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CHAPTER 1

General introduction



Chapterl

Metal tolerance in plants

Plant species have been occupying suboptimal environments due to their
adaptation and acclimation mechanisms evolved for stress tolerance (Mickelbart et al,
2015). Among the species adapted to abiotic stresses, a unique group called metallophytes,
have been identified as being extremely tolerant to high concentrations of metal and
metalloid trace elements (Baker, 1987). While most plant species are sensitive to these
toxic conditions, metal tolerant species have evolved the ability to survive and reproduce

in such environments (Baker & Brooks, 1989; Ernst, 2006).

Plant species are classified as metal sensitive or resistant according to their
response to toxic metals (Baker, 1987). While sensitive species present toxicity symptoms
or even die during long metal exposure, other species can resist this stress by avoiding or
tolerating high concentrations of metals. Depending on the mechanism used to cope with
high metal levels and the capacity to accumulate them, resistant species can be classified as
metal excluder or hyperaccumulator (Lin & Aarts, 2012; van der Ent et al., 2013). Despite
being highly metal tolerant both the hypertolerant and hyperaccumulators species have a
distinct metal distribution within the plant. While hypertolerant species accumulate most
metals inside the roots and avoid accumulation in shoots, hyperaccumulators present a
low accumulation in roots and an extraordinary leaf metal accumulation (Rascio &

Navari-Izzo, 2010).

Considerable variation of transition metal concentrations in soil has induced plant
species to develop a precise mechanism to efficiently acquire and distribute
micronutrients (Ernst, 2006; Puig & Penarrubia, 2009; Merchant, 2010). This mechanism

is known as metal homeostasis and it allows plants to grow, and adapt to different

10



Chapter 1

environment conditions. Substantial information regarding metal and metalloid
homeostasis in plants has been collected in recent decades wherein important progress
has been made by studying natural metal hypertolerant species (Baker, 1987; Reeves, 1988;

Schat, 1999; Kramer et al., 2007; Hanikenne et al., 2008; Sinclair & Kramer, 2012).

Metal hyperaccumulator research has also been motivated by the possibility to use
these plants to remediate metal polluted areas through phytoremediation techniques
(Chaney et al, 2007; Marques et al., 2009). Ideally, hypertolerant species are suitable for
stabilizing the soil (phytostabilization) at highly contaminated areas while
hyperaccumulators would stabilize and also extract metals (phytoextraction). The ideal
plant species to efficiently achieve remediation techniques should comprise high metal
tolerance and high metal accumulation along with high biomass production (Chaney et
al, 2007). Unfortunately, metal hyperaccumulators species are often small plants,
producing relatively little biomass and consequently have a low capacity for metal
removal. The two major strategies considered to overcome this limitation are to breed or
to genetically engineer hyperaccumulator species to increase their biomass; or to
genetically engineer high-biomass species aiming to increase their metal accumulation
and tolerance capacity. These are long term strategies and until now the goals to convert
high biomass plants into efficient crops or to sufficiently increase hyperaccumulator

biomass for phytoremediation purposes have not been reached.

Zn and Cd highly tolerant species

Plants growing naturally in metal-enriched soils are in general metal tolerant,
which makes the native vegetation at contaminated areas an important source of metal-

adapted species (Baker & Brooks, 1989). A large number of metalliferous soils are
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ultramafic serpentine sites, presenting high concentrations of nickel (Ni) which justifies
the relative abundance of Ni hypertolerant/hyperaccumulators species identified,
compared to Zn or Cd hyperaccumulators (Baker et al., 2010). There are very few natural
Zn-enriched sites, limiting the number of evolved Zn tolerant species (Kramer, 2010).
Most toxic Zn-contaminated sites result from human activities such as metal mining and
smelting, which often generate a concomitant contamination with other metals, such as
cadmium (Cd), lead (Pb) and copper (Cu). Very often Cd-contaminated areas are also
enriched with high levels of Zn (Kabata-Pendias & Mukherjee, 2007b) hence, Cd

hyperaccumulator species are in general also highly Zn tolerant (van der Ent et al, 2013).

Metal hyperaccumulation has been described in approximately 500 plant taxa
(~0.2% of all angiosperms). A widely known definition made by Reeves (1992) for
hyperaccumulators having nickel as example is: “ a plant in which a Ni concentration of at
least 1000 pg g has been recorded in the dry matter of any above-ground tissue in at least
one specimen growing in its natural habitat”. These species are described to accumulate
high concentrations of metals in the shoot tissues even when grown in soils with low
metal concentrations. While zinc (Zn) is required by most plant species in a typical shoot
concentration of 15-20 pg g, Zn hyperaccumulators accumulate more than 3000 pg g*
dry weight of Zn (van der Ent et al, 2013). Cd normally becomes toxic already when
accumulated at very low concentrations (1-5 pug g?) while hyperaccumulators are able to
growth with more than 100 pg g' of Cd in their shoots. In addition to high metal
accumulation, a high bioconcentration factor (i.e. the shoot to soil metal concentration
ratio) higher than 1, but often higher than 50 and a translocation ratio (i.e. the shoot to
root metal concentration ratio) higher than 1 are also criteria used to define a species as

metal hyperaccumulator (van der Ent et al., 2013; van der Ent et al, 2015).

12



Chapter 1

Despite the energy costs required to avoid potential toxic effects, metal
hyperaccumulators have a selective advantage over other species when growing at metal-
enriched sites (Maestri et al., 2010). Several hypotheses have been proposed to explain the
ecological benefit of metal hyperaccumulation, such as drought resistance, interference
with neighbouring plants (allelopathy), and defence against natural enemies (Pollard &
Baker, 1997; Rascio & Navari-Izzo, 2010). So far, the latter hypothesis, defence against
natural enemies, has gained most experimental support, with several descriptions of cases
where hyperaccumulators loaded with metals are more tolerant to herbivores and fungi
than plants with normal metal concentrations (Pollard & Baker, 1997; Huitson &
Macnair, 2003; Jhee et al., 2005; Jiang et al, 2005; Quinn et al.,, 2010; Horger et al., 2013;

Kazemi-Dinan et al., 2014).

Until now, Arabidopsis halleri (Kipper et al, 2000), Noccaea caerulescens
(Assungdo et al., 2003b), Noccaea praecox (Pongrac et al, 2009), Sedum alfredii (Yang et
al, 2004) (recently renamed as S. plumbizincicola (Wu et al, 2013)), and Viola
baoshanensis (Wu, C et al, 2010) are identified as Zn/Cd hyperaccumulator species.
Found growing at old mine sites across Europe, but also widely distributed on non-
metallicolous soils, N. caerulescens and A. halleri are the two most investigated
hyperaccumulator species, whereas S. plumbizincicola and V. baoshanensis, identified in

Zn mining areas in China, are increasingly better studied.

Physiology of Zn and Cd homeostasis and tolerance

Zinc as a micronutrient is essential for plant growth and reproduction. As an
indispensable element for plants it ensures the catalytic function of enzymes and is

directly involved in transcription regulation through specific binding sites (Broadley et al.,
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2007). For most species the right Zn concentration, on average 20 mg kg, guarantees
optimal plant performance (Marschner & Marschner, 2012). Zn deficiency is known as a
common crop problem and its toxicity restricts plant growth at contaminated sites.
Usually plants present phytotoxic symptoms when the leaf Zn concentration is higher
than 300 mg kg dry weight although some species are affected even with 100 mg kg™ of
Zn. Under excess Zn conditions, most plants try to maintain an optimum Zn
concentration through regulation of metal homeostasis processes such as metal uptake

and distribution (Sinclair & Kramer, 2012).

Potentially highly toxic to plants Cd is a non-essential element which interferes
with Zn, iron (Fe), manganese (Mn) and calcium (Ca) homeostasis (Clemens, 2006;
Gallego et al, 2012).When exposed to high levels of Cd, development and biomass
production of non-tolerant plants are affected. In addition they show toxicity symptoms
such as leaf chlorosis, water unbalance, and reduction of photosynthesis rate (Clemens,
2006). At the cellular level, Cd toxicity induces an oxidative stress due to reactive oxygen

species (ROS) production (Cuypers et al.,, 2010; Jozefczak et al,, 2015).

Metal tolerant plant species have evolved physiological strategies to minimize
internal metal toxicity by allocating their metal surplus in metabolically less active tissues
and removing the toxic ions from sensitive subcellular parts, such as the cytosol and
organelles (Clemens, 2001). Therefore, hyperaccumulator species often compartmentalize
metals in the trichomes, in the epidermis or in the apoplastic space. For instance, the
hyperaccumulators N. caerulescens (Kiipper et al., 2004; Cosio et al., 2005) and N. praecox
(Vogel-Mikus$ et al, 2008a; Vogel-Miku$ et al, 2008b) accumulate metals in the leaf
epidermis cells, A. halleri preferentially accumulates Zn and Cd in the cells forming the
base of trichomes (Hokura et al, 2006; Fukuda et al, 2008) and S. alfredii (S.

plumbizincicola) stores Zn mainly in the epidermis of stems and leaves and Cd in the pith
14



Chapter 1

of stems (Tian et al, 2011). Intracellular Zn and Cd is mainly stored in the vacuoles in

these hyperaccumulator species (Cosio et al., 2005; Sarret et al., 2009; Tian et al., 2011).

As an important step during metal sequestration, metal chelation is important for
reduction of toxic metal bioavailability and to avoid a possible reaction with other
compounds (Mari & Lebrun, 2006; Lin & Aarts, 2012). Organic acids, amino acids and
oligopeptides are the main metal chelators in plants. Especially the anions of malate,
citrate and oxalate are relevant metal ligands and are found to be associated with metal
hyperaccumulation and tolerance (Broadley et al,, 2007; Haydon & Cobbett, 2007). The
acidic pH in the vacuoles favours the metal-organic acid complex formation, an important
role for metal detoxification. For instance the citrate and malate concentrations found in
A. halleri, N. caerulescens and S. alfredii correlate positively with Zn accumulation (Yang

et al., 2006; Sarret et al., 2009; Monsant et al., 2011).

Nicotianamine (NA), a non-proteinaceous amino acid, is another metal major Zn
chelator (Clemens et al, 2013). NA acts to reduce free reactive ions in the cytosol by
making stable complexes with metals. These complexes contribute to Zn xylem loading
thereby enhancing metal accumulation in shoot tissues (Deinlein et al., 2012; Cornu et al.,
2015). The involvement of NA in Zn hyperaccumulation in A. halleri has been recently
shown by Deinlein et al. (2012), who found that suppression of Nicotianamine synthase
(NAS) expression strongly decreases Zn accumulation in leaf. The restriction of Cd
accumulation in NAS knockdown plants also indicates an involvement of NA in Cd
chelation for A. halleri. Histidine has also been described as is an important metal
chelator, as it has a high affinity to bind metals. Especially the Ni hyperaccumulating N.
caerulescens needs Ni chelation by histidine (Richau et al, 2009), but histidine is also
essential for N. caerulescens to chelate Zn at high pH such as in the cytosol (Kiipper et al,

2004).
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Molecular mechanism of metal tolerance

Our knowledge of molecular processes in metal tolerance and accumulation has
been greatly enhanced in the past decade. Particularly, significant information has been
obtained from extensive investigation of metal tolerant model species A. halleri and N.
caerulescens (Verbruggen et al., 2009). Being close relatives of Arabidopsis thaliana has
facilitated the molecular investigations of these two species. However, the lack of reference
genomes has restricted molecular studies with these high metal tolerant and accumulator
species. To overcome this limitation, an attractive approach used by most studies was to
compare the transcriptome of metal hyperaccumulators, A. halleri and N. caerulescens, to
related non-accumulator and metal-sensitive species, such as A. thaliana or Thlaspi
arvense, to identify the genes involved in metal tolerance processes (Hammond et al,

2006; van de Mortel et al., 2006; Weber et al., 2006; van de Mortel et al., 2008).

Until recently, the molecular knowledge about metal hyperaccumulation was
restricted to Brassicaceae species. The progress in sequencing technologies enabled a
deeper and more accurate investigation of the molecular biology in a wider number of
metal hypertolerant and hyperaccumulator species. Approaches using these new
techniques have already enabled investigations of non-model species such as Psychotria
gabriellae, tolerant to nickel (Ni) (Merlot et al., 2014); Sedum alfredii, tolerant to Zn and

Cd (Gao et al,, 2013); and Silene vulgaris, tolerant to copper (Cu) (Baloun et al.,, 2014).

These studies revealed that metal tolerance and accumulation in plants are related
with different expressions of a similar set of genes (Halimaa et al, 2014). A common
evolutionary mechanism described for several genes involved in metal tolerance is copy
number expansion in hyperaccumulator species, to increase their expression level
compared to related non-accumulators (Kridmer, 2010). For instance, while one copy of
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the HMA4 Zn transporter involved in root to shoot translocation was identified in A.
thaliana, there is a triplication of this gene in A. halleri (Hanikenne et al, 2008) and a

quadruplication in N caerulescens (Lochlainn et al., 2011).

Metal homeostasis is often found to be different in metal hypertolerant and
hyperaccumulator species compared to non-accumulator species, with differences in
metal uptake, transport and sequestration. Therefore, genes involved in those processes
are expected to be main players in controlling metal tolerance and hyperaccumulation.
When exposed to high levels of Zn or Cd, most non-tolerant plant species will regulate
root plasma membrane transporters as a first step trying to reduce metal uptake. Members
of the ZIP family (Zinc-regulated transporter, Iron-regulated transporter Protein) such as
Zn and Fe transporters have a major role in Zn uptake (Krdmer et al., 2007). Many ZIP
members, including AtZIP4, AtZIP6, AtZIP9 and AtIRT3 are highly expressed in A.
halleri and N. caerulescens compared with non-tolerant relatives. Characterization of ZIP
genes in hyperaccumulator species such as NcZNT1, NcZNT5 and NcZNT6, orthologues
of AtZIP4, AtZIP5 and AtZIP6, demonstrated their important role for Zn accumulation

in plants (Wu et al,, 2009; Hassan, 2013; Lin, 2014).

Metal sequestration in the vacuoles is an important step for tolerance and
accumulation and transporters from different gene families are involved in this process.
AtMTPI1, a member of Cation Diffusion Facilitator (CDF) family of Metal Transport
Proteins (MTPs), has a major role in Zn storage inside the vacuole. Higher Zn tolerance
and accumulation in roots due to MTPI overexpression in A. thaliana was reported by
van der Zaal et al. (1999). Higher expression of AtMTPI homologues in root and shoot
tissues of A. halleri and N. caerulescens supports the importance of this transporter to
enhance Zn vacuolar accumulation (Assungdo et al, 2001; Drager et al, 2004). Cd

accumulation in hyperaccumulator species has been associated with higher expression of
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HMAS3. This is a member of the P-type Heavy Metal transporting ATPases (HMA) gene
family, HMA3 is a tonoplast transporter which contributes to Cd sequestration inside the
vacuole (Ueno et al, 2011; Chao et al, 2012). For metal sensitive species, such as A.
thaliana and rice, HMA3 expression in roots contributes to root Cd sequestration and Cd
tolerance (Ueno et al, 2010; Chao et al, 2012). HMA4, another P-type ATPase, has a
different function. It is a plasma membrane transporter which plays a major role in xylem
loading of Zn and Cd and is thus responsible for Zn and Cd translocation from root to
shoots in plants. Especially metal hyperaccumulators contain several copies of this gene,
corresponding to increased expression compared to regular species (Mills et al, 2005;

Hanikenne et al, 2008; Lochlainn et al., 2011; Igbal et al., 2013).

Different from non-accumulator species, metal hyperaccumulators remobilize
metals from vacuoles stored in the root. Proteins from the Natural Resistance Associated
Macrophage Protein family (NRAMP) play a role in metal uptake and remobilization
with NRAMPI, involved in Cd accumulation (Milner et al, 2014), NRAMP3 and
NRAMP4 (Oomen et al., 2009; Mary et al,, 2015) involved in Zn and Fe transport, and
NRAMP6 (Cailliatte et al, 2009) described as a Cd transporter. NRAMP1, a Mn
transporter, has been recently described as also responsible to translocate Cd (Milner et
al., 2014). Recent transcriptomic analysis of N. caerulescens supports a role of NRAMP1
in Cd accumulation (Halimaa et al, 2014). As a crucial step for high accumulation,

hyperaccumulators translocate metals rapidly and efficiently to the shoot.

Most of these transporters can also transport other elements. As a result, changes in
Zn homeostasis and Cd tolerance processes affect other micronutrient concentrations
such as Fe and Mn. Fe deficiency is therefore often one of the symptoms of Zn and Cd
toxicity in non-tolerant species. IRT1, IRT3, FRD3 and NRAMP3 have been suggested to

take part in the cross-talk between Zn and Fe homeostasis (Oomen et al, 2009;
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Shanmugam et al, 2011; Pineau et al, 2012). A specific regulation of these genes allows
hyperaccumulators species to keep a balance between Zn tolerance and Fe homeostasis

(Shanmugam et al., 2013).

Gomphrena claussenii

Shortly before the start of my PhD research, the first Zn/Cd hypertolerant species
from South America was identified (Borin, 2010). The metallophyte Gomphrena
claussenii Moq. was found growing at a Zn mining site near Vazante in the state of Minas
Gerais (MG), Brazil, the state where almost all of the Zn mining of Brazil takes place
(Filho & Viana, 2011). So far G. claussenii has been reported to grow in ‘cerrado’ and
‘caatinga’ ecosystems at few sites in the Minas Gerais and Bahia states of Brazil (Ferreira &
Dias, 2004; Forzza et al, 2010). G. claussenii is a perennial bushy species belonging to the
Amaranthaceae family, with a high Zn/Cd accumulation, relatively large biomass

production for a metal highly accumulator species and an easy regrowth capacity.

In contrast to most other Zn/Cd hyperaccumulators, G. claussenii produces a
reasonable biomass in the field, which made it an attractive species to investigate further
as it could be a promising candidate species to be used in Zn/Cd phytoextraction. Such
studies could explain how this plant accumulates and tolerates heavy metals, providing
further information on its physiology and the molecular genetic mechanisms supporting
this. Since most of our knowledge of metal hypertolerant/hyperaccumulators is from
temperate environments, the study of G. claussenii will be especially useful for future
studies of (sub)tropical Cd and Zn accumulator species. Understanding the genomics and
transcriptomics of G. claussenii will also contribute substantially to the genomic

knowledge of Amaranthaceae species especially on the regulation of micronutrient levels
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in Amaranthaceae crops such as spinach (Spinacia oleracea), beet (Beta vulgaris), quinoa
(Chenopodium quinoa) and Amaranth species. In addition this species research will
provide useful information for comparison of the evolution of Zn and Cd hypertolerance

between G. claussenii (Amaranthaceae) and Brassicaceae species.

