Pink shading denoted a significant underaccumulation of that metal.

Table 1: Average Z score (SD) of mutants exhibiting an altered ionomic profile (continued)‡
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Figure 2: Natural variation in seed ionomic profiles exists across Arabidopsis
thaliana ecotypes. (A) Ts-0, (B) Sha-0, (C) Cvi-0 and (D) Mrk-0 plants (n=6)
were grown with Col-0 plants on heavy metal-laden soil. Dried, mature seeds
were harvested, and their elemental profiles were determined by ICP-OES. Metal
concentrations were normalized to Mg and compared to wild-type using the z
statistic (SD from the mean). A positive z score indicates an overaccumulation
compared to Col-0, a negative z score indicates an underaccumulation and
differences in accumulation are considered significant when |z|>1.96.
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Figure 3: Altered ionomic profiles in mutant loci represented by multiple alleles.
Mutants of two different alleles for (A, B) aca10, (C,D) chx17 and (E,F) nramp1
were grown with wild-type plants on heavy metal-laden soil. Dried, mature seeds
were harvested, and their elemental profiles were determined by ICP-OES. Metal
concentrations were normalized to Mg and compared to wild-type using the z statistic (SD from the mean) as for Figure 1 (z>1.96, overaccumulation, p<0.05; z<1.96,
underaccumulation, p<0.05).
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Discussion
Natural variation in metal accumulation exists across Arabidopsis ecotypes
Metals and ions can pose substantial threats to cellular homeostasis if their
levels are not properly regulated. Given the variation of metal concentrations in soils
that plants, including the many Arabidopsis ecotypes, live in, it is expected that natural
selection would cause some variation in metal stress responses. Natural variation in A.
thaliana has been well annotated for a variety of traits that correlate well with
differing environmental conditions, including lipid deposition (O'Neill et al., 2011),
drought tolerance and water use efficiency (McKay et al., 2008), freezing tolerance
(Hannah, 2006) and salt tolerance (Ren et al., 2010). QTL analyses have already been
fruitful in identifying genetic components conferring aluminum (Hoekenga et al.,
2003) and Cd tolerance (Courbot et al., 2007) in Arabidopsis. It is thus not surprising
that variation in metal accumulation exists across various natural A. thaliana
accessions (Figure 2). However, whether overaccumulation of Na and Zn in Cvi-0
seeds (Figure 2C), for example, is indeed a component of a stress response to the
relatively high concentrations of salt and Zn in the soils of the Cape Verde Islands is
unclear given only an accumulation phenotype. However, such differences in
accumulation are a sufficient starting point for the investigation of processes
underlying metal accumulation and metal stress responses.
Ecotypic diversity in metal accumulation has previously been investigated.
However, metal accumulation differences in Sha-0 (Figure 2B) and Mrk-0 (Figure 2D)
have not been described. Waters et al. have reported Zn overaccumulation in Cvi-0
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seeds compared to Col-0 (Waters and Grusak, 2007) (Figure 2C), though Na
accumulation was not examined. While metal accumulation in Ts-0 seeds has not been
investigated, Na overaccumulation in Ts-0 leaves compared to Col-0 has been
reported (Rus et al., 2006). QTL analysis has identified AtHKT1;1 as the major
contributor to increased Na+ translocation from roots to leaves in Ts-0 (Rus et al.,
2006). The Ts-0 AtHKT1;1 allele, though functional, is expressed at significantly
lower levels in roots compared to the Col-0 allele (Rus et al., 2006). AtHKT1;1 is
localized to the plasma membrane and is expressed in the xylem parenchyma, where it
specifically removes Na out of the xylem vessel elements and into the xylem
parynchema (Mäser et al., 2002; Sunarpi et al., 2005; Horie et al., 2006). With a
decreased ability to remove Na from xylem vessels, it is not surprising that Ts-0
accumulates more Na in aerial tissues, including leaves (Rus et al., 2006) and seeds
(Figure 2A), compared to Col-0. Loss-of-function AtHKT1;1 alleles have also been
described for other ecotypes and correlate with proximity to coastal habitats (typically
high salinity environments) (Baxter et al., 2010), stressing the importance of ecotype
adaptation to local environments.
Reproducibility validates the screening methodology
When performing any screen, the methodology must be validated in terms of
reproducibility and, for a screen to be truly productive, must generate relatively few
false positives. To ensure reproducibility, mutants with an altered ionomic profile
were always processed at least twice. No significant variability was observed between
experimental replicates (data not shown). Furthermore, several loci were represented
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by two mutant alleles in our screening population. Phenotypes were consistent among
all tested mutants represented by multiple alleles (Figure 3), again confirming that the
methodology was reproducible and did not result in false positives, thus validating our
screening approach for identifying novel metal accumulation mutants.
ICP screening is productive for phenotype discovery
The primary objective of the screen described here was to identify mutants
with altered ionomic profiles under toxic metal stress. Approximately 10% of the
mutants screened exhibited such an altered accumulation phenotype for at least one
metal. While several of the mutants identified through the screen are uncharacterized,
many of the mutants have been previously published and, in some cases, their
respective genes have well annotated functional roles. Nevertheless, we have
generated novel phenotypes for several of these mutants.
ABH1 (ABA Hypersensitive 1) is a subunit of the nuclear cap-binding protein
complex involved in the splicing and post-transcriptional regulation of components of
the ABA signal transduction cascade (Hugouvieux et al., 2001; Kuhn et al., 2006).
Many phenotypes have been observed in abh1 mutants such as ABA hypersensitivity,
enhanced guard cell Ca2+ channel activity and severely decreased guard cell K+
channel activity (Hugouvieux et al., 2001; Hugouvieux et al., 2002; Kuhn et al., 2007).
However, we identified Ca2+ overaccumulation and Na+ underaccumulation in seeds, a
bulk accumulation defect that has yet to be described (Table 1). Novel phenotypes
were also identified for other described genes, including NRAMP1 (Cailliatte et al.,
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2010), SOS2 (Qiu, 2002), ACA10 (George et al., 2008) and CHX17 (Cellier et al.,
2004).
Drawbacks and shortcomings
While ionomic profiling was successful in identifying mutants with altered
metal accumulation, the method used here has several disadvantages compared to
other screening methods. Firstly, seed ionomic profiling is inherently low-throughput
compared to other screens. Time and space requirements are two significant factors
influencing the throughput of this screen. While germination, root elongation and
luciferase assays can be completed in a matter of weeks, detecting differences in seed
accumulation necessitates months of growth. Metal quantification is also very labor
intensive (see Methods), and preparation of samples for any ICP-based method
requires several days of sample processing. Furthermore, growth of plants to full
maturity requires significant amounts of space. The area taken up by one tray, which
can be used to screen four mutants in our screen, is sufficient for 40 petri dishes
arranged vertically. These inherent drawbacks contribute to the general lack of
throughput experienced in this screen. However, given that the primary goal was to
phenotype mutants at the mature seed stage, a more rapid alternative is inconceivable.
The purpose of this screen was to identify mutants with altered metal
accumulation profiles, specifically in response to heavy metal stress. To impose such a
stress, large amounts of metals, both essential and non-essential, were added to the soil
in order to either elicit a phenotype (in the case of non-essential metals) or augment a
phenotype (in the case of essential metals). However, supplementation of essential
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metals seemed to mask certain phenotypes. For example, opt3-2 has previously been
demonstrated to underaccumulate Fe in seeds (Stacey et al., 2008); however, in our
hands, opt3-2 lacked any significant Fe phenotype in seeds (see Chapter 2). This
“loss” of a phenotype may be attributed to the large amounts of Fe added to the soil,
resulting either in a negative feedback regulation of Fe uptake and transport in wildtype or providing sufficient amounts of Fe for opt3-2 plants to allocate greater
amounts of Fe to seeds. Whatever the cause may be, the masking of a phenotype
remains an impediment towards identifying underaccumulating mutants and stresses
the need of including control (i.e., non-stressed) plants in the screen.
Finally, an inherent drawback of a metal accumulation screen is the inability to
identify genes required for metal homeostasis that do not manifest themselves in an
accumulation phenotype at the tissue level. Intracellular metal transporters may result
in altered intercellular transport [such as the cobalt overaccumulation phenotype in the
vacuolar Co/Fe antiporter FPN2 (Morrissey et al., 2009)], but intracellular transport
may have no impact on intercellular metal transport or metal uptake [as in the case of
the vacuolar Fe transporter VIT1 (Kim et al., 2006)]. While novel metal imaging and
localization techniques are being developed, such as laser ablation ICP-mass
spectrometry (Becker et al., 2010) or synchrotron X-ray microtomography (Punshon et
al., 2009), their cost and facility availability are highly prohibitive for routine use, and
their advantages in screening remains to be demonstrated.
Despite its disadvantages, ionomic screening via ICP-OES was found to be a
suitable method of screening for metal accumulation mutants. Not only could
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uncharacterized mutants be identified, but novel phenotypes of previously
characterized mutants could also be uncovered. Our screening method was shown to
be robust, replicable and reliable and, given the inherently slow nature of
understanding any biological phenomena at reproductive stages, high-throughput.
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Methods and materials
Plant materials, growth and harvesting
Plant lines screened and relevant genetic information, including genetic
background, accession numbers and locus identifiers (AGI numbers), in this
experiment are listed in Tables 2 and 3. Table 2 lists ecotypes while Table 3 lists
mutants in the both the WS and Col-0 background. Seeds were surface sterilized with
70% ethanol and 0.004% SDS for 10 minutes, washed twice with 70% ethanol and
allowed to dry. Seeds were sewn on ½ MS media [½ strength Murashige and Skoog
basal medium, 1 mM MES (pH 5.6) and 1.0% phytoagar], stratified at 4 °C for 48
hours and then transferred to a 16 hour light/ 8 hour dark light regime. Plants were
transferred to heavy metal soil two weeks after germination.
Heavy metal-containing soil was made by mixing 1 kg of autoclaved soil
(Sunshine Basic Mix 2) with 1 L heavy metal solution [0.005% AlCl3, 0.005%
KH2AsO4, 0.005% CdCl2, 0.01% CoCl2 and 0.0025% each of BaCl2, CsNO3, K2CrO4,
CuSO4, Ca(NO3)2, Fe(SO4)3, MnCl2, MgCl2, LiCl, RbCl and ZnSO4 (w/v)]. To
prevent growth of fungal contaminants, 0.05% Spectro anti-fungal agent (Cleary
Chemical, Dayton, NJ, USA) was added to the soil. The soil was prepared two weeks
in advance, and mixed daily to ensure even distribution of metals. Additional water
was added to the soil to prevent excessive drying, as necessary. The soil was split
evenly among three trays, and plants were arranged in a semi-random array (Figure 4).
Col-0 was used as a control in all trays. When a mutant in the Ws-0 background was
screened, Ws-0 plants were also included as a control. Trays were subirrigated thrice

