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ABSTRACT
Arsenic toxicity is well known in plants; however, little is known about the mechanisms of the
toxicity or the genetic functions that confer that toxicity. In this study, using a combination of
forward and reverse genetics, I isolated three Arabidopsis (Arabidopsis thaliana) mutants that
were hypersensitive to arsenate, arsenate overly-sensitive 1 (aos1), plastid lipoamide
dehydrogenase 2 (ptlpd2) and mitochondrial lipoamide dehydrogenase 2 (mtlpd2). Each mutant
displayed decreased root and shoot growth, as well as enhanced accumulation of anthocyanins
during arsenate exposure, compared with wild-type (WT) plants. The aos1 mutant was found to
arise from a 107 kb DNA rearrangement that disrupted the plastid lipoamide dehydrogenase 1
(ptLPD1) gene, which encodes the E3 subunit of the plastid pyruvate dehydrogenase complex
(ptPDC). The T-DNA insertion in aos1-1 co-segregated with the enhanced arsenate sensitivity
and three independent transgenic lines carrying T-DNA insertions in ptLPD1 were more
sensitive to arsenate than WT plants, establishing that mutation of ptLPD1 is responsible for
arsenate sensitivity in aos1. Also, the function of ptLPD2 in respect to arsenate sensitivity was
demonstrated by the enhanced arsenate sensitivity of two independent ptlpd2 loss-of-function
mutants plants. Similarly, two independent mtlpd2 T-DNA insertional mutants displayed arsenic
hypersensitivity, with the T-DNA insertion in mtlpd2-2 co-segregating with the enhanced
arsenate sensitivity phenotype, indicating that mutation of mtLPD2 was responsible for the
increased arsenate sensitivity. The mtlpd2 mutant also exhibited decreased amounts of mtLPD
and total mtLPD activity. aos1, mtlpd2 and ptlpd2 mutant plants were also found to be more
sensitive to arsenite than WT plants, but were same as wild-type plants in sensitivity to zinc,
copper, nickel and cadmium. The enhanced arsenic sensitivity of aos1 and mtlpd2 mutant
seedlings was not due to enhanced accumulation of arsenic; aos1 mutant seedlings had the same
arsenic content as WT and mtlpd2 mutant seedlings had lower arsenic content than WT. It was
also found that LPD from Arabidopsis mitochondria was sensitive to arsenite, but not arsenate.
The arsenic hypersensitivity of all these mutants, then, could be mediated by the direct
interaction of arsenite with the dithiol group present in all LPDs. Therefore, the elevated
arsenite sensitivity of the lpd mutants was probably a consequence of the mutant seedlings
having less LPD than wild-type seedlings, bringing the mutant tissues closer to the point where
further decreases in the activity of this essential enzyme would compromise growth. The
enhanced arsenate sensitivity could be also mediated by arsenite, as it is well known that plants
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contain an arsenate reductase activity that produces arsenite. Taken together, the results of this
thesis demonstrate that plastid and mitochondrial LPDs are crucial targets for arsenic toxicity,
and suggest that these enzymes determine arsenic sensitivity in Arabidopsis.
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GENERAL INTRODUCTION
Arsenic (As) is a ubiquitous metalloid detected in virtually all environments. Total arsenic
concentrations in uncontaminated soils range between 0.3 and 40 mg kg-1 (Olson et al., 1940).
In soils, As is present in both organic and inorganic forms with the latter being more abundant.
Organic and inorganic forms of As are interchangeable in soils through microbial activities,
including methylation and demethylation (Turpeinen et al., 1999). The predominant inorganic
As species in soils are pentavalent arsenate [As(V)] and trivalent arsenite [As(III)]. As(V) is the
main As species in aerobic soils, while As(III) is the dominant form in anaerobic soils such as
flooded paddy soils (Takahashi et al., 2004). As(V) and As(III) can be inter-converted in soil
through chemically and/or microbiologically mediated oxidation / reduction reactions (Inskeep
et al., 2002).

It is conceivable that plants have evolved in the presence of As; therefore, plants may have
adapted ways to deal with it. In this chapter, I will first discuss As(V) and As(III) uptake by
plants by highlighting the most recent molecular findings. I will then discuss the toxicity
mechanisms for As(V) and As(III), based on studies in bacteria and animals, before
summarising the detoxification mechanisms for As(V) and As(III) that have evolved in plants.
Lastly, I will discuss the beneficial effects of As on plant growth and the potential mechanisms
for these effects.

The aim of this chapter is not to provide a comprehensive overview of the current knowledge
from research on the effects of As in plants. Instead, it discusses and stresses the specific body
of knowledge that forms the background of this thesis and that this thesis contributes to.
Reviews giving a more detailed coverage of studies on the effects of As in plants, including As
speciation and availability, as well as the mechanisms of As transport, toxicity, resistance and
hyperaccumulation, are found in Meharg and Hartley-Whitaker (2002), Ali et al. (2009), Smith
et al. (2009) and Zhao et al. (2009).

Following this chapter are two experimental chapters that contribute original knowledge
regarding the As toxicity mechanisms in plants by describing two As-susceptible targets in
Arabidopsis thaliana. Throughout the thesis, A. thaliana will be referred to as Arabidopsis.
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Chapter 2 describes the isolation and characterisation of the arsenate overly-sensitive 1 (aos1)
mutant in Arabidopsis. Disruption of the plastid lipoamide dehydrogenase 1 (ptLPD1) gene was
found to be responsible for the enhanced arsenate sensitivity of aos1 mutant plants.
Investigations into the As(V) and As(III) sensitivity of plastid lipoamide dehydrogenase 2
(ptLPD2) mutants of Arabidopsis is also presented in this chapter. In Chapter 3, studies
describing the responses of mitochondrial lipoamide dehydrogenase 2 (mtLPD2) mutants of
Arabidopsis to As(V) and As(III) and the sensitivity of mtLPD activity to As(V) and As(III) are
presented. The experimental chapters are followed by a general discussion chapter.

LITERATURE REVIEW
Arsenate and arsenite uptake
Plants readily take up both As(III) and As(V) through separate transport systems. Substantial
progress has been made in understanding the As(V) and As(III) uptake process in plants using a
combination of physiological, molecular and genetic approaches.

Arsenate uptake
In plants, competition kinetics indicate that the uptake of As(V) is mediated by the same
transport system as the uptake of phosphate (Pi) (Asher and Reay, 1979; Ullrich-Eberius et al.,
1989). As(V) inhibition of Pi uptake and Pi inhibition of As(V) uptake have been demonstrated
in various plant species, including Hordeum vulgare (Asher and Reay, 1979), Lemna gibba
(Ullrich-Eberius et al., 1989) Holcus lanatus (Meharg and Macnair, 1990) and Arabidopsis
(Dunlop et al., 1997). The mutual inhibition of Pi and As(V) influx indicates As(V) competes
with Pi for uptake through Pi transporters. This conclusion is further supported by studies of the
Pi transporters encoded by the PHT1 gene family and their regulators. The Arabidopsis
Pi-transporter double-knockout mutant pht1;1∆4∆, as well as the semidominant mutant
pht1;1-3 display reduced Pi uptake and increased As(V) resistance, indicating PHT1;1 and
PHT1;4 are involved in both Pi and As(V) uptake (Shin et al., 2004; Catarecha et al., 2007).
Moreover, mutation of PHF1 resulted in reduced accumulation, and thus activity, of the PHT1
transporters at the plasma-membrane, as well as increased As(V) resistance (González et al.,
2005), further demonstrating that PHT1;1 participates in As(V) transport. It is not a surprise that
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As(V) and Pi share the same transport system given the similarity in structures of the Pi and
As(V) anions (Fig. 1).
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Figure 1. Structure of arsenate and phosphate anions.

Although Pi transporters mediate the influx of both As(V) and Pi, the transporters have a higher
affinity for Pi than for As(V). At equivalent concentrations, Pi is a powerful inhibitor of As(V)
uptake, but As(V) is only a mild inhibitor of Pi uptake (Asher and Reay, 1979). The estimated
affinity of As/Pi transporters to As(V) is 10-fold lower than that to Pi in L. gibba
(Ullrich-Eberius et al., 1989). It is notable that the relative selectivity of Pi transporters for Pi
and As(V) in plants is based on competition experiments using whole plant roots or cells, where
there are a variety of Pi transporters. For example, eight of the nine Pht1-type Pi transporters are
expressed in roots of Arabidopsis (Mudge et al., 2002). Further study of different Pi transporters
and their alleles would undoubtedly help elucidate the Pi transporter specificity for As(V) and
Pi and mechanisms of the specificity (Zhao et al., 2009) which would provide invaluable
information for engineering plants toward decreasing As(V) uptake, while increasing or not
affecting Pi uptake. This will be an important development, given that exposure to As through
food is a human health concern (Zhu et al., 2008).

Arsenite uptake
Plants can take up As(III) (Meharg and Jardine, 2003) through uptake systems that are different
from that used for uptake of As(V), as suggested by a variety of competition experiments. For
examples, Pi competes with uptake of As(V), but not with that of As(III),

while glycerol

inhibits the influx of As(III), but not that of As(V) (Asher and Reay, 1979; Ullrich-Eberius et al.,
1989; Abedin et al., 2002; Meharg and Jardine, 2003). Meharg and Jardine (2003) proposed that
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As(III) is transported across the plasma membrane of Oryza sativa (rice) roots through
glycerol-transporting channels (aquaglyceroporins), based on the following observations: first,
in Escherichia coli, Saccharomyces cerevisiae (yeast) and mammalian cells, the transport of
As(III) is facilitated by aquaglyceroporins (Wysocki et al., 2001; Liu et al., 2002; Meng et al.,
2004); second, glycerol and antimonite inhibit arsenite uptake into rice roots. However, glycerol
concentrations 750-fold in excess of As(III) are needed to inhibit As(III) influx by 50 %
(Meharg and Jardine, 2003). This clearly indicates that the As(III) transport system has a much
higher affinity for As(III) than for glycerol. Nevertheless, nodulin 26-like intrinsic membrane
proteins (NIPs) from plants were investigated for As(III) transport activity, as NIPs are
considered to be glycerol transporters in plants (Zardoya et al., 2002). Intriguingly, expression
of NIPs from Arabidopsis and rice in yeast and/or in Xenopus oocytes showed that AtNIP1;1,
AtNIP1;2, AtNIP5;1, AtNIP6;1, AtNIP7;1, OsNIP2;1 and OsNIP3;2 facilitate the transport
As(III) (Bienert et al., 2008; Isayenkov and Maathuis, 2008; Kamiya et al., 2009). Although
these proteins all show As(III) transport activity when expressed heterologously, studies with
Arabidopsis NIP knockout mutants reveals only AtNIP1;1 knockout mutants display strong
resistance when exposed to 15 µM As(III), suggesting AtNIP1;1 plays a more predominant role
than other NIP proteins in determining the As(III) tolerance in Arabidopsis (Kamiya et al.,
2009).

Two rice silicic acid transporters Lsi1 (OsNIP2;1) and Lsi2 also facilitate the transport of As(III)
into roots (Ma et al., 2008). Expression of Lsi1 in arsenite-sensitive yeast mutant strain
(W∆acr3) and Xenopus oocytes resulted in a three- to five-fold increase in As(III) transport
activity (Ma et al., 2008). Interestingly, expression of Lsi1 in Xenopus oocytes only resulted in
slight glycerol transport (Ma et al., 2006; Ma et al., 2008). This is consistent with the result that
at only extremely high ratios of glycerol to As(III), does glycerol compete with As(III) uptake
by rice roots (Meharg and Jardine, 2003). The short-term (30 minutes) As(III) uptake by roots
of the rice Lsi1 knockout mutant is 57 % lower than that of wild-type roots; however, when
grown in soil, the As concentrations in the grain and husk of the lsi1 mutant are similar to those
in wild-type plants (Ma et al., 2008). Contrary to this, the As concentrations are much lower in
the straw, grain and husk of lsi2 knockout mutants than in those of wild-type plants (Ma et al.,
2008). These data suggest that Lsi2 plays a more important role than Lsi1 in controlling As
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translocation from roots to the shoot. Both Lsi1 and Lsi2 are expressed in the exodermis and
endodermis of rice roots, with Lsi1 localising to the distal side and Lsi2 localising to the
proximal side of plasma membrane (Ma et al., 2006; Ma et al., 2007). Ma and co-workers (2008)
proposed that Lsi1 mediates the influx of As(III) in the direction of the xylem, while Lsi2
mediates the efflux of As(III) from the exodermis and endodermis cells toward the direction of
the stele. The uptake of As(III) and silicon through the same transport system may explain the
ability of rice to accumulate both As and silicon (Ma et al., 2008; Zhao et al., 2009). It would be
interesting to investigate the As(III) and silicon selectivity of Lsi1 and Lsi2 and identify allelic
variations in Lsi1 and Lsi2 that confer a higher affinity for silicon than for As(III) which would
reduce the As(III) influx into rice.

Mechanisms of arsenate and arsenite toxicity
The distinct biochemical properties of As(V) and As(III) form the basis of their different
toxicity mechanisms. As(V) exerts toxicity by substituting for Pi, while As(III) acts via binding
to sulfhydryl groups.

Arsenate replaces phosphate
As an analogue of Pi, As(V) is believed to compete with Pi in many biochemical reactions.
Experiments with submitochondrial particles from beef heart show that As(V) can replace Pi in
oxidative phosphorylation, resulting in the formation of adenosine-5’-diphosphate (ADP)-As(V)
(Gresser, 1981). ADP-As(V) is unstable at pH 7.5 and non-enzymatically hydrolyses much
faster than ATP (Gresser, 1981), therefore uncoupling oxidative phosphorylation. However,
half-maximal stimulation of the formation of ADP-As(V) requires approximately 0.8 mM As(V)
(Moore et al., 1983), which is physiologically unlikely.

In addition to interfering with ATP production, As(V) has been shown recently to enhance
membrane fluidity and thus membrane permeability by binding and replacing Pi or choline
head-groups with As(V) on the membrane surface (Tuan et al., 2008). The damage to the
membrane would disrupt the transport of mineral nutrients and water (Smith et al., 2009).

Arsenite reacts with sulfhydryl groups
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As(III) is particularly potent in binding covalently to sulfhydryl (-SH) groups, especially vicinal
sulfhydryls. It has been proposed that As(III) exerts its cytotoxic affects by reacting with the
key sulfhydryl groups in essential cellular proteins resulting in disruption of enzyme functions
(Hughes, 2002; Tseng, 2004). This concept is supported by the protective effects of glutathione
and dithiol reagents against the toxic actions of As(III) (Stocken and Thompson, 1946;
Marcinkeviciene and Blanchard, 1997). Numerous cellular proteins contain thiols or vicinal
sulfhydryls as cofactors or active centres (Kitchin and Wallace, 2008). Of these proteins,
dihydrolipoyl transacylase (E2) and lipoamide dehydrogenase (LPD) are known to be
inactivated by As(III) in bacteria and animals (Massey and Veeger, 1961; Searls et al., 1961;
Matthews and Reed, 1963; Ide et al., 1967). E2 and LPD are subunits of four multienzyme
complexes in plants: the pyruvate dehydrogenase complex (PDC), the α-ketoglutarate
dehydrogenase complex (KDC), the branched-chain α-ketoacid dehydrogenase complex
(BCKDC) and the glycine decarboxylase complex (GDC). Disruption of the functions of these
four complexes will undermine the ability of the cell to meet its energy and carbon skeleton
requirements. As(III) inhibits E2 by reacting with the 1, 3-dithiol group of the catalytic lipoic
acid moiety, forming a stable six-membered heteroatom ring adduct (Dill et al., 1989; Bergquist
et al., 2009). In contrast, LPD contains a redox-active disulfide bridge consisting of two vicinal
cysteine residues which forms a cyclical structure when As(III) reacts with the reduced dithiol
form (Mahler and Cordes, 1966). The formation of the As(III)-LPD adduct accounts for the
As(III) inactivation of LPD from bacteria and porcine heart (Massey and Veeger, 1960;
Marcinkeviciene and Blanchard, 1997).

Tubulin is another As(III) target (Kitchin and Wallace, 2008). As(III) was shown to inhibit
GTP-induced polymerisation and microtubule formation in an in vitro microtubule assembly
assay (Li and Broome, 1999). This inhibition was proposed to be due to the cross-linking of two
vicinal cysteine residues (Cys-12 and Cys-213) by As(III) in tubulin preventing GTP binding to
tubulin (Li and Broome, 1999).

Many proteins/enzymes contain thiol groups which could be the potential targets of As(III)
toxicity action; however, solid in vivo data are needed to prove which one is the primary target.
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Arsenic-resistance mechanisms
Several mechanisms have evolved in plants to cope with metals such as Cd, Cu, Zn, Ni, Al and
Pb, including exclusion and internal tolerance (Lambers et al., 2008). Similar mechanisms have
evolved to help plants deal with As. It is noteworthy that these mechanisms may be coordinated
in plants, instead of mutually excluding each other. For example, plant resistance to As(V) may
rely on the As(III) detoxification mechanism, as As(V) can be readily reduced to As(III) in
plants (Zhao et al., 2009).

Arsenate reduction
In bacteria and yeast, As(V) reduction is a crucial step of As detoxification. After As(V)
reduction, the resulting As(III) can be either transported out of cells or bound by glutathione
(GSH) and then sequestered in vacuoles (Rosen, 2002). Although glutathione can reduce As(V)
to As(III) in vitro (Delnomdedieu et al., 1994), this process is too slow to be physiologically
significant (Mukhopadhyay and Rosen, 2002; Zhao et al., 2009). Three evolutionary distinct
families of As(V) reductases catalyse the conversion of As(V) to As(III) (Mukhopadhyay and
Rosen, 2002; Mukhopadhyay et al., 2002; Rosen, 2002). They are typified by E. coli ArsC,
Staphylococcus aureus ArsC and S. cerevisiae Acr2p protein tyrosine Pi phosphatases.