Despite being an attractive species for scientific research, there are some
disadvantages associated with G. claussenii as the object of study. The scarcity of
information about G. claussenii implicates in experimental difficulties when studying this
species. For instance, with no genome information available for G. claussenii or any
species in this genus, molecular genetic investigations are challenging. The recent
developed technique of deep-coverage sequencing of cDNA or RNA-seq may be an
efficient option to have a detailed transcriptome analysis of G. claussenii even without the
availability of a reference genome. Another challenge is the lack of regeneration and
genetic transformation protocols for this species, which limits the options to
experimentally verify gene functions. The development of an optimum stable
transformation protocol is not straightforward and can take a long time. This leaves only
the alternative, to study interesting G. claussenii genes upon ectopic expression in well-
known model species such as tobacco and A. thaliana. Fortunately, G. claussenii is part of
the Gomphrena genus, for which Gomphrena elegans is identified as a very closely related
species, which is sensitive to high Zn and Cd conditions. Thus, physiology and molecular
genetics of both species can be compared to identify candidate genes or alleles that
distinguish their contrasting metal-response characteristics. This species comparative
analysis have been successfully used to study other metal tolerant species such as N.
caerulescens and A. thaliana (van de Mortel et al,, 2006; van de Mortel et al., 2008); N.
caerulescens and N. arvense (Hammond et al., 2006); A. halleri and A. thaliana (Talke et

al., 2006; Weber et al., 2006).

20



Chapter 1

Outline of the thesis

In this PhD research, fundamental aspects of the Zn/Cd hypertolerant
and -accumulating species G. claussenii were investigated in order to identify molecular
mechanisms, including the genes involved, responsible for its metal tolerance and
accumulation properties. The Zn and Cd tolerance of G. claussenii is assessed in chapter
2, and compared with a closely related non-tolerant species, Gomphrena elegans. The
physiological effects of high Zn or Cd exposure on G. claussenii and G. elegans were
evaluated through soil and hydroponics experiments. Metal accumulation capacity of
shoots and roots for both species were also examined, to assess their phytoremediation
potential. In chapter 3, the Zn and Cd cellular localization and distribution analyses of G.
claussenii stems and leaves are present. This includes a metabolite profile analysis of G.
claussenii roots and shoots comparing plants exposed to high Cd or high Zn with non-
exposed plants, to identify possible metal chelators. In chapter 4 the attention moves from
physiological to molecular genetic aspects of G. claussenii hypertolerance. A comparative
transcriptomics analysis of G. claussenii and G. elegans was used to investigate molecular
mechanisms and identify genes potentially responsible for the adaptation of G. claussenii
to high Zn/Cd exposure. Transcript sequences were annotated, and expression level
differences upon Zn and Cd exposure were analysed in G. claussenii and its metal-
sensitive congener to distinguish differentially regulated processes. The relevance of the
knowledge obtained in this thesis research for our understanding of plant metal
hypertolerance and for application in phytoremediation, as well as the potential for future

research of G. claussenii, is discussed in chapter 5.
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ABSTRACT

Plant species with the capacity to tolerate heavy metals are potentially useful for
phytoremediation since they have adapted to survive and reproduce under toxic
conditions and to accumulate high metal concentrations. Gomphrena claussenii Mogq., a
South-American species belonging to the Amaranthaceae, is found at a zinc (Zn) mining
area in the state of Minas Gerais, Brazil. Through soil and hydroponic experiments, the
metal tolerance and accumulation capacities of G. claussenii were assessed and the effects
on physiological characteristics were compared with a closely-related non-tolerant
species, Gomphrena elegans Mart. Gomphrena. claussenii plants grown in soil sampled at
the Zn smelting area accumulated up to 5318 pg g of Zn and 287 pg g' of Cd in shoot dry
biomass after 30 days of exposure. Plants were grown in hydroponics containing up to
3000 uM of Zn and 100 pM of Cd for G. claussenii and 100 uM of Zn and 5 pM of Cd for
G. elegans. Gomphrena claussenii proved to be an extremely tolerant species to both Zn
and Cd, showing only slight metal toxicity symptoms at the highest treatment levels,
without significant decrease in biomass and no effects on root growth, whereas the non-
tolerant species G. elegans showed significant toxicity effects at the highest exposure
levels. Both species accumulated more Zn and Cd in roots than in shoots. In G. elegans
over 90% of the Cd remained in the roots, but G. claussenii showed a root:shoot
concentration ratio of around 2, with shoots reaching 0.93 % Zn and 0.13 % Cd on dry
matter base. In G. claussenii shoots, the concentrations of other minerals, such as Fe and
Mn, were only affected by the highest Zn treatment while in G. elegans the Fe and Mn
concentrations in shoots decreased drastically at both Zn and Cd treatments. Taking

together, these results indicate that G. claussenii is a novel metallophyte, extremely
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tolerant of high Zn and Cd exposure and an interesting species for further

phytoremediation studies.

INTRODUCTION

In many parts of the world, soils have become polluted with high levels of heavy
metals mainly due to industrial activities (Ernst, 2006). Most plant species are sensitive to
these contaminated conditions whilst certain species have evolved the ability to survive
and reproduce in such toxic environments. Such ability can be attained by plants mainly
through two strategies: avoidance and tolerance. While species belonging to the first
group invest in external mechanisms to keep metals chelated outside, metal tolerant
plants developed a physiological machinery adapted to accumulate these high metal
concentrations inside the root and/or shoot, dealing with the enhanced stress this will

cause (Baker, 1987).

Exposure to high levels of metals is likely to cause alterations in plant physiology.
Stunted growth, leaves chlorosis, iron (Fe) deficiency, water unbalance, and reduction of
photosynthesis rate are symptoms usually displayed by non-tolerant species when
exposed to high levels of zinc (Zn) and cadmium (Cd) (Clemens, 2006; Broadley et al,
2007; Gallego et al, 2012).While sensitive species present phytotoxic symptoms with
concentrations of Zn from 100-400 pg g' and of Cd from 5-30 pg g' in shoots,
hypertolerant plants can complete their life cycle accumulating more than 3000 pg g* of

Zn and/or 100 pg g of Cd (Kabata-Pendias & Mukherjee, 2007a; van der Ent et al., 2013).

To overcome this stress condition, hypertolerant plants have selected physiological
strategies to remove the toxic ions from the most sensitive subcellular parts, such as the

cytosol and various organelles (Clemens, 2001). Metal surplus chelation and sequestration
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into the vacuole or excretion to the apoplast, are mechanisms widely used by
hypertolerant species to reduce internal metal bioavailability (Clemens, 2006; Ernst,
2006). Whereas some hypertolerant species accumulate most of the heavy metals inside
the root, a particular group, defined as metal hyperaccumulators, have evolved the

strategy to translocate and store the metals preferably in the shoot (Brown et al., 1995).

In the last few decades hyperaccumulator species have received substantial
attention because of their interesting metal homeostasis physiology and potential
application in phytoremediation, a technology based on the ability of plants to extract or
stabilize pollutants in the environment and thus contribute to functional restoration of

contaminated areas (Marques et al., 2009).

Phytoextraction theoretically is the ideal remediation technique, capable to reduce
soil metal concentrations, at a low cost, to non-toxic levels (Dickinson et al., 2009). To
achieve such in an economically viable way, it is crucial to combine traits like high
biomass and high metal tolerance and accumulation in the phytoextraction plants
(Chaney et al, 2007). At moderately contaminated sites phytoextraction has proved to be
feasible using hyperaccumulator species (Rascio & Navari-Izzo, 2010; Hanikenne &
Nouet, 2011), however, because such species usually have low biomass production,
phytostabilization may be the appropriate technique for severely contaminated soils
(Zhao & McGrath, 2009). In such a case, plants are used to prevent leaching of pollutants
from the soil and provide cover vegetation to improve the soil quality and reduce wind
contamination, to further minimize the risk of erosion and leaching leading to
contamination of ground and surface waters (Dickinson et al, 2009; Zhao & McGrath,

2009).
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Hypertolerance has likely evolved independently within different angiosperm
families (Ernst, 2006) and often this is a trait present only in one genus or even one
species. Some families, such as the Brassicaceae, show a higher occurrence of Zn, Cd or Ni
hyperaccumulators species, like the hyperaccumulator models Noccaea caerulescens and
Arabidopsis halleri (Broadley et al,, 2001; Assungédo et al,, 2003b; Hanikenne & Nouet,

2011).

Researches with hypertolerant and hyperaccumulator species from tropical
environments falls far short of what is known about temperate taxa (Baker et al, 2010).
Latin America is the least studied continent, with few metallophyte (metal tolerant and/or
hyperaccumulator plants) species reported: only 172 species among which 89% are related
to nickel (Ni). So far no Zn or Cd hyperaccumulator species have been described
(Ginocchio & Baker, 2004). Nevertheless, there is no clear geographic reason that Latin
America is so poorly represented, as it has a uniquely diverse flora (8 of the 25 biodiversity
hotspots in the world are in Latin America) but also due to the presence of countless sites
rich in metal ores as well as metal smelter areas (Ginocchio & Baker, 2004; Reeves et al.,

2007; Baker et al., 2010).

Plants naturally growing in metal-enriched soils are in general metal tolerant,
which makes the vegetation native to contaminated areas an important potential source of
metal tolerant and accumulator species (Baker & Brooks, 1989). One example is the Zn
mining site near Vazante in the state of Minas Gerais, Brazil, where almost all of the zinc
extraction in Brazil takes place (Filho & Viana, 2011). One species at this site, Gomphrena
claussenii Moq. (Fig. 1) has the ability to grow and thrive at the locally high Zn and Cd
levels, making it a potentially interesting species for phytoremediation. Gomphrena
claussenii is a perennial species, belonging to the Amaranthaceae family, and native to

Brazil (Marchioretto et al., 2010). Gomphrena elegans Mart. is a related species, which is
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widespread in South America, but not reported to be tolerant to excess metal exposure
(Mussury et al,, 2006). It is used as a metal sensitive species for this study. The work
presented here aims to evaluate the physiological effects of high Zn and Cd on G.
claussenii when compared with G. elegans. Consequently, we assess the metal tolerance
capacity of G. claussenii to toxic metals and evaluate its potential for use in

phytoremediation.

Figure 1 - Gomphrena claussenii Moq. plants growing at a Zn mining site at Vazante, Minas
Gerais, Brazil.

MATERIALS AND METHODS

Plant material and growth conditions

Gomphrena claussenii Moq. plants were collected from a zinc mine area at
Vazante, in the state of Minas Gerais (MG), Brazil. Gomphrena elegans seeds were
collected in the field at Antdnio Jodo, in the state of Mato Grosso do Sul, Brazil, and

provided by Dr. Rosilda Mara Mussury from the Federal University of Grande Dourados,
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Dourados, Brazil. Seeds could not be used as starting material for G. claussenii since field
access was limited and seeds are only mature at restricted periods during the year. Instead,
seven individual plants were collected at the site and vegetatively propagated. After a pilot
experiment and confirmation of the high Zn and Cd tolerance of all plants, one line was
brought into in vitro tissue culture and taken to The Netherlands for further experiments.

Gomphrena elegans seeds were sterilized and germinated as start material.

Both species were vegetatively propagated through tissue culture using half-
strength Murashige and Skoog (MS) medium containing, 2% sucrose and 0.8% agar at pH
5.8. Plant material were cultured in a growth room (24 °C, 250 pMoles m™ s light at plant
level and a 16-h light /8-h dark cycle). Two-week-old tissue-culture grown cuttings were

used as starting material for soil and hydroponics experiments.
Zn and Cd tolerance

Soil assay - Zinc ore extracted at Vazante is processed in the metal smelter at Trés
Marias, MG, Brazil. Soil samples were collected at four different sites around the zinc
smelter, three contaminated sites and one non-contaminated control site at some distance
from the smelter (Control: 18°12°16”S / 45°14°02” W Sitel: 18°11°25”S / 45°14’10”W; Site2
18°11°08”S / 45°14°07”W; Site3 18°11°06”S / 45°14°24”W). Pre-cultured G. claussenii
plants were planted in the four different soils in 250-ml pots. The experiment was
performed with three repetitions, each represented by one pot with one plant, during the
winter season in a glass green house, at Lavras Federal University, Lavras, MG, Brazil,.
After 30 days, shoots were harvested and washed with demi-water for biomass and

mineral concentration measurements.

Hydroponic assay - Gomphrena claussenii and G. elegans in vitro cuttings were

transferred to 600-ml polyethylene pots (one plant per pot and three replicate pots per
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treatment) containing a modified Clark’s full strength nutrient solution (Clark, 1975): 1.3
mM KNOs, 2.53 mM Ca(NOs),, 0.9 mM NH,NOs3, 0.6 mM MgSOy4, 0.5 mM KCl, 34.5 uM
Ca(H;PO4),, 19 puM H3BOs, 2 yM ZnSOy4 7 pM MnCl, 0.5 uM CuSO,4 0.086 pM
(NH4)sM07024, and 38 uM Fe(Na)EDTA. The pH buffer MES was added at 2 mM and the
pH was set at 5.5 using KOH. After three weeks growing on quarter-strength Clark’s
solution, plants were exposed to half-strength solution with normal Zn (2 uM) or excess
Zn/Cd: 100, 1000 and 3000 uM of ZnSO, or 10, 50 and 100 uM of CdSO, (at 2 pM ZnSO4)
for G. claussenii and 100 pM of ZnSO, or 5 uM of CdSOy (at 2 pM ZnSOy) for G. elegans.
The applied Zn and Cd concentrations were chosen to be in the range of bioavailable
concentrations at the site of collection and based on pilot experiments. The solutions were
replaced once a week and plant culture was performed in a climate chamber (20/15 °C
day/night; 250 pMoles m s light at plant level; 12h day length; 70% RH). After three
weeks of metal exposure or control treatment, the plants were harvested. Roots were first
desorbed with ice-cold 5 mM PbNO; for 1h. Solubility of minerals was calculated using

the solution speciation software Visual MINTEQ 3.0 (Gustafsson, 2000).
Root elongation

The ability of G. claussenii and G. elegans to tolerate excess metal exposure was
tested through root elongation measurements (Schat & Ten Bookum, 1992). Plants were
grown in the same hydroponic conditions as described above, at normal (2 uM of Zn) or
the highest metal exposure (3000 uM ZnSO4 or 100 pM CdSO4/2 pM ZnSO, for G.
claussenii and 100 uM ZnSO4 or 5 pM pM CdSO4/2 pM ZnSO; for G. elegans). Before
metal exposures, roots were stained with active coal powder to allow the measurement of
the longest unstained root (Schat & Ten Bookum, 1992). Roots were measured after three

and six days of exposure.
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Assessment of mineral concentrations

Shoot samples from G. claussenii plants were collected for mineral analyses from
plants sampled at six different locations at the Zn mining site (Vazante). Plant materials
were digested in a CEM" Mars-5 microwave oven system (CEM Corporation, Matthews,
NC, USA), following the USEPA 3051 method (USEPA, 1995). For the soil experiment,
both plant and soil materials were digested as mentioned before. Metal bioavailability
(water-soluble fraction) was estimated from soil solution extracts obtained by the
saturated-paste technique (Raij et al, 2001). Filtrates were passed through 0.22-um
cellulose membranes to determine the total dissolved metals. The concentrations of Zn
and Cd in all extracts were determined by using either flame or graphite-furnace atomic
absorption spectrophotometry (Perkin-Elmer®AAnalyst™800). NIST standard reference
materials (SRM 1573a Tomato Leaves, SRM 2710 Montana Soil, SRM 1640 Trace
Elements in Natural Water) were used to check the accuracy of elemental determinations,
which was found satisfactory, i.e., metal recoveries ranged from 78 to 122%. For the
analysis of total metal concentrations in plant samples of the hydroponic experiments, 50-
90 mg of each sample was wet-ashed in 2 ml of a 4 : 1 mixture of HNO3 (65%) and HCl
(37%), in Teflon bombs for 7 h at 140°C and thereafter had their volume adjusted to 5 ml
with demineralised water. Metal concentrations (Zn, Cd, Fe and Mn) were determined
using flame atomic absorption spectrophotometry (Perkin Elmer AAnalist 100; Perkin

Elmer Nederland, Nieuwerkerk a/d IJssel, The Netherlands).
Statistics analyses

Data was statistically evaluated through ANOVA tests following the Tukey test

used to compare means.

31



Chapter 2

RESULTS

Mineral analyses from the field

As expected for metal mining areas there is considerable variation in the soil metal
levels at the site and consequently also the plants collected at different locations at the site
showed variation for Zn and Cd concentrations in shoots. Plants contained between 230
to 10434 pug g'of Zn and 6 to 96 pg g of Cd in shoot dry weight samples. Concentrations
were correlated with soil levels meaning that higher levels were found in plants growing in
more contaminated sites whereas the lowest levels were found in plants collected in an

area close to the mine but were mining was not conducted.
Soil and plant Zn and Cd analysis

Soil samples were taken from the zinc smelter at four different points. Total metal
concentrations varied when comparing the different sampling sites and they showed
extremely high Zn and Cd levels compared to the control sample (Table 1), as was
expected for soil sampled at a zinc smelting area. Although slightly higher than metal
concentrations normally found in non-contaminated soil, the metal concentrations of the
control sample are within the range for non-contaminated soil, even though the sample
was taken not far from the industrial area. The highest levels of both metals are found in
sample 3, which is taken at the Zn smelter ore waste deposit site, while the other two
samples are taken slightly more distant from this site. Comparing to the total levels, the
water soluble (available) metal concentrations were always much lower, except for site 3,
at which they were above what is considered to be within the normal range for plants
(Kabata-Pendias & Mukherjee, 2007a) (Table 1). Gomphrena claussenii plants taken from

the site grew well in a greenhouse in pots containing this soil and accumulated up to 5318
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ug g of Zn and 287 pg g! of Cd in their shoots after 30 days of exposure (Table 1). Since
air contamination was excluded once plants were grown in a greenhouse far away from
the Zn smelter, the high metal concentrations can only be caused by high uptake and root

to shoot translocation of metals from the soil.
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Table 1- Zinc (Zn) and cadmium (Cd) concentrations (ug g-1) in soil samples from the Zn
smelting area at Trés Marias, MG, Brazil, and in shoots of Gomphrena claussenii plants after
growing for 30 days in control and metal contaminated soil collected at four sites around the
Zn smelter. Mean total and water-soluble (available) soil and shoot metal concentrations are
shown, with standard errors between brackets. n=3. DW - dry weight.

Soil (uggt) Shoot (ug g DW)
Sample Available
Total concentration
site concentration
7n Cd 7n Cd Zn Cd
Control 1177 (2.1)  3.6(0.4)  0.2(0.1) 0 22(1.2) 1(0.1)

Site1  3830.1(62.9) 73(2.2) 0.6(0.01) 0.06(0)  237.9(1.4)  7.5(0.1)

7.3
Site2  960.2(104.3) 12(1.7)  49(0.1) 0.08(0)  241.2(1.1)
(0.03)
15212.9 147.4 168.2 4.63 5318.36
Site 3 287 (8)
(580.3) (4.4) (18.4) (0.1) (10.33)

Zn and Cd tolerance in hydroponic solution

Exposing plants to hydroponic solutions with high concentrations of metals can be
misleading if metals precipitate upon preparing the solution and thus become unavailable
to plants. Therefore we calculated solubility of Zn and Cd in the half-strength Clark’s
solution we used as growing medium. Even at the highest Zn and Cd concentrations, both
metals were completely soluble and available for uptake (Table 2). The main ion forms for
those elements in solution are Zn** and Cd?**. These forms are expected to be readily

available for plant uptake.
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Table 2 - Zinc (Zn) and cadmium (Cd) speciation in half strength Clark’s solution containing
the highest Zn or Cd concentrations which were used in exposure experiments (3000 pM Zn
or 100 pM Cd), as calculated according to Visual MINTEQ 3.0. Speciations with less than 1%
were not included. aq - aqueous.