35
weekly with 700 ml ¼ strength Hoagland’s Basal Salts No. 2 (Sigma-Aldrich, St.
Louis, MO, USA) supplemented with 25 µg/ L Sprint 330 Fe Chelate (BeckerUnderwood, Ames, IA, USA). Once the plants had dried completely, siliques were
manually disrupted by hand, and seeds were separated from debris by filtering through
a mesh sieve.
Inductively coupled plasma optical emmission spectroscopy (ICP-OES) and statistical
analyses
Plants were allowed to grow until their life cycle had completed (~10-12
weeks) and siliques had completely dried. Seeds were harvested by hand, filtered
through fine metal sieves and completely dried in a drying oven. Dried seeds were
digested overnight in 70% nitric acid, and the digestion was completed by 30 minutes
of boiling. The digest was diluted, and the metal content was determined by ICP-OES
at the ICP facility at University of Nevada, Reno (Jeff Harper Laboratory). The ICPOES protocol was established to detect 26 metals. Any metal concentration below the
instrument’s detection limit or below the established calibration was discarded.
Metal concentrations of each sample were normalized to magnesium.
Differential accumulation of individual mutants or ecotypes was determined by
calculating the standard deviation of the normalized metal content to the wild type
mean (Z score).
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Figure 4: Arrangement of plants on heavy metal soil for seed ionomic screening.
Col-0 plants were arranged in several locations (A1, A8, B3, B4, C3, C4, D1 and
D8) to ensure that local high variations in soil metal content did not significantly
affect metal accumulation. When mutants in the Ws-0 background were screened,
Ws-0 was included as a control and replaced Col-0 in positions A8, B4, C3 and D1.
Four mutants or ecotypes were screened per tray (represented by M1, M2, M3 and
M8), and six plants per line were planted in a column in every position not occupied
by a control plant.
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Table 2: Ecotypes screened for altered ionomic profiles under heavy metal stress
Accession
Ler-0
Kas-1
Ts-1
Sha
Cvi-0
Col-0
Ws-0
Tsu-1
Nd-1
Mrk-0

Source
Landsberg, Germany
Kashmir, India
Tossa de Mar, Spain
Pamira-Alay, Tadjikistan
Cape Verde Islands, Cape Verde
Columbia, USA
Wassilewskija, Russia
Tsushima, Japan
Niederzenz, Germany
Markt, Germany
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Table 3: Mutants screened in this study
Locus
Identifier
n/a
n/a
At5g52310
At5g57110
At4g29900
At4g29900
At3g63380
At3g63380
At4g23700
At4g23700
At4g23700
At1g08140
At1g08140
At4g44900
At3g44900
At2g01980
At1g14660
At1g14660
At1g14660
At3g56930
At3g56930
At4g38350
At3g53480
At3g54140
At1g58340
At3g05280
At1g17200
At5g35410
At2g27370
At3g27020
At1g06470
At2g25680
At5g15410
At4g33700
At5g14880
At1g12110
At5g57090
At2g39350

Genetic
Bkgd
Col-0
Col-0
Col-0
Ws-0
Ws-0
Ws-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Accession
Fast neutron
Fast neutron
SALK_080395
WiscDsLox500
WiscDsLox29730
WiscDsLox485
Syn 175_D01
SALK_098383
SALK_002039
SALK_139377
SALK_033417
Ecker*
Syn 344_D09
Ecker*
Syn 609_H09
SALK_046400
SALK_17284
SALK_70497
SALK_19097
SALK_130642
SALK_024716
SALK_031865
SALK_050885
SALK_131530
SALK_135933
SALK_113487
SALK_014524
SALK_016683
SALK_011092
SALK_093392
SALK_126893
SALK_118311
SALK_019922
SALK_042206
SALK_001070
SALK_097431
SALK_091142
SALK_017391

Locus
Identifier
At1g77210
At1g80830
At4g22030
At4g15620
At2g46430
At1g80830
At1g05640
At5g52420
At1g12950
At4g22790
At4g25640
At1g59870
At3g18260
At3g18260
At1g53390
At3g21550
At5g16250
At1g30890
At5g40780
At1g63010
At5g45480
At2g37860
At1g77990
At1g32050
At3g62700
At3g07510
At5g40780
At5g24270
At2g22730
At2g34020
At2g28070
At2g04850
At3g26570
At1g31120
At4g33530
At5g67330
At5g11230
At1g14660

Genetic
Bkgd
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

*Donated by Joe Ecker lab (Salk Institute, La Jolla, CA, USA)

Accession
SALK_085871
SALK_053236
SALK_052988
SALK_057616
SALK_056832
SALK_079653
SALK_143202
SALK_056788
SALK_103884
SALK_060619
SALK_057798
SALK_142256
SALK_067710
SALK_059042
SALK_034803
SALK_076990
SALK_031814
SALK_002649
SALK_036871
SALK_006647
SALK_019821
SALK_084529
SALK_076328
SALK_057900
SALK_067271
SALK_138548
SALK_036871
SALK_113101
SALK_049628
SALK_107153
SALK_110408
SALK_012348
SALK_094069
SALK_072956
SALK_120707
SALK_015937
SALK_011583
SALK_086331
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Table 3: Mutants screened in this study, continued
Locus
Identifier
At4g36670
at5g20650
at1g30360
at1g19770
at3g04090
at1g06890
At2g13540
At2g13540
At5g17210
At3g51490
At2g27160
At2g01410
At1g66110
At2g26680
At1g74880
At1g78230
At2g30350
At2g02795
At1g67060
At1g71780
At1g67540
At2g27900
At1g72290
At1g77370
At2g02060
At1g75010
At2g18080
At1g64385
At2g05645
At2g22530
At2g17790
At2g20142
At2g01810
At2g31260
At2g29040
At2g24820
At1g77655
At2g20030
At3g09410
At3g53540
At5g13780
At5g56190
At5g64770
At3g56040