Similarly, As(V) is also promptly reduced to As(III) inside plant cells (Zhao et al., 2009). More
than 90 % of the As in plants is in the form of As(III) (Pickering et al., 2000; Dhankher et al.,
2002). Genes encoding As(V) reductases in plants have been isolated from Arabidopsis
(AtACR2; Dhankher et al., 2006), H. lanatus (HlACR2; Bleeker et al., 2006), rice (OsACR2;1
and OsACR2;2; Duan et al., 2007) and Pteris vittata (PvACR2; Ellis et al., 2006) by
independent research groups using a variety of approaches. As(V) reductase genes from H.
lanatus, Arabidopsis and rice have been cloned based on sequence homology to yeast Acr2p.
Ellis et al. (2006) used expression of a P. vittata cDNA library in a S. cerevisiae mutant lacking
native As(V) reductase (∆acr2) to identify a gene (PvACR2) that suppressed the As(V)
sensitivity of the mutant. Several lines of evidence demonstrate the capacity of the plant Acr2p
homologue to reduce As(V). Expression of PvACR2, AtACR2 and OsACR2 suppresses the As(V)
sensitivity of an E. coli mutant lacking ArsC or the yeast mutant lacking Acr2 (Dhankher et al.,
2006; Ellis et al., 2006; Duan et al., 2007). Purified recombinant ACR2 proteins are necessary
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and sufficient for As(V) reduction in vitro (Dhankher et al., 2006; Ellis et al., 2006; Duan et al.,
2007). Studies of knockdown and knockout alleles of AtACR2 revealed that AtACR2 plays an
important role in As(V) metabolism in Arabidopsis (Duan et al., 2005; Bleeker et al., 2006;
Dhankher et al., 2006). This combination of genetic, biochemical and molecular data clearly
demonstrates that these genes encode As(V) reductase. There is disagreement on the role of
AtACR2 in vivo. Duan et al. (2005) showed that disruption of AtACR2 completely abolishes the
As(V) reductase activity in both roots and shoots of 3-week-old plants exposed to 300 µM As(V)
for 9 days. Using the same T-DNA insertion mutant, Bleeker et al. (2006) detected As(V)
reductase activity in both the presence and absence of As(V), with a 36 % lower activity than
that in roots of wild-type plants exposed to As(V). It has been proposed that the As(V) reductase
activity in the roots of Arabidopsis has both a constitutive and inducible component, with
AtACR2 representing the later (Bleeker et al., 2006; Zhao et al., 2009). Interestingly, AtACR2
T-DNA insertion mutants accumulate 2- to 5-fold less As in the shoot than wild-type plants,
supporting the view that As(III) is the form of As translocated from roots to shoots (Bleeker et
al., 2006). However, RNAi knockdown lines of AtACR2 accumulate 10- to 16-fold more As in
shoots and retain less As in roots compared to wild-type plants (Dhankher et al., 2006),
supporting the model that As(V) is the most mobile form of As. Further studies are urgently
needed to address these discrepancies.

Exclusion/Avoidance
Mechanisms have been evolved in plants to exclude / avoid As toxicity. Exclusion / avoidance
can be achieved through either decreased influx or enhanced efflux of As (Lambers et al., 2008).

Suppression of arsenate/arsenite uptake systems
The As(V) resistance in resistant plants such as H. lanatus is achieved through the suppression
of the Pi/As(V)-uptake system (Meharg and Macnair, 1992; Meharg and Hartley-Whitaker,
2002). Suppression of the Pi/As(V) uptake system reduces the influx rate of As(V), thereby
providing a level of resistance to As(V). The Pi-uptake system in plant roots is suppressed by
high Pi and induced by low Pi (Raghothama, 1999). Interestingly, The Pi/As(V)-uptake system
in As(V) resistant plants is insensitive to induction by low Pi treatment (Meharg and Macnair,
1990) which could be an adaptation to high As concentrations in their native environments. It is
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possible that mechanisms for responding to the low Pi may not have evolved in As(V)-resistant
plants or, more likely, such mechanisms may lost during the course of their evolution in
As(V)-contaminated environments. This is similar, although in opposite direction, to the
evolutionary event in the Pi-sensitive plant Hakea prostrata that prevents it from effectively
down-regulating its Pi uptake system when grown in relatively high Pi conditions (Shane et al.,
2004; Shane and Lambers, 2006). The low capacity of H. prostrata to down-regulate its
Pi-uptake system is associated with its adaptation to Pi-impoverished environments.

It is also likely that As(V)-resistant plants induce the high-affinity Pi uptake system in response
to low Pi, but that the uptake system is functionally impaired. This situation is illustrated by the
Arabidopsis As(V)-resistant mutant Atpht1;1-3. In this mutant, the PHT1;1 Pi transporter, as
well as other Pi-responsive genes, are constitutively induced; however, the mutant plants have a
reduced Pi- and As(V)-uptake rate (Catarecha et al., 2007). This is because Atpht1;1-3 encodes
a malfunctioning PHT1;1 (Catarecha et al., 2007). Despite the decreased Pi/As(V)-influx rate,
pht1;1-3 mutant plants accumulate 2-fold more As than wild-type plants after growth on
As(V)-containing medium for 12 days (Catarecha et al., 2007). The apparent contradiction
between the reduced As(V) uptake and the increased As accumulation can be explained by the
intrinsic As(V) detoxification capacities of the plants. Decreased As(V) influx in pht1;1-3
mutant plants results in lower toxic burdens, which may be efficiently sequestered into the
vacuole (Catarecha et al., 2007). This is probably also true for naturally occurring
As(V)-resistant plants, which accumulate high levels of As over their lifetime, although the
As(V) uptake rate is suppressed (Hartley-Whitaker et al., 2001; Hartley-Whitaker et al., 2002).

Suppressing As(III) uptake confers As(III) resistance in plants. As(III) transport in plants is
mediated by NIPs. Arabidopsis mutants carrying mutations in NIP1;1 accumulate 30 % less As
than wild-type plants. As a consequence, these mutant plants display enhanced As(III)
resistance (Kamiya et al., 2009).

Arsenite extrusion
Pumping As(III) out of the cytosol is an important As detoxification mechanism in bacteria and
yeast (Rosen, 2002). In E. coli, As(III) is pumped via ArsB or ArsAB, while in yeast, it is
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removed by Acr3p. Reminiscent of the As-detoxification systems in microbes, it has been
shown recently that roots of rice, Solanum lycopersicum and H. lanatus strongly extrude As(III)
to the external medium, even when grown in medium supplemented with As(V) (Xu et al., 2007;
Logoteta et al., 2009). It is likely that plants employ similar mechanisms to bacteria and yeast
for As(III) efflux for detoxification (Zhao et al., 2009). In line with this notion, Xu et al. (2007)
suggested that As(III) efflux is an energy-dependent active process, similar to the ArsB and
ArsAB pumps in E. coli and Acr3p in yeast which rely on a proton-motive force (Wysocki et al.,
1997; Rosen, 2002; Zhao et al., 2009). An alternative route for the As(III) efflux from plant
roots may be through the As(III)-transporting aquaglyceroporin (Zhao et al., 2009). NIPs have
been suggested to be bidirectional transporters of As(III), at least when expressed in yeast
(Bienert et al., 2008; Isayenkov and Maathuis, 2008). The exact mechanism of As(III) efflux
and its contribution to As detoxification remain to be elucidated.

Internal tolerance
Distinct strategies have evolved in plants to cope with cellular As(V) and As(III). This has been
necessary, as the toxicity mechanisms of As(V) and As(III) are different.

Increased phosphate levels
As(V) exerts its toxic effect by replacing Pi in many biochemical reactions, since As(V) has a
similar chemical structure and properties. Therefore, plants can achieve tolerance to As(V) by
increasing the internal Pi-to-As(V) (PA) ratio, allowing the excess Pi to out-compete the
incorporation of As(V) into crucial Pi-binding sites in biochemical reactions (Lee et al., 2003).
For example, the Arabidopsis ars1 mutant accumulates the same amount of As as wild-type
plants, but displays enhanced As(V) tolerance (Lee et al., 2003). The tolerance is because the
ars1 mutant has an enhanced Pi-uptake rate, thus reaching higher intracellular Pi concentrations
than wild-type plants (Lee et al., 2003). The increased PA ratio is also observed in the
As(V)-resistant AR3 mutant of Chlamydomonas reinhardtii (Fujiwara et al., 2000; Kobayashi et
al., 2005). AR3 shows enhanced Pi transport activity and increased intracellular Pi
concentrations, but decreased As(V) uptake, resulting in a higher PA ratio compared with that in
the wild-type strain. Interestingly, the gene disrupted in AR3 encodes a putative Pi transporter
(PTB1) (Kobayashi et al., 2003; Kobayashi et al., 2005). These authors suggested that the
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increase in Pi uptake activity is through a compensatory transport activity brought about by the
loss of PTB1. The increased Pi uptake rate in both AR3 and ars1 mutants would be anticipated
to result in enhanced As(V) uptake and increased intracellular concentration, since As(V) and Pi
are believed to be taken up through the same system, but this has not been found. It is unclear
how the increased Pi uptake is concomitant with the decreased (AR3) or unaffected (ars1) As(V)
uptake. It is possible that ars1 and AR3 mutants achieve this through the induction of a special
transport system that has a preference for Pi over As(V). Indeed, in E. coli, there are two major
Pi-uptake systems: a Pi transport (Pit) and a Pi-specific transport (Pst) system which differ in
their relative selectivity for As(V) and Pi (Rosenberg et al., 1977). The Pst system has about a
40-fold-higher affinity for Pi over As(V), while the Pit system displays low substrate specificity,
with similar values for Km for Pi (29 µM) and Ki for As(V) (32 µM) (Rosenberg et al., 1977).
Our current understanding of the Pi transporter specificity for As(V) and Pi is limited. Further
knowledge about the nature of the ARS1 gene and the function of the PTB1 gene product will
undoubtedly lead to a better understanding of the selectivity between As(V) and Pi.

Complexation and compartmentation
The toxicity of As(III) is due to its high affinity to bind covalently to thiol groups, especially
vicinal dithiols. The binding of As(III) to crucial thiol groups may inhibit biochemical events,
while the binding of As(III) to the thiols of phytochelatins (PCs) is considered to be a
detoxification mechanism (Salt and Rauser, 1995; Pickering et al., 2000; Schmöger et al., 2000;
Meharg and Hartley-Whitaker, 2002; Zhao et al., 2009).

Enhanced PC production is a general heavy metal/metalloid-detoxification strategy employed
by plants (Cobbett, 2000; Cobbett and Goldsbrough, 2002). PCs are a family of small peptides
that are rich in cysteine residues and capable of complexing heavy metal/metalloid (Cobbett,
2000). PCs have a general structure of (γ-Glu-Cys)n-Gly, where n equals 2–11 (Grill et al.,
1985). Their biosynthesis is catalysed by PC synthase through transpeptidation of
γ-glutamylcysteinyl dipeptides derived from GSH (Grill et al., 1989; Rauser, 1995; Cobbett,
2000). The induction of PC synthesis by As is independent of As oxidation status, with both
As(V) and As(III) triggering the formation of PCs (Grill et al., 1987; Sneller et al., 1999;
Schmöger et al., 2000; Zhao et al., 2009). Genes encoding PC synthase have been cloned from
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various species, including Arabidopsis, Triticum aestivum, Lotus japonicus (Clemens et al.,
1999; Ha et al., 1999; Vatamaniuk et al., 1999; Ramos et al., 2007), and Schizosaccharomyces
pombe and Caenorabditis elegan (Clemens et al., 1999; Ha et al., 1999; Clemens et al., 2001;
Vatamaniuk et al., 2001). Complexation of As(III) with PCs and sequestration of the complex
into the vacuole upon exposure to As will protect catalytically critical thiols groups from being
inactivated by As(III), thereby conferring tolerance.

Several lines of evidence support the role of PCs in detoxification of As in plants. PC
production is induced in vivo and in vitro by As. PC accumulation on exposure to As has been
observed in various plants species, including Silene vulgaris (Sneller et al., 1999), H. lanatus
(Hartley-Whitaker et al., 2001), Arabidopsis (Schmöger et al., 2000), as well as in cell
suspension cultures of Rauvolfia serpentina (Schmöger et al., 2000) and root culture of Rubia
tinctorum (Maitani et al., 1996). PC concentrations in roots increase with increasing external
concentrations of As, but at high As concentrations, the PC concentration decreases (Sneller et
al., 1999; Schmöger et al., 2000; Raab et al., 2005). Various forms of PCs exist in plants
(Sneller et al., 1999; Schmöger et al., 2000; Raab et al., 2005; Raab et al., 2007).

Incubation of GSH, PC2, and PC3 with As(III) in vitro results in the formation of a variety of
complexes including As(III)-PC3, GS-As(III)-PC2 (GS: glutathione covalently linked to As(III)
via SH group of cysteine), As(III)-(GS)3, As(III)-PC2 and As(III)-(PC2)2 (Schmöger et al., 2000;
Raab et al., 2004), suggesting that PCs could bind As(III) in vivo. The ability of PCs to bind to
As(III) in vivo is confirmed by the identification of various As-PC complexes, including
As(III)–PC3, As(III)–(PC2)2, and GS–As(III)–PC2, in the extracts of Helianthus annuus, P.
cretica and H. lanatus exposed to As (Raab et al., 2004; Raab et al., 2005).

Suppression of PC synthesis enhances As(V) sensitivity. If PC synthesis is essential for As(V)
detoxification in plants, any disruption in PC synthesis would be anticipated to result in
hypersensitivity to As. Indeed, administration of buthionine sulfoximine (BSO), a
γ-glutamylcysteine synthetase inhibitor, decreases the PC concentration in roots of R. serpentine
and results in increased sensitivity to As(III) at a concentration that otherwise does not affect
root growth (Schmöger et al., 2000). Similarly, application of BSO confers As(V)
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hypersensitivity of tolerant and sensitive H. lanatus (Hartley-Whitaker et al., 2002; Bleeker et
al., 2006), as well as Agrostis castellana and S. vulgaris (Schat et al., 2002). The enhanced As(V)
sensitivity of the PC-deficient cad1-3 mutant of Arabidopsis provides further support for the
crucial role of PCs in As detoxification (Ha et al., 1999). In cad1-3, the PC synthase gene
AtPCS1 is disrupted, resulting in a dramatic increase in sensitivity to As(V) compared with
wild-type plants (Ha et al., 1999).

Several studies have demonstrated that over-expression of the Arabidopsis PC synthase AtPCS1
in both Arabidopsis and Brassica juncea using different promoters confers elevated PC
concentrations and increased tolerance to As (Lee et al., 2003; Li et al., 2004; Picault et al.,
2006; Gasic and Korban, 2007). Li et al.(2006) showed that over-expression of the E. coli
γ-glutamylcysteine synthetase (ECS) gene in the shoot of the ECS-deficient Arabidopsis cad2-1
mutant leads to higher resistance to As(V) than in wild-type plants. Although enhanced As
tolerance is achieved through over-expression of PCS or ECS genes in plants, these
over-expression lines do not accumulate any more As than wild-type plants. In contrast,
over-expression of E. coli As(V) reductase (arsC) in combination with E. coli ECS achieved
substantially greater As tolerance and plants that accumulated 2- to 3-fold more As per gram
tissue than wild-type plants (Dhankher et al., 2002). In addition, it has been suggested that
elevated concentrations of organic thiols, including GSH and PCs in Arabidopsis ars5 mutant
seedlings accounts for their increased accumulation of As and greater tolerance to As (Sung et
al., 2007; Sung et al., 2009). Recently, these authors demonstrated that ARS5 encodes the α
subunit F (PAF1) of the 26S proteasome complex that negatively regulates thiol biosynthesis in
Arabidopsis (Sung et al., 2009).

Following binding of As(III) to PCs, the As(III)-PC complexes are most likely transported into
the vacuole for storage (Zhao et al., 2009). Bleeker et al.(2006) showed that the As(III)-(GS)3
complex is efficiently transported across the tonoplast isolated from H. lanatus in a
MgATP-dependent manner. The nature of the As(III)-(GS)3 transporter remains to be
investigated.

Arsenic stimulation of plant growth
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As is generally considered to be a toxin, but it also has essential or beneficial functions in
animals. For example, As deprivation in goats, pigs and rats results in depressed growth and
abnormal reproduction characterised by impaired fertility and enhanced perinatal mortality
(Uthus et al., 1983; Nielsen and Uthus, 1984; Nielsen, 1991). The importance of As in animals
is probably attributable to its role in utilising the labile methyl group arising from methionine
(Nielsen, 1991), and its effects on gene expression via histone methylation (Davis et al., 2000;
Uthus, 2003). It has been shown that As deprivation results in hypermethylated DNA in animal
and cell culture models (Davis et al., 2000).

As is not an essential plant nutrient; however, numerous studies have demonstrated that low
concentrations of As in the growth medium stimulate plant growth (Jian et al., 1992; Marin et
al., 1992; Carbonell-Barrachina et al., 1995; Carbonell-Barrachina et al., 1998; Burló et al.,
1999; Carbonell-Barrachina et al., 1999; Mascher et al., 2002; Tu and Ma, 2002; Quaghebeur
and Rengel, 2004; Cao et al., 2009). The As-dependent stimulation of root growth or/and total
dry mass has been observed in a wide range of plants including Spartina patens
(Carbonell-Barrachina et al., 1998), Trifolium pratense (Mascher et al., 2002), P. vittata (Tu
and Ma, 2002), Brassica chinensis (Jian et al., 1992), and Arabidopsis (Quaghebeur and Rengel,
2004). It is intriguing that the As-dependent stimulation of plant growth is independent of the
form of As. As(V) (Quaghebeur and Rengel, 2004; Cao et al., 2009), As(III)
(Carbonell-Barrachina et al., 1995; Burló et al., 1999; Tu and Ma, 2002) and organic forms of
As (Marin et al., 1992; Carbonell-Barrachina et al., 1999; Tu and Ma, 2002) have all been
shown to stimulate plant growth.

The mechanism for the stimulatory effect of As on plant growth is unclear. One possible
mechanism is that the application of As improves Pi and iron nutrition (Jacobs et al., 1970;
Mascher et al., 2002). Since As(V) and Pi are structurally similar, the application of As(V) to
soil may displace Pi from soil particles, resulting in increased availability of Pi to plants, leading
to a stimulation of plant growth if this was limited by Pi availability (Jacobs et al., 1970).
However, the stimulation of growth by As(V) is also observed in S. patens, Spartina alterniflora
and Rhapanus sativus (radish) grown in a soil-free hydroponic system (Carbonell-Barrachina et
al., 1998; Carbonell-Barrachina et al., 1999). Further, this mechanism for the stimulation of
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growth by As(V) cannot explain why other forms of As, including As(III), dimethyl As acid
(DMAA) and sodium methylarsonic acid (NaMMA), also improve plant growth (Marin et al.,
1992; Burló et al., 1999; Tu and Ma, 2002). An alternative explanation for enhanced growth by
As(V)-treated plants is that As has positive effects on a plant’s iron nutrition. Mascher and
co-workers (2002) found higher iron content in the shoots of T. pratense grown at a low
application of As(V) than that of the As-free control. It is possible that enhanced iron content
may improve chlorophyll synthesis and chloroplast development (Mascher et al., 2002), thereby
having a positive impact on growth. It would be intriguing to investigate the mechanisms by
which As stimulates plant growth and to determine its nutritional importance to plants.