Component % of total concentration Speciation
Cd** 93.1 Cd**
1.9 CdCl*
3.7 CdSOs (ag)
Zn* 824 Zn?*
16.6 ZnS04 (g

Zn and Cd tolerance was evaluated in G. claussenii and G. elegans plants based on
three parameters: toxicity symptoms, growth rate (dry weight) and root elongation. The
G. claussenii plants only exhibited slight metal toxicity symptoms, and exclusively at the
highest treatment levels (3000 uM Zn or 100 uM Cd) (Fig. 2A and B), confirming their
extreme tolerance to both Zn and Cd treatments. Gomphrena elegans plants already
developed visual toxicity symptoms when exposed to 100 uM of Zn and 5 pM of Cd (Fig.
2C and D). They also showed a reduced growth rate and strong leaves chlorosis, starting
in the first week of metal exposure. The toxicity symptoms became more severe with

increasing exposure time. In the third week the oldest leaves started to fall off.

35



Chapter 2

.. W

Figure 2 - G. claussenii (A,B) and G. elegans (C,D) plants after three weeks of exposure to
different concentrations of zinc (Zn) (A,C) and cadmium (Cd) (B,D). Plants are grown
hydroponically in half strength Clark’s solution, containing 2 uM Zn, and supplemented to
100, 1000 or 3000 uM Zn, respectively 10, 50 or 100 uM Cd for G. claussenii and 100 or 1000
UM of Zn, respectively 5 or 50 uM of Cd for G. elegans.

Growth responses to high Zn and Cd concentrations were different for G.
claussenii and G elegans. As expected for a non-metal-tolerant species, G. elegans biomass
production decreased notably and significantly (P < 0.05; n=3) for shoot and roots when
comparing plants grown at high metal exposures with the ones grown in control
conditions. Such was not the case for G. claussenii, for which an increase in Zn or Cd
concentration did not reduce root or shoot dry weight, not even at the highest metals

concentrations (Fig. 3). In fact, the concentration of 2 uM Zn, which is considered to be

sufficient for plants in general, may be suboptimal for G. claussenii plants, which produce
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a higher, shoot biomass at elevated Zn concentrations, although the difference was not

statistically significant with the low number of plants we tested (P > 0.05; n=3).
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Figure 3 - Root (light grey bars) and shoot (dark grey bars) biomass of G. claussenii (A and B)
and G. elegans (C). G. claussenii plants were exposed to different zinc (Zn; 2-3000 uM) and
cadmium (Cd; 0-100 pM) concentrations and G. elegans plants were exposed to normal Zn (2
puM), high Zn (100 pM) and Cd (5 pM), for 3 weeks. Data points and error bars represent
means (n = 3) and standard errors, respectively. DW - dry weight. Asterisks denote significant
differences of control (2 uM Zn) from treatments as found upon Tukey’s testing (P < 0.05).
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Root elongation measurements confirmed the strong metal tolerance properties of
G. claussenii, especially when compared to G. elegans. Upon Zn (3000 pM) and Cd (100
uM) treatments G. claussenii plants showed no significant effects in root growth (P <
0.001; n=6) compared with plants grown under control conditions (Fig. 4). Instead, roots
seemed to grow even longer under high Zn and high Cd. Gomphrena elegans plants
presented a drastic reduction in root growth, already after three days of exposure to 100
uM of Zn or 5 uM of Cd (Fig. 4B). With increased exposure time G. claussenii showed no
reduction in growth while G. elegans plants after 6 days of exposure displayed an even

higher reduction in root growth.
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Figure 4 - Increase in root length of G. claussenii plants after 3 days (light grey bars) and 6
days (dark grey bars) of exposure to 2 uM zinc (Zn; Control), 3000 pM Zn (Zinc) and 100 pM
Cd (Cadmium) (A); and of G. elegans plants after exposure to 2 uM Zn (Control), 100 uM Zn
(Zinc) and 5 uM Cd (Cadmium) (B). Means values and standard errors are shown (n = 6).
Asterisks denote significant differences of control (2 pM Zn) from treatments as found upon
Tukey’s testing (P < 0.05).

Mineral concentrations

Mineral concentrations were measured from plants growing in hydroponic
conditions after three weeks of exposure to elevated Zn/Cd conditions. Zn and Cd
concentrations increased significantly for both studied species in roots and shoots with
increased Zn or Cd exposure levels (Fig. 5). Gomphrena claussenii and G. elegans showed

higher Zn and Cd concentrations in roots than shoots at all treatment levels. For G.
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claussenii the metal concentrations increased nearly proportional with increasing
exposure. In contrast to the non- metal-tolerant species, G. claussenii was able to store
extremely high concentrations of these elements in shoots, eventually reaching 9.3 g Zn
kg! dry weight (Fig. 5A) and 1.3 g Cd kg! dry weight at the highest exposure levels (Fig.
5B). The root : shoot accumulation ratios for Zn and Cd in G. claussenii averaged around
two (Fig. 5). Gomphrena elegans was clearly not tolerant to Cd, not even at the modest
exposure level of 5 uM. Although the plants managed to keep Cd out of the shoot, the root
concentrations at this exposure level already exceeded those found in G. claussenii at 10
uM Cd exposure (Fig. 6D). At this concentration, more than 90% of the Cd was found in
the roots of G. elegans. Although the shoot Cd concentrations were high, they remained
significantly lower than those in G. claussenii shoots at 10 uM Cd exposure (P < 0.01;
n=3). At exposure to 100 uM Zn, the Zn concentrations in G. elegans roots and shoots

were about 2, respectively 2.5 times lower than in G. claussenii (Fig. 6A and B).
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Figure 5 - Zinc (Zn) (A) and cadmium (Cd) concentrations (B) (in mg kg dry weight; mean +
SE) of G. claussenii shoots (A) and roots (e) upon growth in hydroponic nutrient solutions.
Plants were grown for 3 weeks in a hydroponic solution containing 2 uM ZnSO, before
exposure to elevated ZnSO4 (100 uM; 1000 pM and 3000 uM) or CdSO, concentrations (0; 10
uM; 50 pM and 100 uM).

The exposure to elevated Zn and Cd concentrations was also expected to affect the
concentrations of other minerals, such as iron (Fe) and manganese (Mn), for which
homeostasis mechanisms often interact with those for Zn. Gomphrena claussenii and G.
elegans Fe concentrations in roots increased with an increase of Zn and Cd supply (Fig. 7
BI and BII). Fe concentrations in G. claussenii shoots were statistically similar (P > 0.05;
n=3) at all Zn and Cd exposure levels, even though at the highest Zn exposure, the Fe
concentration appeared to be lower (Fig. 7AI and AII). In G. elegans the shoot Fe
concentrations decreased significantly (P < 0.01; n=3) at both Zn and Cd treatments (Fig.
7AIII). Mn concentrations were also affected by the Zn and Cd treatments (Fig. 7C).
Although the Mn concentration in roots of Zn-exposed G. claussenii plants seemed to
decrease at the highest exposure level, this was statistically not significant (P > 0.05; n=3).

The Mn concentration in shoots decreased significantly (P < 0.05) with increasing Zn

exposure levels (Fig. 7CI). When exposed to Cd, Mn decreased drastically in roots but
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stayed similar in shoots (Fig. 7CII). There was no difference between metals treatment in
G. elegans, both Zn and Cd treatments significantly reduced the Mn concentrations in

roots and shoots (P < 0.01; n=3) (Fig. 7CIII).
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Figure 6 - Comparison between G. elegans (black bars) and G claussenii (white bars) zinc (Zn)
and cadmium (Cd) concentrations (mg kg'; mean + SE) in shoots (A, C) and roots (B,D) of
plants exposed to comparable Zn (A, B) or Cd treatment levels (C, D). Zn treatment
concentrations were 2 and 100 uM of ZnSO, (Zn2, Zn100). Cd treatment concentrations were
either no exposure (Cd0) or 5 and 10 uM of CdSO, to G. elegans and G. claussenii respectively
(High Cd). Plants were grown for 3 weeks on control solution (2 pM Zn) before 3 weeks of
treatments exposure.
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DISCUSSION

The results we present here demonstrate that G. claussenii is indeed a novel
metallophyte, extremely tolerant to high Zn and Cd exposure. This is the first report of a
species of this kind from South America. Field results, together with pot experiments
using soil from contaminated sites, present clues about the high Zn and Cd tolerance.
These results also give an indication of the potential of this species for phytoremediation
purposes under field-like conditions (Chaney et al., 2007), where mixed contaminations
are more rule than exception (Kabata-Pendias & Mukherjee, 2007b). While the high metal
tolerance is not unexpected, given the abundance of the species at the Zn mining site, the
high levels of accumulation are surprising. The reported shoot Zn and Cd concentrations
of G. claussenii plants grown on contaminated soil collected at the site (max. 5300 and 280
ug g for Zn and Cd respectively; Table 1) clearly exceed the recently proposed threshold
levels to classify species as metal hyperaccumulators, which are 3000 pg Zn g* dry weight
and 100 pug Cd g' dry weight (van der Ent et al, 2013). This means G. claussenii is not
only a metallophyte, but also a Zn/Cd hyperaccumulator species, again the first one

known from the South American continent.

The hydroponic metal exposure experiments we performed subsequently provided
an excellent way to evaluate the maximum levels of Zn/Cd tolerance and accumulation. A
crucial point to consider when using extremely high levels of metals in hydroponic
solutions is the metal availability (Baker & Whiting, 2002). We preferred to use half
strength Clark’s nutrient solution (Clark, 1975) for hydroponics, which is different from
the more often used half Hoagland’s solution (Hoagland & Arnon, 1940), mainly because
it allowed us to expose plants to higher Zn concentrations without precipitation of metals

(Table 2).
44



Chapter2

To evaluate metal tolerance and accumulation of G. claussenii, we used the closely
related species G. elegans as comparison, which is common in many South American
countries (Mussury et al., 2006) and not known to be adapted to heavy metal exposure.
Although both species are taxonomically close, they are clearly separate species, with
different plant morphologies. Also our attempts to cross both species have not been
successful. For the evaluation, we considered the effect of metal exposure on both roots
and shoots, which was possible when using hydroponic conditions. Upon metal exposure,
root growth is more rapidly affected than that of other plants parts, therefore root
elongation has previously been suggested to be an efficient parameter to evaluate metal
tolerance (Macnair et al, 1993). The treatment effects on root elongation easily
distinguished both species in the highly Zn and Cd tolerant G. claussenii and the non-

tolerant G. elegans (Fig. 4).

Gomphrena claussenii not only adapted to high metal exposure by evolving metal
tolerance traits, but it also evolved the capacity to store substantial amounts of Zn and Cd
within the plant. The concentrations of Zn and Cd accumulated in root and shoot tissues
(Fig. 5) were approximately ten times higher than what is reported to be toxic for most
plant species (Kabata-Pendias & Mukherjee, 2007a). The differences in Zn accumulation
between G. claussenii and G. elegans, when exposed to the same Zn level, were not as
prominent as would be expected based on comparisons of other hypertolerant species
with their closest non-tolerant relatives (Lasat et al., 1996; Ni et al., 2004). This may be a
consequence of the natural high Zn concentration which is found in shoots of
Amaranthaceae species. From 48 studied families, Amaranthaceae species have in average
the second highest Zn concentration in shoots, 108 mg Zn kg dry weight, while the
average over all families was 77 mg Zn kg* dry weight (Broadley et al,, 2007). Thus this
plant lineage may be more prone to evolve Zn/Cd tolerance than other families.
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Throughout the metal exposure treatments, G. claussenii showed hardly any signs
of metal toxicity, not only in roots but also not in shoots, confirming its exceptional Zn
and Cd tolerance. Only few other Zn and Cd hypertolerant species have been reported so
far, such as Arabidopsis halleri (Kiipper et al., 2000) , Noccaea (Thlaspi) caerulescens
(Assungdo et al,, 2003a), Noccea praecox (Pongrac et al., 2009), Sedum alfredii (Yang et
al., 2004) and Viola baoshanensis (Wu, C et al, 2010). However, different from these
species that accumulate high levels of metals in shoots when exposed to low
concentrations, G. claussenii presents an almost constant ratio between exposed and
accumulated metal concentrations, typical of a metal bioindicator species (van der Ent et
al, 2013). Thus, G. claussenii appears to have evolved another tolerance mechanism. The
adaptive mechanism which evolved in classical hyperaccumulators is focussed on
preferentially accumulating metals in leaves to deter herbivores (Boyd, 2007; Fones et al.,
2010). Instead, G. claussenii accumulates metals at approximately twice the
concentrations in roots than in shoots (Fig. 4), which indicates the ability to use shoots to
store metals if storage capacity in roots is not adequate. This adaptation would probably
require less modifications to the metal homeostasis mechanism than the evolution of
metal hyperaccumulation. Releasing the barrier to prevent Zn and Cd translocation to the
shoots, allowing the metals to follow the concentration gradient, would be sufficient. This
is likely to involve genes of the HMA-like P-type ATPase metal transporters, which are
involved in loading metals into the xylem (Wong & Cobbett, 2009). Of course an
increased metal flux from roots to shoots should be dealt with by providing sufficient
apoplastic and vacuolar metal storage capacity in shoots, otherwise plants will accumulate
metals in shoots, but not tolerate them and succumb to the toxic consequences. The
mechanism for this can be similar for root or shoot tissues, and does not require the tight

tissue-specific regulation of metal transporter gene expressions as found in
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hyperaccumulators, where roots appear to be actively involved in transporting metals to
the vascular system and up into the shoots to keep root concentrations relatively low and
shoot levels high, against the concentration gradient (Verbruggen et al., 2009). Such could
simply be achieved by increasing expression of transporters exporting metals from the

cytoplasm, either to the apoplast or to the vacuoles.

The effects of Zn or Cd exposure on Fe and Mn homeostasis were clearly higher in
G. elegans than in G. claussenii. The decrease of Fe concentration in G. elegans shoots is a
common effect of Zn and Cd toxicity in metal sensitive plants. In contrast, tolerant species
like G. claussenii are able to keep shoot Fe concentrations unaffected (Shanmugam et al,
2011), avoiding the drastic symptoms that disturbance of Fe homeostasis will cause on
photosynthesis. Root Fe concentrations in both species increased with increasing Zn or
Cd exposure. For G. elegans, the increase of Fe in roots can be explained as a consequence
of Fe deficiency in shoots, due to competition for uptake of Fe with Zn or Cd. The effect is
much more pronounced for G. claussenii than for G. elegans. Metal hyperaccumulator
species like S. alfredii and N. caerulescens also show an increase of root Fe concentration
in response to high Zn or Cd exposure (Zhou & Qiu, 2005; van de Mortel et al., 2006).
However, even though the solution speciation analysis showed that more than 90% of the
Zn and Cd are available as free ions, the possibility that the high Fe concentration in roots
of G. claussenii is a consequence of apoplastic Fe precipitation, rather than symplastic

uptake, cannot be discarded (Chaney et al., 2007).

The combination of high metal tolerance and high metal accumulation along with
high biomass production makes plants suitable for phytoextraction. Two major strategies
have been considered to achieve these properties: to breed or genetically engineer
hyperaccumulator species to increase their biomass or to genetically engineer high-

biomass species to increase their metal accumulation and tolerance capacity (Chaney et
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al., 2007). These are not trivial challenges, but the main reason for this is the scarcity of
natural metal hypertolerant and metal accumulating species that are high-biomass
producing. G. claussenii is a Zn/Cd accumulating species, which produces considerable
biomass in the field, and we believe that domestication of this species can be a promising

approach to consider for non-GMO-based phytoextraction.
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SUMMARY

e Gomphrena claussenii is a recently described zinc (Zn) and cadmium (Cd)
hypertolerant Amaranthaceae species displaying a metal bioindicator Zn/Cd
accumulation response. We investigated the Zn and Cd distribution in stem and leaf
tissues of G. claussenii at the cellular level, and determined metabolite profiles to
investigate metabolite involvement in Zn and Cd sequestration.

e G. claussenii plants exposed to high Zn and Cd supply were analysed by scanning
electron microscopy with energy dispersive X-ray (SEM-EDX) and micro-proton
induced X-ray emission (micro-PIXE). In addition, GC-TOF-MS was used to
determine metabolite profiles upon high Zn and Cd exposure.

e Stem and leaf tissues of G. claussenii plants exposed to control and high Cd
conditions showed the abundant presence of calcium oxalate (CaOx) crystals, but
upon high Zn exposure, their abundance was strongly reduced. Ca and Cd were co-
localizing to the CaOx crystals in the Cd exposed plants. Citrate, malate and oxalate
levels were all higher in shoot tissues of metal exposed plants, with oxalate levels
induced 2.6 fold upon Zn exposure and 6.4 fold upon Cd exposure.

e Sequestration of Cd in vacuolar CaOx crystals of G. claussenii is found to be a novel

mechanism to deal with Cd accumulation and tolerance.
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INTRODUCTION

Knowledge on metal and metalloid homeostasis in plants has increased
considerably in the last decades (Merchant, 2010), however a better understanding of the
role of these elements in plant metabolism is required to improve the use of plants in
phytoremediation technologies (to clean up metal contaminated soil) and in
biofortification (to improve nutritional quality) of the human diet (Zhao & McGrath,
2009). Important progress in understanding the physiological and molecular aspects of
metal homeostasis in plants was made by studying natural metal hypertolerant species
(Hanikenne & Nouet, 2011). These plants have the ability to grow at extremely high, toxic,
metal conditions and often accumulate high levels of metals or metalloids, such as nickel

(Ni), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb) (Kramer, 2010).

Besides identification of the genes involved in metal homeostasis (Verbruggen et
al, 2009), it is also important to know the cellular localization of metals and their
chemical forms during uptake, transport and storage processes (Hall, 2002; Clemens,
2006). Once metals are taken up by plants, metal hypertolerance can only be achieved by
minimizing internal metal toxicity. Two, often combined, strategies are reported as
fundamental to accomplish this; metal sequestration, which is to physically
compartmentalize metals to sites with low metabolic activity; and metal chelation, to
reduce reaction of (sequestered) metals with other compounds (Mari & Lebrun, 2006; Lin

& Aarts, 2012).

Especially in shoots, metals sequestration to sites of low metabolic activity is an
important way to avoid interference with plant photosynthesis, potentially highly sensitive
to disturbances contributing to increased formation of reactive oxygen species (Alaoui-
Sossé et al, 2004; Rascio & Navari-Izzo, 2010). Metal sequestration in leaves of
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hypertolerant species therefore occurs mainly in the trichomes, in the epidermis or
intercellularly, in the apoplastic space. Intracellularly, metals are mostly sequestered in
vacuoles (Cosio et al, 2005; Sarret et al, 2009; Tian et al, 2011). Proper metal
sequestration ensures better metal detoxification and the potential for higher metal
accumulation, which has the additional advantage that plants containing high
concentrations of toxic metals may render the plant much less attractive to herbivores,

compared to their non-accumulating neighbours (Leitenmaier & Kiipper, 2013).