Genetic
Bkgd
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Accession
SALK_139758
SALK_093550
SALK_078537
SALK_004230
SALK_074797
SALK_079036
SALK_016753
SALK_024285
SALK_058503
SALK_027520
SALK_006175
SALK_021279
SALK_059773
SALK_071270
SALK_097351
SALK_112683
SALK_140844
SALK_038837
SALK_145517
SALK_114289
SALK_142156
SALK_113195
SALK_009681
SALK_062448
SALK_099488
SALK_062123
SALK_020628
SALK_018619
SALK_125421
SALK_063949
SALK_039689
SALK_009983
SALK_124249
SALK_145980
SALK_108349
SALK_137948
SALK_034531
SALK_066923
SALK_009993
SALK_013820
SALK_017947
SALK_019889
SALK_020595
SALK_020654

Locus
Identifier
At1g67020
At2g01430
At1g73480
At1g78915
At2g30700
At2g20360
At2g31090
At1g74250
At1g67560
At1g70020
At1g18190
At1g10990
At1g02670
At1g10830
At1g26090
At1g52615
At1g49350
At1g18260
At1g28320
At1g31810
At1g25290
At1g08640
At1g27430
At1g14410
At1g49750
At1g07680
At1g05350
At1g35530
At1g02750
At1g05210
At1g05960
At5g56980
At3g56260
At5g13090
At1g02960
At1g02820
At5g63130
At5g54970
At1g27300
At5g49480
At5g52660
At4g30993
At1g04260
At1g56230

Genetic
Bkgd
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Accession
SALK_099701
SALK_095524
SALK_025681
SALK_022668
SALK_024519
SALK_019040
SALK_016616
SALK_013739
SALK_047440
SALK_010623
SALK_069616
SALK_073189
SALK_075484
SALK_076063
SALK_076216
SALK_082276
SALK_006361
SALK_006503
SALK_007184
SALK_021011
SALK_020267
SALK_032130
SALK_035304
SALK_039000
SALK_047896
SALK_051058
SALK_054430
SALK_054889
SALK_019554
SALK_094838
SALK_133976
SALK_002838
SALK_003421
SALK_004688
SALK_005032
SALK_005087
SALK_009291
SALK_009521
SALK_065891
SALK_067075
SALK_069978
SALK_070296
SALK_071119
SALK_071937
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Table 3: Mutants screened in this study, continued
Locus
Identifier
At3g04860
At4g28100
At2g19930
At2g30350
At1g16730
At3g04140
At4g02550
At5g27030
At5g63790
At1g02710
At3g59450
At4g17060
At1g01240
At5g66650
At3g03620
At3g62650
At4g17060
At2g21490
At5g27830
At5g54370
At4g14990
At2g32880
At3g49260
At4g18510
At4g14100
At1g35612
At5g38200
At5g62400
At5g52180
At3g59770
At4g19860
At1g05575

Genetic
Bkgd
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Accession
SALK_021943
SALK_022056
SALK_023522
SALK_024520
SALK_026894
SALK_028120
SALK_028806
SALK_029936
SALK_030702
SALK_033192
SALK_034860
SALK_035213
SALK_035378
SALK_037347
SALK_037973
SALK_038240
SALK_041756
SALK_042570
SALK_043755
SALK_044642
SALK_046202
SALK_047015
SALK_047040
SALK_050915
SALK_051956
SALK_052438
SALK_053014
SALK_053196
SALK_057866
SALK_058870
SALK_061713
SALK_062834

Locus
Identifier
At1g04770
At3g62080
At1g04300
At1g04770
At3g62080
At4g11300
At3g06510
At4g08340
At3g62370
At3g13480
At5g15410
At5g66820
At1g35340
At1g35340
At3g22590

Genetic
Bkgd
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0
Col-0

Accession
SALK_091618
SALK_094259
SALK_096470
SALK_110128
SALK_129924
SALK_076935
SALK_106253
SALK_061331
SALK_046903
SALK_081995
SALK_018387
SALK_016436
SALK_016590
SALK_120979
SALK_150644
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Abstract
Plants and seeds are the main dietary sources of zinc, iron, manganese and copper but
also the main entry point for toxic elements such as cadmium and arsenic into the food
chain. We report here that an Arabidopsis oligopeptide transporter mutant, opt3-2, overaccumulates cadmium in seeds and roots but, unexpectedly, under-accumulates
cadmium in leaves. The shoot-to-root distribution of cadmium in opt3-2 differs from
essential metals and suggests a cadmium-specific redistribution via the phloem. Ectopic
expression of OPT3 rescues the cadmium hypersensitivity of opt3-2 and reduces the
cadmium content in seeds to wild-type levels. The opt3-2 mutant constitutively upregulates the Fe/Zn/Cd transporter IRT1 in roots. Interestingly, shoot-specific
expression of OPT3 rescues the cadmium sensitivity and restores regulation of IRT1 in
roots. Shoot-specific complementation suggests that OPT3 functions in the shoot-toroot signaling of metal nutrient status by presently unknown molecules. opt3-2 plants
shows an altered distribution of glutathione with elevated glutathione in leaves and
reduced glutathione in roots. Plasma membrane thiol peptide transporters remain
unknown in plants. OPT3 expression was found in the vasculature with preferential
expression in the phloem at the plasma membrane, implicating a role for OPT3 in the
long-distance transport of thiol peptides and the metal deficiency response.
Introduction
Heavy metals such as iron (Fe), zinc (Zn), copper (Cu) and manganese (Mn) are
essential micronutrients for all organisms, acting as co-factors in a variety of biological
processes. These heavy metals are extremely reactive and may become cytotoxic at high
concentrations; therefore, the intracellular concentration of these essential metals must
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2010). Other heavy metals such as cadmium (Cd), lead, mercury and the metalloid
arsenic (As) do not have biological functions in plants and are toxic even in trace
amounts, disrupting several biochemical activities by displacing essential metals from
their respective binding sites (Hinkle et al., 1992; Clemens et al., 1998; Rogers et al.,
2000; Catarecha et al., 2007). In humans, Cd is a carcinogen linked to cancer in organs
including the kidneys, lungs and prostate, and severe Cd poisonings can result in
neurological disorders and pulmonary and renal failure leading to death (Buchet et al.,
1990; Hendrick, 1996; Waalkes, 2003; Zeng et al., 2004; Il'yasova and Schwartz, 2005;
Nawrot et al., 2006; Ogunseitan et al., 2009). While occupational exposure and tobacco
products are associated with a high risk of Cd poisoning, consumption of contaminated
plant-based foods represents the major source of Cd exposure in the general public
(Franz et al., 2008; Satarug et al., 2010). Many cases of widespread cadmium
poisonings have been attributed to consumption of contaminated seeds in Thailand,
China, Japan and Australia (McLaughlin et al., 1997; Verbruggen et al., 2009; Honda et
al., 2010). However, to date, the molecular mechanisms and genes mediating loading of
heavy metal into seeds remain largely unknown.
Metal accumulation and distribution in plants consists of several mechanisms,
including: 1) metal uptake into roots, 2) xylem-loading and transport to the shoot and 3)
phloem-mediated redistribution of metals from mature leaves to sink tissues, including
younger leaves, roots and seeds (reviewed in (Palmer and Guerinot, 2009; Puig and
Penarrubia, 2009; Verbruggen et al., 2009)). Cadmium enters the root through the Fe
transporter IRT1, which shows broad specificity towards divalent metals (Eide et al.,
1996; Korshunova et al., 1999; Rogers et al., 2000). Once inside the cell, Cd
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detoxification is primarily mediated by thiol peptides called phytochelatins (PCs),
which are derived from glutathione. Glutathione (GSH) is synthesized from cysteine,
glutamate and glycine in two reactions catalyzed by γ-glutamylcysteine synthetase
(GSH1) and glutathione synthetase (GSH2) (Mendoza-Cozatl et al., 2005; MendozaCozatl and Moreno-Sanchez, 2006). Upon Cd or As exposure, GSH can be
oligomerized by phytochelatin synthase to produce PCs (Grill et al., 1985; Clemens et
al., 1999; Ha et al., 1999; Vatamaniuk et al., 1999; Mendoza-Cozatl et al., 2005).
Phytochelatins bind cadmium and arsenite in the cytosol to form complexes with PCs
that are sequestered into vacuoles by ABC-type transporters (Mendoza-Cozatl et al.,
2010; Song et al., 2010). Alternatively, Cd may also be transported into vacuoles as a
free ion by HMA3 and CAX-type transporters (Gravot et al., 2004; Ueno et al., 2010;
Ueno et al., 2011). For long-distance transport, Cd is loaded into the xylem by the
heavy metal ATPases HMA2 and HMA4 (Verret et al., 2004; Courbot et al., 2007;
Hanikenne et al., 2008). Cadmium mechanisms mediating Cd unloading out of the
xylem have yet to be described.
Because xylem-mediated transport is inherently limited by the rate of
transpiration, metal transport from leaves to roots and seeds is mediated mainly by the
phloem (Eddings and Brown, 1967; Zhang et al., 1995). Tissue-specific phytochelatin
synthase expression and grafting experiments in Arabidopsis have shown that PCs can
be transported between shoots and roots, a phenomenon characteristic of phloemmediated transport (Gong et al., 2003; Li et al., 2004; Chen et al., 2006). Moreover,
analysis of Brassica napus sap extracts has shown that PCs and glutathione are highly
abundant in the phloem compared to xylem sap (Mendoza-Cozatl et al., 2008).
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Collectively, these results emphasize the importance of glutathione and phytochelatins
for Cd transport through the phloem. The mechanisms by which Cd, GSH and PCs are
loaded into and unloaded from the phloem are largely unknown. OPT6, a member of the
Arabidopsis oligopeptide transporter family, has been recently described as the first
plant GSH transporter and exhibits low affinity GSH transport in Xenopus oocytes(Pike
et al., 2009). However, plasma membrane transporters of GSH and PC and their
functions have yet to be identified and characterized in planta.
Here we report that mutant plants in an Arabidopsis oligopeptide transporter
family homologue, OPT3, over-accumulate significant levels of Cd in seeds and
differentially distribute GSH in roots and leaves. We further show that OPT3 is targeted
to the plasma membrane and is preferentially expressed in the phloem. Preferential
expression of OPT3 in the phloem, together with the enhanced GSH levels in leaves and
reduced GSH in roots suggest a role for OPT3 in the long-distance transport and
redistribution of glutathione between shoots and roots. The iron-starvation induced
metal uptake transporter IRT1 is constitutively up-regulated in opt3-2. The iron nutrient
status in leaves is relayed via unknown mechanisms to roots to induce the Fe/Zn/Mn
uptake transporter IRT1 (Vert et al., 2003). Interestingly, shoot-specific expression of
OPT3 restores metal homeostasis and IRT1 regulation in roots, suggesting that OPT3 is
part of the shoot-to-root signaling pathway that regulates metal homeostasis in
Arabidopsis. Over-accumulation of Cd in opt3-2 seeds is consistent with an enhanced
transport through the phloem, making opt3-2 a suitable background for studying
phloem-mediated transport of heavy metals. Understanding phloem-mediated transport
of thiols and heavy metals and seed loading mechanisms will help to develop strategies
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for excluding toxic metals from seeds and the food chain.