CONCLUSIONS
In the past few years, major progress has been made in our understanding As uptake, As(V)
reduction and As(III) binding. However, our current research is overwhelmingly focussed on
addressing these aspects, while little attention is focussed on addressing the mechanisms of As
toxicity and the intriguing stimulatory effect As has on plant growth in planta. Understanding
the underlying mechanisms for As toxicity will be invaluable not only to gain insight into
detoxification strategies in plants, but also to identify candidate genes for targeted engineering
of enhanced As tolerance.
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CHAPTER 2
Disruption of Plastid Lipoamide Dehydrogenase
(ptLPD) Genes in Arabidopsis Causes Arsenate
Overly-Sensitivity
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ABSTRACT

Arsenic is a ubiquitous environmental toxin. The inhibition of root growth and seed germination
by arsenic has been reported in plants. However, the molecular mechanisms of arsenic toxicity
are not well understood. To address this deficiency, I developed a genetic screen to isolate
arsenate overly-sensitive (aos) mutants from an activation tagged Arabidopsis (Arabidopsis
thaliana) population. Three aos mutants were isolated and the phenotype demonstrated to be
due to a single mutational event that produced a recessive allele, which was designated aos1-1.
The aos1-1 mutant plants exhibited reduced root and shoot growth, and enhanced anthocyanin
accumulation in the presence of arsenate compared to wild-type (WT) plants. Interestingly,
aos1-1 plants accumulated the same amount of arsenic as WT plants, suggesting that the
increased arsenate sensitivity of aos1-1 was not due to overloading with arsenic. The aos1-1
mutation arose from a 107 kb inversion of genomic DNA that disrupted the plastid lipoamide
dehydrogenase 1 (ptLPD1) gene, which encodes one of the two E3 isoforms found in the plastid
pyruvate dehydrogenase complex. Three additional independently-derived alleles of ptLPD1
displayed a similar phenotype as aos1-1 in response to arsenate, with the aos1-4 knockdown
allele showing an arsenate sensitivity intermediate between wild-type and the knockout mutants.
Two loss-of-function alleles of ptLPD2 in Arabidopsis also caused elevated arsenate sensitivity,
but the sensitivity was less pronounced than for the aos1 mutants. These findings show that the
ptLPD isoforms are critical in vivo targets in determining the arsenic sensitivity of Arabidopsis.
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INTRODUCTION

Arsenic (As) is a naturally occurring metalloid found in soil water, and air, but anthropogenic
activities, including smelting and fossil fuel combustion, have led to increased environmental
exposure through extensive pollution (Mandal and Suzuki, 2002). Increased exposure is a major
concern for human health, as this may cause cancers of the skin, lung, urinary bladder, and liver
(Hughes, 2002; Tchounwou et al., 2003). As not only affects human health, it is also highly
toxic to plants. The symptoms of phytotoxicity of As range from poor seed germination and
inhibited root growth through to death (Meharg and Hartley-Whitaker, 2002; Lee et al., 2003;
Ahsan et al., 2008; Smith et al., 2009).

As exists in both organic and inorganic forms in the environment, with the latter being more
abundant. Arsenate (As(V)) is the dominant As species in aerobic soils, while arsenite (As(III))
is the main form under anaerobic conditions (Marin et al., 1993; Onken and Hossner, 1995, ,
1996; Masscheleyn et al., 2002). Plants can take up both As(III) and As(V), but through
separate transport systems (Zhao et al., 2009).

As(V) is an analogue of phosphate. Physiological and electrophysiological studies suggest that
As(V) can be readily taken up by plants through the high-affinity phosphate transport system
(Asher and Reay, 1979; Ullrich-Eberius et al., 1989; Meharg et al., 1994; Zhao et al., 2009).
Recent molecular evidence from Arabidopsis (Arabidopsis thaliana) mutants has confirmed that
As(V) is transported into root cells by the high-affinity phosphate transporters encoded by the
PHT1 gene family. A pht1;1, pht1;4 double knockout mutant and a semidominant pht1;1-3
mutant display reduced phosphate uptake and increased As(V) tolerance, indicating PHT1;1 and
PHT1;4 are involved in As(V) uptake (Shin et al., 2004; Catarecha et al., 2007). Moreover,
mutation of the PHF1 gene increased As(V) resistance (González et al., 2005). In this mutant,
the PHT1;1 transporter is retained in the ER, reducing accumulation and thus activity, of the
transporter in the plasma-membrane.
The transport of As(III) is facilitated by aquaglyceroporins in Escherichia coli, Saccharomyces
cerevisiae (yeast) and mammalian cells (Wysocki et al., 2001; Liu et al., 2002; Meng et al.,
2004). Abedin et al. (2002) demonstrated that As(III) uptake by rice roots occurs with a high
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rate and follows Michaelis-Menten kinetics. Meharg and Jardine (2003) also showed that
glycerol competes with As(III) for transport in a dose-dependent manner, suggesting that As(III)
is transported into rice roots through glycerol-transporting channels. Nodulin 26-like intrinsic
membrane proteins (NIPs) are glycerol transporters in plants (Zardoya et al., 2002). Expression
of Arabidopsis NIPs in yeast and/or in Xenopus oocytes showed that AtNIP1;1, AtNIP1;2,
AtNIP5;1, AtNIP6;1 and AtNIP7;1 transport As(III) (Bienert et al., 2008; Isayenkov and
Maathuis, 2008; Kamiya et al., 2009). However, only AtNIP1;1 knockout mutants display
strong resistance when exposed to 15 µM As(III), suggesting AtNIP1;1 plays a more dominant
role than other NIP proteins in determining As(III) tolerance in Arabidopsis (Kamiya et al.,
2009). In addition, Ma and co-workers (2008) showed that two silicon transporters in rice, Lsi1
(OsNIP2;1) and Lsi2, belonging to the NIP family of aquaporins, mediate the transport of
As(III). Expression of Lsi1 in yeast and Xenopus oocytes resulted in a three- to five-fold
increase in the As(III) transport activity, respectively. The short-term (30 minutes) As(III)
uptake by roots of the rice Lsi1 knockout mutant is 57 % lower than that of wild-type roots.

As an analog of phosphate, As(V) is believed to compete with phosphate in many biochemical
reactions. Experiments with submitochondrial particles from beef heart showed that As(V) can
replace

phosphate

in

oxidative

phosphorylation,

resulting

in

the

formation

of

adenosine-5’-diphosphate (ADP)-As(V) (Gresser, 1981). However, half-maximal stimulation of
the formation of ADP-arsenate requires approximately 0.8 mM As(V) (Moore et al., 1983).
Such high concentrations are unlikely in vivo, as As(V) is promptly reduced by cells to As(III).
In plants, more than 90 % of the As is in the form of As(III) (Pickering et al., 2000; Dhankher et
al., 2002; Xu et al., 2007; Zhao et al., 2009).

As(III) readily makes covalent bonds with sulfhydryl (-SH) groups, especially vicinal dithiols.
As(III) binding to the thiol groups of cellular proteins may result in inhibition of protein
function. There are numerous enzymes that have been suggested as targets for As(III), including
protein phosphatases and the mitochondrial pyruvate dehydrogenase complex (PDC) (Schiller et
al., 1977; Adamson and Stevenson, 1981; Cavigelli et al., 1996; Lynn et al., 1997; Hu et al.,
1998; Kitchin and Wallace, 2008; Bergquist et al., 2009). Among these enzymes, only PDC has
been shown to be inactivated by physiologically relevant micromolar concentrations of As(III)
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(Hu et al., 1998), suggesting that PDC may be the primary target for As(III)-mediated
cytotoxicity. PDC is a multienzyme complex, consisting of three subunits: pyruvate
dehydrogenase (E1), dihydrolipoyl transacetylase (E2) and dihydrolipoyl dehydrogenase (E3 or
LPD). E2 contains a lipoamide moiety linked to a lysine residue of the protein backbone via the
carboxyl group of lipoic acid. The 1,3-dithiol group in lipoic acid can react with As(III),
forming a stable cyclic dithioarsenite that prevents the lipoamide from accepting an acetyl group
from the E1 subunit, thus disrupting the PDC reaction cycle (Stocken and Thompson, 1946;
Whittaker, 1947; Dill et al., 1989). E3 catalyses the terminal reaction of PDC by transferring
electrons from dihydrolipoamide to the dithiol group composed of two cysteine residues within
E3. The electrons in E3 are then transferred through an FAD cofactor and used to reduce NAD+.
The active disulfide on E3 can be attacked by As(III), forming a cyclic dithioarsenite that
inactivates E3 activity (Massey and Veeger, 1961; Mahler and Cordes, 1966; Adamson et al.,
1984; Marcinkeviciene and Blanchard, 1997). Recently, the notion that the binding of As(III)
directly to subunits of PDC inhibits the enzyme has been challenged. Samikkannu (2003)
proposed that the inactivation of PDC by As(III) is more likely mediated by oxidative damage
to PDC through the production of reactive oxygen species (ROS) instead of through direct
binding to the critical thiols. Therefore, it is unclear whether the As(III)-mediated inactivation
of PDC is through ROS or direct binding of As(III) or a combination of both. If inactivation is
through the direct binding of As(III), the subunit that binds As(III) leading to the inhibition of
the enzyme is also unclear.

In contrast to yeast and animals, where PDC is exclusively located in the mitochondrial matrix,
plants also have a plastid form of PDC (ptPDC) (Tovar-Mendez et al., 2003). ptPDC has the
same subunit structure as its mitochondrial counterpart and catalyses the oxidative
decarboxylation of pyruvate to acetyl-CoA. Acetyl-CoA is the major substrate for de novo
synthesis of fatty acids, a process that occurs mainly in plastids of plants (Mooney et al., 2002).

Significant advances have been made in understanding the genetic basis for As uptake and
resistance in plants. However, the mechanisms of As toxicity are poorly understood and are
based on inconclusive studies in bacteria, yeast and mammals. To identify additional genetic
components targeted by As or involved in As detoxification, we used a root-bending-assay to
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isolate Arabidopsis mutants having root elongation that was arsenate overly-sensitive (aos). Our
hypothesis was that aos mutants would define different genes from those identified in mutants
with increased As(V) resistance. Understanding the As-sensitivity mechanism in plants will
provide insight into mechanisms that enhance As tolerance.

RESULTS

Isolation of arsenate overly-sensitive mutants of Arabidopsis

Inhibition of root elongation is one of the most conspicuous developmental changes that occur
during As(V) stress. We adapted the root-bending assay developed for isolating Arabidopsis
mutants that are sensitive to toxic cations (Wu et al., 1996; Ha et al., 1999) to identify arsenate
overly-sensitive (aos) mutants. The optimal concentration of As(V) for isolating aos mutants
was determined by transferring uniformly sized 5-d-old seedlings of wild-type Arabidopsis
(accession Columbia, Col-2) to solid growth medium supplemented with various As(V)
concentrations. Seedlings were placed vertically with the root tip pointing upwards. During root
elongation, gravitropism caused the roots to bend downward, allowing the increase in root
length since exposure to As(V) to be readily measured. During exposure to As(V) for two days,
higher As(V) concentrations generally caused a stronger inhibition of root elongation (Fig. 1).
The only exception was the stimulation in root elongation for wild-type Arabidopsis at 100 µM
As(V), the lowest concentration tested. The stimulation of whole plant and/or root growth by
low levels of As(V) has been observed in various species (Burló et al., 1999; Mascher et al.,
2002; Tu and Ma, 2002; Quaghebeur and Rengel, 2004). As(V) at 200 µM was the highest
concentration tested that did not strongly inhibit wild-type root growth and so was chosen for
isolating aos mutants. It was expected that any mutants that were identified could be recovered,
because wild-type seedlings could be rescued after two days exposure to 1 mM As(V) (data not
shown).
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Figure1. Arsenate inhibition of Arabidopsis root elongation. Five-day-old wild-type seedlings
grown in an arsenate-free medium were transferred to an medium containing the indicated
concentrations of arsenate. The root length from the apex of the root “hook” to the root tip was
measured two days after transfer to arsenate-containing medium. Values shown represent means
± SE (n = 30 to 50).

Approximately 80,000 Arabidopsis seedlings corresponding to 40,000 activation-tagged M3
lines in the Columbia 2 (Col-2) background (Weigel et al., 2000) were screened for an aos
phenotype. About 350 putative mutants were identified (Fig. 2A, arrow), rescued and
individually grown to seed. During re-screening of each putative mutant, only three lines, 106,
107 and 116, were confirmed to have an aos phenotype. The aos phenotype of each of the three
mutants was transmitted into both M5 and M6 generations, indicating that the phenotype was
genetically stable.

The phenotype of each of the three aos mutants was characterised more fully by growing mutant
and wild-type (Col-2) seedlings side-by-side on solid medium containing a range of As(V)
concentrations. In the absence of As(V), the root growth of each mutant was similar to that of
wild-type seedlings (Fig. 2, B and C). Exposure to As(V) for 4 days caused a
concentration-dependent inhibition in root growth in wild-type seedlings. The inhibition was
much more severe for each mutant than for wild-type seedlings at all the As(V) concentrations
tested (Fig. 2, B and C). Interestingly, the inhibition in root growth at each concentration was
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similar for all three mutants. The As(V) concentration that inhibited root elongation by 50 %
compared with growth on a medium without As(V) (I50) (Wu et al., 1996) was estimated to be
about 500 µM for wild-type seedlings and about 100 µM for each of the mutants. Thus, root
elongation in aos mutant seedlings was about five-fold more sensitive to As(V) than in
wild-type seedlings.

The aos1-1 mutant displayed enhanced arsenate sensitivity at whole plant level and at
germination
Twelve days exposure of aos1-1 (described below) seedlings to a variety of As(V)
concentrations resulted in plants that were much smaller than control wild-type plants (Fig. 3A).
When exposed to 100 or 200 µM As(V), the fresh weight of the aos1-1 seedlings was 63 % or
72 % lower, respectively, than that of wild-type seedlings exposed to the same As(V)
concentrations (Fig. 3B). Mutant seedlings also accumulated more anthocyanin in their shoot
than did wild-type seedlings (Fig. 3C). The aos1-1 seedlings had a higher shoot-to-root fresh
weight ratio when exposed to As(V) than wild-type seedlings did (Fig. 3D), indicating a shift in
resource allocation toward shoot growth.
The relative As(V) sensitivity of germination for aos1-1 and wild-type seed was tested over a
range of As(V) concentrations. Seed from aos1-1 plants showed a significantly lower proportion
of cotyledon emergence than seed from wild-type plants when the germination medium
contained either 100 or 200 µM As(V) (Fig. 3E). At both As(V) concentrations, the aos1-1
germinants had shorter roots and smaller shoots than wild-type germinants (results not shown).
Germination of seed from both aos1-1 and wild-type plants was virtually abolished by 400 µM
in the medium.
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Figure 2. Isolation and phenotypic characterisation of arsenate overly-sensitive mutants.
Five-day-old Arabidopsis seedlings grown vertically were transferred in rows to growth
medium containing 200 µM arsenate. Seedlings were placed vertically, with the roots pointing
upwards, and allowed to grow for four days. A, Photograph of Arabidopsis mutants exposed to
arsenate for four days showing a putative aos mutant (arrow). B, Three putative aos mutants,
106, 107, and 116, were confirmed to be arsenate overly-sensitive. C, The root growth of the
three aos mutants was measured after four days of exposure to the indicated concentrations of
arsenate. Means ± SE (n = 20 to 30) are shown.
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Figure 3. Increased sensitivity to arsenate of the aos1-1 mutant. Five-day-old wild-type (WT)
and aos1-1 seedlings germinated on solid medium were transferred to medium containing the
indicated arsenate concentrations and allowed to grow for 12 days in a vertical orientation. A,
Photograph of aos1-1 and wild-type plants after exposure to arsenate for 12 days. Mean values
± SE (n = 4) are presented for fresh weight (B), shoot anthocyanin concentration (C), and
shoot-to-root fresh weight ratio (D). E, aos1-1 and WT seeds were germinated on solid medium
containing the indicated concentrations of arsenate and scored for the emergence of green
cotyledons after 5 days according to Lee et al. (2003). Values are means ± SE (n = 4), with each
replicate having 50 to 100 seeds.

Chapter 2

35

Genetic characterisation of aos mutants
The genetics of the mutations conferring the aos phenotype was determined by crossing each
aos mutant to a wild-type plant. None of the F1 progeny were overly-sensitive to As(V) (Table
I), demonstrating that the aos phenotype was recessive. F2 progeny derived by selfing the F1
progeny from all three crosses displayed a 3 : 1 (wild-type : mutant) phenotypic ratio, indicating
that a single locus inherited according to Mendelian principles was responsible for the aos
phenotype in each mutant. Allelism among the three mutants was tested by crossing
homozygous mutant lines with one other. None of the resulting F1 progeny showed phenotypic
complementation (Table I), indicating that the three mutants are allelic.
Table I. Genetic analysis of aos1 mutants in Arabidopsis.
The sensitivity of five-day-old seedlings to 200 µM arsenate was determined using the
root-bending assay described in the legend to Figure 2. Chi-square values were calculated based
on the expected ratio of three wild-type seedlings to one mutant seedling and shown in brackets.

Cross (♀ x ♂)

Generation

Total
seedlings

Sensitive

Nonsensitive

Mutant 106 x
wild-type

F1

24

0

24

F2

286

79

207

F1

26

0

26

F2

315

77

238

F1

31

0

31

F2

281

73

208

106 x 107

F1

21

21

0

106 x 116

F1

19

19

0

Mutant 107 x
wild-type

Mutant 116 x
wild-type

Sensitive :
Non-sensitiv

1:3 (1.05)

1:3 (0.05)

1:3 (0.14)
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Molecular identification of the genetic lesion in the aos mutants
To determine the T-DNA insertion site and to identify the genetic lesion responsible for the aos
mutant phenotype, the genomic DNA sequences adjacent to the left border of the T-DNA
insertions in all three aos mutants were determined by Thermal Asymmetrical Interlaced
(TAIL)-PCR (Liu et al., 1995). Two major PCR products were obtained from mutants 107 and
116, while three major products were detected for mutant 106 (Fig. 4A). Interestingly, a
TAIL-PCR product of about 900 bp was common to all three mutants. Moreover, the sizes of
the three products obtained from mutant 106 were a combination of those obtained from
mutants 107 and 116. DNA sequencing revealed that the common 900 bp TAIL-PCR product
arose from a single T-DNA insertion located in the At3g17250 / At3g17260 intergenic region
(Fig. 4B) of all three lines. Sequencing also revealed that the insertion common to mutants 106
and 116 was within the At1g17490 open reading frame, while the insertion common to mutants
106 and 107 was in the At5g57600 / At5g57610 intergenic region. The T-DNA insertion sites in
each mutant were confirmed by PCR using a gene-specific primer in combination with either a
gene-specific primer expected to be on the far side of the T-DNA or a primer specific for the left
border of the T-DNA (Fig. 4C). The absence of wild-type amplicons from mutant genomic
DNA templates suggested that the T-DNA insertions were in a homozygous state in the three
aos mutants (Fig. 4C).
Based on the results of both genetic and TAIL-PCR, it seems that the insertion in the
At3g17250 / At3g17260 intergenic region was responsible for the aos phenotype. To test this
possibility, plants carrying T-DNA insertions at a single locus were isolated from the F2
progeny of crosses between wild-type Col-2 plants and mutants 107 and 116. Only seedlings
homozygous for the T-DNA insertion found in the At3g17250 / At3g17260 intergenic region
were overly-sensitive to As(V), indicating genetic linkage between this T-DNA insertion and
the aos phenotype.
The linkage between the T-DNA insertion in the At3g17250 / At3g17260 intergenic region and
the aos phenotype was further established by co-segregation analysis of the F2 progeny from a
cross between mutant 107 and wild-type Col-2. All sixty aos F2 seedlings obtained were
determined by PCR to be homozygous for the T-DNA insertion in the At3g17250 / At3g17260
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intergenic region (data not shown), indicating that this insertion caused the aos loss-of-function
phenotype. A single F2 line from this cross that was confirmed to carry only this T-DNA was
designated as carrying allele 1 of the arsenate overly-sensitive 1 (aos1-1) gene. This line was
used for physiological characterisations.
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Figure 4. T-DNA Integration sites in the aos1-1 mutants. A, Agarose gel analysis of secondary
TAIL-PCR products amplified from the aos mutants. T-DNA specific and DEG1 primers were
used for genomic DNA TAIL-PCR. The size of the DNA marker bands (M) are shown on the
left. B, Diagrams showing the three independent T-DNA insertion sites recovered from aos
mutants by TAIL-PCR. The heavy arrows indicate gene orientation, while small arrows
represent annealing sites for the indicated PCR primers. C, Genomic DNA from aos mutants
and wild-type (WT) seedlings was amplified with the primer pairs indicated on the left.
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The intergenic location of the genetic lesion and the recessive nature of the aos1-1 mutation
suggested that transcription of a gene adjacent to the T-DNA insertion was reduced or abolished.
Reverse transcription (RT) PCR showed that the abundance of transcripts from the genes
immediately adjacent to the T-DNA insertion site At3g17250 and At3g17240, were not altered
in aos1-1 plants (Fig. 5). In addition, we failed to detect At3g17260 transcript (data not shown).
Consistent with this, no EST is available for this annotated gene in Arabidopsis Transcriptome
Genomic Express Database (http://signal.salk.edu/cgi-bin/atta). Analysis of the transcriptional
activity of the At3g17250 / At3g17260 intergenic region using the Arabidopsis Transcriptome
Genomic Express Database showed an 824 bp full-length cDNA (Castelli et al., 2004) that
lacked a long open reading frame (GenBank accession number BX825820) potentially
representing a non-protein coding RNA (npcRNAs, Fig. 4B). npcRNAs such as micro-RNAs
have been shown to control plant responses to environmental stimuli (Jones-Rhoades and Bartel,
2004; Sunkar and Zhu, 2004). RT-PCR analysis showed that the abundance of BX825820
transcripts was not changed by the T-DNA integration event (Fig. 5).