Organic acids, amino acids and oligopeptides are generally good metal chelators,
both in metal exposure adapted and non-adapted species (Sharma & Dietz, 2006; Haydon
& Cobbett, 2007). For instance, studies with model plant species like (non-adapted)
Arabidopsis thaliana, (Ni-adapted) Alyssum lesbiacum and (Zn/Cd/Ni-adapted) Noccaea
caerulescens provided extensive knowledge on Ni chelation by histidine and the
contribution of this chelator to high Ni tolerance (Kramer et al., 1996; Richau et al., 2009).
The anions of organic acids, such as malate and citrate (Broadley et al., 2007; Haydon &
Cobbett, 2007), as well as nicotianamine (Clemens et al, 2013), are important chelators

implicated in Zn tolerance.

Recently a new metallophyte, Gomphrena claussenii, has been described as the first
Zn and Cd hypertolerant species belonging to Amaranthaceae family (Villafort Carvalho
et al, 2013). In addition to its capacity to grow at metal contaminated sites and to
accumulate high levels of Cd and Zn in its shoots (from 0.1 to 1% of its dry matter), the
substantial shoot biomass produced by G. claussenii makes it also a potentially useful
species for phytoremediation applications. It differs from the well-studied metal
hyperaccumulators of the Brassicaceae family, like Arabidopsis halleri or N. caerulescens,
in that it is not preferentially taking up metals at low exposure conditions. Instead, it acts

like a bioindicator (van der Ent et al, 2013) , accumulating Zn and Cd in a more linear
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relation with metal exposure (Villafort Carvalho et al, 2013). This uncommon response
prompted us to hypothesize that G. claussenii may use a novel mechanism of metal
tolerance, different from what has been described for other hypertolerant species. Both
from an evolutionary perspective and a mechanistic perspective it will be very interesting
to determine how this novel tolerance mechanism differs from what is known about the
well-studied metal-adapted Brassicaceae species (Krdmer, 2010). Understanding metal
tolerance and accumulation in G. claussenii will also contribute to its application in soil
remediation programs, and it may provide valuable information on the regulation of
micronutrient levels in Amaranthaceae crops like spinach (Spinacia oleracea), beet (Beta
vulgaris), quinoa (Chenopodium quinoa) and Amaranth species. The objectives of this
study were to investigate Cd and Zn distribution and sequestration in leaves and stems of
G. claussenii using scanning electron microscopy with energy dispersive X-ray (SEM-
EDX) and micro-proton induced X-ray emission (micro-PIXE) technologies. The results
of these analyses prompted us to also analyse the changes in primary metabolites in roots
and shoots during high Zn and Cd exposure, to uncover possible ligands for these metals

in G. claussenii.

MATERIALS AND METHODS

Plant culture

Clones of one genotype of Gomphrena claussenii Mogq., originally collected from a
Zn mine at Vazante, Minas Gerais, Brazil, were cultivated hydroponically as described by
(Villafort Carvalho et al, 2013). In short, G. claussenii cuttings were transferred to 600-ml
pots (one plant per pot), filled with modified Clark’s nutrient solution (1.3 mM KNOs,
2.53 mM Ca(NO:s),, 0.9 mM NH4NOs3, 0.6 mM MgSOy, 0.5 mM KCl, 34.5 pM Ca(H,POy),,
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19 uM H3BO3, 2 uM ZnSO4, 7 tM MnCly, 0.5 uM CuSO4, 0.086 pM (NH4)sM0;0,4, and 38
uM Fe(Na)EDTA, set at pH 5.5). After three weeks of pre-culture in a quarter strength
solution and high humidity, plants were moved to half strength solution supplemented
with 2 pM ZnSO; (control conditions), or exposed to high Zn (1000 uM ZnSOy, no Cd) or
high Cd (2 uM ZnSOy 100 uM CdSOs). Nutrient solutions were refreshed every week.
Each treatment consisted of three replicates. Plants were harvested 21 days after the start
of the metal exposure. Three experiments were performed according to these conditions,
one for mineral analysis, the second one for microscopic analyses and the third one to

obtain metabolite data.
Analysis of zinc and cadmium concentration

Zinc and Cd concentrations were determined for leaf, stem and root samples by

using atomic absorption spectroscopy as described by (Villafort Carvalho et al,, 2013).
Microscopic analysis

Hand-cut sections of leaves and stems from control and metal-treated plants were
initially =~ examined using light microscopy  (Nikon Eclipse 80i;
http://www.nikoninstruments.comwith differential interference contrast (DIC)). Both
cryo and dry samples were prepared for scanning electron microscopy analyses. For cryo
samples, fresh leaf and stem material was glued onto an aluminium Leica sample holder
by carbon glue (Leit-C, Neubauer Chemicalien, Germany), directly frozen in liquid
nitrogen and subsequently fitted in the cryo-sample loading system (VCT 100). The Leica
sample holder was transferred to a non-dedicated cryo-preparation system (MED
020/VCT 100, Leica, Vienna, Austria) onto a sample stage at -93 °C. In this system
samples were freeze fractured and subsequently freeze dried for 3 min at -93 °C at 1.3 x 10-

® mbar to remove water from the fractured sample surface. Samples were sputter-coated
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with a layer of 10 nm tungsten (W) at the same temperature and directly transferred in
high vacuum into the field emission scanning microscope (Magellan 400, FEI, Eindhoven,
the Netherlands) using the sample stage set at -122 °C and 4 x 107 mbar. The
morphological analysis was performed with secondary electrons at 2 kV, 13 pA. For dry
sample preparation, leaf and stem parts were sampled and put directly into 100%
methanol. After one hour the methanol was substituted to pure acetone in a series of a
methanol : acetone mixtures (2:1, 1:1, 1:2, 15 min per step). Finally the samples were
critical-point-dried with carbon dioxide (CPD 030, BalTec, Liechtenstein). The dry
samples were glued by double sticky carbon adhesive tabs (Spectro-grade EMS,
Washington, USA) on aluminium stubs and coated with about 20 nm carbon (K950X,

Quorum Technologies, UK).
Energy dispersive X-ray analyses

Samples were qualitatively and quantitatively analysed by energy-dispersive X-ray
(EDX) in the same scanning electron microscope (SEM) using an AzTec X-ray analyser
with X-Max Silicon Drift Detector (80 mm? Oxford Instruments Analytical, High
Wycombe, England), at an acceleration voltage of 15 kV, 200 pA, working distance = 4
mm. CGraphs calculation and EDX images were performed using the AZtec software
package from Oxford instruments. For the evaluation of Cd concentration, potassium (K)
was always taken into account since the Cd L lines overlap with the Ka line of K. It meant
that for each Cd measurement we took care not to let the K levels interfere with the Cd

measurements. Thus we managed to avoid an overestimation of Cd.
Micro-PIXE analyses

Small (3 x 3 mm) pieces of fresh plant leaves were excised from an area

encompassing the main vein in the lower part of the leaf. They were embedded in tissue
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freezing medium (Jung, Leica) and frozen in liquid propane, cooled with liquid
nitrogen(Vogel-Mikus et al, 2009). Cryotome sectioning was performed at -25 °C at 60
pum thickness. The sections were placed in custom-made pre-cooled aluminium
containers and covered with fitting stainless steel covers. Using a cryo-transfer-assembly,
cooled with liquid nitrogen (Vogel-Mikus et al., 2009), the containers were transferred to
an Alpha 2-4 Christ freeze-dryer where sections were freeze-dried at -30 °C at 0.3 mbar
for three days. Freeze-dried sections were mounted between two layers of Pioloform foil
stretched over aluminium holders. Micro-proton-induced X-ray emission (micro-PIXE)
analysis of the samples was performed at the Jozef Stefan Institute (JSI), Slovenia, as
previously described (Vogel-Mikus et al., 2008a; Lyubenova et al.,, 2013). Two upgrades
were recently made to the nuclear microprobe. Firstly, the previous SiLi detector was
replaced by a new SDD detector (e2v SiriusSD® High Wycombe, Buckinghamshire, UK)
for detection of X-rays of the lower Z-elements. Secondly, lateral resolution was improved
using a new high brightness multicusp ion source (Pelicon et al,, 2014). The size of the
beam and the lateral resolution of the maps was 0.8 um. The GeoPIXE II software package
(Ryan 2000) was used to analyse the micro-PIXE spectra (analysis of Cd was based on Cd
K-lines) and to generate numerical matrices. These numerical matrices were used to
create spatial distribution maps with PyMCA software (Solé et al, 2007) and to calculate
the concentrations of Ca and Cd using Image] software (Abramoff et al, 2004). In Image]
the Intensity Correlation Analysis plug-in was used to calculate Pearson's correlation
coefficients (as in Pongrac et al, 2013) and the Co-Localisation Highlighter plug-in to
generate the co-localisation maps with white co-localisation points, red Ca distribution

and green Cd distribution.
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Metabolites analyses

Relative metabolite content was determined by extracting polar metabolites (Lisec
et al, 2006; Carreno-Quintero et al, 2012). Briefly, polar metabolite fractions were
extracted from ~200 mg fresh weight shoots (i.e. aboveground parts) and roots. After
extraction, aliquots of the polar phase (100 pl) were dried by vacuum centrifugation for
12-16 hours. The dried samples were derivatized online as described by Lisec et al. (2006)
using a Combi PAL autosampler (CTC Analytics AG; www.ctc.ch). First, 12.5 pl O-
methylhydroxylamine hydrochloride (20 mg ml™* pyridine) was added to the samples and
incubated for 30 min at 40 °C with agitation. Then the samples were derivatized with 17.5
pl MSTFA (N-methyl-N-trimethylsilyltrifluoroacetamide) for 60 min. An alkane mixture
(C10-C30) was added to each sample to determine retention indices of metabolites. The
derivatized samples were analysed by a gas chromatography, time-of-flight, mass
spectrometry (GC-TOF-MS) system consisting of an Optic 3 high performance injector
(ATAS GL Int., Eindhoven, the Netherlands) and an Agilent 6890 gas chromatograph
(Agilent Technologies, http://www.agilent.com) coupled to a Pegasus III time-of-flight
mass spectrometer (Leco Instruments, http://www.leco.com). 2 pl of each sample was
introduced into the injector at 70 °C using a split flow of 19 ml min'. The injector was
rapidly heated with 6 °Cs? to 240 °C. The chromatographic separation was performed
using a VF-5ms capillary column (Varian; , http://www.varian.com; 30 m x 0.25 mm
(internal diameter) x 0.25 pm (film thickness)) including a 10-m guardian column with
helium as carrier gas at a constant column flow rate of 1 ml min'. The GC oven
temperature was isothermal for 2 min at 70 °C, followed by a 10 °C per minute ramp to
310 °C, and was held at this temperature for 5 min. The transfer line temperature was set

at 270 °C. The column effluent was ionised by electron impact at 70eV. Mass spectra were
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acquired at 20 scans sec™! within a mass range of m/z 50 - 600, at a source temperature of

200 °C. A solvent delay of 295 s was set. The detector voltage was set to 1400 V.
GC-TOF-MS data processing methods

Raw data were processed by ChromaTOF software 2.0 (Leco instruments) and
MassLynx software (Waters Inc., http://www.waters.com) and further analysis was
performed using MetAlign software (Lommen, 2009) to extract and align the mass signals
(s/n> 3). Mass signals that were present in less than two samples were discarded. Signal
redundancy per metabolite was removed by means of clustering and mass spectra were
reconstructed (Tikunov et al, 2012). Metabolites were identified by matching mass
spectra to those of authentic reference standards, available mass spectra databases
(NIST08, National Institute of Standards and Technology, Gaithersburg, MD, USA,
http://www.nist.gov/srd/; Golm DB, http://gmd.mpimp-golm.mpg.de/) and by
comparison of retention indices (RIs) with known RIs. RIs were calculated using a series
of alkanes that were fitted with a third order polynomial function (Strehmel et al., 2008).
Metabolite data were statistically analysed using the SPSS package (version 21;
http://www.ibm.com/software/analytics/spss). The mean and standard error (SE) of each
treatment as well as the fold changed compared to control conditions were calculated.
Analysis of variance (ANOVA) was performed on the data followed by a post hoc Tukey

test using a significance threshold of P< 0.05.
Oxalic acid quantification

Oxalic acid concentrations were quantified using an authentic reference standard.
The linear calibration curve was calculated by injecting samples at 0.1, 0.2, 0.5 and 1.0 mg

ml?! along with extracted plant samples. Raw data were baseline-corrected and aligned
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using MetAlign software (Lommen, 2009). Quantification was based on the extracted

quantifier mass for oxalic acid (m/z 147).

RESULTS

Gomphrena claussenii hyperaccumulates Zn and Cd only at high metal

exposure

G. claussenii was originally collected from a Zn mine site, highly contaminated
with Zn and Cd. Previously we showed those plants to grow well in the field, and that
plants collected from site grew well in the metal contaminated soil collected at the site. We
also showed this species to be similarly tolerant to high Zn and Cd conditions when
grown hydroponically, showing no reduction in biomass when exposed to up to 3000 uM
Zn or up to 100 uM Cd (Villafort Carvalho et al, 2013). For the experiments described
here, new plants were grown hydroponically. The concentrations of Zn and Cd in these
plants were measured after three weeks of exposure to control (2 uM Zn), high Zn (1000
uM) or Cd (100 puM) levels. In plants exposed to high Zn and Cd, these metals were
hyperaccumulated, with Zn and Cd concentrations in the stems more than two times
higher compared to leaves (Fig. la,b). This is atypical when compared to other metal
hyperaccumulators, which generally accumulate metals at higher concentrations in shoots
than in roots and can do this already at low metal exposure concentrations. It is why we
previously classified G. claussenii as a metal bioindicator, rather than a metal
hyperaccumulator species (Villafort Carvalho et al, 2013). At high Cd exposure, Cd
competes with Zn uptake as Zn concentrations did not exceed the levels found at normal
Zn supply (Fig. 1a). The partitioning of Zn and Cd over the three examined plant parts

was more or less equal under control conditions, but at high metal exposure, the
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partitioning in roots was reduced compared to that in leaves and stems (Fig. 1c,d). At

those exposures, plants contained more than 80% of the stored Zn or Cd in shoots.
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Figure 1 - Zinc (Zn) (a) and cadmium (Cd) (b) concentrations (in mg kg dry weight; mean +
SE) and Zn (c) and Cd (d) partitioning (%) of Gomphrena claussenii roots (black bars), stems
(dark grey bars) and leaves (light grey bars). Plants were grown for three weeks in hydroponic
solution containing 2 uM ZnSO, and thereafter continued to grow in these control conditions

or exposed to high Zn (1000 pM ZnSO,) or high Cd concentrations (100 pM CdSO,, 2 pM

ZnSO0,) for another three weeks.

Detection of Cd-containing Ca-oxalate crystals in Cd exposed plants

Leaf sections were made of these plants for light microscope analysis. The high Zn
or Cd treatments did not induce any obvious histological changes when compared to
control conditions (data not shown). Large crystals were observed inside the vacuoles of
pith cells in stems of plants growing at control conditions (Fig. 2a). Those crystals were
morphological classified as calcium oxalate (CaC,04 CaOx) druse crystals and were easily
identified by light microscope using polarized light (Fig. 2a,b). Crystals were only found
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within the vacuoles of the cells and not outside the cells. In stems of plants exposed to
high Zn, no crystals could be found (Table 1), while the high Cd exposure did not affect
the number and appearance of crystals (Table 1 and Fig. 2d). Crystals could still be seen in
stems of plants exposed to 100 uM Zn, but less than that under control conditions (4.25

crystals per stem segment).

r— — —

20pm 25pm 10pm

Figure 2 -Visualization of calcium oxalate (CaOx) crystals inside the vacuoles of stem pith cells
of Gomphrena claussenii plants growing in control conditions (2 pM ZnSO,) as observed with
a light microscope under normal light (a) and polarized light (b). CaOx crystals were also
observed through scanning electron microscopy in plants exposed to high cadmium (100 M
CdSO4, 2 pM ZnSOy) in leaf (c) and stem (d) cells. Leaf samples were prepared using flash-
frozen material (cryo technique) (c); stem samples were dried and carbon-coated (d).
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Table 1- Effects of high zinc (Zn) and high cadmium (Cd) exposure on the average number (+
SE) and elemental composition (in weight %) of calcium oxalate crystals observed in stem
sections of Gomphrena claussenii

Control (2 pM Zn) 1000 pM Zn 100 uM Cd (2 pM Zn)

Average number of 9.12 0 8.25

crystals per stem section (4 () 4) (+ 0.46)

B S o by oo
(@] 75 61 74.9 62.2
Ca 23.6 38.4 23.1 36

K 1.4 0.6 1.4 0.6
Cd 0 0 0.6 1.2

EDX analysis was used to map the elemental distribution in stem cross sections
(Fig. 3). This showed that the crystals were very high in calcium (Ca), confirming their
identity as CaOx druse crystals. In plants exposed to Cd, Cd was co-localizing with the
CaOx crystals (Fig. 3¢). Although the Cd concentration was much lower compared to the
Ca concentration, its presence in crystals was obvious and distinguishable from the
distribution of other elements, such as potassium (K) (Fig. 3d). Elemental spectra were
recorded from three areas within or outside a crystal to determine if Cd also accumulated
outside the crystals. A representative sample of such analysis is shown in Figure 4. In none
of the cases was Cd detected outside the crystals, confirming that the CaOx crystals were
enriched in Cd. In stems, crystals were observed exclusively inside the vacuoles of pith
cells, which were the only sites at which Cd was detected. The spectral analysis showed
that CaOx crystals were mainly composed of oxygen (O) and Ca (carbon was excluded

from the analysis because it was used for sample coating) (Fig. 4c). K was also detected at
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low levels at the site of the crystal. However, K is likely to be present in the vacuole
solution rather than the CaOx crystal, since it was also detected, at higher levels, in the
vacuoles of cells without a crystal (Fig. 4c). Analyses of crystals in dry samples showed
element concentrations as expected for CaOx crystals, with mainly O and Ca, and very
little K (Table 1). The presence of Cd did not seem to have an effect on the concentration

of the other elements studied.
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Figure 3 - Visualization of a Gomphrena claussenii stem section using scanning electron microscopy with the energy dispersive X-ray
system (SEM-EDX). The section (a) was taken from the stem of a plant exposed to high cadmium for three weeks. The inset in (a) was
used for element mapping; the arrow indicates a calcium oxalate crystal. Distribution of calcium (Ca, blue; b), cadmium (Cd, green; c)

and potassium (K, green-blue; d) is shown.
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Figure 4 - Cryo stem sections of a Gomphrena claussenii plant exposed to high cadmium (Cd)
at two magnifications (a, b). Arrows indicate calcium oxalate crystals. Two insets in (b), were
used for element spectrum analysis, one covering a crystal (Spectrum 11), the other not
(Spectrum 12). The two overlapping energy dispersive X-ray (EDX) spectrums are compared
(c). Carbon (C), oxygen (O), calcium (Ca), tungsten (W), potassium (K) and Cd peaks were
identified. Cd is only detected in spectrum 11, in which also Ca is much more prominent than
in spectrum 12.
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Crystals were also found in the mesophyll tissue of leaf sections of plants grown in
control and Cd-exposed conditions (Fig. 2c). Most crystals were identified inside the
spongy mesophyll cells. These crystals had a comparable composition as the ones found in
the stem (data not shown), although the Cd concentration in leaf crystals of Cd-exposed
plants was around half the Cd concentration of stem crystals, in line with the lower Cd

concentration in leaves compared to stems (Fig. 1).