Results
opt3-2 over-accumulates Cd in seeds and shows an altered Cd partitioning within plant
tissues
A mutant of the Arabidopsis OPT3 gene, opt3-2, was previously shown to
under-accumulate Fe in seeds and constitutively up-regulate the root iron uptake
transporter IRT1 (Stacey et al., 2008), whose broad specificity includes many divalent
metals, including Cd (Rogers et al., 2000). To determine whether constitutive IRT1 upregulation has an impact on the Cd content in seeds, wild-type and opt3-2 plants were
grown side by side on heavy metal-laden soil and the content of heavy metals in seeds
was quantified to generate the corresponding ionomic profile (Lahner et al., 2003)
(Figure 5A). As shown in Figure 5A, opt3-2 plants over-accumulated Cd in seeds. To
test whether this Cd over-accumulation has an effect on plants, growth assays were
pursued in the presence and absence of Cd. Figure 5B shows that opt3-2 is
hypersensitive to Cd when grown on medium containing 50 µM CdCl2.
To determine whether the increased Cd content in opt3-2 seeds was due to a
systemic over-accumulation of Cd throughout the plant, opt3-2 seedlings were grown
hydroponically for 6 weeks, exposed to 20 µM CdCl2 for 72 hours and the metal content
of roots and leaves was measured by ICP-OES (Figure 6). opt3-2 roots overaccumulated Cd compared to wild-type, however, Cd concentrations in leaves were
almost 5-fold less than those of WT plants (Figure 6). Conversely, opt3-2 seeds show a
large increase in Cd levels compared to wild-type seeds. Higher accumulation of Cd in
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Figure 5: opt3-2 over-accumulates Cd in seeds and is Cd hypersensitive. (A)
Ionomic profile of opt3-2 seeds grown on soil supplemented with heavy metals.
Metal concentrations were determined by ICP-OES, normalized against Mg, and
plotted as standard deviation from the wild-type mean (Z value) (Lahner et al.,
2003). Each line represents seeds from independent plants grown on heavy
metal-laden soil. Z values are considered significant when |z|>1.96 (p<0.05). (B)
opt3-2 seedlings are hypersensitive to Cd. Wild-type and opt3-2 seeds were grown
on ¼ MS media with or without 50 μM CdCl2 for 2 weeks.
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Figure 6: Cadmium distribution between tissues is altered in opt3-2 plants. Cd
content was measured in roots (n=5) and rosette leaves (n=10) of six-week-old
hydroponically grown plants exposed to 20 μM CdCl2 for 72 hrs and dried seeds
of plants (n=18) grown on soil containing a defined content of heavy metals
(Lahner et al., 2003). Data represent mean ± SE (*, p<0.05).
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opt3-2 roots compared to leaves may be due to a decreased root-to-shoot transport (i.e.
xylem-transport). However, metal loading into seeds occurs mainly through the phloem.
The over-accumulation of Cd in roots and seeds combined with the unexpected underaccumulation of Cd in leaves indicates that phloem-mediated long-distance transport of
Cd may be significantly altered in opt3-2.

Cadmium distribution in opt3-2 shoots is different from essential metals
To determine whether the altered distribution of Cd in opt3-2 correlated with the
distribution of essential metals in plant tissues, the levels of Zn, Fe and Mn in opt3-2
were also measured and compared to wild-type plants (Figure 7). No dramatic
differences in the concentration of Fe, Zn and Mn in seeds were found between wildtype and opt3-2 (Figure 7A). However, in contrast to what we found for Cd, opt3-2
over-accumulated significant levels of zinc and iron in leaves compared to wild-type
(Figure 7B). Manganese content in opt3-2 leaves was similar to wild-type levels (Figure
7B). In roots, the content of all essential heavy metals measured, Fe, Zn and Mn was
increased in opt3-2 compared to wild-type (Figure 7C). The differing distribution of Cd
in aerial parts of the plants (leaves and seeds) (Figure 6) suggests that the mechanisms
mediating accumulation of metals in opt3-2 leaves is different for Cd compared to the
essential metals Fe, Zn and Mn.