WT

aos1-1

BX 825820 (27)
BX 825820 (30)

At3g17250 (27)
At3g17250 (30)

mtLPD2 (38)
mtLPD2 (42)

ACTIN2 (22)
ACTIN2 (25)

Figure 5. Transcript abundance of genes flanking the aos1-1 T-DNA. Transcript abundance for
BX825820, At3g17250 and At3g17240 (mtLPD2) were determined by semi-quantitative
RT–PCR using gene-specific primers. Total RNA from 5-day-old wild-type (WT) and aos1-1
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seedlings was extracted and reverse-transcribed. ACTIN2 (At3g18780) was used as
amplification control. Numbers in brackets are the numbers of cycles used in the PCR.
Although the abundance of transcripts from genes flanking the T-DNA insertion site was not
changed, nearby genes could have been inactivated by small insertions and/or deletions during
the T-DNA integration event. This possibility was tested using SALK (Alonso et al., 2003) and
Syngenta Arabidopsis Insertion Library (SAIL; Sessions et al., 2002) lines with putative
T-DNA insertions between At3g17210 and At3g17290. Mutants allelic to aos1-1 would be
expected to show the aos phenotype. Thirty to forty individuals from each insertion line were
tested for the aos phenotype to ensure that at least several homozygous individuals among the
progeny of any heterozygous parents would be assessed for As(V) sensitivity. A single T-DNA
insertion line, SALK_027039 (mtlpd2-2, see Chapter 3), with a putative T-DNA insert in
At3g17240, showed an aos phenotype (see Chapter 3). To test whether the aos phenotypes of
aos1-1 and SALK_027039 were allelic, a homozygous SALK_027039 individual was crossed
with a homozygous aos1-1 individual. The resulting F1 progeny showed a wild-type phenotype
when exposed to 200 µM As(V) (data not shown), indicating that SALK_027039 and aos1-1
were not allelic but had lesions in different genes.
Having gathered evidence that the aos1-1 phenotype was not caused by the mutation of a gene
in the neighbourhood of the T-DNA insertion site, other possibilities were explored. T-DNA
mutagenesis can cause genome rearrangements through the translocation or inversion of large
DNA fragments (Nacry et al., 1998; Laufs et al., 1999; Tax and Vernon, 2001). Although the
TAIL-PCR results indicated that the T-DNA insertion in aos1-1 was in a segment of
chromosome 3, it is possible that this segment was translocated to another chromosomal
location. To test this, a line homozygous for the mtlpd2-2 T-DNA insertion in At3g17240, a
locus located on chromosome 3 in wild-type plants, was used as a mapping marker in a cross
with a plant homozygous for aos1-1. Following a self-cross of F1 individuals, independent
assortment of the heterozygous aos1-1 and mtlpd2-2 alleles would be expected to yield about 44
% aos individuals in the F2 generation due to the inheritance of homozygous aos alleles at one
or the other locus. Of these aos F2 progeny, about 80 % would be expected to contain the
T-DNA insertions of both aos1-1 and mtlpd2-2. In fact, none of the 48 F2 seedlings displaying
the aos phenotype that were tested had both T-DNA insertions. This result indicates that the
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T-DNAs responsible for both aos1-1 and mtlpd2-2 reside on the same chromosome, which is
highly likely to be chromosome 3.
Since the mapping results indicated that T-DNA-mediated translocation of the AOS1 locus to a
different chromosomal location was unlikely, the genomic sequence flanking the right border
(RB) of the T-DNA was determined by TAIL-PCR. The multiple copies of the 35S enhancer at
the RB of the T-DNA carried by pSKI015 prevented the use of a RB specific primer. Therefore,
primers T1 and T2, specific for the sequence in the At3g17250 / At3g17260 intergenic region
immediately adjacent to the putative RB border and pointing toward the T-DNA insertion site
were used in combination with primer DEG1 (Fig. 6A). DNA sequencing of the TAIL-PCR
product showed that the region upstream of At3g17250 was linked directly to sequences internal
to At3g16950 (Fig. 6A), suggesting that an inversion of 107 kb of genomic DNA had occurred
during the T-DNA integration event. The presence of the inversion and the absence of a
wild-type copy of the At3g16950 genomic DNA were confirmed by PCR (Fig. 6B). RT-PCR
analysis showed that aos1-1 lacked At3g16950 transcripts (Fig. 6C). Taken together, these
results suggest that interruption of At3g16950 was responsible for the aos1-1 phenotype.
At3g16950 is the plastid lipoamide dehydrogenase 1 (ptLPD1) gene, which encodes the E3
subunit of the plastid pyruvate dehydrogenase complex (PDC).
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Figure 6. A paracentric inversion underlies the aos1-1 phenotype. A, Schematic representation
of the chromosomal paracentric inversion in aos1-1. The upper diagram represents the gene
organisation in the region of wild-type (WT) genomic DNA involved in the inversion event.
Genes are represented by thick arrows indicating the direction of transcription. BP is the break
point of the chromosomal inversion. For clarity, the fragment involved in the inversion is shown
in gray. The lower diagram represents the gene arrangement in aos1-1 mutant. RB and LB
represent right and left borders of the T-DNA in pSKI015. The T-DNA insert is not drawn to
scale. Small arrows indicate the annealing sites of primers used to confirm the genome
organisation and TAIL-PCR. B, PCR-based confirmation of the genomic inversion in aos1-1.
Fragments were amplified using the primer pairs indicated on the right and wild-type or aos1-1
mutant genomic DNA as the template. The annealing position of primers used are represented in
A. C, Transcript abundance analysis of ptLPD1 in aos1-1 mutant and wild-type. ACTIN2
(At3g18780) was used as amplification control. Numbers in brackets are the numbers of cycles
used in the PCR.
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Confirmation that mutation of ptLPD1 is responsible for the aos phenotype
Three T-DNA insertional mutants in ptLPD1 were obtained from the publically available stocks
(http://signal.salk.edu/cgi-bin/tdnaexpress):

WiscDsLox388B02

(designated

as

aos1-2),

WiscDsLox468E10 (designated as aos1-3) and SALK_092097C (designated as aos1-4). The
aos1-4 mutant contained an insertion in the 5’ untranslated region (UTR) of ptLPD1, while the
other two lines contained insertions in the ptLPD1 ORF (Fig. 7A). Homozygous mutants were
isolated from a segregating population of each insertion line. In the absence of As(V), the
phenotype of seedlings carrying any one of these alleles was indistinguishable from that of
wild-type Col-0 seedlings. When grown in the presence of As(V), the mutants showed the aos
phenotype (Fig. 7, B and C). However, there was variation among the mutants in the strength of
the aos phenotype. The aos1-2 and aos1-3 seedlings were as sensitive to As(V) as aos1-1
seedlings, while the aos1-4 seedlings were intermediate in their sensitivity to As(V) (Fig. 7, B
and C). To understand the intermediate nature of the aos1-4 phenotype, the abundance of
ptLPD1 transcripts was determined in aos1-2, aos1-3, aos1-4 and wild-type seedlings by
RT-PCR. As was the case for aos1-1 seedlings (Fig. 6C), no ptLPD1 transcripts were detected
in aos1-2 or aos1-3 seedlings (Fig. 7D), indicating complete abolishment of ptLPD1 expression
in these lines. In aos1-4 seedlings, the ptLPD1 transcript abundance was intermediate between
that of wild-type and the other mutant seedlings. These results indicate that aos1-2 and aos1-3
were knockout alleles, while the T-DNA insert in the 5’UTR only partially inhibited ptLPD1
transcript accumulation. Like aos1-1 seedlings, aos1-2, aos1-3 and aos1-4 seedlings exposed to
As(V) were smaller (Fig. 8A), had lower fresh weight (Fig. 8B), increased shoot anthocyanin
concentration (Fig. 8C) and increased shoot to root fresh weight ratio (Fig. 8D) compared with
wild-type seedlings. In addition, aos1-2, aos1-3 and aos1-4 seeds had decreased germination
rates at all As(V) concentrations tested (Fig. 8E). The aos1-4 mutant phenotype was invariably
intermediate between wild-type and the knockout mutants, consistent with aos1-4 being a
knockdown allele.
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Figure 7. Arsenate sensitivity of root elongation of aos1 alleles. A, Schematic diagram showing
the T-DNA insertions in the aos1-2, aos1-3 and aos1-4 alleles of at3g16950. Black boxes and
lines represent exons and introns/intergenic regions, respectively. B and C, Five-day-old
seedlings of wild-type (Col-0; WT) and aos1-2, aos1-3 and aos1-4 mutants were transferred to
solid medium containing the indicated concentrations of arsenate. A photograph of typical
seedlings is shown (B); Root length increase (C) was measured after four-day exposure to
arsenate. Values are means ± SE (n = 15 to 20). D, RT-PCR analysis of ptLPD1 transcript in
aos1-2, aos1-3 and aos1-4. Total RNA from 5-day-old wild-type (Col-0, WT) and mutant
seedlings was extracted and reverse transcribed. ACTIN2 (At3g18780) was used as an
amplification control.
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Figure 8. aos1 alleles showing increased sensitivity to arsenate. Five-day-old seedlings of
wild-type (Col-0; WT), aos1-2, aos1-3 and aos1-4 were transferred to different concentrations
of arsenate-containing medium. After two weeks of growth, A, seedlings were photographed
and B, fresh weight, C, anthocyanin concentrations and D, shoot-to-root fresh weight ratio were
determined. E, WT, aos1-2, aos1-3 and aos1-4 seeds were germinated on solid medium
containing various concentrations of arsenate. Survival rates were scored after 5 days according
to Lee et al. (2003). All values shown are means ± SE of n = 4.
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aos1 was not an arsenic accumulator
One possible mechanism of enhanced arsenate sensitivity of aos1 is increased accumulation of
arsenic. To investigate this possibility, we determined the arsenic level of wild-type and mutant
plants exposed to 50 µM arsenate for 3 d. The concentrations of arsenic in both roots and shoots
of aos1 plants were statistically similar to that in wild-type plants (Fig. 9, A and B), indicating
that overly-sensitivity of aos1 is not due to over accumulation of arsenic.
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Figure 9. Arsenic accumulation in wild-type and aos1-1 mutant plants. Arabidopsis plants
(38-day-old) were exposed to 50 µM arsenate for 3 days. Shoots (A) and roots (B) arsenic
concentrations were analysed. All values shown are means ± SE of n = 4.

The aos1 mutants were sensitive to arsenite
To investigate whether the aos1 phenotype is As(V) specific, we determined the sensitivity of
seedlings carrying various ptLPD1 alleles to As(III) using the root-bending assay. Col-0 was
used as wild-type control, as we did not observe any difference between Col-0 and Col-2 in
response to arsenic (data not shown). Root elongation in wild-type Arabidopsis was much more
sensitive to As(III) (Fig. 10A) than to As(V) (Fig. 2). The ptLPD1 mutant alleles caused a
dramatic increase in the sensitivity of root elongation to As(III) (Fig. 10A). As(III) caused a
decreased shoot-to-root fresh-weight ratio in wild-type seedlings (Fig. 10B). In contrast,
seedlings carrying ptLPD1 mutant alleles showed an increased shoot-to-root fresh-weight ratios
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when exposed to As(III) (Fig. 10B). Again, aos1-4 seedlings had a phenotype that was
intermediate between wild-type seedlings and the knockout alleles (Fig. 10, A and B).
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Figure 10. aos1 alleles conferring increased sensitivity to arsenite. Five-day-old seedlings of
aos1-1, aos1-2, aos1-3, aos1-4 and wild-type (Col-0; WT) germinated in the absence of arsenite
were transferred to solid medium containing arsenite. A, Root length increase was measured
after four days. Means ± SE (n = 10 - 15) are shown. B, Shoot-to-root fresh-weight ratios were
determined after ten days growth on arsenite-containing medium. The data shown are means ±
SE (n = 4 plates).

The specificity of the aos phenotype to As was examined by subjecting wild-type and aos1
mutant seedlings to various concentrations of Cd2+, Zn2+, Ni2+, and Cu2+. After four days
exposure, the root elongation in wild-type and mutant seedlings was similar (results not shown),
indicating that the aos phenotype was specific for As and that mutation of aos1 did not affect
sensitivity to dicationic heavy metals.

ptlpd2 mutants are more tolerant to arsenic than ptlpd1 mutants
In the Arabidopsis genome, there are two plastid lipoamide dehydrogenases, which have similar
expression patterns (Lutziger and Oliver, 2000; Zimmermann et al., 2004). We showed that loss
of function of ptLPD1 caused sensitivity to As(V) and As(III). To further characterise the
relationship between lipoamide dehydrogenase and As, We obtained two SALK T-DNA
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insertion lines (ptlpd2-1, SALK_118337C; and ptlpd2-2, SALK_013426) for the ptLPD2 gene
from the Arabidopsis Biological Resource Center (ABRC). As shown in Figure 11A, the
T-DNA insertions were located in the second and third exon of ptlpd2-1 and ptlpd2-2,
respectively (Fig. 11A). There was no detectable ptLPD2 transcript in either ptLPD2 alleles,
indicating that ptlpd2-1 and ptlpd2-2 were knockout mutants (Fig. 11B).

Similar to aos1 knockout mutants, in the absence of As(V), ptlpd2-1 and ptlpd2-2 mutants
plants did not display any apparent phenotype, while in the presence of As(V), the growth of
ptlpd2-1 and ptlpd2-2 roots was significantly inhibited by As(V) compared with wild-type roots
(Fig. 11C). The shoots of ptlpd2-1 and ptlpd2-2 mutants plants displayed enhanced
accumulation of anthocyanin compared with wild-type, after exposure to As(V) for two weeks
(Fig. 11D). The As(III) sensitivity of ptlpd2 knockout mutants was also determined by the root
bending assay. The ptlpd2-1 and ptlpd2-2 mutant plants demonstrated decreased ability to grow
in the presence of As(III) (Fig. 11E).
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Figure 11. Response of ptlpd2 mutants to arsenate and arsenite. A, Molecular structure of the
ptLPD2 (at4g16155) locus and sites of T-DNA integration. Black boxes indicate exons, while
black lines represent introns and untranslated regions (UTR). The size of T-DNA is not to scale.
The ptlpd2-1 (SALK_013426) and ptlpd2-2 (SALK_118337C) contained T-DNA insertions in
the first and third exon, respectively. B, Semi-quantitative RT-PCR analysis of the ptlpd2
T-DNA insertion lines using RNA isolated from wild-type and mutants plants. Primers designed
to amplify a product across an intron in the 3’UTR for the expression level of mtLPD2. C and D,
Five-day-old seedlings of ptlpd2 mutants and wild-type were transferred to media supplemented
with arsenate. Plants were grown for four days with plates in a vertical position, then for ten
days with plates in a horizontal position. Root growth (C) was measured three days after
transfer. Anthocyanin accumulation in the shoots (D) of wild-type and ptlpd2 mutants were
determined two weeks after transfer. F, Root elongation response of ptlpd2-1, ptlpd2-2 and
wild-type to arsenite. Five-day-old seedlings were transferred to a series of concentrations of
arsenite. After four days exposure, the root length increase was measured. Values are means
± SE (n = 4).
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DISCUSSION

Three arsenate overly-sensitive (aos) mutants were isolated from about 40,000 activation-tagged
lines of Arabidopsis. The root growth of aos seedlings was about five times more sensitive to
As(V) than that of the wild-type seedlings. Genetic and molecular analyses showed that the aos
phenotype in all three mutants was due to a single mutational event that produced a recessive
allele that we have designated aos1-1. While T-DNA activation-tagging mutagenesis was
designed to produce dominant mutations, the isolation of a recessive mutation was not
unexpected. T-DNA activation-tagging not only has the ability to activate genes near the
insertion site, but also to disrupt a gene at the insertion site (Weigel et al., 2000).

The aos1-1 mutation was mapped to the ptLPD1 gene. The T-DNA insertion event caused the
inversion of a 107 kb fragment of chromosome 3, producing a breakpoint in exon 6 of ptLPD1.
Genomic DNA rearrangements associated with T-DNA insertions are common. For example,
Castle et al. (1993) reported that seven out of thirty-six T-DNA-tagged embryonic mutants had
indications of chromosomal translocations. Several lines of evidence demonstrated that the aos1
phenotype was caused by disruption of ptLPD1. First, the T-DNA caused the inversion
co-segragated with the aos phenotype. Second, transcripts from ptLPD1 were absent from
aos1-1 mutant seedlings, while being easily detected in wild-type plants. Finally, two
independent loss-of-function ptLPD1 alleles produced phenotypes identical to that of the aos1-1
allele when plants were exposed to As(V). The aos1 phenotype in the presence of As(V)
included reduced root elongation, increased anthocyanin accumulation and decreased fresh
weight compared with wild-type plants. A knockdown allele of ptLPD1 caused a phenotype
intermediate between the wild-type and the loss-of-function alleles.

The ptLPD1 gene encodes an isoform of the plastid lipoamide dehydrogenase, a key component
of the plastid form of the pyruvate dehydrogenase complex (ptPDC). In Arabidopsis, two genes
encode ptLPD, ptLPD1 (At3g16950) and ptLPD2 (At4g16155) (Lutziger and Oliver, 2000).
Another two genes, mtLPD1 (At1g48030) and mtLPD2 (At3g17240), encode the mitochondrial
forms of LPD (mtLPD) (Lutziger and Oliver, 2001) which are found in the mitochondrial
pyruvate

(PDC),

α-ketoglutarate

(KDC),

and

branched-chain

α-ketoacid

(BCKDC)
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dehydrogenase complexes and in the glycine decarboxylase complex (GDC).