To confirm the co-localization of Cd with the CaOx crystals, Cd-exposed plants
were analysed using micro-PIXE. In addition to the higher sensitivity, Cd was measured
using the K-line, which circumvents the interference with K present in the samples. The
quantitative distribution maps of Ca and Cd in a representative leaf section confirmed

that indeed the CaOx crystals are enriched in Cd (Fig. 5).
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Figure 5 - Quantitative spatial distributions of Ca (a) and Cd (b) in a leaf of Cd-exposed
Gomphrena claussenii; merged distributions of Ca (red) and Cd (green) producing white co-
localisation points (c); and concentrations of Ca and Cd (in mg kg-1; average + SE) in the
whole leaf cross-section and in the crystal (d). R, Pearson’s correlation coefficient; the scan size
is 50 x 50 pm.

No crystals were found in stems and only one crystal was found in one of the leaf
sections of all sections of plants exposed to high Zn that were evaluated in the SEM-EDX,
in line with what was previously observed with light microscopy. This means that the high
Zn treatment reduced the formation of CaOx crystals virtually to zero in the G. claussenii
plants. However, plants exposed to high Zn showed a clear Zn peak in cellular spectrums
when examined by EDX (Fig. 6), indicating that Zn was accumulated in these cells. This

peak was not seen in plants grown under control conditions (data not shown).

Observation of individual cells indicated that Zn is accumulated inside the cell vacuole
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(Fig. 6b,c). More specific comparisons between mesophyll and epidermis cells in leaves
(Fig. 7a,b) supported the notion that Zn does not accumulate in a specific tissue. Similar
results were found for stem, where Zn was also detected, but not limited to a specific

tissue (Fig. 7c,d).

50um

Figure 6 - Cryo leaf sections of a Gomphrena claussenii plant exposed to high zinc (Zn) (1000
UM ZnSO, during three weeks) at two magnifications (a, b). The inset in (b), was used for
energy dispersive X-ray (EDX) element spectrum analysis (Spectrum 10). The spectrum covers
the vacuole of a mesophyll cell. The elements identified in this area are represented by peaks in
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the EDX spectrum (c). Carbon (C), oxygen (O), sulfur (S), tungsten (W), potassium (K) and
Zn were identified.

(b) 1 spectrum 5 [l Spectum 7

=y

Spectrum 7

25um

Figure 7 - Comparison of Zn concentrations in leaf (a and b) and stem (c and d) cells using
SEM-EDX. Samples were taken from Gomphrena claussenii plants exposed to high Zn (1000
uM ZnSO, during three weeks). Epidermis and mesophyll cells were compared in leaf (spectra
5 and 7) (a). Pith and vascular bundle cells were compared in stem (spectra 5 and 2) (c).
Overlapping elemental spectra are compared for leaf (b) and stem (d). Carbon (C), oxygen
(0), sulfur (S), cupper (Cu), phosphorus (P), calcium (Ca), tungsten (W), potassium (K) and
Zn were identified.

Shoot oxalate levels increased upon Zn or Cd exposure

In order to find any evidence for specific primary metabolic compounds that
increased in abundance upon Zn or Cd exposure and may thus be candidates for metal
chelation, the polar metabolite composition of shoot and root tissue of control and metal-
exposed plants was analysed by GC-TOF-MS combined with an untargeted metabolomics

approach. 92 compounds were detected in this analysis, of which 26 possible metabolites
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could be putatively identified (Table S1). These were mainly sugars, organic acids and

amino acids.

The abundance of soluble sugars in G. claussenii depended on the Zn and Cd
treatments. Sugars, such as sucrose, sorbose, glucose and fructose, accumulated in metal-
exposed roots to almost twice the level found in roots of plants growing under control

conditions (Fig. 8a). For shoots this was only the case upon Cd exposure (Fig. 8b).

(a) (b}
unknowng unknowné —
unknownd — unknownd —
unknown2 unknown2 —
unknown1 I unknown1 =
Pyridine Pyridine =
Myo-Inositol [ Myo-Inositol —
Dopamine — Dopamine —
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Glutamic acid I Glutamic acid
Asparagine — Asparagine =
Alanine — Alanine -
Propanoic acid — Propanoic acid |
Oxalic acid — Oxalic acid
Malic acid - Malic acid —
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Sucrose [ Sucrose [—
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Glucose [— Glucose [—
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Figure 8 - Log2 values of fold changes for metabolites detected by GC-TOF-MS in roots (a) or
shoots (b) of Gomphrena claussenii plants, comparing plants grown at control conditions
(supplied with 2 pM ZnSO,) to plants exposed to 1000 uM ZnSO, (grey bars) or to 100 uM
CdSO; (in the presence of 2 uM ZnSO,) (black bars).

The abundance of organic acids and amino acids in roots depended on the metal

exposure treatment (Fig. 8a). Citrate, malate and propanoic acid all increased upon Zn

exposure, while the abundance of oxalate decreased around four-fold. Such decrease was
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not seen in roots of Cd-exposed plants. Zn exposure also increased the abundance of
especially alanine and glutamic acid in roots, while upon Cd exposure, the concentrations
of all identified amino acids (glycine, glutamic acid, asparagine and alanine) decreased
two- to four-fold (Fig. 8a). Among the other identified metabolites, dopamine and myo-
inositol increased over two-fold in response to Cd exposure. Four unknown metabolites
were detected, of which two increased and one decreased substantially in roots upon Cd

exposure.

The changes in organic acid and amino acid concentrations in response to Zn or
Cd exposure were much more similar in shoots than in roots (Fig. 8b). Citrate, malate and
oxalate were all higher in metal-exposed plants than in the control. Especially oxalate
levels were induced, 2.6-fold by Zn exposure and 6.4-fold by Cd exposure. Considering
that oxalate may be the major vacuolar chelator of Zn and Cd, the oxalate concentrations
were quantified (Table 2). It showed that especially in response to Cd exposure, oxalate
concentrations increased from 4.8 mg g* in shoots of control plants to 18.4 mg g * in
shoots of plants exposed to Cd. The increase of oxalate levels coincided with a reduction
in glycine levels, as could also be seen for roots, which is in agreement with the fact that
both compounds have glyoxylate as a common precursor. The same unknown metabolites
that were detected in roots showed a comparable response to Zn or Cd exposure in shoots
as in roots exposed to Cd. It will be interesting to determine the nature of these

metabolites, so they may be studied in more detail.
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Table 2 - Concentrations of oxalic acid (in mg g* and umol g* fresh weight) in roots and
shoots of G. claussenii plants grown for three weeks in hydroponic solution containing 2 pM
ZnSO; and thereafter continued to grow in these control conditions or exposed to high Zn
(1000 pM ZnSOy) or high Cd concentrations (100 pM CdSO4, 2 pM ZnSO4) for another three
weeks. Averages of three replicates are given + SE.

Control (2 pM Zn) 1000 uM Zn 100 uM Cd (2 pM Zn)

1 1 1

mgg mmolg! mgg mmolg!  mgg mmol g

Root 3.6(£02) 40(£22) 3.4(x0.03) 38(x0.3) 3.9(£001) 43(x0.1)

Shoot 4.8(£028) 53(£3.1) 7.1(x17) 79 (£1.8) 184 (£2.1) 204 (+23)

DISCUSSION

In this research we confirmed the large Zn and Cd storage capacity of roots, stem
and leaves of G. claussenii (Fig. 1a), thus supporting our previous results on this new
metal bioindicator species (Villafort Carvalho et al, 2013). Not only are the Zn and Cd
concentrations of G. claussenii in the same range or even larger than those of the well-
known Brassicaceae hyperaccumulator species N. caerulescens (Kiipper & Kochian, 2010)
and A. halleri (Zhao et al, 2000) at high metal exposure, the metal content per plant is
much higher than in these species, due to the much higher plant biomass of G. claussenii.
Shoots, comprising stems and leaves, are responsible for storing 80% of the total Zn and
Cd content per plant, a characteristic contributing substantially to the phytoremediation
potential of this species. The high concentrations found in stems and leaves, which are at
least half those of roots, indicate that restricting metals to the roots by limiting metal

loading into the root xylem, is not part of the tolerance mechanism in G. claussenii.
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Different from the known Brassicaceae metal accumulators is that G. claussenii did not
evolve the typical hyperaccumulation characteristics of those species, which allow them to
hyperaccumulate metals already at normal mineral supply, rather than at the high metal
supply needed for Zn/Cd hyperaccumulation of G. claussenii. It therefore seems as if the
Brassicaceae hyperaccumulators evolved an additional trait, i.e. preferential metal
accumulation in leaves, which is not apparent in G. claussenii. The latter species is
however extremely tolerant to Zn and Cd exposure (Villafort Carvalho et al, 2013),
perhaps even more tolerant than N. caerulescens or A. halleri (Assungdo et al., 2003a;
Zhao et al,, 2006). The tolerance is both to high metal exposure in their growth medium as
well as to high metal content in tissues. We did not find any indications that metals are
stored in the apoplast of stem or leaf tissues, or on the plant surface. Instead, metal
tolerance appears to reflect efficient sequestration of metals in vacuoles of root, stem and
leaf cells. The high metal storage capacity of G. claussenii stems is also described for the
Zn and Cd hyperaccumulator species Sedum alfredii, in which the metal concentrations in
stems are even higher than in leaves (Tian et al, 2009). Storage in stems may be a more
attractive site than leaves, which are generally more metabolically active and in which
vacuolar sequestration will put more demands on maintaining a very efficient mechanism
to keep the accumulated metals within the vacuole. Proper sequestration will also be
essential to prevent metal-instigated damage of the photosynthetic machinery in leaf

parenchyma cells.

SEM coupled with EDX has been described as a suitable approach to evaluate the
distribution of metals and metalloids in plants and to obtain an initial understanding of
morphological changes and cellular accumulation of metals upon exposure (Lombi et al.,
2011). The high resolution and reasonable sensitivity (~100 mg kg') make this a feasible
technology to apply successfully for metal accumulator plants (Frey et al, 2000; Zhao et
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al., 2000; Cosio et al, 2005; Wojcik et al, 2005). During sample preparation the
temperature is an important factor, especially for metal analysis. Samples can be frozen
(cryo) or prepared at ambient temperature (dry), which means they will be scanned with
or without water, which can make a great difference for element concentrations. As
observed for G. claussenii (Table 1) and also shown in other studies (Isaure et al., 2006;
Lombi et al,, 2011), cryo samples have a better resolution but a lower detection limit since
water and therefore oxygen concentration is higher compared with dry samples, where
concentrations are more accurate once elements are not diluted. To complement the
results obtained by EDX, the micro-PIXE technique was applied because of its high
elemental sensitivity (> 1 mg kg!) at moderate lateral resolution, which at JSI is currently
limited to 0.7 um. As imaging is more laborious, it seems most efficient to first use SEM-
EDX, to provide a first impression, and subsequently use micro-PIXE, to obtain a detailed

analysis of interesting observations, as we did.

Incorporation of metals in organic acid crystals, as we observed for Cd in G.
claussenii, has been reported before for several metal sensitive plant species, such as Silene
vulgaris, tobacco (Nicotiana tabacum), Tamarix smyrnensis and Morus alba (Franceschi
& Schueren, 1986; Mazen & El Maghraby, 1997; Bringezu et al, 1999; Choi et al, 2001;
Manousaki et al., 2008; Katayama et al., 2013). Specifically the role of CaOx crystals in
relation to Cd accumulation has been studied in tobacco (Choi et al, 2001; Choi &
Harada, 2005; Isaure et al., 2010). Tobacco forms these crystals at the leaf surface, which is
effective for metal tolerance, but different from our observations in G. claussenii, and not
contributing much to metal hyperaccumulation. A previous study comparing tobacco and
G. claussenii under increasing concentrations of Cd, reported an increase in leaf Ca
concentrations in tobacco, but a slight decrease of Ca for G. claussenii (Borin, 2010). This
agrees with the assumption that in tobacco, the little Cd that is transported to the shoots
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(compared to G. claussenii), can be effectively kept out of the cells and excreted to the leaf
surface, incorporated in CaOx crystals. Despite the slight decrease in G. claussenii Ca
concentrations, in terms of molar concentration ratios there will be a large excess (> 10-
fold) of Ca compared to Cd and Cd is unlikely to interfere much with formation of CaOx

crystals. Oxalic acid is always in large excess in terms of molar concentrations (Table 2).

Zn, unlike Cd, has not been found in CaOx crystals (Jauregui-Zuiiga et al, 2005;
Todeschini et al,, 2011), which may explain why we do not detect Zn-enriched CaOx
crystals in G. claussenii. Why the CaOx crystals disappear upon increasing Zn exposure is
intriguing though. Since the Zn exposure level correlates well with the internal Zn
concentration (Villafort Carvalho et al,, 2013), we speculate that when plants are exposed
to increasing Zn supply, Zn will start to compete with Ca in binding to vacuolar oxalate.
Different from the large excess of Ca compared to Cd upon Cd exposure, this is much less
when compared to Zn upon Zn exposure. At high Zn exposure, the Zn shoot molar
concentration is 67 umol g (Fig. 1). Assuming a Ca concentration of around 10 g kg™!
(Borin, 2010), corresponding to 250 pumol g, it seems very likely that Zn will interfere

with the formation of CaOx crystals.

While the tissue-specific and cellular localization of Zn and Cd has been studied for
the Zn/Cd hyperaccumulator species N. caerulescens, Noccaea praecox, A. halleri and S.
alfredii (Kupper et al., 1999; Kiipper et al, 2000; Cosio et al., 2005; Fukuda et al, 2008;
Vogel-Mikus et al, 2008a; Tian et al, 2011), in none of these species, CaOx crystals were
described, let alone their incorporation of Zn or Cd. It should be noted though, that
Amaranthaceae species generally contain high levels of oxalate, frequently resulting in
CaOx crystal formation (Siener et al, 2006). Comparisons of G. claussenii with the
aforementioned hyperaccumulator species indicated that although there are some

similarities, there is no obvious commonly preferred tissue for metal sequestration among
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these species. For instance, A. halleri preferentially accumulates Zn and Cd in the cells
forming the base of trichomes (Hokura et al, 2006; Fukuda et al, 2008), while in N.
caerulescens (Kiipper et al., 2004; Cosio et al, 2005) and N. praecox (Vogel-Mikus et al,
2008a; Vogel-Mikus et al., 2008b) metals accumulate in the leaf epidermis. For S. alfredii,
Zn was found to be mainly stored in the epidermis of stems and leaves, while Cd was
mainly stored in the pith of stems and in the leaf mesophyll (Tian et al, 2011). As in G.
claussenii, Ca co-localized with Cd in S. alfredii (Tian et al, 2011), but not with Zn (Tian
et al,, 2009). In G. claussenii, Zn is not preferentially stored in the epidermis, as we find
similar Zn levels in epidermis and parenchyma cells (Fig. 6). Although the tissue-specific
distribution differs between species, Zn and Cd appear to be mostly confined to vacuoles
in the examined species (Zhao et al, 2000; Ma et al, 2005), suggesting that the
physiological and molecular mechanisms for vacuolar loading and confinement might be

similar.

The increase in oxalic acid levels at the expense of glycine, especially prominent in
shoots of G. claussenii upon high Cd exposure, is in line with an import role of this
primary metabolite in chelating vacuolar Cd. Co-localization of Cd in CaOx crystals, as
we observed, will contribute to better Cd sequestration, but we can only speculate if this is
essential for Cd tolerance. Based on the size and occurrence of the CaOx crystals and the
micro-PIXE data (Fig. 5), we estimate that roughly about 10-30% of the vacuolar Cd is
associated with CaOx crystals, which seems substantial. For Zn tolerance, shoot oxalic
acid levels do not increase much upon high Zn exposure, which means the Zn-chelation
capacity by organic acids will also be supplied by malic and citric acid. Both of these
compounds increased in both roots and shoots upon high Zn exposure (Fig. 8). The acidic
pH of plant vacuoles allows organic acids to be efficient vacuolar metal chelators (Haydon

& Cobbett, 2007). Zn is known to bind especially to malate and citrate in A. halleri, N.
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caerulescens and S. alfredii (Ueno et al, 2005; Yang et al, 2006; Sarret et al, 2009;
Monsant et al,, 2011; Huguet et al,, 2012). Also in S. alfredii the malate concentrations

increase in response to Zn exposure (Yang et al., 2006).

The untargeted approach we used to detect organic acids also allowed the detection
of additional primary metabolites (Fig. 8). Changes in the soluble sugar concentrations
and disturbance of the source-sink relationships are well known to occur during abiotic
stress (Rolland et al., 2006). Specifically for toxic metal exposure, a decrease in chlorophyll
content and therefore carbon assimilation, has been described as metal toxicity symptoms
for metal sensitive plants (Alaoui-Sossé et al, 2004; Maksymiec, 2007). Similarly, a
reduction in sugar concentrations has been reported for roots (Costa & Spitz, 1997;
Podazza et al, 2006; Mahajan et al, 2013), and at very high exposures, for shoots as well
(Ci et al, 2009; Nayek et al, 2010). Plants tolerant to high metal exposure maintain
photosynthesis rates and have an increase in soluble sugar concentrations in roots
(Chinmayee et al., 2012; He et al., 2013) as we also found for G. claussenii. This increase in
sugars can be due to a higher demand for energy by sink tissues, like roots and stems, to
accommodate the high accumulation of Zn and Cd. Alternatively, this increase could also
be an indirect effect of the response to metal-induced reactive oxygen species (ROS)
production in plants, as has been found before to occur in plants exposed to biotic and

abiotic stress conditions (Couee et al., 2006; Rosa et al., 2009; Keunen et al., 2013).

ACKNOWLEDGEMENTS

We thank Prof. Dr. Luiz Guilherme for his useful comments on the formation of
oxalate crystals, Dr. Henk Schat for his assistance and support in performing the mineral

analyses and the Brazilian governmental organization CAPES (Coordenagio de

78



Chapter 3

Aperfeicoamento de Pessoal de Nivel Superior) for the financial support to MTVC. The
support within the Slovenian Research Agency through P1-0112, P-0212 and Z4-4113,
and the 7th FP EU Project No. 227012 “SPIRIT” to P.P. and the micro-PIXE group is

gratefully acknowledged

79



Chapter 3

SUPPORTING INFORMATION

For supporting information visit:

http://onlinelibrary.wiley.com.ezproxy.library.wur.nl/doi/10.1111/nph.13500/suppinfo)

Table S1

List of possible primary metabolites identified in roots and shoots of Gomphrena
claussenii and their relative concentrations during exposure to high zinc and cadmium.