Ectopically expressed OPT3 complements opt3-2
To evaluate whether the observed metal accumulation phenotypes were due to
impaired expression of the OPT3 gene, the coding sequence of OPT3 was expressed in
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Figure 7: The distribution of iron, zinc and manganese is different from Cd in
opt3-2. Metal content in roots, leaves and seeds was determined as in Figure 1 and
2. (A) Content of Fe, Zn and Mn in opt3-2 seeds was similar to wild-type (n=18).
(B) In leaves, only Zn and Fe were over-accumulated while Mn content was
unaffected (n=10). (C) In roots, opt3-2 plants exhibited over-accumulation of Zn,
Fe and Mn compared to wild-type plants (n=5). Data represent mean ± SE (*,
p<0.05).
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opt3-2 under the control of the Cauliflower mosaic virus (CaMV) 35S promoter.
Overexpression of OPT3 in four independent lines was confirmed by qPCR (Figure
8A). opt3-2 contains a T-DNA insertion in the 5’ UTR of OPT3 (Stacey et al., 2008);
therefore, the residual OPT3 transcript observed in opt3-2 is expected in this knockdown line. Note that complete disruption of OPT3 causes embryo lethality (Stacey et
al., 2002). OPT3 complementation lines were grown on heavy metal soil, and the metal
content of their seeds was determined by ICP-OES. Cd accumulation in seeds of the
four complemented lines was reduced to WT levels (Figure 8B). Overexpression also
rescued the seedling sensitivity of opt3-2 to Cd (Figure 8C), indicating that ectopic
expression of OPT3 is sufficient to complement the sensitivity and metal accumulation
phenotypes of opt3-2.

OPT3 is a plasma membrane transporter preferentially expressed in the phloem
Cell type-specific microarrays show the highest intensity values of OPT3 in
companion cells (Figure 9) (Mustroph et al., 2009), comparable to the phloem sucrose
transporter SUC2 (Imlau et al., 1999). Previous GUS staining experiments have shown
that OPT3 is expressed throughout the vasculature; however, localization at a higher
resolution has not been performed (Stacey et al., 2002; Stacey et al., 2006). To identify
where in the vasculature OPT3 is preferentially expressed, β-glucuronidase (GUS) was
expressed under the control of the native OPT3 promoter. Under standard growth
conditions, staining was observed in the stem endodermis and pith (Figure 11).
However, under Fe-limiting conditions (under which OPT3 expression is induced),
staining was clearly observed in the phloem, but not in the pith or endodermis (Figure
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Figure 8: Ectopic over-expression of OPT3 in opt3-2 reduces cadmium content in
seeds and rescues the seedling hypersensitivity to Cd. (A) Relative OPT3 expression
levels of four representative 35Sprom:OPT3 overexpression lines. Wild-type, opt3-2 and
four OPT3 overexpression lines were grown on ¼ MS for two weeks, and OPT3
expression was determined by qPCR and normalized against wild-type OPT3 expression levels. Data represent mean ± SE (n=3). (B) OPT3 overexpression reduces the
over-accumulation of Cd in seeds and (C) the Cd hypersensitivity of opt3-2 seedlings.
Wildtype, opt3-2 and four complemented lines were grown on ¼ MS with or without
50 μM CdCl2 for 2 weeks. Data represent mean ± SE (n=6; *, p<0.05).
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Figure 9: Cell type-specific transcriptomic analysis predicts OPT3 expression in the
phloem (companion cells). Signal intensities of OPT3 of microarrays on fluorescence
activated cell sorted lines (Mustroph et al., 2009) align with those of the phloem
sucrose transporter SUC2 and are highest in phloem-marked lines (SSUCC and
RSUCC; SUC2) versus whole stele-marked lines (RSHRC; SHORTROOT) and constitutive expression lines (R35SC and S35SR; CaMV 35Spro).
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Figure 10: OPT3 is a plasma membrane transporter expressed in the phloem. (A)
OPT3 is expressed in phloem cells in stems. GUS staining was performed in fixed and
sectioned stems of OPT3pro:GUS plants under iron-deficient conditions. ep-epidermis;
co- cortex; ph- phloem; xy-xylem; pi-pith. (B) YFP signal in the vasculature localizes
to the phloem in roots of plants expressing OPT3pro:YFP under iron-deficient conditions. Wild-type plants expressing OPT3pro:YFP were grown for 2 weeks on ¼ MS
plates, and YFP signals were imaged using confocal microscopy. (C) OPT3 localizes
to the plasma membrane. N. benthamiana epidermal cells were infiltrated with Agrobacterium carrying 35Spro:YFP-OPT3 and imaged using confocal microscopy three
days later. Fluorescence in the cell perimeter is indicative of plasma membrane localization. ER fluorescence is also present (arrows) surrounding the nucleus and as
strands traversing the cytoplasm. (D) Leaves of N. benthamiana epidermal cells
transiently expressing YFP-OPT3 as in panel (C) were plasmolyzed with 4% NaCl.
Note the Hechtian strands (arrows) connecting the cell wall to the plasmolyzed protoplast (double arrowheads), supporting a plasma membrane localization.
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Figure 11: OPT3 is expressed in the pith and cortex under-iron
sufficient conditions. Stems of OPT3pro:GUS-expressing plants grown
on Fe-sufficient media were fixed, sectioned and stained for GUS
activity. Ep-epidermis; co- cortex; ph- phloem; xy-xylem; pi-pith.
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10A). Phloem-localization under iron-limiting conditions was confirmed by
fluorescence microscopy in the roots of plants expressing yellow fluorescent protein
under the control of the OPT3 promoter (OPT3pro:YFP) (Figure 10B). To gain insight
into the subcellular localization of OPT3, an N-terminal YFP-OPT3 translational fusion
was infiltrated into Nicotiana benthamiana leaves. Fluorescence was detected along the
cell periphery, indicative of plasma membrane localization (Figure 10C). A weaker yet
consistent perinuclear fluorescence and transvacuolar strands were also observed in
some cells (see arrows in Figure 10C), indicating that a fraction of the YFP-OPT3
localizes to the endoplasmic reticulum (ER). The ER fluorescence pattern, however,
was not present in all cells. Furthermore, Hechtian strands were clearly present
connecting the cell wall to the plasma membrane of plasmolyzed protoplasts (Figure
10D). These results suggest that OPT3 is a plasma membrane transporter preferentially
expressed in the phloem.

Shoot-specific expression of OPT3 is sufficient to restore metal homeostasis
Although opt3-2 roots show a constitutive iron-deficiency response, including
increased expression of the Fe/Mn/Cd uptake transporter IRT1, Fe sensing in the shoots
remains intact (Stacey et al., 2008). This partitioning in iron sensing in conjunction with
phloem localization suggests a possible role of OPT3 in shoot-to-root transport of a
signal reporting metal status. To test this hypothesis, the OPT3 coding sequence was
expressed in opt3-2 under the control of the shoot specific chlorophyll a/b binding
protein promoter (CAB2pro:OPT3) (Millar and Kay, 1991). Shoot-specificity of the
CAB2 promoter was determined by GUS staining (Figure 12). RT-PCR analysis
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Figure 12: CAB2pro is preferentially active in shoots and is not active in roots. (A)
GUS staining of a whole seedling expressing CAB2pro:GUS is present only in shoots.
CAB2pro:GUS expressing plants were grown on ¼ MS for two three weeks, fixed and
stained for GUS activity. (B) CAB2pro is active in all cell types of true leaves and
cotyledons. CAB2pro:GUS-expressing plants were stained for GUS activity as in panel
(A). (C) CAB2pro is not active in roots. CAB2pro:GUS-expressing plants stained for
GUS activity as in panel (A).
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confirmed that OPT3 is preferentially expressed in the shoots of three independent
transgenic lines (Figure 13A). The residual OPT3 transcript in opt3-2 roots expressing
CAB2pro:OPT3 plants is consistent with the knock-down nature of the opt3-2 allele.
Thus, the low level of OPT3 transcript in roots is not sufficient to properly regulate
metal homeostasis in roots (Stacey et al., 2008).
The two major phenotypes described in opt3-2 are the constitutive iron
deficiency response in roots, as illustrated by high IRT1 expression (Figure 13B), and
the over-accumulation of Cd in seeds. Thus, we tested whether shoot-specific
expression of OPT3 is able to complement both phenotypes. As shown by RT-PCR,
IRT1 transcript levels were greatly reduced in the roots of CAB2pro:OPT3 expressing
plants compared to the opt3-2 mutant (Figure 13B). These results show that shootspecific expression of OPT3 is sufficient for proper metal signaling to the roots.
Furthermore, Cd accumulation in CAB2pro:OPT3 seeds was reduced to WT levels
(Figure 13C). Seedling hypersensitivity to Cd was also rescued in CAB2pro:OPT3
expressing plants (Figure 13D). Collectively, these results demonstrate that shootspecific OPT3 expression is sufficient to complement opt3-2 root phenotypes,
suggesting that OPT3 may mediate the long-distance transport of a signaling molecule
from leaves to other organs in plants, relaying information about metal status and
contributing to whole-plant metal homeostasis.