In

non-photosynthetic eukaryotes, LPD is exclusively localised within mitochondria.

The underlying cause of the increased As(V) sensitivity of the aos1 mutants was not the
increased accumulation of As, because the roots and shoots of the aos1 mutant and wild-type
plants accumulated similar concentrations of As. Instead, we hypothesise that the higher
sensitivity was due to As directly inhibiting ptLPD activity, thus inhibiting ptPDC activity.
As(III) is a well established inhibitor of mtLPD. The mechanism of inhibition is through the
binding of As(III) to a catalytic dithiol group formed by two absolutely conserved and nearly
adjacent cysteine residues within the LPD protein (Peters et al., 1946; Schiller et al., 1977;
Stevenson et al., 1978; Bergquist et al., 2009) The ptLPD proteins have an analogous catalytic
dithiol group and would be anticipated to be similarly inhibited by As(III). Plants rapidly
produce As(III) through the reduction of acquired As(V) by an endogenous As(V) reductase
activity (Zhao et al., 2009). Therefore, the lower amount of LPD in the plastids of aos1 mutants
would provide fewer targets for As(III) binding, leading to a stronger inhibition by As(III).

It has been proposed that LPD may also be inactivated through the action of reactive oxygen
species (ROS) (Samikkannu et al., 2003). As is widely recognised as an inducer of cellular ROS
production leading to oxidative stress (Meharg and Hartley-Whitaker, 2002; Hei and Filipic,
2004; Valko et al., 2005), while PDC is indeed susceptible to oxidative damage and inactivated
by ROS (Tabatabaie et al., 1996). Heavy metals, including cadmium, nickel, copper, zinc, and
As are able to induce ROS in a variety of organisms, including plants (Stohs and Bagchi, 1995;
Mittler, 2002; Zhang et al., 2003; Freeman et al., 2004; Valko et al., 2005), and PDC is sensitive
to Cd2+ and Cu2+ (Sheline et al., 2002; Sheline and Choi, 2004; Sheline and Wei, 2006).
However, the aos1 mutants displayed specific hypersensitivity to As(III) and As(V), rather than
to the ROS-generating heavy metals zinc, copper, cadmium, and nickel. This observation
strongly suggests an independent mechanism, which would include As(III) binding directly to
the PDC, causing inhibition of PDC which in turn led to sensitivity to As. Therefore, We
conclude that it is likely that As(III) binding to the LPD subunit was a more important
mechanism for PDC inhibition than ROS-mediated inactivation.

Chapter 2

51

It is unclear how As enters into the plastids to exert its toxic action. Both As(V) and As(III) may
be able to enter the plastid. As(V) might enter plastids also via phosphate transporters, in a
manner analogous to its crossing the plasma-membrane. Biochemical studies showed that As(V)
suppresses phosphate uptake in plastids, suggesting that As(V) and phosphate compete for the
same transporters (Fliege et al., 1978; Borchert et al., 1993), such as PHT2;1 in Arabidopsis
(Versaw and Harrison, 2002). Once As(V) is in plastids, it might be reduced to As(III) through
an unknown mechanism. It is also possible that As(III) is reduced outside the plastid and then
imported. Some aquaporins facilitate the transport of As(III) across the plasma-membrane in
bacteria, yeast, mammals, and plants (Wysocki et al., 2001; Liu et al., 2002; Meng et al., 2004;
Zhao et al., 2009). Indeed, the predicted plastid-targeted aquaporin AtNIP5;1 transports As(III)
when expressed in Xenopus oocytes (Kamiya et al., 2009), suggesting that As(III) transport into
the plastid is possible, at least in Arabidopsis.

ptPDC provides two essential substrates, acetyl-CoA and NADH, for de novo fatty acid
biosynthesis (Mooney et al., 2002). Since the plastid is the predominant site of fatty-acid
biosynthesis in plants, inhibition of ptPDC would have a profound effect on fatty-acid
production. Fatty acids and fatty acid-derived complex lipids are essential for plants, as for
other organisms. They are the components of cellular membranes, the precursors of cellular
signalling molecules, such as jasmonic acid, and major energy reserves in storage tissues, such
as seeds. Fatty acids and their derivatives are so important that an Arabidopsis knockout mutant
of the E2 subunit of ptPDC is early-embryo lethal in the homozygous state (Lin et al., 2003).

As disrupts membrane structure, including increased fluidity, and function in algal cells and
artificial liposomes by binding and substituting for phosphate or choline head groups on the
membrane surface (Tuan et al., 2008). Increases in membrane fluidity by As would affect
membrane-embedded proteins, including ion transporters, sensors or signalling receptors, and
unselectively increase membrane permeability (Yamaoka et al., 1992; Winski et al., 1997;
Winski and Carter, 1998; Zhang et al., 2000; Loukin et al., 2007; Pepi et al., 2008; Tuan et al.,
2008). One way that plants actively respond to heavy metal stress is through changes in the
membrane lipid composition (Chaffai et al., 2007; Upchurch, 2008). Therefore, the biosynthesis
of fatty acids and its regulation would play an essential role in maintaining membrane integrity
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in the presence of As. The loss of ptLPD1 in the aos1 mutants would result in less ptLPD
activity, lowering the ability of the mutant to synthesise fatty acids in response to As stress. The
restriction of fatty acids biosynthesis in the aos1 mutant would thus prevent acclimation to As
stress, in turn preventing alteration of the membrane lipid composition to maintain membrane
integrity. This would provide an alternative explanation for why the aos1 mutants are more
susceptible to As than wild-type seedlings are. Consistent with this conclusion is that yeasts
with a deletion of genes encoding functions in fatty-acid biosynthesis show diminished
resistance to As (Thorsen et al., 2009).

The two Arabidopsis genes encoding ptLPDs are likely to be paralogs resulting from a
relatively recent gene duplication (Mooney et al., 2002). ptLPD1 and ptLPD2 have similar
tissue-dependent expression patterns (Lutziger and Oliver, 2000), although the relative
abundance of transcripts from the two genes differs somewhat among some tissues
(Geneinvestigator; Zimmermann et al., 2004). The lack of apparent phenotype of
loss-of-function ptLPD1 and ptLPD2 mutants when grown in soil or on plates in the absence of
As(V) indicates that, under these growing conditions, each ptLPD gene could complement the
loss of the other. However, when exposed to As(V), ptlpd1 knockout mutants showed a
hypersensitive phenotype, indicating that ptLPD2 cannot fully compensate for the loss of
ptLPD1 in the presence of As(V). A similar situation exists in the ptlpd2 knockout mutant,
although the hypersensitivity is much less severe. The aos1 mutants may have been more
sensitive to As(V) than the ptlpd2 simply because there is more ptLPD1 than ptLPD2 in root
tips, as microarray data (www.genevestigator.ethz.ch; Zimmermann et al., 2004) indicate that
ptLPD1 transcripts are more abundant in the root tip than ptLPD2 transcripts are.

The available information indicates that the two ptLPD genes are largely redundant under
normal growth conditions, but that the presence of both genes is vital for maximising As
tolerance. The aos1-4 knockdown mutant, which produces ptLPD transcripts, but in lower
abundance than wild-type seedlings, displayed an intermediate sensitivity to As(V), suggesting
that loss of ptLPD1 expression cannot be compensated for by an endogenous change in ptLPD2
expression. Therefore, knockout of ptLPD1, with its higher contribution to the ptLPD transcript
pool (www.genevestigator.ethz.ch; Zimmermann et al., 2004), resulted in greater sensitivity to
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As(V) than the loss of ptLPD2, which contributes proportionally less to the ptLPD transcript
pool. This study has demonstrated that the amount of ptLPD plays an essential role in
determining the intrinsic As tolerance of Arabidopsis. Whether an increase in the amount of
ptLPD through transgenic over-expression would result in greater As tolerance requires further
investigation.

In conclusion, the aos1 mutant is hyper-sensitive to both As(V) and As(III) due to a
loss-of-function mutation in ptLPD1. ptLPD1 and ptLPD2 play redundant but additive roles, as
loss-of-function of either ptLPD gene only results in a phenotype when exposed to As(V) or
As(III). It is likely that a lower amount of ptLPD in the aos1 mutants resulted in their greater
susceptibly to As, and that As sensitivity is caused by As(III) binding directly to the catalytic
dithiol group of ptLPD, and not through ROS-mediated inactivation of ptPDC. To our
knowledge, this is the first study on the mode of action of As toxicity in plants. Future
over-expression of ptLPD should shed light on its possible ability to confer As tolerance.

MATERIALS AND METHODS

Plant Materials

Seeds of wild-type Arabidopsis (Arabidopsis thaliana) Col-0 and Col-2 accession, as well as
T-DNA insertion lines were obtained from the Arabidopsis Biological Resource Center (ABRC;
http://www.arabidopsis.org/abrc/).

The

mutant

population

used

in

this

study

was

activation-tagged Arabidopsis (Weigel et al., 2000) M3 seeds in Col-2 background. Line aos1-1
was isolated from this population. Individual T-DNA insertion lines used in this study were
WiscDsLox388B02 (aos1-2) and WiscDsLox468E10 (aos1-3) from the Wisconsin collection
(Krysan et al., 1999; Woody et al., 2007) and SALK_092097C (aos1-4), SALK_118337C
(ptlpd2-1), SALK_013426 (ptlpd2-2) and SALK_027039 (mtlpd2-2) from the Salk collection
(Alonso et al., 2003).

Plant Growth Conditions and Mutant Isolation
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Arabidopsis seeds were surface sterilised by soaking in 70 % (v/v) ethanol for 2 min and in 5 %
(v/v) hypochlorite with 0.1 % (v/v) Tween 20 for 10 min followed by rinsing five times with
sterile, distilled water. All plants described in this report were grown at 22°C with a 16-h-light
(70-100 µmol photons m–2 s–1)/8-h-dark cycle.

An adapted root-bending assay (Howden and Cobbett, 1992; Wu et al., 1996) was used to
screen for arsenate overly-sensitive mutants. Approximately 80,000 Arabidopsis seeds
representing 40,000 activation-tagged lines were surface sterilised and suspended in 0.1 % agar
(Amresco, Solon, OH, USA) followed by stratifying at 4°C for 2 to 3 d. Stratified seeds were
sown in rows on plates containing 2/3-strength Gamborg B-5 basal salts medium
(Phytotechnology Laboratories, Shawnee Mission, KS, USA) with 1 % agar, 3 % sucrose
(Amresco, Solon, OH, USA). Plates were placed vertically to allow roots to grow along the
surface of the agar medium to facilitate transfer to other plates. Four- to five-day-old seedlings
were transferred, one by one, to germination medium supplemented with arsenate (NaH2AsO4)
or arsenite (NaAsO2) and placed vertically with root tips pointing upward. After 3 to 4 d
exposure to arsenate, seedlings with apparently inhibited root growth were recovered by
transferring to fresh germination medium for about 2 wk before transfer to soil. About 50 seeds
from each putative mutant were re-screened using the root-bending assay on agar
medium-containing 200 µM arsenate.

For hydroponic growth, 7-d-old seedlings grown vertically on plates of germination medium
were transferred to a fresh medium and grown for another 3 wk with the plate in a horizontal
position. Plants were transferred to hydroponics and grown in nutrient solution containing 1.25
mM KNO3, 1.5 mM Ca(NO3)2, 0.75 mM MgSO4, 1 mM KH2PO4, 50 µM KCl, 50 µM H3BO3,
10 µM MnSO4, 2.0 µM ZnSO4, 1.5 µM CuSO4, 0.075 µM (NH4)6Mo7O24, 0.1 mM Na2SiO3 and
25 µM FeNaEDTA. Solutions were changed every 3 d. After 10 d in hydroponics, plants
transferred to fresh nutrient solution supplemented with or without 50 µM arsenate for 3 d.

Growth Measurements
After exposure of plants to arsenate- and arsenite-containing medium in the root-bending assay,
the length of newly elongated root was measured with a ruler from the top of the curl to the root
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tip. For measuring shoot and root fresh weights, shoots were excised in the middle of the
hypocotyls. Shoots and roots from two or three plants were pooled and treated as one biological
sample. The seed survival rate was determined according to Lee et al. (2003) except the plates
containing seeds on growth medium were placed vertically.

Anthocyanin Extraction and Estimation

Anthocyanins were extracted according to Lange et al. (1971). Shoots of seedlings were
weighed fresh and placed in 1.5 ml of 1-propanol:HCl:water (=18:1:81). Samples were
submerged in boiling water for 3 min, followed by incubation in the dark at 22°C for 24 h.
Samples were subjected to centrifugation at 14,000xg for 15 min at ambient temperature, before
the optical density of the supernatant was measured at 535 nm and 650 nm. The absorbance due
to anthocyanins was calculated as A = A535 – 0.24 A650 (Murray and Hackett, 1991). The
quantity of anthocyanins was determined from the corrected absorbance using a molar
extinction coefficient (ε) of 38,000 L mol-1 cm-1 and normalised to the fresh weight of each
sample.

Measurement of Arsenic

Shoot and root tissues were harvested separately, rinsed three times with distilled water and
dried at 70ºC for 3 d. Dried tissues were weighed and digested with nitric acid at 250ºC for 5
min and 500ºC for 5 min in a microwave extraction system (Microwave Laboratory Station
Mileston ETHOS 900, Milestone s.r.l., Sorisole, Italy). The arsenic content of the digested
samples were analysed by inductively coupled plasma optical emission spectrometry, and
normalised to the dry weight of each sample.

PCR and DNA Sequencing

DNA samples were amplified in a thermal cycler (Eppendorf, Hamburg, German) with DNA
polymerase (GoTaq Flexi DNA polymerase, Promega, Madison, WI, USA) according to the
manufacturer’s instructions. Unless specified otherwise, the following thermal cycling
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parameters were used: 1 cycle of 95°C for 2 min; 23 to 40 cycles of 30 s at 95°C, 30 s at 55°C
and 1 to 3 min at 72°C; 1 cycle of 10 min at 72°C. PCR products were separated by gel
electrophoresis on agarose gels and purified from excised gel slices (AxyPrep™ DNA Gel
Extraction Kit, Axygen, Union City, CA). The purified PCR products were sequenced with each
forward or reverse primers (Table II) using a commercial kit (BigDye terminator version 3.1
Sequencing Kit Applied Biosystems, Foster City, CA) according to the manufacture’s
instructions. Sequences were determined at the Lottery West Biomedical Facility: Genomics
(Perth, Australia).

Primers

All primers used in this work are listed in Table II
Table II Primer sequences for PCR amplification
name
SKLB1
SKLB2,
SKLB3
CBPTAIL1
CBPTAIL2
8F
8R
LBa1
p745
66F
66R
67F
67R
69F
69R
ptLPDF
ptLPD1R
ptLPD2R
actin2F
actin2R
DEG1
TAIL-PCR

sequence
5'- ATACGACGGATCGTAATTTGTC-3'
5'- TAATAACGCTGCGGACATCTAC-3'
5'-TTGACCATCATACTCATTGCTG-3'
5'- CTTCAGTCAATCGGACTGTC -3'
5'- GTGAGAGCCGACCGATCTCG -3'
5'- GCACATAGAACACGTGGCAAG-3'
5'- GATTCCTACCTCAAAGAGCCG-3'
5'- TGGTTCACGTAGTGGGCCATCG-3'
5'-AACGTCCGCAATGTGTTATTAAGTTGTC-3'
5'- GACTTGCTCGACCACTAGCC-3'
5'- TGCAAGCTTTGTCTTTGGTG -3'
5'- TGATCTTTGTCCTCCTTGGG-3'
5'- CAGAACACTGCCAAATCCAG-3'
5'- TCGAACAAGTGTGCCTTCTC-3'
5'- CCCTTTGAGCCAGCTTACTG-3'
5'- GTTCATGCACATCCAACACT -3'
5'- CGATCTTCCTGGTTCGTGTT-3'
5'- GCAATCTTCGTCCTTTGATG-3'
5'- AGAGATTCAGATGCCCAGAAGTCTTGTTCC-3'
5'- AACGATTCCTGGACCTGCCTCATCATACTC-3'
5'- WGCNAGTNAGWANAAG-3'
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Thermal Asymetric InterLaced (TAIL)-PCR was performed according to Liu et al. (1995).
Genomic DNA was prepared (PhytoPure™ Plant Genomic DNA Extraction Kit, Amersham
Biosciences, Piscataway, NJ, USA) according to the manufacture’s instructions. The primers
used to recover genomic DNA sequences flanking the T-DNA left border of pSKI015 were
SKLB1 SKLB2, and SKLB3, in combination with DEG1 (Table II; Liu et al., 1995). In other
TAIL-PCR experiments, CBPTAIL1 and CBPTAIL2 were used in combination with DEG1.
PCR conditions follows Liu et al. (1995).

Verification of T-DNA Insertions in aos1 and ptlpd2

The annotated positions of T-DNA insertions were confirmed by PCR using T-DNA
insert-specific primers (Table II) LBa1 for SALK lines, p745 for Wisconsin lines and SKLB3
for activation-tagged mutants, in combination with sequence-specific primer sets (Table II): 66F
and 66R for genotyping WiscDsLox388B02 and WiscDsLox468E10; 67F and 67R, for
genotyping SALK_118337C; 8F and 8R for genotyping aos1-1; 69F and 69R for genotyping
SALK_118337C and SALK_013426. PCR and sequencing conditions were as described above.