Significant values are presented in bold (p<0.05).
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ABSTRACT

Gomphrena claussenii was recently described as the first Zn and Cd hypertolerant
metallophyte plant species from South-America. Different from most Zn/Cd
metallophytes, G. claussenii is a metal bioindicator rather than a metal hyperaccumulator
species, displaying extreme metal tolerance, but exposure-dependent Zn and Cd
hyperaccumulation. The transcriptional response of G. claussenii to high metal exposure
was examined using RNA-seq and compared with the response of the closely related
metal-sensitive species, G. elegans. Plants were grown under control conditions, and
exposed to high, but realistic, cadmium and zinc concentrations in hydroponics. In total
18,633 orthologous transcript pairs were identified for G. claussenii and G. elegans. The
latter species showed a strong transcriptional response to metal exposure, with more than
10 to 20 times more genes significantly changing expression in shoots (2953 vs. 240),
respectively roots (13529 vs. 629) than in the metal-adapted G. claussenii When
comparing G. claussenii with G. elegans at each treatment, 3300 transcripts, 3006 under
high Zn and under 706 under Cd exposure, were significantly differentially expressed (>
4-fold and p<0.05). Many of these transcripts encode proteins involved in metal
homeostasis or in (a)biotic stress response. The metal hypertolerance of G. claussenii
appears to be a constitutive, species-specific, trait, relying on adaptations in metal

homeostasis and general plant stress response.

INTRODUCTION

Only a few percent of all plant species are adapted to thrive on sites highly enriched

in normally toxic heavy metals such as Cu, Ni, Pb, Cd or Zn. These metallophytes have
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evolved mechanisms to overcome the toxic effects of these metals and the difficulty to
acquire essential elements under nutritionally unfavourable conditions (Clemens, 2006;
Verbruggen et al, 2009). Two metal tolerance strategies are distinguished, with most
species favouring a metal exclusion strategy to avoid excess metal uptake and others
allowing metals to be taken up, but to sequester them efficiently or excrete them in order
to avoid metal toxicity (Baker, 1987; Baker et al, 1994; Wang et al.,, 2009). Most of these
hypertolerant species limit metal translocation to the shoots and store metals
predominantly in the roots. A rare group of species has developed metal
hyperaccumulation, in which metals are mainly accumulated to very high levels in the
aboveground parts (Kramer, 2010; Hanikenne & Nouet, 2011; Lin & Aarts, 2012; van der
Ent et al,, 2013). There is increasing evidence that hyperaccumulation of metals in shoots
provides an ecophysiological advantage by providing increased plant defence against

herbivores (Fones et al., 2010; Kazemi-Dinan et al,, 2014).

Most metal hyperaccumulator species are adapted to nickel (Ni) exposure, and only
a small group of zinc (Zn) and cadmium (Cd) hyperaccumulators has been described
(Krdamer, 2010). There is an interest in identifying and understanding Zn/Cd
hyperaccumulators, for phytoremediation purposes. Phytoremediation is one of the most
attractive biological techniques for environmental remediation that uses plants species
with the ability to concentrate and tolerate high levels of metals (Pilon-Smits, 2005;
Chaney et al, 2007; Padmavathiamma & Li, 2007). Metal contamination is a serious
environmental risk, not only to natural vegetation, but also to human health, especially
regarding Cd, which is a known carcinogen (Clemens et al, 2013). Recently it became
clear that large parts of the rice-producing areas of China are contaminated with relatively

low concentrations of Cd, much of which is bioavailable and ends up in the grain (Zhao et
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al, 2015). A proper phytoremediation crop to assist in removing these low Cd

concentrations would be very useful to deal with this contamination.

The molecular knowledge behind metal accumulation in hyperaccumulators can
contribute significantly to our understanding of plant metal homeostasis (Verbruggen et
al, 2009; Hassan & Aarts, 2011). Currently, most of the molecular knowledge related to
Zn homeostasis and Cd tolerance in plants is restricted to the Brassicaceae family
(Kramer, 2010). Two of these species are studied in more detail: Arabidopsis halleri and
Noccaea (formerly Thlaspi) caerulescens (Baker & Whiting, 2002; Assungéo et al., 2003b;

Kramer, 2010; Halimaa et al., 2014; Pollard et al,, 2014).

Transcriptome analysis of non-model species has become a realistic possibility
since the development of next-generation deep-coverage transcript sequencing (RNA-seq)
(Wang et al, 2009; Grabherr et al, 2011). This allows detailed transcriptome analysis
without the availability of a reference genome. So far this has provided valuable insights in
the transcriptomes of metal hypertolerant/hyperaccumulating species such as Psychotria
gabriellae, hyperaccumulating nickel (Ni) (Merlot et al, 2014), Sedum alfredii (nowadays
referred to as S. plumbazincicola (Gong, 2015)), adapted to high Zn and Cd (Gao et al,

2013) and Silene vulgaris, tolerant to cupper (Cu) (Baloun et al,, 2014).

Gomphrena claussenii, a Brazilian species found growing at a Zn mining area, has
been recently described as the first extreme Zn/Cd metallophyte from South-America
(Villafort Carvalho et al, 2013). The very high Zn/Cd tolerance and accumulation
capacity under conditions of high exposure, together with its high biomass production,
makes it an interesting species for phytoremediation and revegetation programs. In
contrast with the other known Zn/Cd/Ni hyperaccumulators, G. claussenii shows a

specific accumulation response. It is a metal bioindicator rather than a metal
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hyperaccumulator species, which means the concentrations of accumulated Zn or Cd is
more or less linearly related to the Zn or Cd concentrations plants are exposed to
(Villafort Carvalho et al., 2013). Next to being Zn and Cd hypertolerant, G. claussenii has
the ability to accumulate these metals in shoots to similar levels to those found in
hyperaccumulator species. A novel cellular mechanism of tolerance and accumulation was
recently described for this species, when metal distribution analysis in G. claussenii
revealed that Cd is preferentially found in calcium oxalate crystals, sequestering Cd in the

vacuoles (Villafort Carvalho et al., 2015).

Although the metal adaptation of G. claussenii has evolved independently of the
metal adaptation in Brassicaceae species, we expect it involved a similar recruitment of
highly expressed metal transporters to allow for the high Zn/Cd uptake from soil and
translocation to the shoots. While the Zn/Cd sequestration chelators may be different, the
metals are stored in leaf mesophyll vacuoles, expected to require similar transporters to
accomplish this as previously found in Brassicaceae hyperaccumulators. We performed an
RNA-seq transcriptomic comparison of G. claussenii and the related, non-metal-adapted,
species Gomphrena elegans (Villafort Carvalho et al, 2013) exposed to different Zn and
Cd supplies, to further investigate this. Indeed, several metal transporters were
differentially expressed between both species, suggesting at least partial convergent
evolution of the metal hyperaccumulation characteristics of the Amaranthaceae G.

claussenii and the Brassicaceae N. caerulescens and A. halleri.
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EXPERIMENTAL PROCEDURES

Plant material and RNA preparation

Clones from single genotypes of Zn/Cd tolerant Gomphrena claussenii Moq. and
the related non-metal-adapted Gomphrena elegans Mart. were cultivated hydroponically
as described by (Villafort Carvalho et al.,, 2013). In summary, cuttings were grown in 600-
ml pots (one plant per pot), on modified Clark’s nutrient solution buffered with a pH of
5.5 (Villafort Carvalho et al.,, 2013). After three weeks of pre-culture in a quarter strength
Clark’s solution and high humidity, plants were exposed to half-strength solution
containing either normal Zn supply (2 uM ZnSOy), excess Zn (1000 uM ZnSO,) or high
Cd (50 pM CdSOs; 2 pM ZnSOy) for G. claussenii, resp. 100 uM ZnSO4 or 5 uM CdSOy; 2
uM ZnSO,) for G. elegans. Nutrient solutions were replaced once a week. After four days
of exposure, plants were separated in roots and shoots (stem and leaves), which were

harvested and stored at —80 °C until further use.
RNA-seq

RNA was extracted from roots and shoots separately using the RNeasy kit
(Qiagen). For each condition three biological replicate samples of one plant were used for
RNA sequencing on an Illumina HiSeq2000 platform. For each sample 1 ug of total RNA
was used for library preparation. Samples were enriched for poly adenylated mRNA and
processed directly according to TruSeq RNA protocol (Illumina Inc, San Diego CA, USA).
mRNA was fragmented and further processed for end repair, adaptor ligation, cDNA
synthesis and final library amplification following manufacturer’s protocol (Illumina Inc,
San Diego CA, USA). Final libraries were eluted in 30 pl elution buffer. Library quality

was analysed using a Bioanalyzer 2100 DNA 7500 chip (Agilent Technologies) and
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quantified on a Qubit quantitation platform using Quant-iT PicoGreen (Invitrogen, Life
Technologies). Indexed libraries were equimolarly pooled and diluted to 6 pM for TruSeq
Single Read v2 DNA clustering on two partial flow cell lanes using a cBot (Illumina Inc,
San Diego CA, USA). Final sequencing was done on a HiSeq 2000 platform. Reads were
split per sample by corresponding index read using CASAVA 1.8 software. The raw
single-end reads were trimmed using PRINSEQ lite (Schmieder & Edwards, 2011) and
assembled into contigs larger than 200 nucleotides (nt) using Trinity (Grabherr et al,
2011) with the minimal kmer-coverage parameter set to 2. The transcriptomes were
searched  against the NCBI  non-redundant (NR) protein  database
(ftp://ftp.ncbi.nlm.nih.gov/blast/db/) using BLASTX (Altschul et al, 1997) with the e-
value threshold parameter set to 10°. In this study we only considered those transcripts
for which the best BLASTX-hit was a plant-derived sequence. The BLASTX output was
used for assigning gene ontology (GO) terms to the transcripts with the Blast2GO
(Conesa et al., 2005) program. Open reading frames (ORFs) were predicted using the
ESTScan program (Iseli et al., 1999). Prior to predicting ORFs, ESTScan was trained using
a set of sequences that were constructed as follows: Exonerate (Slater & Birney, 2005)
alignments were made for each transcript and its best BLASTX-hit. All transcripts were
discarded for which the exonerate alignment did not include at least 98% of the best hit or
the transcript was predicted to have frame shifts. Custom scripts were used to search for
complete ORFs (from start to stop codon) on the transcripts for which exonerate
alignment fulfilled the requirements. The final training set contained all transcripts with
full ORFs. Pairwise orthologous transcripts for G. claussenii and G. elegans were

identified by running Inparanoid (Remm et al., 2001) on the predicted protein sequences.
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Expression analysis

To examine the transcriptional response, transcript reads were mapped back to the
corresponding de novo assembled transcriptome using Bowtie 2 (Langmead & Salzberg,
2012). Transcript abundances, expressed in both count- and Reads Per Kilobase per
Million mapped reads (RPKM)-values were determined using eXpress (Roberts &
Pachter, 2013) with sequence bias correction. The count-based DESeq package (Anders &
Huber, 2010) was used for identifying transcripts and genes in each of the individual
species that were differentially expressed between control and treatment conditions within
the species separately. NoiSeq (Tarazona et al., 2011) was used to identify transcripts that
are differentially expressed in the two species based on RPKM values. In order to compare
the response of the individual species to the treatments we used the linear model
functionality of DESeq. More specifically, the purpose of this analysis was to determine
whether gene expression changes (fold changes) between control and treatments were
significantly different in the two species. GO-term enrichment analyses were performed
with the cytoscape (Shannon et al, 2003) plugin BINGO (Maere et al., 2005). Custom
scripts were used to transform the Blast2GO output into annotation files suitable for

BINGO.
qRT-PCR

DNase treated RNA was converted to cDNA using iScript cDNA Synthesis
(BioRad). 3 pl of five times diluted cDNA was used for real-time quantitative PCR.
Reactions were performed on a CFX96 Touch Real-Time PCR detection system (BioRad)

using iQ SYBR Green Supermix (BioRad). Primer sequences are available in Table S1.
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RESULTS

Transcriptome sequences of G. claussenii and G. elegans are highly

similar

De novo transcriptome sequences were generated for the Zn/Cd hypertolerant
species G. claussenii and the related, non-tolerant, species G. elegans, using roots and
shoots of plants exposed for four days to control, excess Zn and high Cd supply, leading to
684,437,403 reads for G. claussenii and 721,488,403 reads for G. elegans (Supplemental
figure S1). Trimmed reads were assembled into 206,921 contigs with an average length of
2061nucleotide (nt) and an N50 (length for which the collection of all contigs of that
length or longer contains at least half of the sum of the lengths of all contigs) of 1683 nt
for G. claussenii, and 194,900 contigs of on average 2164 nt, and an N50 of 1763 nt for G.
elegans (Table 1). In addition to the average and N50 lengths, the overall contig length

distributions of both species are also very similar (Supplemental figure S2).

Both transcriptomes were annotated by BLASTX comparison to the NCBI non-
redundant protein database. This resulted in 44% of the G. claussenii and 43% of G.
elegans contigs having a significant BLASTX-hit. Further analyses regarding putative gene
functions were restricted to those contigs that had a plant protein match, which means
65,637 contigs for G. claussenii and 66,830 for G. elegans. The best BLASTX-hit of the
annotated transcriptome was used for a taxonomic comparison. Comparable results were
observed for G. claussenii (Figure 1A) and G. elegans (Figure 1B), with both
transcriptomes sharing most similarity with Beta vulgaris, also from the Amaranthaceae

family.
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The transcriptome annotation was refined through the assignment of GO terms
using Blast2GO. In total, 52739 of G. claussenii and 53213 of G. elegans transcripts
received GO term annotations. Comparison of the GO slim annotation revealed that with
the exception of a few terms, the frequencies of the majority of GO slim terms are similar

between the species (Supplemental figure S3).

To be able to identify orthologous genes, the transcriptomes of both species were
compared. In total 18,633 pairs of contigs were found with best bi-directional blast hits,
and these were considered to be orthologous. Approximately 87% of these orthologues

had at least 95% identity (Supplemental figure S4a).

Table 1 - Summary of the Gomphrena claussenii and Gomphrena elegans transcriptome
assembly. Raw sequence reads (total reads) were assembled into putative transcripts (total
assembled contigs) using Trinity software. The N50 is the length for which the collection of all
contigs of that length or longer contains at least half of the sum of the lengths of all contigs.
Contig sequence length is in base pairs, bp.

total assembled N50 contig size average contig size
total reads .
contigs (bp) (bp)
G. claussenii 684,437,403 206,921 1683 2061
G. elegans 721,488,403 194,900 1763 2164
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G. claussenii G. elegans

P. trichocarpa

P. trichocarpa P. persica
P. persica

T. cacao

T. cacao
V. vinifera

V. vinifera

Figure 1 - Taxonomic distribution of the Gomhrena claussenii (a) and Gomphrena elegans (b)
transcripts according to best BlastX-hits. Beta vulgaris (Amaranthaceae), Vitis vinifera
(Vitaceae), Theobroma cacao (Malvaceae), Prunus persica (Rosaceae) and Populus trichocarpa
(Salicaceae) are the five most represented species.

The G. claussenii transcriptome is less responsive to Zn and Cd compared

with G. elegans

Zn exposure had a stronger effect on the number of differentially expressed
transcripts in either species than Cd exposure and more transcripts were differentially
expressed in roots than in shoots (Figure 2). G. elegans was more transcriptionally
affected by either metal exposure treatment than G. claussenii, especially in roots, even
though the Zn and Cd concentrations to which G. claussenii was exposed were much
higher than the concentrations used for G. elegans exposure. Due to the high number of
transcripts responsive to Zn and Cd, only transcripts with significant differences in

expression > 2-fold were further considered (Table S2).
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Gomphrena claussenii

Gomphrena elegans

40 '32

Zn Cd

Zn Cd

Figure 2 - Summary of differentially expressed transcripts (DETs) of Gomphrena claussenii (a,
b) and Gomphrena elegans (c, d) shoot (green) and root (brown) after exposure to high zinc
(Zn; 1000, resp. 100 uM ZnSO,) or cadmium (Cd; 50, resp. 5 pM CdSO4 + 2 pM ZnSO,)
compared with control treatments (2 pM ZnSOs, no Cd). Venn diagrams show the number of
significantly (p< 0.05) DETs with induced (dark green/brown) or reduced (light green/brown)

expression.
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Characterization of Zn and Cd responsive processes in G. claussenii and

G. elegans

To better understand the functional characteristics of Zn and Cd responsive
transcripts, a Gene Ontology (GO) enrichment analysis was performed and the processes
over-represented in roots and shoot of both species upon exposure to Zn or Cd were
identified (Figure 3). In G. claussenii, transcripts involved in DNA regulation showed a
remarkable down-regulation in shoots, especially upon Cd treatment, whereas transcripts
related with photosynthesis were induced by both treatments (Figure 3a). The metal
exposures hardly evoked a stress response, which is in line with the upregulation of
photosynthesis. Only on roots there is enrichment of cellular stress response transcripts
upon Zn exposure. There is also little evidence of an adaptation in mineral nutrient
homeostasis. Zn exposure reduced the response to Zn ions, and the transcripts related to
biosynthesis and metabolism of nicotianamine (NA), a known divalent cation chelator.
Cd on the other hand increased the representation of this type of transcripts. Both metal
exposures increased the abundance of transcripts related to nitrate and inorganic anion
transport in roots. The GO enrichment picture for G. elegans is drastically different
(Figure 3b). Exposure to both metals led to a strong stress response, mainly in shoots, but
for Cd also in roots. It also caused a drastic underrepresentation of photosynthesis related
transcripts, in line with the increased stress response. Roots appeared to suffer especially
from the Zn treatment, with reducing transcripts involved in cell wall organization and
DNA or histone methylation, while increasing transcripts associated with catabolism and
lipid oxidation. Both metal treatments reduced (an)ion transport in roots, the opposite of

what happened in G. claussenii.
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Zn cd In cd b 6. elegans(GO-id) Zn Cd n Cd
root root shoot shoot - leg root root shoot shoot

[

G. claussenii (GO-id)

Groupl -growth and development
cell wall organization or biogenesis
Group2 - transport

ion transport

anion transport

nitrate transport

inorganic anion transport

Group3 - DNA regulation

histone H3-K9 methylation

methylation

Group4 - photosynthesis response
photosynthesis

Group 1 - amine related metabolism
nicotianamine biosynthetic process

nicotianamine metabolic process

cellular biogenic amine biosynthetic process

cellular amino acid derivative biosynthetic process

cellular amino acid derivative metabolic process
response to nitrate

nitrate transport

glutamate metabolic process

Group? - photosynthesis response
photosynthesis

response to light stimulus

response to radiation photosynthesis, light reaction
Group3 - transport

inorganic anion transport

plastid membrane organization

plastid organization

response tozinc ion thylakoid membrane organization
Groups5 -stress and defence responses
response to stress

response to jasmonic acid stimulus
response to biotic stimulus

response to other organism

defense response

multi-organism process

response to wounding

response to stimulus

Group4 - stress responses

anaerobic respiration

oxidation reduction

response to abiotic stimulus

response to stimulus

cellular response to external stimulus
cellular response to extracellular stimulus

cellular response to nutrient levels

Group4 - DNA regulation

DNA duplex unwinding Group6 - lipid metabolism
DNA geometric change lipid oxidation

DNA unwinding involved in replication fatty acid beta-oxidation
DNA conformation change fatty acid oxidation

DNA-dependent DNA replication

Groups - other processes
ripening

steroid biosynthetic process

Group7 -other processes
one-carbon metabolic process

cellular carbohydrate biosynthetic process cellular catabolic process

N

nuclear-transcribed mRNA catabolic process
Up regulated
Down regulated
10g10 (p-value) [ -12 -10 -4 2 o

Figure 3 - Gene ontology (GO) enrichment analysis of Gomphrena claussenii (a) and
Gomphrena elegans (b) root and shoot transcripts upon zinc (1000, resp. 100 uM ZnSO,) or
cadmium (50, resp. 5 uM CdSO4 + 2 uM ZnSOy) exposures. The most significant GO enriched
biological processes (GO-id) are presented. A red-blue gradation indicates transcripts
regulation direction, up-regulation (red) or down-regulation (blue).
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Transcripts with different regulation and expression levels in G.

claussenii and G. elegans under Zn and/or Cd treatments

With so many more genes of the non-metal-adapted G. elegans responding to
metal exposure than of the metal-adapted G. claussenii, the latter species may have its
metal response genes constitutively expressed. Considering the high sequence similarity
between G. claussenii and G. elegans transcripts, allowing the definition of orthologous
transcript pairs, and considering the high correlation between orthologous pair
transcripts expression for root and shoot samples in each treatment (Supplemental figure
S4b), a direct comparison of expression of orthologous transcripts can justifiably be made.
For this comparison, only transcripts with a significant (p<0.05) and at least four-fold
difference in expression between both species were considered. This meant 2639 root
transcripts and 497 shoot transcripts to respond differentially to high Zn exposure (Table
S3) and 524 root transcripts and 279 shoot transcripts to respond differentially to Cd

exposure (Table S3).