opt3-2 shows an impaired shoot-to-root distribution of GSH
GSH and phytochelatins are small thiol peptides essential for Cd tolerance and
accumulation, although in planta plasma membrane transporters for either of these
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Figure 13: Shoot-specific expression of OPT3 in opt3-2 complements the root phenotypes. (A) RT-PCR confirmed the shoot specificity of CAB2pro:OPT3. Wild-type,
opt3-2 and three independent CAB2pro:OPT3 lines were grown vertically on ¼ MS
plates for 2 weeks, and cDNA was prepared separately from root and leaf RNA. OPT3
expression was determined in roots and shoots of wild-type, opt3-2 and three independent CAB2pro:OPT3 lines. Actin was used a loading control, and the number of PCR
cycles is shown to the right of each gel image. Note that complete knock-out of OPT3
causes embryo lethality (Stacey et al., 2002), and opt3-2 shows reduced expression of
OPT3 transcript. (B) CAB2pro:OPT3 successfully restores regulation of IRT1 in opt3-2.
IRT1 expression in roots of wild-type, opt3-2 and CAB2pro:OPT3 was determined by
RT-PCR as in panel (A). RT-PCR was performed for 22 cycles, and Actin was used as
a loading control. (C) opt3-2 plants expressing CAB2pro:OPT3 accumulate wild-type
levels of Cd in seeds. Wild-type, opt3-2 and three CAB2pro:OPT3 lines were grown on
heavy metal-laden soil, and their seed metal content was determined by ICP-OES as in
Figures 1-3. Data represent mean ± SE (n=6; *, p<0.05). (D) CAB2pro:OPT3 complements seedling sensitivity to Cd in opt3-2. Wild-type, opt3-2 and three CAB2pro:OPT3
lines were grown on ¼ MS with or without 50 μM CdCl2 for two weeks.
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thiols or their precursors remain unknown. Thus, we used fluorescence HPLC-mass
spectrometry to quantify GSH and PC levels in roots and leaves of Cd-exposed wildtype and opt3-2 plants. A representative chromatogram is shown in Figure 14A. Levels
of GSH were elevated in rosettes of opt3-2 compared to wild-type (Figure 14B).
However, GSH levels were markedly lower in opt3-2 roots compared to WT roots
(Figure 14B), which was unexpected considering the high levels of metals, including
Cd, in opt3-2 roots. No significant differences in PC levels were found in roots between
opt3-2 and wild-type, while there was a slight PC over-accumulation in leaves (Figure
15). The different distribution of glutathione between leaves and roots, and the fact that
the GSH precursor γ-glutamylcysteine is synthesized in green tissues in plants
(Mendoza-Cozatl et al., 2005), suggests that OPT3 may function in the long-distance
transport of GSH or a GSH precursor.
Discussion
opt3-2 shows an altered phloem-mediated Cd distribution
We have identified an Arabidopsis mutant, opt3-2, that over-accumulates Cd in
seeds (Figure 5). opt3-2 also over-accumulates Cd in roots but, unexpectedly, Cd
accumulation in leaves is significantly lower in opt3-2 compared to wild-type plants
(Figure 6). Cadmium distribution throughout the plant is an orchestrated process
dictated by root uptake, root-to-shoot translocation through the xylem and redistribution of Cd from leaves to sink tissues (i.e. seeds, younger leaves and roots) via
the phloem. opt3-2 displays constitutive up-regulation of IRT1, a plasma membrane
transporter with broad specificity for heavy metals including Cd (Eide et al., 1996;
Rogers et al., 2000). Over-accumulation of Cd, Zn, Fe and Mn in roots may be
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Figure 14: Glutathione accumulation among tissues is disrupted in opt3-2. Wild-type
and opt3-2 plants were grown hydroponically for six weeks and exposed to 20 μM
CdCl2 for 72 hrs. Roots and rosette leaves were then separated, and thiol peptides were
labeled with monobromobimane for detection by HPLC-mass spectrometry. (A)
Representative HPLC-mass spectrometry chromatogram for the detection and quantification of thiol peptides. Thiol peptides were labeled with monobromobimane, separated by reverse HPLC and detected by fluorescence as described in (Mendoza-Cozatl
et al., 2008). Thiols were identified by mass spectrometry. The insets show the mass
spectra for monobromobimane-labeled GSH (498 m/z, +1 ion) and PC2 (920 m/z, +1
ion). Bimane labeling accounts for 190 Da per labeled thiol. (B) GSH overaccumulated in opt3-2, but GSH content was significantly lower in opt3-2 roots. Data
represent mean ± SE. (n=5; *, p<0.05).
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Figure 15: PC content is not dramatically affected in opt3-2. PCs were quantified
from leaves and roots of 6-week-old hydroponically-grown WT and opt3-2 plants
exposed to 20 μM CdCl2 for 72 hrs. PCs over-accumulated in opt3-2 leaves, but root
PC levels were not significantly different between wild-type and opt3-2. Data represent mean ± SE (n=4; *, p<0.05).
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attributed to the constitutive expression of IRT1. In addition, the combined overaccumulation of Cd in roots and under-accumulation of Cd in leaves (Figure 6) may
suggest an impaired xylem-mediated root-to-shoot translocation of Cd. However, a
reduced root-to-shoot translocation of Cd is inconsistent with the enhanced
accumulation of Cd found in opt3-2 seeds (Figure 6).
Over-accumulation of Cd in seeds may be attributed to increased xylemmediated transport of Cd from the roots to the aerial tissues. However, overexpression
of HMA4, the primary transporter responsible for loading Cd into the xylem, enhances
root-to-shoot Cd translocation, resulting in over-accumulation of Cd in leaves and
increased root tolerance to Cd in A. thaliana (Verret et al., 2004). However, neither of
these Cd responses occurs in opt3-2 (Figure 5 and 5), precluding a primary role of the
xylem and favoring a phloem-based role in Cd partitioning in opt3-2. Furthermore, due
to the reduced transpiration rate through reproductive tissues, the xylem cannot
transport nutrients and ions into the seeds (Eddings and Brown, 1967; Pate et al., 1977;
Pate et al., 1985; Thorne, 1985; Offler et al., 1989; Zhang et al., 1995). Instead,
nutrients, water and heavy metals are mobilized from leaves into seeds through the
phloem (Eddings and Brown, 1967; Pate et al., 1985; Thorne, 1985; Offler et al., 1989;
Zhang et al., 1995). The partitioning of Cd in the rosettes relative to the seeds in opt3-2
is best described as an increased re-distribution process, likely through the phloem.
Notably, only Cd under-accumulates in leaves and over-accumulates in seeds of opt3-2
(Figures 5-7). In contrast, Zn and Fe are over-accumulated in leaves, and their
concentrations in seeds are similar to wild-type (Figure 7). These results suggest that, in
contrast to the broad specificity of heavy metal uptake at the root level, metal-specific
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mechanisms mediate the re-mobilization of heavy metals from leaves to sink tissues.