Reverse Transcription (RT)-PCR

Total RNA was extracted from 7-d-old seedlings (RNeasy Plant Mini Prep Kit, Qiagen, Clifton
Hills, VIC, Australia) according to the manufacturer’s instructions and treated with DNase I
(DNA-free; Ambion, Austin, TX, USA) according to the manufacturer’s instructions.
First-strand cDNA was synthesised from 1 µg of total RNA with oligo(dT) primer using a
commercial kit (MonsterScript™ 1st-Strand cDNA Synthesis Kit, Epicentre Biotechnologies,
Madison, WI, USA) according to the manufacturer’s instructions. The following primers (Table
II) were used: for ptLPD1, ptLPDF and ptLPD1R (Table II); for ptLPD2, ptLPDF and ptLPD2R;
for ACTIN2, actin2F and actin2R. PCR was performed as described above.
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CHAPTER 3
Mitochondrial Lipoamide Dehydrogenase
Determines Arsenic Sensitivity in Arabidopsis
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ABSTRACT
In the course of mapping the mutation responsible for the arsenate overly-sensitive 1 (aos1)
mutant, a new Arabidopsis (Arabidopsis thaliana) T-DNA insertional mutant displaying
enhanced arsenic sensitivity, namely, mitochondrial lipoamide dehydrogenase 2 (mtlpd2-2),
was identified. mtlpd2-2 mutant plants displayed decreased root growth, enhanced anthocyanin
accumulation and reduced arsenic accumulation during exposure to arsenate, compared to
wild-type (WT) plants. The absence of mtLPD2 transcripts from mtlpd2-2 seedlings resulted in
a 23 % reduction in mtLPD protein amount and a 30 % decrease in mtLPD activity compared to
WT plants. The co-segregation of increased arsenic sensitivity with the T-DNA insertion as well
as the enhanced arsenic sensitivity of the independently-derived mtlpd2-1 allele confirmed that
disruption of mtLPD2 resulted in the arsenate overly-sensitive phenotype. LPD from
mitochondria was shown to be inhibited by arsenite, but not arsenate, indicating that arsenate
sensitivity in mtLPD2 mutants is probably mediated by arsenite binding to the active dithiol
group of LPD that is formed by two vicinal cysteine residues. Taken together, these results
suggest that mtLPD is a vital target for arsenic toxicity in plants.
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INTRODUCTION
Arsenic is a ubiquitous environmental toxin and exists in organic and inorganic forms.
Inorganic arsenic predominates in soils, where the majority is found either as pentavalent
arsenate or trivalent arsenite. Both arsenate and arsenite are highly toxic to plants. Arsenate
enters plant cell through phosphate transporters, while arsenite transport is mediated by
aquaporins (Zhao et al., 2009). The phytotoxicity of arsenic ranges from inhibition of seed
germination and root growth through to death (Meharg and Hartley-Whitaker, 2002; Lee et al.,
2003; Ahsan et al., 2008)
Arsenic is known historically for its toxicity and use in medical applications. However, the
mechanisms of its actions are still poorly understood. Our work showed that plastid lipoamide
dehydrogenase (ptLPD) is a crucial target in Arabidopsis (Arabidopsis thaliana) (Chapter 2).
Loss-of-function mutants of ptlpd1 and ptlpd2 displayed enhanced arsenate and arsenite
sensitivity compared with that of wild-type plants. Except for the two ptLPD genes, there are
two other LPD genes encoding mitochondrial LPD isoforms in the Arabidopsis genome. mtLPD
is the E3 subunit of α-ketoacid dehydrogenase complexes, including the pyruvate
dehydrogenase complex (PDC), the α-ketoglutarate dehydrogenase complex (KDC), and the
branched-chain α-ketoacid dehydrogenase complex (BCKDC), as well as the L-protein of the
Glycine decarboxylase complex (GDC). The E3/L-protein catalyses the re-oxidation of the
covalently bound lipoamide cofactor of the E2/L-protein following a ping-pong mechanism
forming the two-electron reduced enzyme, which is referred as EH2. EH2 is an equilibrium
mixture of several spectrally distinct species: both reducing equivalents on FAD, both reducing
equivalents on thiols , as well as one electron on a reduced thiol and the other electron shared by
FAD and thiolate (Massey et al., 1960; Wilkinson and Williams, 1979). mtLPD has two redox
centres, FAD and the disulfide, with each capable of accepting two electrons. Under strong
reducing conditions, E3 can be reduced to a four-electron-reduced species (EH4) (Massey et al.,
1960; Williams, 1965).
Here, we report the isolation and characterisation of mtlpd2 mutants of Arabidopsis. The mtlpd2
mutant plants were hyper-sensitive to both arsenate and arsenite compared with wild-type plants.
The relative importance of arsenite binding to dithiol groups leading to inactivation of LPD was
addressed.

RESULTS

mtlpd2 Arabidopsis mutant alleles with increased arsenate sensitivity
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T-DNA insertion line SALK_027039 was identified as an arsenate overly-sensitive mutant
during the mapping of the aos1-1 mutation (Chapter 1). The complementation of the aos1-1
mutant phenotype by SALK_027039 indicated that the insertion sites in SALK_027039 and
aos1 were not allelic but instead represented mutations in two different genes.

The T-DNA insertion site in SALK_027039 was determined precisely by PCR amplification
followed by sequencing the PCR product to be located in the second exon of At3g17240 (Fig. 1,
A and B). At3g17240 is the locus of the mitochondrial lipoamide dehydrogenase 2 (mtLPD2)
gene. This allele of mtLPD2 was provisionally designated mtlpd2-2 to differentiate it from the
mtlpd2 mutant allele previously isolated by Lutziger and Oliver (2001) which was designated
mtlpd2-1 here. The root elongation rate of mtlpd2-2 seedlings in the absence of arsenate was the
same as in wild-type (accession Columbia; Col-0) seedlings (Fig. 1, C and D), while arsenate at
various concentrations inhibited root growth more in the mutant seedlings than in wild-type
seedlings (Fig. 1, C and D).

The genetic basis of the arsenate overly-sensitive (aos) phenotype in mtlpd2-2 was determined
by backcrossing homozygous mtlpd2-2 plants to wild-type (Col-0) plants. Root growth in fifty
F1 seedlings derived from the cross was tested and found to be no more sensitive to arsenate
than that of wild-type seedlings (data not shown), demonstrating that this mutation was
recessive. The F1 plants were then allowed to self-fertilise. The F2 progeny from this cross
segregated the mutant phenotype in a 1 : 3 (40 aos : 112 wild-type) ratio, indicating that the aos
phenotype was inherited as a single Mendelian locus. All 40 aos seedlings in the F2 generation
were homozygous for the T-DNA insertion in the mtlpd2-2 allele, indicating that the T-DNA
insert co-segregated with the aos phenotype.

To confirm that the aos phenotype of the mtlpd2-2 mutant was caused by disruption of the
mtLPD2 gene, root growth of mtlpd2-1 (Lutziger and Oliver, 2001) seedlings was tested for
sensitivity to arsenate. In arsenate-free medium, wild-type root growth of Wassilewskija (Ws)
and mutant was the same (Fig. 1, C and D). At all arsenate concentrations tested, primary root
growth of mtlpd2-1 seedlings, like mtpld2-2 seedlings, was more strongly inhibited than in
wild-type seedlings (Fig. 1, C and D). These results support the conclusion that disruption of
mtLPD2 caused the enhanced arsenate sensitivity. RT-PCR analyses showed that there were no
detectable mtLPD2 transcripts in either mtlpd2-1 or mtlpd2-2, further indicating that they were
both knockout alleles (Fig. 1E).

The sensitivity to arsenate of the mtLPD2 alleles was quantified by estimating the concentration
of arsenate that decreased root elongation by 50 % compared to that in the absence of arsenate
(I50). Ws was found to be more sensitive to arsenate than Col-0, with an I50 of 260 µM,
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compared to 500 µM for Col-0. Knockout of mtLPD2 in Ws (mtlpd2-1) and Col-0 (mtlpd2-2)
backgrounds decreased the estimated I50 to about 150 µM and 250 µM, respectively, a
proportional decrease of about 2-fold compared with that of wild-type seedlings.

In the absence of arsenate, Col-0 seedlings had more branch roots than Ws seedlings (Fig. 1F).
Both Col-0 and Ws seedlings had fewer branch roots when grown at 100 µM arsenate than in
the absence of arsenate, with the reduction being more severe for Col-0 seedlings. Arsenate
concentrations above 100 µM stimulated the growth of branch roots in both Col-0 and Ws
seedlings. At these higher arsenate concentrations, the number of branch roots in Ws seedlings
was higher than that in the absence of arsenate, while for Col-0 the number was lower than that
in the absence of arsenate. Both mtlpd2-1 and mtlpd2-2 had fewer branch roots than the
corresponding wild-type in the absence of arsenate, but when grown in the presence of 100 µM
arsenate, mtlpd2-1 and mtlpd2-2 mutants produced 1.8 and 2.3 times more branch roots than the
corresponding wild-type. At 200 µM, both mutants also produced more branch roots than the
wild-type seedlings, but the difference was less than at 100 µM arsenate. Interestingly, both
mutants had a similar number of branch roots, regardless of the background.

The mtlpd2-1 mutant has two T-DNA insertions, which did not segregate over several
generations (Lutziger and Oliver, 2001). While confirming the T-DNA insertion site of
mtlpd2-1, a T-DNA-specific primer was used in combination with gene-specific primers
flanking either side of the proposed T-DNA insertion site. Using these primers, a 2.3 kb product
was amplified from the wild-type allele, which was absent from mtlpd2-1 mutant. Two PCRs
using a primer specific for the T-DNA left border together with a mtLPD2 specific primer
flanking either side of the T-DNA insertion site each produced an amplicon of the expected size
(Fig. 1B). These data indicated that the two T-DNA copies were inserted as inverted repeats
(LB–T-DNA–T-DNA–LB；Fig. 1A).

The effect of arsenate on shoot growth in the mtlpd2 mutants was determined by exposing
uniformly sized five-day-old seedlings to arsenate-containing growth media for two weeks. In
the absence of arsenate, mutant seedlings were somewhat smaller and had slightly lower fresh
weight than the corresponding wild-type seedlings (Fig. 2, A and B). Exposure to increasing
concentrations of arsenate caused a decrease in fresh weight in both wild-type and mtlpd2
seedlings with mtlpd2 seedlling more severely decreased (Fig. 2B). At each arsenate
concentration tested, the mutants produced less than half the fresh weight of the corresponding
wild-type seedlings (Fig. 2B). Moreover, mutant seedlings accumulated more anthocyanin in
the aerial tissues than did wild-type seedlings (Fig. 2C), another indication that the mutants
were more sensitive to arsenate than the wild-types were.
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Figure 1. Arsenate sensitivity of root elongation in mtlpd2 mutants seedlings. A, Schematic
representation of the mtLPD2 (At3g17240) genomic DNA region. Black boxes indicate exons,
while black lines indicate introns and untranslated regions (UTR). The sizes of T-DNAs are not
to scale. The locations of primers used for PCR genotyping and RT-PCR are shown (arrows). B,
Identification of the T-DNA insertion site in the mtlpd2 alleles. Genomic DNA from mtlpd2-1
and mtlpd2-2 mutant plants as well as their corresponding wild-types Wassilewskija (Ws) and
Columbia (Col-0) respectively were isolated and amplified by PCR using the primer
combinations indicated on the right of each figure. The sizes, in bp, of selected DNA size
markers (line M) are indicated on the left of each figure. Five-day-old mtlpd2 mutants and the
corresponding wild-type seedlings were transferred to media supplemented with various
amounts of arsenate. C, Photograph of representative mtlpd2-1, mtlpd2-2 and corresponding
wild-type seedlings after three-day exposure to arsenate. D, Increase in root length during
arsenate exposure was determined three days after transfer. The values shown are the
means ± SE (n = 10 - 20 seedlings). E, Semi-quantitative RT-PCR analysis of the mtLPD2
T-DNA insertion lines using RNA isolated from whole wild-type and mutant seedlings.
At3g18780 (ACTIN2) was used as amplification control. F, The total number of branch roots
was counted four days after transfer to arsenate-containing medium. The values shown are
means ± SE (n = 10 - 20 seedlings).
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Figure 2. Sensitivity of mtlpd2 mutants to arsenate. Five-day-old mtlpd2 mutant and
corresponding wild-type seedlings were transferred to media supplemented with arsenate. Plants
were grown for four days with plates in a vertical position, then for ten days with plates in a
horizontal position. A, Photographs of typical seedlings. B, Whole seedling fresh weight in
response to arsenate. C, Anthocyanin accumulation in shoots in response to arsenate. D,
Arsenate effect on fresh weight distribution between root and shoot. The values shown in B to D
are means ± SE (n = 4 plates with 2 to 3 seedlings for each replicate).
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Over a range of arsenate concentrations, the shoot-to-root fresh-weight ratio of wild-type
seedlings did not change significantly, while mtlpd2-1 and mtlpd2-2 seedlings allocated
proportionally more fresh weight to their roots (Fig. 2D). This observation is consistent with the
mutants producing more branch roots than the wild-type seedlings when exposed to arsenate
(Fig. 1F). The trend in shoot-to-root fresh-weight ratio when the mtlpd2 mutants were exposed
to arsenate was opposite to the increase previously seen for the aos1 mutant that mapped to the
ptLPD1 gene (Chapter 2).

Arsenic Accumulation

To further characterise the mtlpd2 arsenate-sensitive phenotype, the arsenic concentrations in
mtlpd2 mutant and wild-type plants was determined. Because multiple experiments showed that
both mutants were equally sensitive to arsenate, mutant mtlpd2-2 was used for analysing of
arsenate accumulation. Interestingly, mtlpd2-2 mutant plants had similar concentrations of
arsenic in shoots as wild-type (Fig. 3A) and accumulated less arsenic per gram of roots than that
of wild-type plants (Fig. 3B), indicating that the arsenate overly-sensitivity of mtlpd2 mutant
plants was not due to over-accumulation of arsenic.
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Figure 3. Arsenic accumulation in mtlpd2 mutant and wild-type plants. Arabidopsis seeds were
germinated and grown in plates containing B5 medium with 1 % agar and 3 % sucrose for 4
weeks, followed by transfer to hydroponics for 10 days. These plants were then transferred to
fresh nutrient solution supplemented with or without 50 µM arsenate and allowed to grow for 3
days. The shoot (A) and root (B) were harvested separately, dried and used for analysing arsenic
concentrations. The data shown are means ± SE (n = 4).

Decreased mtLPD protein and activity in the mtlpd2-2 mutant

Two nuclear genes encode the mitochondrial lipoamide dehydrogenase in Arabidopsis. While
mtLPD2 transcripts were not detected in either mtlpd2-1 or mtlpd2-2 whole seedlings (Fig. 1E),
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it is possible that wild-type amounts of mtLPD protein were produced through the up-regulation
of mtLPD1 expression to compensate for the loss of mtLPD2. This possibility was addressed by
immunoblotting to determine the amount of mtLPD protein present in mitochondria isolated
from two-week-old wild-type and mtlpd2 mutant seedlings grown in semi-liquid culture.
Immunoblots were probed with an anti-Pisum sativum LPD antiserum expected to interact with
Arabidopsis mtLPD due to the Arabidopsis and P. sativum mitochondrial proteins being 85%
identical at the amino-acid sequence level (Lutziger and Oliver, 2001). A single immunoreactive
band was detected (Fig. 4A) which was not surprising since both mtLPD1 and mtLPD2 contain
507 amino acids and have a calculated molecular mass of 54 kDa. The amount of
immunoreactive protein among the mtlpd2-2 mitochondrial proteins was 23 % lower than the
corresponding band from wild-type seedlings (Fig. 4A). Consistent with the lower amount of
mtLPD protein in mitochondria from the mtlpd2-2 mutant was a 30 % decrease in mitochondrial
LPD activity in mtlpd2-2 seedlings compared with wild-type seedlings (Fig. 4B). Together,
these results indicate that the loss of mtLPD2 gene activity was not fully compensated, if at all,
by an increase mtLPD1 expression.
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Figure 4. Decreased mtLPD protein amount and activity in mtlpd2-2 plants. Mitochondria were
isolated from two-week-old mtlpd2-2 and Col-0 wild-type seedlings grown in semi-liquid
culture. A, Equal amounts of total mitochondrial protein (50 µg) were immunoblotted and
probed with a polyclonal antiserum raised against the pea LPD protein. B, LPD activity in
mtlpd2-2 and wild-type mitochondria. LPD activity was measured spectrophotometrically at
340 nm, using a NAD based assay (see materials and methods). The reaction was initiated by
adding the lipoic acid substrate. The data shown are means ± SE (n = 4).

Decreased LPD leads to changes in amino-acid profiles

LPD is part of the glycine decarboxylase (GDC) and branched-chain keto-acid dehydrogenase
complex (BCKDC). A decrease in the amount and activity of LPD would be expected to
decrease both of these activities, perhaps leading to differences in the accumulation patterns of
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the relevant amino acids. However, the branch-chain amino-acid (BCA) concentration was not
altered significantly in the roots or shoots of the mtlpd2-2 mutant plants (Fig. 5, A and B).
Arsenate treatment lowered the Leu and Ile concentration in roots of wild-type plants, but had
no effect on the Val concentration (Fig. 5A). There was no arsenate effect on the BCA
concentration of shoots. The arsenate-dependent change in root Leu and Ile content was not
seen in mtlpd2 mutant plants (Fig. 5, A and B), suggesting that the mutant was slightly less
effective in degrading BCAs in the presence of arsenate than wild-type plants were.
The loss of mtLPD2 led to a 25 % decrease in GDC activity in the mtlpd2-1 mutant (Lutziger
and Oliver, 2001). However, the Gly and Ser contents in both the shoots and roots of wild-type
and mtlpd2-2 mutant plants were similar (Fig. 5, C and D). In contrast to its effects on BCA
content, arsenate treatment caused an increase in Ser content in both the aerial and root parts of
wild-type and mutant plants (Fig. 5, C and D). The Gly content in the roots, but not shoots, of
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Figure 5. The profiles of selected amino acids in mtlpd2-2 mutant and wild-type plants.
Four-week-old plants were treated with and without 50 µM arsenate (As) for three days. A and
B, The root (A) and shoot (B) branch-chain amino acids concentrations. C and D, The root (C)
and shoot (D) glycine and serine concentrations. The data shown are means ± SE (n = 4).
Statistically significant differences between arsenate treated and untreated plants are marked
with asterisks (one asterisk, P < 0.05; two asterisks, P < 0.01 according to Student's t test).
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Arsenite, not arsenate, is responsible for the aos phenotype of mtlpd2 mutants

Early studies on the reaction mechanism of LPD used the high-affinity of arsenite toward dithiol
groups to demonstrate the involvement of two vicinal disulfide groups in enzyme catalysis
(Massey and Veeger, 1960; Searls et al., 1961). These and subsequent studies revealed that LPD
from bacteria and porcine heart was inactivated by arsenite (Massey and Veeger, 1960;
Marcinkeviciene and Blanchard, 1997). All available LPD sequences, including the two
mitochondrial and two chloroplastic isoforms from Arabidopsis, have the two closely spaced
cysteine residues necessary for catalysis. Incubation of Arabidopsis mitochondrial lysates with 1
mM arsenite totally inhibited LPD activity, while 1 mM arsenate had no inhibitory effect (Fig.
6). This demonstrates that LPD from Arabidopsis mitochondria, like other LPD enzymes, is
targeted by arsenite, but not arsenate, presumably through the highly conserved dithiol motif.

The arsenite sensitivity of the mtlpd2-2 mutant and corresponding Col-0 wild-type seedlings
was tested using the root-bending assay. Root growth in Col-0 seedlings was much more
sensitive to arsenite than to arsenate, with an I50 of 8.8 µM arsenite (Fig. 7A), compared to 500
µM arsenate (Fig. 1B). The less sensitive to arsenate than to arsenite could be partially
explained by the high phosphate concentration in the medium. The mtlpd2-2 mutant was more
sensitive than the Col-0 wild-type to arsenite, showing only 30 % of the increase in root length
of wild-type seedlings at 10 µM arsenite (Fig. 7A). The I50 of arsenite for the mtlpd2-2 mutant is
about 4 µM. Moreover, the mtlpd2-2 mutant produced significantly less fresh weight when
exposed to arsenite than did the wild-type seedlings (Fig. 7B). Consistent with the
arsenate-induced decline in shoot-root fresh-weight ratio in mtlpd2-2 compared with the
wild-type seedlings, arsenite decreased this ratio much more strongly (Fig. 7C).