When considering the most differentially expressed root (Table 2) and shoot
transcripts (Table 3) in either of two species, there were indeed many that are strongly
differentially expressed in G. elegans, but more or less constitutively expressed in G.
claussenii. GO analysis of this class of transcripts indicated enrichment in transcripts
encoding proteins functioning in cell proliferation or differentiation (e.g. involved in cell
wall, lignin and xylan biosynthesis) and in amino acid transport and sugar response.
Other transcripts found within this class, such as those encoding cytochrome P450
proteins, are related to stress or defence response. Two transcripts for metal homeostasis
genes were found in the same class, encoding the iron reductase FRO and the copper-

transporting P-type ATPase HMAS.
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Table 2 - Root transcripts which are differentially expressed upon either high zinc (1000 or 100 uM ZnSO,; Zn1000 or Zn100) or
cadmium exposure (50 or 5 pM CdSO, at 2 uM ZnSOy Cd50 or Cd5) when compared to control conditions (Zn2) in either
Gomphrena claussenii (GC) or Gomphrena elegans (GE), and which are most differentially expressed when comparing both species.
Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X (1/X). For ease of
interpretation, the most similar Arabidopsis thaliana gene for each contig ID (Contig) is indicated with the gene name (Name), gene
code (Code) and putative protein function. Gene ontology (GO) annotation is provided for biological process. Significant values are
presented in bold (p<0.05). Significant differences between the two species for the transcript expression are in grey. Contigs with

lower counts were not detected, ND.

Znl000/  Znl00/  Cd50/  Cds/
Putative functi . .
Name Code utative function GO annotation 712GC 702 GE 7Zn2GC  Zn2GE Contig
BXL1 AT5G49360  Beta-xylosidase 1 Developmental processes 2.23 1780 0.64 373 17793
Elect t t thways;
AT4G22310  Uncharacterized protein family ECLOI HANSport Of enetgy PAWAYS 76 645 0.46 192 17352
transport
BCAT-2 AT1G10070  Branched-chain amino acid transaminase 2 Other biological processes 1.16 624 0.48 3.12 8597
AT5G42830 HXXXD-type acyl-transferase family protein Biological processes unknown 0.34 312 0.21 29.9 5117
PSK4 AT3G49780  Phytosulfokine 4 precursor Developmental processes 0.33 255 0.69 11.5 20828
Othy tabolic pr ; oth 1ul
ATIGO8510  Fatty acyl-ACP thioesterases B er metabolic processes; other celWar 17 244 0.83 082 7850
processes
BXL1 AT5G49360  Beta-xylosidase 1 Developmental processes 0.80 222 0.86 1.03 3350
TBL38 AT1G29050  Trichome birefringence-like 38 Biological processes unknown 0.65 160 0.55 1.63 18589
AT3G59480  Pfkb-like carbohydrate kinase family protein Biological processes unknown 0.59 125 0.30 0.29 12898
Othy tabolic pr ; oth 1ul
AT1G67980  Caffeoyl-coa 3-O-methyltransferase er metabolic processes; ofher celWAr  g77 57.6 0.77 200 18337
processes
Transmembrane amino acid transporter family
AT3G28960 ) Transport 1.81 49.5 1.29 271 7666
protein
AT5G11170 DEAD/DEAH box RNA helicase family protein Other biological processes 1/552 35.2 0.60 31 8801
CYP51G1 AT1G11680  Cytochrome p450 51g1 Developmental processes 0.06 33.8 1.37 .33 5799
CNGC13 AT4G01010  Cyclic nucleotide-gated channel 13 Response to abiotic or biotic stimulus; =~ 0.94 30.7 0.80 249 5542
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Zn1000/

Zn100/

Cd50/

Cds/

Name Code Putative function GO annotation Zn2GC 2 GE  7Zn2GC  7n2GE Contig
signal transduction; response to stress
AT4G03460  Ankyrin repeat family protein Biological processes unknown 0.84 26.2 0.75 83.3 7914
- - Biological processes unknown 0.02 26.0 1.14 275 18336
Adeni leotid Ipha  hydrolases-lik
ATIGeg300 ~comine nucieonde aphd - HyArofasesiXe  pesponse to abiotic or biotic stimulus 0.03 19.4 118 132 14399
superfamily protein
Cell izati d bi is; protei
AT3G15980  Coatomer, beta&apos; subunit €% oTganization and bIOgENesiss profeiil 5 ny 159 179 468 10650
metabolism
Cytoch P450, family 72, subfamily A,
CYP72A15 AT3Gl4690 ) ocrome amty Sublamiy Biological processes unknown 2.69 124 1.79 381 4524
polypeptide 15
AT5G51890  Peroxidase superfamily protein Biological processes unknown 1.17 0.05 1.12 0.11 19483
Response to stress; cell organization and
LOX2 AT3G45140  Lipoxygenase 2 biogenesis; response to abiotic or biotic = 1.58 0.05 1.36 0.13 20051
stimulus
AT3G43660  Vacuolar iron transporter (VIT) family protein Biological processes unknown 1.06 0.03 1.10 0.10 13459
T b i id t ter famil
AT2G41190  CTSMICMDIANE AMINO acld Hansporter MY 1 insport 484 0.02 2.89 069 7060
protein
R to abioti biotic stimulus;
FRO2 ATI1GO1580  Ferric reduction oxidase 2 esponise o abIOHe of BIOUC SHmuS 4 74 /111 135 003 7438
transport
RNS3 AT1G26820 Ribonuclease 3 Other biological processes 1.46 1/129 0.89 0.40 18463
EXPAI2 AT3G15370  Expansin 12 Cell organization and biogenesis 1.68 1/173 0.95 0.62 11546
Bifunctional inhibitor/lipid-transf tei d
AT4GI2530  Diunctional inhibitor/lipid-transfer proteinfseed . o, 0.87 1190 090 046 16862
storage 2S albumin superfamily protein
U-box domain-containi tein ki famil
AT5G57035 protz)i‘n omam-containing profem fnase MY g ological processes unknown 0.73 1210 0.83 055 17800
. . R X Response to abiotic or biotic stimulus;
MRP4 AT2G47800  Multidrug resistance-associated protein 4 1.00 1/214 0.99 0.48 3047
response to stress; transport
AT4G09810  Nucleotide-sugar transporter family protein Transport 1.08 1/239 1.12 .63 21140
RNS1 AT2G02990  Ribonuclease 1 Response to stress; transport 1.12 1/243 0.93 0.33 11949
Oth taboli ; oth 1lul
AT3G56230  BTB/POZ domain-containing protein pm:;::: abOHic processes; ofher ceTuR ) 16 1/250  1.08 0.38 12081
AT5G05340  Peroxidase superfamily protein Biological processes unknown 1.47 1/257 1.88 0.60 11027
AT3G09925  Pollen Ole e 1 allergen Biological processes unknown 0.67 1/289 0.79 0.65 14573
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Zn1000/

Zn100/

Cds0/

Cd5/

Name Code Putative function GO annotation 702GC 702 GE  ZmaGC  Zn2GE Contig
AT5G25940  Early nodulin-related Other biological processes 0.48 1/352 0.60 1.37 18283
OMT1 AT5G54160  O-methyltransferase 1 Response to stress 0.53 1/362 0.88 0.43 7404
XTH16 AT3G23730  Xyloglucan endotransglucosylase/hydrolase 16 Biological processes unknown 0.78 1/412 0.71 0.78 13094
AT5G53050  Alpha/beta-Hydrolases superfamily protein Biological processes unknown 1.28 1/479 1.07 2.37 9574
BCS1 AT3G50930  Cytochrome BC1 synthesis Response to abiotic or biotic stimulus; ., c, 114 1.01 249 8547
response to stress
AT5G52390  PARI protein Biological processes unknown 4.67 5.30 1.29 177 13047
Cytochrome P450, family 83, subfamily B, Response to abiotic or biotic stimulus;
CYP83B1 AT4G31500 . response  to  stress;  developmental 1.19 0.96 0.77 112 8734
polypeptide 1
processes
Electron transport or energy pathways;
GER3 AT5G20630  Germin 3 protein metabolism; response to abiotic or  0.78 1.29 0.40 59.3 13521
biotic stimulus
GLR2.1 AT5G27100  Glutamate receptor 2.1 Response to abiotic or biotic stimulus 0.53 1.24 0.45 47.7 1294
BCB AT5G20230  Blue-copper-binding protein Response to abiotic or biotic stimulus; g 0.42 0.20 30.5 16342
response to stress; transport
AT4G17660  Protein kinase superfamily protein Biological processes unknown 0.32 0.32 0.23 22.8 17057
Response to abiotic or biotic stimulus;
ACA1 AT3G63380  Atpase E1-E2 type family protein signal transduction; response to stress;  0.06 1.27 0.09 15.0 2981
transport
- - Biological processes unknown 0.29 0.24 8.46 0.24 6122
Electron transport or ener athways;
AT3Ge0370 L <BP-like peptidyl-prolyl cis-trans isomerase o metabglism; transcrig;ticl))n DNZ\- 0.93 0.55 094 009 13321
family protein
dependent
- - Biological processes unknown 1.29 0.58 1.18 0.09 16549
CRK25 AT4G05200  Cysteine-rich RLK 25 Response to stress; transport 0.84 1.13 1.12 0.04 7238
AT3G47570  Leucine-rich repeat protein kinase family protein ~ Signal transduction; protein metabolism ND ND 0.94 0.04 3924
AT3Gaog1p  2-oxostutarate  20G) “and Fe(lD-dependent oo N A-dependent 0.94 2.14 0.61 003 12418

oxygenase superfamily protein

98



66

X . . Zn1000/ Zn100/ Cd50/ Cds/ .
Name Code Putative function GO annotation Zn2GC 2 GE  7Zn2GC  7n2GE Contig
TPS21 AT5G23960  Terpene synthase 21 Response to abiotic or biotic stimulus ND ND 0.81 0.01 9170
R t bioti bioti timulus;
RHM1 AT1G78570  Rhamnose biosynthesis 1 CSPONSE 10 Ablotic or DIOUC SHMUMS 574 1.61 029 078 1753
signal transduction; transport
AT5G61170  Ribosomal protein S19 family protein Protein metabolism 1/547 0.90 0.50 0.65 12069
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Table 3 - Shoot transcripts which are differentially expressed upon either high zinc (1000 or 100 uM ZnSOg4 Zn1000 or Zn100) or
cadmium exposure (50 or 5 pM CdSO, at 2 uM ZnSOy Cd50 or Cd5) when compared to control conditions (Zn2) in either
Gomphrena claussenii (GC) or Gomphrena elegans (GE), and which are most differentially expressed when comparing both species.

Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X (1/X). For ease of

interpretation, the most similar Arabidopsis thaliana gene for each contig ID (Contig) is indicated with the gene name (Name), gene

code (Code) and putative protein function. Gene ontology (GO) annotation is provided for biological process. Significant values are

presented in bold (p<0.05). Significant differences between the two species for the transcript expression are in grey. Contigs with

lower counts were not detected, ND.

Zn1000/ Zn100/ Cds0/ Cds/
Name Code Putative function GO annotation Zn2 GC Zn2 GE Zn2GC Zn2GE  Contig
OMT1 AT5G54160  O-methyltransferase 1 Response to stress 1.02 236 0.88 68.6 7217
Developmental processes; cell organization and " . 04 s
HDG2 AT1G05230  Homeodomain GLABROUS 2 biogenesis; transcription DNA-dependent ’ ’ ’ 19156
Cysteine-rich RLK
(RECEPTOR-like protein 1.18 135 0.79 311
CRKS8 AT4G23160  kinase) 8 Biological processes unknown 17171
Response to abiotic or biotic stimulus; response to e 39 0 s
ALDH2C4  AT3G24503  Aldehyde dehydrogenase 2C4 stress; transport 4134
Glucose-6-
phosphate/phosphate 0.55 49.8 0.87 6.32
GPT2 AT1G61800  translocator 2 Response to abiotic or biotic stimulus; transport 8932
Protein kinase superfamily 07 A 0o -1
AT4G17660  protein Biological processes unknown ’ ’ ’ ’ 17057
Alpha  1,4-glycosyltransferase
. ) . . 0.82 36.8 0.83 10.08
AT5G01250  family protein Biological processes unknown 14964
Ccv AT2G25625  Unknown protein Biological processes unknown 0.73 350 1.25 241 17708
ALN AT4G04955  Allantoinase Response to stress 0.69 28.8 0.53 3.02 3436
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Zn1000/ Zn100/ Cd50/ Cds/
Name Code Putative function GO annotation Zn2 GC Zn2 GE Zn2GC Zn2GE Contig
lutathi - ferase TA El rt or r hways; i
Glutathione S-transferase TAU ectron. transport or energy pathways; protein o e L =
GSTU19 AT1G78380 19 metabolism 13065
li leotide-
Cyclic nucleotide-gated o e s 10 in
CNGC14 AT2G24610  channel 14 Other biological processes 12741
Nuclear transport factor 2
0.57 22.6 1.24 6.29
AT5G01740  (NTF2) family protein Biological processes unknown 14956
AGD2-like defense response Response to abiotic or biotic stimulus; signal
. . 0.80 17.2 1.02 57.5
ALD1 AT2GI13810  protein 1 transduction; response to stress 6268
Basic helix-loop-helix (bHLH)
DNA-binding superfamily = Transcription, DNA-dependent; other cellular = 0.12 12.2 0.33 2.98
AKS2 AT1G05805  protein processes; other metabolic processes 11832
Leucine-rich repeat protein 073 8.50 0.79 297
AT3G47570  kinase family protein Signal transduction; protein metabolism ’ ’ ’ ’ 1292
Developmental — processes; other  biological
0.07 5.40 0.64 4.12
GAD1 AT5G17330  Glutamate decarboxylase processes 19389
- - Biological processes unknown 0.77 0.18 0.47 0.06 15564
; DNA or A lism;
Respon.se t? stress; DNA or RNA metabolism 14 o013 133 0.14
AHA4 AT3G47950  H(+)-atpase 4 other biological processes 8831
HA7 AT3G60330  H(+)-atpase 7 Biological processes unknown 1.25 0.12 1.33 0.17 8287
RING/FYVE/PHD zinc finger
. . . . 1.97 0.06 0.95 0.30
AT2G01275  superfamily protein Biological processes unknown 13476
Transcription elongation  Response to abiotic or biotic stimulus; response to e e e e
AT5G05140  factor (TFIIS) family protein stress ’ ’ ’ : 9414
AUR-like in- i
S UB ike . auxin-responsive . . 130 0.05 124 0.17
AT1G29500  protein family Other biological processes 16912
Protein ki rfamil
roteln - iinase - supertamfy o 1.64 0.04 115 0.28
AT5G20050  protein Other biological processes; transport 7010
Alph -Hydrol
pha/beta-Hydrolases o 1.07 0.03 1.06 1.66
AT5G53050  superfamily protein Biological processes unknown 13567
Thioredoxi rfamil
loredoxin - superlamty 0.91 0.02 1.10 0.21
AT1G03020  protein Developmental processes 17797
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Zn1000/ Zn100/ Cds0/ Cds/
Name Code Putative function GO annotation Zn2 GC Zn2 GE Zn2GC Zn2GE  Contig
Ribulose bisphosphate  Response to abiotic or biotic stimulus; response to
. 1.28 1/74 1.58 0.35
RBCS1A AT1G67090  carboxylase small chain 1A stress 20017
Cell organization and biogenesis; other cellular 453 11748 146 0.30
EXPB2 AT1G65680  Expansin B2 processes ’ ’ ’ ’ 11782
Thioredoxin superfamily 1.0 1/92.8 7 0.18
AT1G03020  protein Developmental processes ’ ’ ’ ’ 17728
Hat  family  dimerisation
0.47 1/98.5 0.44 0.50
AT2G06500  domain Biological processes unknown 21016
Protein metabolism; other cellular processes;
response to abiotic or biotic stimulus; signal
transduction; response to stress; other biological = 1.17 1/116 0.98 0.17
Calmodulin-domain  protein  processes; cell organization and biogenesis; other
CPK9 AT3G20410  kinase 9 metabolic processes; transport 20616
WRKY DNA-binding protein  Response to abiotic or biotic stimulus; signal 335 217 P 124
WRKY40 AT1G80840 40 transduction; response to stress - ) ’ 9568
Cysteine _ proteinases _ , 091 2.32 0.81 32.02
AT2G27420  superfamily protein Protein metabolism 11391
NADPH:quinone Electron transport or energy pathways; response 102 134 0.97 225
NQR AT3G27890  oxidoreductase to abiotic or biotic stimulus; signal transduction ’ ) ’ ’ 13415
T ) . .
ransmemblan? amlnt.) acid 74 133 0 o
AT3G28960  transporter family protein Transport 7666
Glycosyl hydrolase superfamily ~ Response to abiotic or biotic stimulus; response to
R 0.73 2.44 0.83 19.9
AT4G16260  protein stress 9992
HMAS5 AT1G63440  Heavy metal atpase 5 Response to stress 0.76 3.57 0.34 7.59 5311
hr P450, family 716,
Cytochrome P450, family 716, 0.32 0.23 161 0.18
CYP716A1  AT5G36110  subfamily A, polypeptide 1 Biological processes unknown 6400
s . ion; . ription, DN A-
Signal transduction. transcription,DN. ND ND S 0.14
ARR9 AT3G57040  Response regulator 9 dependent; developmental processes 14884
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Zn1000/ Zn100/ Cd50/ Cds/
Name Code Putative function GO annotation Zn2 GC Zn2 GE Zn2GC Zn2GE  Contig
- — fotic or biotic stimulus;
C.opper/zmc superoxide ~ Response to abiotic or biotic stimulus; response to e 0.30 0 e
CSD2 AT2G28190  dismutase 2 stress 13579
Protein ki rfamil i r ion; iption,DNA-
1ote.1n nase superfamily  Signal transduction. transcription,DN 1,00 137 e e
AT5G02800  protein dependent 7346
her li ; 1lul,
. Other metabolic processes; other cellular 1.08 027 1.05 0.05
BGLU46 AT1G61820  Beta glucosidase 46 processes 7305
Response to abiotic or biotic stimulus;
. . 32.5 0.98 1.21 1.28
COL5 AT5G57660  CONSTANS-like 5 transcription, DNA-dependent; response to stress 10349
Response to abiotic or biotic stimulus;
Auxin efflux carrier family developmental processes; cell organization and = 13.3 0.52 5.98 0.75
PIN2 AT5G57090  protein biogenesis 2959
Thioredoxin superfamily = 0.28 =i 0.46
AT1G03020  protein Developmental processes ’ ’ ’ ) 17320
RH39 AT4G09730  Rh39 Cell organization and biogenesis 1/81 0.55 1/697 0.64 4679
icti lease, Protei lism; ription,DNA-
Res.trlctlon end(?nuc eas.e type  Protein metabolism transcription,DN ey 103 0.94 142
MUS81 AT4G30870  II-like superfamily protein dependent; response to stress 3770
Protein metabolism; other cellular processes;
1/118 0.56 0.47 0.90
WAKS5 AT1G21230  Wall associated kinase 5 other metabolic processes 9719




Chapter 4

Genes that are consistently higher expressed in G. claussenii compared with G.
elegans in any of the three treatments, could also be involved in high metal adaptation, as
has previously been observed in A. halleri and N caerulescens (Hammond et al, 2006; van
de Mortel et al, 2006; Weber et al, 2006; van de Mortel et al, 2008). In total 1054
transcripts, 679 in roots and 507 in shoots, were significantly higher expressed (> 4 fold;
p<0.05) in G. claussenii than in G. elegans (Table S4). No biological function could be
assigned to 308 of these transcripts, and only 58 showed differential expression in G.
claussenii when comparing treatments. From this large set of transcripts a selection was
made of 75 transcripts for which the potential function indicates an involvement with

metal tolerance adaptation (Table 4 and 5).