OPT3 mediates shoot-to-root signaling of metal status
In addition to the altered distribution of heavy metals within the plant leading to
over-accumulation of Cd in seeds, opt3-2 also shows hypersensitivity to Cd at the
seedling stage (Figures 5-7). Both the increased accumulation of Cd in seeds and the Cd
hypersensitivity of seedling growth are restored to wild-type levels by ectopically
expressing OPT3, demonstrating that the altered re-distribution of Cd through the plant
is the result of the reduced expression of OPT3 in opt3-2 (Figure 8). The opt3-2 mutant
displays a constitutive iron-deficiency response in roots, while the leaves properly
respond to iron levels as indicated by wild-type levels of ferritin expression (Stacey et
al., 2008), suggesting that iron homeostasis is only disrupted in roots. In plants, the root
iron deficiency response is regulated by local signals within the root and also by
unknown systemic signals originating from aerial tissues (Vert et al., 2003). OPT3 is a
plasma membrane transporter preferentially expressed in phloem cells during iron
starvation (Figure 10). Cell-specific microarrays (Mustroph et al., 2009) (Figure 9) and
OPT3pro:GUS analysis under Fe-limiting conditions (Figure 10A) show preferential
expression of OPT3 in phloem cells, suggesting a role of OPT3 in long-distance
transport processes. Notably, shoot-specific expression of OPT3 (CAB2pro:OPT3) in the
opt3-2 background rescued the seed Cd over-accumulation phenotype, the seedling
sensitivity to Cd and the constitutively high expression of IRT1 in roots (Figure 13).
These results suggest that the impaired metal homeostasis in opt3-2 roots is caused by
disrupted signaling of metal status from leaves to roots.
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An important, yet unanswered question is the identity of the OPT3 substrate.
The lack of a systemic Cd accumulation phenotype in plants overexpressing OPT3
(35Spro:OPT3), as well as the different distribution of Cd, Zn, Mn and Fe in leaves
(Figures 6 and 7), suggests that OPT3, a peptide transporter homologue, may not
directly mediate distribution of metals between tissues. Interestingly, opt3-2 also shows
an impaired distribution of glutathione between roots and shoots (Figure 14B), and it is
well-established that GSH is transported from leaves to roots through the phloem
(Bonas et al., 1982; Lappartient and Touraine, 1996; Li et al., 2006). To date, plasma
membrane GSH transporter-encoding genes remain unknown in plants. Whether this
altered GSH distribution is mediated directly by OPT3 is not presently known.
However, GSH has gained recent attention as a mediator of metal-status
signaling via GSH-coordinated intermediaries of the iron-sulfur cluster assembly
machinery (Rouhier et al., 2007; Bandyopadhyay et al., 2008). Regulation of GSH
levels is also essential for regulating the iron deficiency response in fungi (Kumar et al.,
2011). Furthermore, Sc OPT1, a yeast orthologue of OPT3, is the high-affinity
glutathione transporter in the plasma membrane in Saccharomyces cerevisiae
(Bourbouloux et al., 2000). Considering that OPT3 is expressed in the phloem, one
possible hypothesis is that OPT3 mediates the shoot-to-root transport of a molecule that
contributes to the signaling of the whole-plant metal status. Possible substrates of OPT3
include GSH, a GSH-conjugate or the GSH-precursor γ-EC; however, heterologous
expression of OPT3 in S. cerevisiae and Xenopus laevis oocytes have failed to show any
transport activity (Koh et al., 2002; Stacey et al., 2006). However, our localization
experiments in yeast show that both N- and C-terminal YFP-OPT3 fusions are unable to
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transit out of the ER (Figure 16). The difficulty in establishing a functional heterologous
assay is currently the major hindrance towards identification of the OPT3 substrate.

opt3-2 as a model for long-distance Cd and GSH transport
Phloem transport plays a key role in delivering nutrients, including metals, to
developing seeds. However, the mechanisms of heavy metal loading into seeds are
largely unknown, likely due to the technical challenges associated with phloem
sampling (Turgeon and Wolf, 2009). Nicotianamine, GSH and PCs are the main metalchelating molecules found in phloem sap (Haydon and Cobbett, 2007; Mendoza-Cozatl
et al., 2008; Curie et al., 2009; Trampczynska et al., 2010). Nicotianamine has been
shown to form complexes with Fe, Cu, Zn and Mn, while GSH and PCs preferentially
bind to Cd (Dorčák and Krężel, 2003). It has been recently determined that 60% of Cd
in Thlaspi praecox seeds is coordinated with thiol-containing ligands (Vogel-Mikuš et
al., 2010). The differential partitioning of Cd among roots, leaves and seeds in opt3-2
relative to the essential metals Fe, Zn and Mn suggests that OPT3 does not directly
mediate metal redistribution, but rather that OPT3 is involved in the regulation of
independent mechanisms responsible for long-distance transport of each metal, likely as
unique metal-chelate complexes. Understanding phloem-mediated transport and seedloading mechanisms of individual metals and metal-ligand complexes is important to
restrict accumulation of toxic metals in seeds while ensuring the accumulation of
essential metals.
In summary, OPT3 is induced by iron deficiency in the phloem and controls
shoot to root distribution of cadmium and glutathione, and OPT3 functions in the long-
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A

B

Figure 16: OPT3 fails to transit out of the endoplasmic reticulum in S. cerevisiae.
Brightfield and confocal microscopy of yeast expressing either (A) an N-terminal
YFP-OPT3 fusion or (B) a C-terminal OPT3-YFP fusion. Note the punctuate fluorescence throughout the cell. Notably, fluorescence is absent at the cell perimeter but
present surrounding the nucleus, a typical hallmark of ER fluorescence in yeast.
Bright-field images are shown below their respective fluorescence images.
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distance shoot to root signaling of Fe/Zn/Mn status. Furthermore, mutation in OPT3
causes over-accumulation of cadmium in seeds, but under-accumulation of cadmium in
leaves. The distinct accumulation pattern of cadmium, iron, manganese and zinc in
opt3-2 seeds, leaves and roots provides a suitable background to dissect the independent
molecular mechanisms driving phloem-loading, long-distance transport and redistribution of toxic and essential metals in plants.

Methods
Plant materials and growth conditions
Wild-type (Col-0) and opt3-2 seeds were surface sterilized with 70% ethanol
and 0.004% SDS, washed twice with 70% ethanol and sown on ¼ MS plates (0.25x
Murashige and Skoog salts, 1 mM MES pH 5.6, and 1% phytoagar). Seeds were
stratified at 4 °C for 48 hrs in the dark and germinated under a 16 hr light/ 8 hr dark
photoperiod. For Cd sensitivity experiments, MS plates were supplemented with 50 µM
CdCl2 and allowed to grow vertically for 14 days. To induce iron-deficiency, ¼ MS
media was supplemented with 300 µM ferrozine (Hach, Loveland, CO, USA).
For metal determination in seeds, two-week-old seedlings were transferred to
Sunshine Basic Mix 2 soil supplemented with heavy metals as described (Lahner et al.,
2003). Trays were sub irrigated twice weekly with 0.25x Hoagland’s Basal Salts #2
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 12.5 µg/ml Sprint 330 iron
chelate (Becker Underwood, Ames, IA, USA). For metal and thiol determination in
roots and leaves, plants were grown hydroponically as described previously (Chen et
al., 2006) with three plants in each vessel. After bolting, the hydroponics media was

74
exchanged for fresh media or fresh media supplemented with 20 µM CdCl2, and the
plants were allowed to grow for an additional 72 hrs before harvesting.

Plasmid Construction
All primers used for PCR amplification for cloning are listed in Table 4. For
OPT3 expression driven by the CaMV 35S promoter (35Spro:OPT3), the OPT3 genomic
DNA fragment was amplified using the primers OPT3-A and OPT3-B. The amplified
OPT3 DNA was cloned as an AvrII/BstEII fragment into a modified pCambia 1391Z
binary vector encoding the CaMV 35S promoter derived from pRT101 (Topfer et al.,
1987). For confocal localization studies, the OPT3 coding sequence was amplified from
Col-0 cDNA to create pENTR-OPT3 using OPT3-C and OPT3-D and cloned into
pENTR/D-TOPO® (Invitrogen, Carlsbad, CA, USA) following the manufacturers
instructions. The YFP-OPT3 fusion was obtained by recombining the OPT3 coding
sequence into pH35YG (Nishimura et al., 2010) using LR Clonase II® (Invitrogen,
Carlsbad, CA, USA).
For shoot-specific expression, the OPT3 coding sequence was recombined into a
Gateway® compatible pGreenII plasmid (Hellens et al., 2000) containing the CAB2pro
and the NOS terminator (CAB2pro:GW-NOSter). The CAB2 promoter was amplified from
Col-0 genomic DNA using the primers CABP-A and CABP-C and cloned into the
KpnI/HindIII sites of pGreenII upstream of the Gateway® cassette. For CAB2pro GUS
staining, the 2 kb promoter fragment was amplified from genomic DNA using CABP-B
and CABP-C, inserted into pENTR/D-TOPO® and recombined into pBGGUS (Kubo et
al., 2005). For OPT3pro:YFP expression studies, a 2 kb fragment upstream of the start
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codon of OPT3 was amplified from Col-0 genomic DNA using the primers OPT3P-A
and OPT3P-B and introduced into pDONRZeo® using BP Clonase II® (Invitrogen,
Carlsbad, CA, USA). OPT3pro was then recombined into a Gateway®-compatible
pGreen II plasmid containing the coding sequence of YFP and the NOS terminator. For
localization of OPT3 in S. cerevisiae, the N-terminal YFP fusion YFP-OPT3 was
amplified from pH35YG-OPT3 with YFP-A and OPT3-D, cloned into pENTR/DTOPO® and inserted into pYES-DEST52 via recombination. The C-terminal YFP
fusion OPT3-YFP was created by amplifying OPT3 with OPT3-E and OPT3-F and
amplifying YFP with YFP-B and YFP-C. The two PCR fragments were combined with
the USER® system (New England Biolabs, Ipswich, MA, USA), inserted into
pDONRZeo® using BP Clonase II® and then recombined into pYES-DEST52.