LPD activity is sensitive to heavy metals other than arsenic, including cadmium, copper and
zinc (Searls et al., 1961; Veeger and Massey, 1962; Gazaryan et al., 2001). However, using the
root-bending assay, the increase in root length in mtlpd2-2 seedlings when exposed to various
concentrations of Zn2+, Cu2+, Cd2+ and Ni2+ was similar to that of wild-type seedlings (data not
shown). Thus, the overly-sensitive phenotype is specific for arsenic and does not extend to
cadmium, copper, zinc, and nickel.
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Figure 6. Effects of arsenate and arsenite on LPD activity. Mitochondria were isolated from
two-week-old Col-0 wild-type whole seedlings grown in semi-liquid culture. The LPD acitivity
was measured in triton X-100 lysed mitochondria in the presence of arsenite [As(III)] or
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Figure 7. Arsenite sensitivity of the mtlpd2-2 mutant and wild-type (Col-0) seedlings.
Four-day-old seedlings germinated in the absence of arsenite were transferred to media
containing various concentrations of arsenite. A, The increase in root length for mtlpd2-2
mutant and wild-type seedlings after four days exposure to arsenite was measured. B and C, Ten
days after transfer to arsenite-containing medium, the seedling fresh weight (B) and
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shoot-to-root fresh-weight ratio (C) of mtlpd1-1 and wild-type seedlings were determined. The
data shown are means ± SE (n = 4).
DISCUSSION

The discovery that the disruption of mtLPD2, a gene encoding a mitochondrial isoform of
lipoamide dehydrogenase, increased the sensitivity of Arabidopsis to arsenate provides an
opportunity to gain a better understanding of the role of LPD in the arsenic toxicity action in
vivo.

There are two genes, mtLPD1 and mtLPD2, in the Arabidopsis genome that encode mtLPD. The
amino-acid-sequence identity between the mtLPD1 and mtLPD2 proteins is 92 %. Knockout of
mtLPD2 resulted in a 23 % decrease in total mtLPD protein and a 30 % decrease in mtLPD
activity. Despite this decrease in activity, mtlpd2 mutants did not display an obvious phenotype,
as previously reported (Lutziger and Oliver, 2001), suggesting that the mtLPD1 gene can supply
sufficient LPD to maintain adequate activity of all four mitochondrial enzyme complexes that
contain LPD. However, the mtlpd2 mutants were found to be more sensitive to arsenate than
wild-type plants, with enhanced inhibition of root and shoot growth, as well as enhanced
accumulated anthocyanin. Several lines of evidence support the conclusion that the observed
aos phenotype was due to disruption of mtLPD2 gene activity. First, the T-DNA insertion in
mtlpd2-2 mutant co-segregated with the aos phenotype. Second, two independent alleles of
mtLPD2 displayed the aos phenotype. Third, mtLPD2 transcripts were undetectable in plants
homozygous for both disrupted alleles. Finally, total mtLPD amount and activity were lower in
mtlpd2 mutant plants than in wild-type plants.

It is very likely that the arsenate hypersensitivity of the mtlpd2 mutants is due to the inhibition
of LPD, and that the inhibition is mediated by arsenite which is supported by the following lines
of evidence. First, mutant seedlings had less LPD activity than wild-type seedlings, bringing the
mutant tissues closer to the point where further decreases in the activity of this essential enzyme
could compromise growth. Second, arsenite, but not arsenate, inactivated mitochondrial LPD
from Arabidopsis, probably by binding the catalytic dithiol as in other species (Massey and
Veeger, 1960; Searls et al., 1961; Marcinkeviciene and Blanchard, 1997). Third, the mutant
plants were more sensitive than wild-type seedlings to both arsenate and arsenite. Plants readily
reduce the arsenate that is taken up to arsenite, with more than 90 % of the arsenic present in
plants being in the form of arsenite (Zhao et al., 2009). Since both wild-type and mtlpd2 mutant
plants were at least 50-fold more sensitive to arsenite than arsenate, only a small portion of the
available arsenate would need to have been reduced for an arsenite effect to be seen.
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LPD is the E3 subunit of the α-keto decarboxylase complexes that act upon pyruvate (PDC),
α-ketoglutarate (KDC) and branched-chain amino acids (BCKDC), as well as the L-protein of
glycine decarboxylase (GDC). Inhibition of LPD by arsenite, due to plant exposure to arsenic,
would be expected to lead to decreased PDC, KDC, GDC and BCKDC activities. Decreased
PDC would lead to the production of less CoA from pyruvate for entry into the TCA cycle. This
apparently occurs in arsenite poisoned rats and pigeons, since blood pyruvate levels increase
(Peters et al., 1946). Lowered KDC would slow the TCA cycle itself which, in combination
with depressed PDC activity, would have the potential to cause an energy crisis. Availability of
carbon skeletons for other metabolic functions would also be altered. Lowered GDC activity
may disrupt nitrogen metabolism in the roots (Hartung and Ratcliffe, 2002) and also alter the
flow of carbon skeletons. Arsenite inhibition of GDC was suggested by the accumulation of Gly
and Ser in plants exposed to arsenate. Gly accumulation was also observed in GDC knockout
mutants of Synechocystis sp. strain PCC 6803 (Eisenhut et al., 2006), as well as in transgenic
lines of potato carrying GDC antisense genes (Heineke et al., 2001). However, the accumulation
of Gly and Ser to the same extent in both the mtlpd2-2 mutant and wild-type plants was
unexpected, given the lower amounts of mtLPD in the mtlpd2-2 plants. Further work would be
needed to understand this observation. Finally, a decrease in BCKDC activity would disrupt the
flow of carbon and lower the ability to use branched-chain amino acids as an alternative energy
source. The catabolism of branched-chain amino acids has been suggested as an alternative
source of acetyl-CoA to sustain respiration and metabolic processes during severe plant stress
(Fujiki et al., 2000; Fujiki et al., 2001; Fujiki et al., 2002; Taylor et al., 2004). Circumstances
where PDC is inhibited would be expected to compromise energy production. Therefore, to
meet the energy requirement for cell growth, an alternative energy source, such as
branched-chain amino acids, would need to be accessed. The decrease in Leu and Ile content in
wild-type Arabidopsis plants exposed to only 50 µM arsenate for just three days suggests that
branched-chain amino acids may be used as an energy source under arsenic stress. A similar
decrease in branched-chain amino acids content in response to arsenate treatment has been
observed in rats (Kilroe-Smith and McLoughlin, 1979). The abolition in the mtlpd2 mutants of
the subtle changes in branched-chain amino acids content in roots of wild-type plants exposed
to arsenate suggests that mtLPD2 has a role in determining the catabolic fate of branched-chain
amino acids during arsenate exposure. Metabolomic analysis of these tissues may give better
insights into the metabolic remodelling that occurs upon arsenic exposure in both wild-type and
mutant plants.

Biochemical analysis has demonstrated that LPD activity in vitro is not only sensitive to
arsenite, but also to Cu2+, Zn2+, and Cd2+ (Searls et al., 1961; Veeger and Massey, 1962; Valko
et al., 2005). However, the mtlpd2 mutant seedlings had the same sensitivity to Cu2+, Zn2+, Ni2+
and Cd2+ as wild-type seedlings. One possible explanation for this apparent contradiction is that
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while LPD is sensitive to these heavy metals in vitro, there are other target sites that are more
vulnerable to toxic levels of Cu2+, Zn2+, and Cd2+ in vivo than mtLPD is. These targets may
remain the most sensitive to heavy metal toxicity, even in the face of a 30 % decrease in LPD
activity. An alternative explaination is that Cu2+, Zn2+, and Cd2+ are not easily transported into
mitochondria as arsenic; therefore, mtlpd2 mutant seedling did not show increased sensitivity to
these cations.

Two mechanisms have been suggested for the inactivation of PDC by arsenite. The widely
accepted mechanism is that arsenite binds directly to the catalytic dithiol groups of the E2 and /
or E3 (LPD) subunits. A recent alternative suggestion (Samikkannu et al., 2003) is that arsenite
inhibits PDC indirectly through the generation of reactive oxygen species (ROS). Our results do
not support the latter mechanism. Heavy metals, including Cd2+, Cu2+, Ni2+, and Zn2+, all induce
ROS production in plants (Stohs and Bagchi, 1995; Mittler, 2002; Schützendübel and Polle,
2002; Zhang et al., 2003; Freeman et al., 2004). If the induction of ROS mediated the inhibition
of mtLPD in vivo, the mtlpd2 mutants, with their lower amount of mtLPD, would be expected to
be more sensitive to these metals than wild-type seedlings, but they were not. However, the
possibility cannot be ruled out that arsenite induces the selective production of a particular ROS
species in vivo that causes the inactivation of LPD, while other heavy metals induce ROS
species, which do not lead to the inhibition of LPD.
In conclusion, mtLPD was found to be a crucial target in vivo for arsenic toxicity in Arabidopsis.
The arsenate hypersensitivity of the mtlpd2 knockout mutants is attributed to reduction of
arsenate to arsenite, which would then be available to inhibit the LPD enzyme found in several
multienzyme complexes central to plant metabolism.

MATERIALS AND METHODS

Plant Materials
The Arabidopsis (Arabidopsis thaliana) mtlpd2-1 mutant (Lutziger and Oliver, 2001) and the
corresponding Wassilewskija (Ws) wild-type accession were kindly provided by Professor
David Oliver (Iowa State University, USA). mtlpd2-2 (SALK_027039; Alonso et al., 2003) in
the Columbia (Col-0) background was obtained from the Arabidopsis Biological Resource
Center (ABRC; http://www.arabidopsis.org/abrc). PCR with the gene-specific primers (lpd2F1,
5'-

GCCAAAGTCTCTCTTCTCCATC-3'

and

lpd2R1,

5'-CACCGATCATACCTGATTAATCAC-3') and T-DNA left border primers (LB102, 5'GATGCACTCGAAATCAGCCAATTTTAGAC-3'

for

mtlpd2-1;

LBa1,

5'-

TGGTTCACGTAGTGGGCCATCG-3' for mtlpd2-2) was used to confirm T-DNA insertion
alleles of mtlpd2-1 and mtlpd2-2. PCR and PCR products sequencing were performed according
to Chapter 2.
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Growth Conditions
Seeds were surface sterilised by soaking in 70 % (v/v) ethanol for 2 min and in 5 % (v/v) bleach
with 0.1 % (v/v) Tween 20 for 10 min. Then the seeds were rinsed with sterile distilled water
for five times. For all experiments, plants were grown at 22°C in 16-hour of light and 8-hour of
dark with 100 µmol m-2 s-1 white light.

For plant growth on plates of solid medium, sterilised seeds were stratified at 4°C for 2 or 3 d
and sown in rows on plates containing 2/3-strength Gamborg B-5 basal salts medium
(PhytoTechnology Laboratories, Shawnee Mission, KS, USA) supplemented with 3 % (w/v)
sucrose and 1 % (w/v) agar (Amresco, Solon, OH, USA), pH 5.8. Plates were placed vertically
to allow roots grow along the surface of the agar medium to facilitate transfer of seedlings to
other plates. Four- to five-day-old seedlings were transferred to fresh germination medium
supplemented with arsenate (NaH2AsO4) or arsenite (NaAsO2) and placed vertically, with roots
pointing upward.

For semi-liquid culture, surface-sterilised seeds were stratified at 4°C for 2 d before carefully
floating them in jars on the surface of sterile Gamborg B-5 medium supplemented with 2 % w/v
sucrose and 0.08 % (w/v) agar, pH 5.8. The seedlings were grown with constant shaking at 60
rpm.

Plants grown hydroponically were as described in Chapter 2.

Growth Measurements

The lengths of newly grown roots were measured using a ruler. Experiments were repeated at
least twice.

Shoot-to-shoot fresh-weight ratio was determined according to method described in Chapter 2.

Immunoblotting and LPD Activity Determination

Mitochondria were isolated from two-week-old seedlings grown in semi-liquid culture
according to Millar et al. (2001). Protein concentration was determined using a commercial
assay (Coomassie Plus Protein Assay Reagent, Pierce, Rockford, IL, USA) according to the
manufacturer’s instructions using BSA as the standard. Approx. 50 µg of mitochondrial protein
was separated on 10 – 20 % pre-cast Tris-HCl polyacrylamide gradient gels (Criterion pre-cast
gels, Bio-Rad Laboratories, Hercules, CA, USA) and electroblotted onto a nitrocellulose
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membrane. Membranes were incubated with polyclonal antibodies raised against the Pisum
sativum mitochondrial LPD (Conner et al., 1996; Millar et al., 1999). Chemiluminescence
detection and quantification was as described by Taylor et al. (2004).

LPD activity was measured as the L,D-dihydrolipoamide-dependent formation of NADH at
25°C, determined by measuring the change in absorbance at 340 nm (Cary 300Bio
spectrophotometer, Varian, Palo Alto, CA). The reaction mixture contained 70 mM TES-KOH
(pH 7.5), 2 mM MgCl2, 1 mM NAD+, 0.5 % (v/v) Triton X-100, 0.1 mM L,D-dihydrolipoamide
and 40 ng ml-1 mitochondria. The reaction was initiated by adding L,D-dihydrolipoamide.

Free Amino-Acid Extraction and Analysis

Free amino acids were extracted from plant tissues according to Chen et al. (1998). Lyophilised
tissues were ground using a ball-mill grinder and extracted twice with 5 % (v/v) perchloric acid
at 4°C. After pooling the extracts, the pH was adjusted to 3.5 with K2CO3, followed by
centrifuging at 14000g for 10 min. Aliquots of the supernatant was derivatised (EZ:faast®
analysis kit, Phenomenex, Lane Cove, NSW, Australia), and analysed by gas chromatography
(GC 17A, Shimadzu, Kyoto, Japan) coupled with an auto sampler (AOC-20i, Shimadzu, Kyoto,
Japan) and flame ionisation detector (Model, Company etc) controlled by GC Solution version
2.30 software. A 10 m × 0.25 mm column (Zebron™ ZB-AAA amino acid GC column,
Phenomenex) was used, with a constant carrier gas (high purity helium, company etc) flow rate
of 1.5 ml min-1. The oven temperature regime was an initial temperature of 110 °C with a 32 °C
per minute increase to 320° C and held at 320° C for 0.5 min. The injection port temperature
was 250 °C and the detector was held at a temperature of 320° C. Samples were injected at 1 µL
in split mode (1:15 or 1:5).

Anthocyanin Extraction and Estimation

The extraction and estimation of tissue anthocyanin content were according to the methods
described in Chapter2.

ICP Measurements of Arsenic Accumulation

Arsenic accumulation in plant tissues were determined as described in Chapter 2.

RT-PCR Analyses
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For determination of mtLPD2 mRNA abundance in T-DNA insertional mutants, total RNA was
extracted and reversed transcribed according to methods used in Chapter 2. Semiquantitative
reverse transcription (RT)-PCR was performed using the following primer pairs: mtLPD2
(forward,

5'-

TCAAGTGAAGACATTGCTCG-3';

CACCGATCATACCTGATTAATCAC-3')

and

ACTIN2

AGAGATTCAGATGCCCAGAAGTCTTGTTCC

-3';

reverse,

5'-

(Forward,

5'5'-

AACGATTCCTGGACCTGCCTCATCATACTC -3'). PCR conditions are as follows:
denaturation at 94°C for 2 min, followed by 23 cycles (ACTIN2) or 40 cycles (mtLPD2) of 94°C
for 15 s, 55°C for 30 s, and 72°C for 1 min, then 72°C for 5 min.
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NOVELTY OF THE THESIS
In recent years, substantial progress has been achieved in understanding arsenic (As) transport
and metabolism in plants through analysing arsenate-tolerant species and Arabidopsis
(Arabidopsis thaliana) mutants (Zhao et al., 2009); however, the mechanisms accounting for As
toxicity are still poorly understood.

The general goal of this thesis was to understand the As-toxicity mechanisms in plants. This aim
was achieved through the isolation and characterisation of three Arabidopsis arsenate
overly-sensitive (aos) mutants. Using a combination of molecular, genetic and biochemical
approaches, I revealed that both mitochondrial and plastid lipoamide dehydrogenases (LPD) are
crucial arsenite-toxicity targets. To my knowledge, this is the first time it has been shown that
As toxicity is mediated by inactivating LPD in plants.

1. Established a new screening method for unravelling arsenate-toxicity and resistance
mechanisms in plants.
Previously, in aiming to understand arsenate-tolerance and toxicity mechanisms in plants,
arsenate-resistant mutants were isolated by a few groups (Lee et al., 2003; Catarecha et al.,
2007; Sung et al., 2007). The isolation of these arsenate-resistant mutants takes advantage
of arsenate inhibition of seed germination or growth of the aerial parts of the plant.
Contrary to these earlier screens, I set up a method for isolating arsenate overly-sensitive
(aos) mutants in Arabidopsis that utilises the inhibitory effect of arsenate on root growth.
This method proved useful for identifying a gene involved in arsenate toxicity, as
indicated by the mutants isolated.

2. Isolated new mutants involving targets for arsenic toxicity.
Based on the screening method described in this thesis, three arsenate overly-sensitive
mutants were isolated. These mutants were confirmed to be due to a single mutational
event that produced a recessive allele designated aos1-1. I have demonstrated that the
aos1 phenotype is caused by disruption of plastid lipoamide dehydrogenase 1 (ptLPD1).
During mapping the AOS1 locus, mitochondrial lipoamide dehydrogenase 2 (mtlpd2)
mutants were isolated. Through reverse genetics, plastid lipoamide dehydrogenase 2
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(ptlpd2) mutants were found to be overly-sensitive to arsenate. Interestingly, these
isolated mutant plants also displayed enhanced sensitivity to arsenite compared with
wild-type plants. None of these mutants was previously characterised as being more
sensitivity to As than wild-type Arabidopsis. The isolation of these mutants will allow
greater understanding of the role of lipoamide dehydrogenase (LPD) in arsenate toxicity
and tolerance in plants in vivo.

3. Demonstrated that mtLPD is sensitive to arsenite but not to arsenate.
This is the first study to show that LPD from plants is sensitive to arsenite, which is
consistent with previous studies showing that LPD from porcine heart and Mycobacterium
smegmatis is inhibited by arsenite (Massey and Veeger, 1960; Marcinkeviciene and
Blanchard, 1997). In addition, this study demonstrated that LPD from Arabidopsis is not
sensitive to arsenate which was not previously known. This result provides further
empirical evidence that arsenate and arsenite exert their toxic effects via distinct
mechanisms.

4. Identified arsenic toxicity mechanism in plants.
Disruption of ptLPD1, ptLPD2 and mtLPD2 in Arabidopsis resulted in enhanced
sensitivity to arsenate and arsenite, suggesting that the LPDs are crucial in vivo targets for
As toxicity in plants. The increased As sensitivity of these mutants is probably due to the
inhibition of LPD, an inhibition that I have shown is mediated by arsenite, as is the case
for LPD from porcine heart and Mycobacterium smegmatis (Massey and Veeger, 1960;
Marcinkeviciene and Blanchard, 1997). The inactivation of LPD is believed to be due to
arsenite covalently binding to a dithiol group formed by nearly adjacent cysteine residues
in the protein, resulting in the formation of a cyclical arsenite adduct (Massey and Veeger,
1960; Mahler and Cordes, 1966). The inactivation can be reversed by adding dithiols, like
2,3-dimercaptopropanol and dithiothreitol, supporting the conclusion that arsenite
covalently binds to a thiol group in LPD. The finding that LPD is an important in vivo
target of arsenite is highly likely to be applicable to other organisms, because all
characterised LPDs, including those from animals, yeast and bacteria, as well as other
plants, have the disulfide centre comprising two conserved Cys residues separated by four
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amino acids (Fig. 1). The in vitro sensitivity of LPD to arsenite could explain the
enhanced arsenite sensitivity of the loss-of-function of lpd mutants compared with
wild-type, in that decreased LPD amounts would bring the tissues of the mutants closer to
the point where further decreases in the activity of these essential enzymes could
compromise growth. The discrepancy between the insensitivity of LPD to arsenate in
vitro and the sensitivity of lpd mutant seedlings to arsenate is probably explained by the
process of arsenate reduction in planta through endogenous arsenate reductase activity.
Plants rapidly reduce more than 90 % of the arsenate they take up to arsenite (Zhao et al.,
2009). Therefore, the aos phenotype of the lpd mutants is probably due to the toxicity of
arsenite, which is reduced from arsenate, inactivating LPD.

The conclusion that the arsenate and arsenite sensitivity of roots from aos1, ptlpd2 and
mtlpd2 mutants is due to arsenite inactivation of LPD is further supported by the analysis
of transcript abundance. The ptlpd1 knockdown mutant aos1-4 that had a level of ptLPD
transcripts intermediate between wild-type and the ptlpd1 knockout mutants that
completely lacking ptLPD transcripts displayed an intermediate As sensitivity. In addition,
according to publically available microarray results, ptLPD2 has lower transcript
abundance in the roots than ptLPD1, especially in the root tips (Fig. 2). Consequently,
roots from the aos1 mutant showed higher arsenate and arsenite sensitivity than those
from the ptlpd2 knockout mutant, assuming a direct correlation between transcript amount
and activity. The higher LPD transcript abundance, especially for the ptLPDs, in root tips
than in other tissues is in line with the high metabolic activity in root tips
(Dieuaide-Noubhani et al., 1995). Root tips include the meristem, which is a region of
rapid mitosis, producing new cells for root growth. Decreasing the LPD activity in lpd
knockout mutants by inhibition with arsenite on top of the decrease in LPD activity
caused by the gene knockout itself makes the root growth of lpd mutants more susceptible
to As.

The enhanced As sensitivity of the shoots of the lpd mutants compared with wild-type
Arabidopsis is likely to be a secondary effect of arsenite inhibition of root development,
such as a nutrient deficiency, based on the fact that shoot arsenic concentrations are
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tow-orders of magnitude lower than those in root (Chapter 2 Fig.9; Chapter 2 Fig. 3).
Furthermore, transcripts from ptLPD2 are more abundant in the above-ground tissues than
those from ptLPD1 (Fig. 2; Zimmermann et al., 2004), suggesting a greater proportion of
the ptLPD2 isoform in those tissues. If the shoot As sensitivity was mediated by arsenite
inactivating the LPD in shoot, the shoots from the ptlpd2 knockout seedlings would be
expected to be more sensitive to As than those of the ptlpd1 knockout mutant. In fact, the
ptlpd2 loss-of-function mutant was much less sensitive to arsenate than the ptlpd1
loss-of-function mutant, as indicated by the I50 (I50 of ptlpd1 (aos1) is 100 µM, while I50 of
ptlpd2 is 400 µM). The increased arsenate sensitivity of shoots from the mtlpd2 mutant
could also be mediated by nutrient deficiency due to inhibition of root development.
However, I cannot rule out the possibility that the arsenate sensitivity of mtlpd2 shoots
has the same basis as that of roots which was due to arsenite-mediated inactivation of
mtLPD. Further studies on arsenate sensitivity mtlpd1 mutants, when they become
available, would shed light on this issue.

When deficient in nutrients such as phosphorus and nitrogen, plants partition relatively
more photosynthates to root growth, thereby compromising shoot development
(Marschner et al., 1996; Lambers et al., 2008). The mtlpd2-2 plants had a lower
shoot-to-root fresh-weight ratio than wild-type plants when exposed to As, supporting the
conclusion that nutrient deficiency caused the arsenate overly-sensitive phenotype in
mtlpd2 shoots. In contrast, aos1 mutant plants had a higher shoot-to-root fresh-weight
ratio than wild-type plants. This contrasting effect of arsenate on shoot-root biomass
distribution could be due to the distinct functions of the plastid and mitochondrial
isoforms of LPD. ptLPD is part of the plastid pyruvate dehydrogenase complex (ptPDC).
It provides acetyl coenzyme A (acetyl-CoA) and NADH for de novo fatty acid synthesis
by catalysing the oxidative decarboxylation of pyruvate. Arsenite inhibition of ptLPD
activity would, therefore, lead to a decline in fatty-acid synthetic capacity. Fatty acids are
the precursors of lipids, which are the key components of biomembranes. With a shortage
of one of the essential “building blocks” for root growth, aos1 mutants might not be able
to allocate more photosynthate to the roots in response to the nutrient deficiency caused
by the presence of arsenate. The situation for mtlpd2 mutants is different. mtLPD is part
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of four multienzyme complexes located in the mitochondria, including the pyruvate
dehydrogenase complex (PDC), the α-ketoglutarate dehydrogenase complex (KDC), the
branched-chain α-ketoacid dehydrogenase complex (BCKDC) and the glycine
decarboxylase complex (GDC). The roots of mtlpd2-2 mutants were less sensitive to
arsenate than those of aos1 mutants, indicating that the mtlpd2 roots can grow at arsenate
concentrations that inhibited root development in aos1. This enables mtlpd2 mutant plants
to allocate more biomass to the roots in response to the nutrient deficiency caused by As
toxicity. In this case, the ptLPD activity, even in the presence of arsenate, must be
sufficient to provide the membrane precursors needed for additional root growth.

5. Demonstrated LPD is not the primary in vivo target of zinc, copper, nickel or
cadmium.
Previous in vitro biochemical studies demonstrated that LPD is sensitive to Cd2+, Cu2+ and
Zn2+ (Searls et al., 1961; Veeger and Massey, 1962; Valko et al., 2005). However, aos1-1
and mtlpd2 mutant seedlings had the same sensitivity to Cu2+, Zn2+ and Cd2+, as well as
Ni2+, as wild-type seedlings. These results show that, while LPD is sensitive to these
heavy metals in vitro, there are other target sites that are more vulnerable to Cu2+, Zn2+
and Cd2+ toxicity in vivo than mtLPD and ptLPD. These targets remain the most sensitive
to heavy metal toxicity, even in the face of decreased LPD activity. Therefore, LPD is
probably not the primary target in Arabidopsis for zinc, copper and cadmium toxicity in
vivo.

6. Analysed evolutionary aspects of the LPDs.
There are four lipoamide dehydrogenase genes in the Arabidopsis genome, with two
genes, ptLPD1 (At3g16950) and ptLPD2 (At4g16155), encoding the plastidial isoforms,
and two genes, mtLPD1 (At1g48030) and mtLPD2 (At3g17240), encoding the
mitochondrial isoforms. Comparison of the two ptLPD genomic sequences with their
corresponding cDNAs revealed that they have the same numbers of introns and exons
with similar spacing between introns and exons (Lutziger and Oliver, 2000). In addition,
ptLPDs are expressed in the same tissues, but at different levels relative to each other
(Lutziger and Oliver, 2000; Zimmermann et al., 2004). These data suggest that ptLPD1
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and ptLPD2 may be paralogs arising from a relatively recent gene duplication (Mooney et
al., 2002). This conclusion is also supported by the presence of only one node between
ptLPD1 and ptLPD2 in the phylogenetic tree (Fig. 3). Likewise, mtLPD1 and mtLPD2
may also result from a relatively recent gene duplication event.

The Arabidopsis ptLPD sequences are more closely related to those from cyanobacteria,
sharing at least 55 % identity, compared with only 35% identity between ptLPDs and their
mitochondrial counterparts. This relationship is consistent with the endosymbiotic theory
of plastid evolution that states that plastids share a common ancestor with cyanobacteria.
Similarly, mtLPDs from plants have 55 % upward sequence identity to LPD from animals,
fungi and α-proteobacterial LPD, while mtLPDs from Arabidopsis only share 33 %
identity with their plastid counterparts. Phylogenetic analysis of LPD revealed that
ptLPDs from plants grouped together with LPDs from cyanobacteria, while mtLPDs from
plants fell in the same group as α–proteobacteria (Fig. 3). Taken together, these data also
support the widely accepted notion that mitochondrial and plastid lineages originated
from different progenitors. Despite the apparently poor amino-acid sequences similarities
between ptLPDs and mtLPDs, all the characteristic domains for the LPD are present in
both ptLPDs and mtLPDs (Fig. 1). These domains are the FAD-binding domain, the
NAD+-binding domain, the central domain and the interface domain (Lutziger and Oliver,
2000, , 2001). Indeed, ptLPD2 (Drea et al., 2001) and mtLPDs (Chapter 3, Fig. 3) possess
LPD activity.
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FAD-BINDING DOMAIN

Active site disulfide

NAD-BINDING DOMAIN

CENTRAL DOMAIN

INTERFACE DOMAIN

Figure 1. Alignment of predicted LPD amino-acid sequences from various organisms.
Abbreviations and accession numbers for the aligned sequences are ptLPD1 (BAH19701 ),
ptLPD2 (NP_567487 ), mtLPD1 (NP_175237 ) and mtLPD2 (NP_851005 ) from Arabidopsis
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thaliana; S.P., Schizosaccharomyces pombe (NP_593496.1); S.C., Sus scrofa (P09623); E.Coli.,
Escherichia coli (ZP_03028152); H.S. Homo sapiens (NP_000099.2) and P.S., Pisum sativum
(1DXL_A ). The characteristic domains in LPD are marked with arrows. Black boxes represent
identical amino acids, while gray boxes represent chemically conserved amino acids. Functional
motifs are underlined. The two cysteine residues composing the active site disulfide centre are
indicated with triangles. The sequences were aligned using Vector NTI Advance 10 (Invitrogen).
Functional motifs and domains are based on Lutziger and Oliver, 2000 and 2001.
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Figure 2. Microarray data for ptLPD1 (At3g16950), ptLPD2 (At4g16155), mtLPD1 (At1g48030)
and mtLPD2 (At3g17240) in different organs as retrieved from GENEVESTIGATOR
(Zimmermann et al., 2004) (downloaded September 2009). AU, arbitrary units.
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Other prokaryotes
Animals

α-Proteobacteria
Plants

Plants

Cyanobacteria
Fungi
Figure 3. An unrooted neighbour-joining distance tree based on LPD amino-acid sequences.
The sequences compared are: Arabidopsis thaliana, ptLPD1 (BAH19701), ptLPD2
(NP_567487 ), mtLPD1 (NP_175237 ) and mtLPD2 (NP_851005 ) as well as LPDs from
Schizosaccharomyces pombe (NP_593496.1); Sus scrofa (P09623); Escherichia coli
(ZP_03028152); Homo sapiens (NP_000099.2); Pisum sativum (1DXL_A ); Bos taurus
(XP_870811.1);

Gluconacetobacter

diazotrophicus

(YP_001601674.1);

Acetobacter

pasteurianus (BAH98916.1); Agrobacterium vitis (YP_002550991.1); Methylobacterium
extorquens (YP_001639118.1); Rhodospirillum centenum (YP_002298459.1); Ajellomyces
capsulatus (EEH03184.1); Phaeosphaeria nodorum (XP_001793304.1); Cryptococcus gattii
(AAV28779.1); Pisum sativum (1DXL); Synechococcus elongatus PCC (YP_400215.1);
Prochlorococcus

marinus

(YP_001015537.1);

Nostoc

punctiforme

PCC

73102

(YP_001867499.1); Cyanothece sp. PCC 7425 (YP_002485699.1); Gloeobacter violaceus PCC
(NP_925975.1) Populus tremuloides (ABO61735.1); Capsicum annuum (ACF17643.1);
Glycine

max

(AAB30526.1);

Oryza

sativa

(NP_001042918.1);

Sorghum

bicolor

(XP_002457769.1); Vitis vinifera (XP_002276853.1); Medicago truncatula (ABD32316.1);
Capsicum annuum (ACF17672.1); Populus trichocarpa (XP_002311395.1); Oryza sativa
(NP_001042941.1); Zea mays (ACN34641.1); Sorghum bicolor (XP_002440640.1); Vibrio

Chapter 4

95

splendidus (ZP_00992729.1); Aeromonas hydrophila (ABK36270.1); Shewanella putrefaciens
(ZP_01705433.1); Haemophilus somnus (YP_001784344.1); Cryptococcus neoformans
(AAN75618.1); Azorhizobium caulinodans (YP_001526925.1). The sequences were aligned
using Clustal X. The tree was constructed using TreeView.

LIMITATIONS OF THE THESIS

Substantial progress is achieved toward understanding the As-toxicity mechanisms; however,
there are limitations in this thesis which are discussed below.

1. The screening method used in this thesis was rather complex, tedious and time-consuming.
Using this method prevented a broad screening within the time of my PhD project.
Consequently, it is still necessary to isolate more aos mutants which may reveal other
genes that are involved in As detoxification or/and resistance. In fact, another PhD student
using this screening method has isolated a further two As-hypersensitive mutants and
shown that they are not related to aos1-1 (X. Yang, personal communication).

2. The mtLPD2 or ptLPD1 over-expression lines were not produced. This thesis has shown
that disruption of either ptLPD1 or mtLPD2 results in an As-sensitive phenotype and
suggests that LPDs may be crucial arsenite targets in planta. However, in order to further
prove whether LPDs are primary targets, determination of the arsenate sensitivity of
ptLPD1 and mtLPD2 over-expressors is necessary.

3. The T-DNA insertion site in mtlpd1 putative mutant remains to be confirmed and its
sensitivity to As needs to be determined. Since the enhanced As sensitivity of mtlpd2
mutant plants is due to the lower amount of mtLPD, the mtlpd1 mutant plants would be
expected to be more sensitive to As than wild-type plants. I obtained a mutant carrying a
putative T-DNA insertion site in mtLPD1. However, due to time constraints, the T-DNA
insertion site of this mutant has not been confirmed and the As sensitivity of the mutant
plants remains to be determined.
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4. The arsenite sensitivity of ptLPD was not determined. This thesis has demonstrated that
disruption of either ptLPD1 or ptLPD2 resulted in enhanced arsenate sensitivity in
Arabidopsis. The arsenate hypersensitivity of ptlpd1 and ptlpd2 mutant plants was
attributed to the arsenite inhibition of ptLPD, based on the fact that the LPD activity in
Arabidopsis mitochondria, and the enzyme purified from Mycobacterium smegmatis and
porcine heart is sensitive to arsenite (Massey and Veeger, 1960; Marcinkeviciene and
Blanchard, 1997). However, there are no experimental data demonstrating that the ptLPD
is sensitive to arsenite.

5. The amount of ptLPD in wild-type and the aos1 mutants remains to be determined.
Although the ptLPD1 transcript was not detectable in the aos1-1 mutant, I cannot fully
rule out the possibility that the total ptLPD amount is unchanged in the aos1 mutant as in
the wild-type, due to an up-regulation of ptLPD2. Therefore, the experimental
determination of ptLPD abundance in both wild-type and the aos1-1 mutant is a priority
for future research.

6. The arsenite concentration used for inhibiting LPD in vivo may not be physiologically
relevant. In the experiment showing LPD was inhibited by arsenite, 1 mM arsenite was
used, which is probably too high to reflect the in vivo situation (Basu et al., 2001). In
future work, lower arsenite concentrations, in the range of 10 µM, should be used to test
the effect of arsenite on LPD activity.

FUTURE RESEARCH PRIORITIES

In order to further understand the arsenate toxicity mechanisms in plants, I propose the
following research directions:

1. Establish a new rapid but reliable screening method for isolating aos mutants, since the
drawback of the mutant screening method used in this thesis. A “vertical mesh transfer
(VMT) technique” has been successfully employed for screening copper-sensitive
mutants in Arabidopsis (Murphy and Taiz, 1995). Adapting this VMT technique for
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screening aos mutant will undoubtedly shorten the time spent on screening.

2. Isolate more arsenate overly-sensitive mutants by using the VMT technique or the
screening method in this thesis. The screening carried out in this thesis was not exhaustive;
another PhD student using the same screening method described in this thesis has isolated
a further two new As-hypersensitive mutants (X. Yang, personal communication).
Isolating more aos mutants may reveal additional arsenate-toxicity mechanisms and
As-detoxification mechanisms in plants.

3. Confirm the T-DNA insertion site in the putative mtlpd1 mutant plants and determine
their As sensitivity. It is possible that mtlpd1 homozygous mutant is lethal (Lutziger and
Oliver, 2001). Nevertheless, it is worth to determine the As sensitivity of the
heterozygous mtlpd1 mutant plants.

4. Titrate the inhibitory effect of arsenite on LPD. The arsenite concentration used in this
thesis was probably not physiologically relevant. Therefore, the inhibitory effect of
arsenite on LPD activity should be investigated at arsenite concentrations below 1 mM.

5. Determine the arsenite and arsenate sensitivity of ptLPD to determine whether the
plastidial LPD has the same behaviour as Arabidopsis mtLPD, bacterial and porcine heart
LPD.

6. Compare the ptLPD amount using immunoblot and/or ptLPD activity between wild-type
and aos1 mutant plants to firmly determine whether the knockout of ptLPD resulted in a
lower amount of ptLPD protein.

7. Determine the metabolite profiles of wild-type and the lpd mutants. Both ptLPD and
mtLPD are involved in important metabolic processes and loss-of-function mutations in
these genes result in As sensitivity. Therefore, comparing the metabolism profiles of
wild-type and mutants with and without arsenate treatment will shed light on the effects
of As on metabolic pathways. In addition, the metabolites profiles will allow further
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understanding of the role LPD has in the plant response to As.

8. Determine whether over-expression of ptLPD1 or mtLPD2 could increase the tolerance of
Arabidopsis to As. The over-expression of LPD has two advantages: first, it would shed
light on whether LPD is the primary arsenite toxicity target. Although the disruption of
LPD results in arsenate hypersensitivity, it is not clear whether LPD is the limiting factor
in the intrinsic tolerance of Arabidopsis to As. Second, over-expression of LPD has
potential implications for phytoremediation. Phytoremediation is believed to be an
inexpensive, environmentally friendly and safe technology to clean up heavy metals from
contaminated soil. The current way of engineering plants with higher As tolerance is
through manipulation of the phytochelatin synthesis pathway (Dhankher et al., 2002; Li et
al., 2004). PCs covalently bind arsenite in vivo, thus preventing arsenite from inactivating
vulnerable enzymes. Over-expression of LPD may provide a new way of manipulating the
As tolerance of plants by increasing the amount of a susceptible enzyme.

CONCLUSION

Mutants carrying the knockout alleles of three of the four LPD-encoding genes in Arabidopsis,
ptlpd1, ptlpd2 and mtlpd2, displayed arsenate and arsenite hypersensitivity, suggesting that LPD
is a crucial As toxicity target in vivo. The As hypersensitivity of the various lpd mutants is
probably due to arsenite binding directly to the catalytic dithiol group of LPD, rather than
through ROS-mediated inactivation of PDC. The research of this thesis has advanced our
understanding of As-toxicity mechanisms in plants which is also highly likely applicable to
other organisms.
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