Plant Transformation
A. thaliana was transformed using the floral dip method (Clough and Bent,
1998), and N. benthamiana was Agro-infilitrated as previously described (Wydro et al.,
2006). Agrobacterium tumefacians strain GV3101 was used for all transformations, and
pSoup was used as the helper plasmid for pGreenII-carrying strains (Hellens et al.,
2000). OPT3pro:YFP was transformed into Col-0 plants, and CAB2pro:OPT3 and
35Spro:OPT3 were transformed into the opt3-2 background.

Elemental Analysis
Dried seeds were digested overnight in trace-metal grade 70% HNO3, boiled and
diluted 20-fold in water. For metal determination in leaves and roots, the roots of
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hydroponically grown plants were washed for 5 minutes in distilled water, 5 minutes in
ice-cold 100 mM CaCl2 and washed again for 5 minutes in distilled water. The rosettes
and roots were then separated, dried overnight in an oven, weighed and then digested
and diluted as described above. Element concentrations were determined by inductively
coupled plasma-optical emission spectroscopy (ICP-OES) at the UCSD/ Scripps
Institution of Oceanography analytical facility (Mäser et al., 2002b). Independent
confirmation was done at the ICP facility at the University of Nevada, Reno (Jeffrey
Harper lab).

Thiol determination
Roots and leaves from hydroponically-grown plants were ground in ceramic
mortars under liquid nitrogen. Peptides were then extracted, and reduced thiols were
derivatized and quantified by fluorescence HPLC-MS as previously described
(Mendoza-Cozatl et al., 2008).

Reverse Transcription PCR and Quantitative PCR
For RT-PCR of CAB2pro:OPT3 transgenic lines, plants were grown vertically on
¼ MS media for 14 days. Leaves and roots were then separated, and RNA was prepared
using the RNEasy Plant Mini Kit® (Qiagen, Hilden, Germany). The RNA was DNAse
treated and reverse-transcribed with SuperscriptIII® (Invitrogen, Carlsbad, CA, USA).
RT-PCR was performed for the indicated number of cycles and normalized against
ACT2 using the primers listed in Table 5. RT-PCR was performed for additional cycles
to confirm that amplification at the indicated cycles were in the logarithmic phase.
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For qPCR analysis of 35Spro:OPT3 lines, plants were grown on ¼ MS media for
14 days. cDNA was then prepared from RNA of whole seedlings as for RT-PCRs.
Transcript abundance was then determined with SYBR® Green (Sigma-Aldrich, St.
Louis, MO, USA) using a LightCycler® 1.5 Real-Time PCR System (Roche
Diagnostics, Indianapolis, IN, USA). OPT3 transcript levels were normalized to ACT2
transcript levels and relative OPT3 expression levels were determined using the
comparative Ct method(Schmittgen and Livak, 2008). Primers used for qPCR are listed
in Table 6.

Yeast Transformation and Growth
S. cerevisiae BY4741 was transformed with pYES-DEST52 plasmids harboring
YFP-OPT3 or OPT3-YFP via the lithium acetate method (Schiestl and Gietz, 1989), and
transformants were selected on glucose-containing YNB-Ura media (Mäser et al.,
2002a). Expression of YFP-OPT3 and OPT3-YFP was induced by culturing yeast
overnight in YNB-Ura with 2% galactose and 1% raffinose.

GUS Staining and Fluorescence Microscopy
For GUS staining, transgenic plants carrying the OPT3pro:GUS fusion were
grown on ½ MS medium for 20 days before being transferred to Fe-sufficient or Fedeficient medium (Yi and Guerinot, 1996) and grown for an additional 10 days.
Inflorescence stems were isolated, hand-sectioned and stained for GUS using 5-bromo4-chloro-3-indolyl-β-D-glucuronide (X-Gluc) as a substrate (Jefferson et al., 1987).
Stained tissues were fixed and destained as previously described (Stacey et al., 2002).
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CAB2pro:GUS staining was performed on three-week-old seedlings grown on ¼ MS
medium. Staining patterns were observed and documented using a Nikon SMZ1500
stereomicroscope. Fluorescence microscopy was performed on a Nikon TE-200U
microscope equipped with a Yokogawa Nipkow spinning disc confocal head and a
Roper Cascadell 512b EM CCD camera. YFP was excited with a Chroma HQ480/40
band-pass emission filter. Fluorescence images were captured using Metamorph v.5.0
(Universal Imaging, Sunnyvale, CA, USA) and edited using NIH ImageJ
(http://imagej.nih.gov/ij/). For plasmolysis experiments, N. bethamiana leaf sections
were incubated in 4% NaCl for 15 minutes prior to imaging.
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Table 4: Primers used for cloning in this study
Primer
Name
OPT3-A
OPT3-B
OPT3-C
OPT3-D
OPT3-E
OPT3-F
CABP-A
CABGP-B
CABP-C
OPT3P-A
OPT3P-B
YFP-A
YFP-B
YFP-C

Primer Sequence (5’à3’)
acacctaggcagcacgacctccgtcagaata
gtggtcacccttagaaaacgggacagccttt
caccatggacgcggagaaggctactgataagact
ttagaaaacgggacagcctttggctttgat
ggggacaagtttgtacaaaaaagcaggcttcaccatggagatcgctggtttgcccatcggc
aggatccaUcccgaaaacgggacagcctttggctttgattcc
ggggtaccgtgttaacagcttttatagttcaaag
caccgtgttaacagcttttatagttcaaag
cccaagcttgaaacttttttgtgttttttttttttttatgactaac
ggggacaagtttgtacaaaaaagcaggcttcttttattcatactccatatatctcttaccc
ggggaccactttgtacaagaaagctgggtctttctttcttcttctgaagtaccagacaaa
caccatggtgagcaagggcgaggagctgttcacc
atggatccUgggatggtgagcaagggcgaggagctgttcacc
ggggaccactttgtacaagaaagctgggtctcacttgtacagctcgtccatgccgagagt

80
Table 5: Primers used for RT-PCR in this study
Gene
ACT2
(At3g18780)
OPT3
(At4G16370)
IRT1
(At4G19690)

Primer ID
Act2RT-F
Act2RT-R
Opt3RT-F
Opt3RT-R
Irt1RT-F
Irt1RT-R

Primer Sequence (5’à3’)
catggttgggatgaaccagaaggat
acggaggatggcatgaggaaga
gctgttttgcccatcggcaagttcatggct
cagatcaaactgcggtgtcaagatcttggt
tcgtaatcctcattgcaagcatgattggtg
caatccagcggagcatgcatttagaagtcc
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Table 6: Primers used for qPCR in this study
Gene
ACT2
(At3g18780)
OPT3
(At4G16370)
	
  

Primer ID
Act2q-F
Act2q-R
Opt3q-F
Opt3q-R

Primer Sequence (5’à3’)
cctcctcactttcatcagccgtttt
ggtaccattgtcacacacgattggt
tgcattggccttcattgtcacactc
ggccaagcttaaggtctgccaaaa
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