Many of these transcripts encode proteins involved in (a)biotic stress response such
as enzymes in flavonoid and anthocyanin biosynthesis, cytochrome P450s, glutathione S-
transferases, (ascorbate) peroxidases and a blue-copper-binding protein. Transcripts
associated with zinc (ZIP1, ZIP3, IRT3, NAS1, NAS4, HMA2, YSL1, PAP23, TMN?7), iron
(FIT, FRO2, FRO7, EIN3, BGLU42), nitrogen (AMT1;2, NRT2, NR2), potassium (HAK5,
KUP3), sulfate (SULTR3;4, SULTRI;3) and phosphate homeostasis (PHT1;7, PAP26) are
found in this group. Other identified transcripts encode proteins involved with
transcriptional regulation such as the two bHLH-transcription factors, one of which is
involved in circadian clock regulation, which have the largest difference in expression

between the two species.
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Table 4 - Selection of transcripts which are more highly expressed in Gomphrena claussenii (GC) roots compared to Gomphrena elegans (GE)
upon control (Zn2), high zinc (1000 or 100 pM ZnSO4 Zn1000 or Zn100) or cadmium exposure (50 or 5 pM CdSO4 at 2 uM ZnSO4 Cd50 or
Cd5). Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X (1/X). For ease of interpretation, the
most similar Arabidopsis thaliana gene for each contig ID (Contig) is indicated with the gene name (Name), gene code (Code) and putative
protein function. Gene ontology (GO) annotation is provided for biological process. Significant differences between the two species (probability

>0.95) or two conditions (p<0.05) for the transcript expression are indicated in bold. Contig with lower counts were not detected, ND.

Name Code Putative function GO annotation Zn2GC/ Zn1000GC/ Cd50GC/  Znl000/  Znl100/  Cd50/ Cds/ Conti
T 1 I 1
v Zn2 GE Zn100 GE Cd5 GE Zn2 GC Zn2GE  Zn2GC  Zn2GE J
Atpase, FO/VO complex, subunit
AVA-P2 AT1G19910 Biological k 20570
C protein iological processes umknown 470 5.64E+15 265 113 ND 115 ND
B - Biological processes unknown 2.07E+17  6.88E+09 6.19E+19  1.03 ND 1.05 ND 19890
Cytochrome P450, family 71,
CYP71A22  AT3G48310 Biological k 5916
subfamily A, polypeptide 22 iological processes umknown 1.89E+05  6.61E+08 4296 0.87 ND 1.08 ND
- - Biological processes unknown 1.24E+06  4.10E+06 146E+12 116 ND 1.06 ND 21005
Signal transduction; response to abiotic
SUS4 AT3G43190 Si thase 4 21170
ucrose synthase or biotic stimulus; response to stress 110 5.65E+05 132 1.26 ND 0.97 ND
Cytochrome P450, family 81, OFhe%' biologicz‘ﬂ pr}ocesses; response to
CYP81D8 AT4G37370 bfamily D. pol tide 8 abiotic or biotic stimulus; response to 5284
sublamily 1 polypeptice stress 8.40 993 201 130 sl 093 0.37
USPL1 AT1G49320 Unknown seed protein like 1 Developmental processes 428 944 434 1.29 ND 1.00 ND 16926
MLP43 AT1G70890 MLP-like protein 43 Other cellular processes; transport 10.1 630 13.6 0.94 1/53.2 0.66 0.47 16383
C h P450, family 76,
CYP76C4 AT2G45550 ytoc 1"ome 4am1 Y Biological processes unknown 5423
subfamily C, polypeptide 4 164 526 368 0.97 0.36 1.03 0.44
EDR2 AT4G19040 Enhanced disease resistance 2 Biological processes unknown 6983 512 588 1.03 ND 1.04 ND 14824
CPKR20 AT2G38910 Qdc1um~depend€nt protein  Cell . orgamzat.lon and  biogenesis; 20837
kinase 20 protein metabolism 61.2 298 101 1.00 ND 1.06 ND
GPT2 AT1G61800 Glucose-6-phosphate/phosphate Ot‘he‘r biolo.gi(.:al Processes; response to 8932
translocator 2 abiotic or biotic stimulus 274 294 44.2 0.48 0.05 1.01 0.58
AT5G51890 Peroxidase superfamily protein Biological processes unknown 8.93 293 86.3 ND 0.04 ND 0.11 19483
Other biological 3 i
APX3 AT4G35000 Ascorbate peroxidase 3 er blologlcal processes; response to 20678
stress 5.45 207 4.30 0.93 0.03 0.93 1.14
AT5G48850 TetratricopepFide repéat (TPR)-  Response to stress; other cellular 19030
like superfamily protein processes 122 154 1.29 7.94 2.99 2.41 86.79
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Name Code Putative function GO annotation Zn2GC/ Zn1000GC/ Cd50GC/  Zn1000/  Zn100/  Cd50/ Cds/ Conti
Zn2 GE Zn100 GE Cd5 GE Zn2 GC Zn2GE  Zn2GC  Zn2GE J
S-adenosyl-L-methionine- Other biological processes; response to
BSMT1 AT3G11480 dependent  methyltransferases  abiotic or biotic stimulus; other cellular 7175
superfamily protein processes 19.6 127 65.8 474 9.34 0.81 2.46
MLP43 AT1G70890 MLP-like protein 43 Other cellular processes; transport 61.6 112 28.6 1.11 0.77 0.90 1.85 15163
Other biological 3 s
FRO2 ATI1GO1580 Ferric reduction oxidase 2 et blo ogical processes; response to 7438
abiotic or biotic stimulus; transport 4.32 107 188 0.68 1/116 1.32 0.03
R to abioti biotic stimulus;
AT5G39580 Peroxidase superfamily protein esponse to abiotic or biotic sumuius 13264
response to stress; transport 294 96.8 5.03 2.46 0.04 247 1.29
RNA-binding (RRM/RBD/RNP
ifs)  famil . ith ) lism:
RS2Z AT3G53500 moti 54) ami y protein W'lt Protem. . metabolism; 20323
retrovirus  zinc  finger-like  transcription,DNA-dependent
domain 3188 94.0 190 0.89 ND 0.92 ND
. R to stress; other biological
UDP-Glycosyltransferase esponse to stress; other biologic
AT4G01070 superfamily protein processes; cell  organization and 20554
1 1.
P YP biogenesis 142 87.0 57.4 0.80 ND 0.80 ND
SULTR3;4  AT3G15990 Sulfate transporter 3; 4 Biological processes unknown 1.92 829 3.15 1.07 0.03 1.14 0.65 16716
AT3G43850 Unknown protein Biological processes unknown 16.5 68.8 69.1 1.34 0.38 1.18 0.26 13812
HAKS5 AT4G13420 High affinity K+ transporter 5 Transport 3.44 61.5 2.50 0.60 0.04 0.69 0.89 1793
NRT2:1 ATI1G08090 Nitrate transporter 2:1 Developmental  processes;  other 3908
biological processes; transport 2.18 53.6 16.2 0.98 0.05 1.52 0.19
C h P450, family 72,
CYP72A15  AT3G14690 ytoe fome 4am1 v Biological processes unknown 4524
subfamily A, polypeptide 15 181 45.0 0.73 2.76 14.4 1.81 428.15
Vacuolar iron transporter (VIT)
AT3G43660 - Biological ki 13459
family protein tological processes umknown 112 0.0 111 1.02 0.03 1.10 0.11
HSL1 AT1G28440 HAESA-like 1 ProFeuT métabolls@; response to a!alotxc 827
or biotic stimulus; signal transduction 16.1 40.6 22.1 1.18 0.58 1.14 0.81
Oth taboli ;  oth
TMN7 AT3G13772 Transmembrane nine 7 er metabolic  processes; - other 19525
cellular processes 224 333 207 0.97 ND 0.98 ND
AT3G14470 NB-ARC  domain-containing  Response to abiotic or biotic stimulus; 19432
disease resistance protein response to stress 52.7 28.1 36.2 1.10 ND 1.09 ND
Rhodanese/Cell  cycle control
AT5G03455 Protei taboli 16745
phosphatase superfamily protein roteti metabotism 34.1 26.0 39.8 0.99 1.58 0.99 0.80
Other biological processes; response to
PAPA26 AT5G34850 Purple acid phosphatase 26 abiotic or biotic stimulus; response to 4886
stress 1.78 245 4.39 1.32 0.12 1.48 0.57
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Name Code Putative function GO annotation Zn2GC/ Zn1000GC/ Cd50GC/  Zn1000/  Zn100/  Cd50/ Cds/ Conti
anve et annot Zn2GE  Znl0OGE  Cd5GE  Zn2GC  Zn2GE  Zn2GC  Zn2GE 8
Devel tal ; 11
NAS4 AT1G56430 Nicotianamine synthase 4 cvelopmental =~ processes; e 20014
organization and biogenesis; transport 247 23.8 5.42 0.56 0.07 1.85 0.78
TRFL2 AT1G07540 TRF-like 2 Biological processes unknown 88.9 227 1.26E+05  1.19 ND 1.16 ND 16638
UREG AT2G34470 Urease accessory protein G Other metabolic processes 132 222 119 0.95 0.65 1.03 1.04 11109
lutathi - f TA
GSTU8 AT3G09270 Glutathione §-transferase v Protein metabolism; response to stress 12753
8 13.0 21.7 1.01 249 1.77 1.36 15.95
UDP-GI ltransf
AT3G21560 y?osy ral?s crase Response to abiotic or biotic stimulus 17117
superfamily protein 3.51 20.5 5.68 222 0.44 2.13 1.21
Plant invertase/pectin Response to abiotic or biotic stimulus;
ioti iotic sti 3
AT4G02330 methylesterase inhibitor P 3658
) response to stress; transport
superfamily 6.59 20.2 5.74 1.77 0.68 2.18 2.39
NHX2 AT3G05030 Sodium hydrogen exchanger 2 Transport 6.60 20.2 6.87 091 0.36 0.97 0.87 3838
Response to stress; developmental
NAS1 AT5G04950 Nicotianamine synthase 1 processes; cell  organization and 20503
biogenesis 295 18.0 6.16 0.54 0.09 1.83 0.80
FER-li 1 f i 5 iption, DNA-
FIT1 AT2G28160 R-like regulator of iron  Response to stress; transcription,DN 12743
uptake dependent 5.97 18.0 10.8 1.60 0.67 1.39 0.73
Electron transport or energy pathways;
Glutathi S-transfe TAU
GSTU19 AT1G78380 ) 9“ athione S-transierase protein metabolism; other cellular 13065
processes 15.5 16.2 1.04 1.69 1.93 0.93 13.31
R to abioti biotic stimulus;
GSTF8 AT2G47730 Glutathione S-transferase phi 8 esponse to abiotic or blotic stimulus 20458
response to stress 232 16.1 1.75 1.31 224 0.97 11.73
Calcium-binding EF-hand
AT1G18210 . Biological k 18831
family protein tological processes umknown 446 158 5.60 0.49 0.16 0.85 0.56
Other biological 3 i
71P2 AT5G59520 ZRT/IRT-like protein 2 er blologica’ processes; response to 8413
stress; other cellular processes; transport ~ 4.28 15.5 5.84 0.94 0.32 1.19 0.82
Glutathi S-transf TAU
GSTU25 AT1G17180 utathione >-transierase Other biological processes 12472
25 12.2 14.9 3.17 1.50 1.61 0.86 3.29
PAP3 AT1G14700 Purple acid phosphatase 3 Biological processes unknown 25.5 14.4 25.7 0.29 ND 3.55 ND 14218
Other cellular processes; response to
AATP1 AT5G40010 AAA-atpase 1 abiotic or biotic stimulus; signal 5438
transduction 891 14.0 2.54 0.95 0.73 0.90 2.93
Developmental processes; cell
RPSI3A AT4G00100 Ribosomal protein S13A organization and biogenesis; protein 16326
metabolism 8.44 12.8 4.40 3.37 2.78 1.31 2.38
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Name Code Putative function GO annotation Zn2GC/ Zn1000GC/ Cd50GC/  Zn1000/  Zn100/  Cd50/ Cds/ Conti
Zn2 GE Zn100 GE Cd5 GE Zn2 GC Zn2GE  Zn2GC  Zn2GE J
Response to abiotic or biotic stimulus;
AMTIL; 2 AT1G64780 A ium t; ter 1;2 4521
monium transporter transport 420 125 495 0.87 0.36 0.88 0.71
SULTRL;3  AT1G22150 Sulfate transporter 1; 3 Biological processes unknown 0.27 11.0 0.39 3.81 0.11 3.82 2.46 3499
Response to stress; other cellular
BGLU42 AT5G36890 Beta gl idase 42 21086
eta glucosidase processes 290 9.66 510 112 ND 1.10 ND
Other biological processes; response to
Protein phosphatase 2C famil
AT3G05640 :zt:‘lz phosphatase MY abiotic or biotic stimulus; response to 8144
1
P stress 10.0 9.50 96.5 1.73 237 2.14 0.21
GSTU7 AT2G29420 Glutathione S-transferase tau 7 Other biological processes 37.3 9.27 2.46 1.04 5.19 1.06 15.19 12334
Response to abiotic or biotic stimulus;
SPS2F AT5G11110 Sucrose phosphate synthase 2F response to stress; developmental 19866
processes 28.6 9.26 20.1 1.19 4.66 1.09 1.52
MLP43 AT1G70890 MLP-like protein 43 Other cellular processes; transport 11.1 8.35 204 1.52 2.52 1.08 0.57 20375
Glutathione S-transferase TAU  Electron transport or energy pathways;
GSTU19 AT1G78380 12089
19 protein metabolism 159 7.54 1.01 1.79 474 1.18 17.32
CML41 AT3G50770 Calmodulin-like 41 Transport 11.3 7.51 1.65 1.08 1.95 1.06 6.69 15301
Ethylene insensitive 3 family  Protein metabolism; response to abiotic
EIN3 AT3G20770 1912
protein or biotic stimulus; signal transduction 14.3 7.08 16.5 1.02 2.54 1.11 091
HMA2 AT4G30110 Heavy metal atpase 2 Other biological processes 525 6.66 7.13 1.51 1.49 1.17 0.83 876
Prolyl oligopeptidase family
AT1G76140 Protei tabolism; t t 1722
protein rotein metabotism; transpor 33 8.40 553 0.02 0.15 3.90 2.94
Basic helix-loop-helix (bHLH)
AT1G35460 DNA-binding superfamily ~ Transcription,DNA-dependent 20192
protein 5.94 12.9 239 0.43 0.26 0.51 0.12
PAP8 AT2G01890 Purple acid phosphatase 8 Other biological processes; transport 19.2 8.83 234 0.21 ND 3.50 ND 19132
Developmental processes; other
Z1P3 AT2G32270 Zinc t ter 3 18607
HiC transporter 5 precursor biological processes; response to stress 28.6 0.28 19.1 0.03 3.85 0.87 1.16
T iption, DNA-dependent;
PAP22 AT3G52820 Purple acid phosphatase 22 ranscription ependen 17381
response to stress 5.31 4.09 7.63 1.63 232 1.37 0.86
HMA2 AT4G30110 Heavy metal atpase 2 Other biological processes 3.85 2.50 6.43 0.81 1.59 0.83 0.47 1225
. Other biological processes; response to
ZIP1 AT3G12750 Zinc t ter 1 10699
M transporter L precursor stress; transport 3.94 17.7 5.60 0.28 0.08 2.49 1.69
KUP3 AT3G02050 K+ uptake transporter 3 Response to stress; transport 4.56 2.75 4.68 1.05 2.14 0.92 0.82 1887
Response to abiotic or biotic stimulus;
IRT3 AT1G60960 I lated t ter 3 8335
fon reguiated transporter other cellular processes; response to  3.99 3.54 4.37 0.18 0.25 1.09 0.97
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Name Code Putative function GO annotation Zn2GC/ Zn1000GC/ Cd50GC/  Zn1000/  Zn100/  Cd50/ Cds/ Contig
Zn2 GE Zn100 GE Cd5 GE Zn2 GC Zn2GE  Zn2GC  Zn2GE
stress; transport
AT3G14880 Function unknown Response to abiotic or biotic stimulus 90.0 26.8 23.8 0.16 ND 0.45 ND 14142
. X i Other biological processes; response to
AT5G51160 Ankyrin repeat family protein i ransport 232 470 422 0.36 022 0.65 329 9626
AT5G05340 Peroxidase superfamily protein Biological processes unknown 20.4 2.85 0.72 0.99 8.04 0.96 24.51 13788
Heavy metal
AT1G01490 transport/detoxification Biological processes unknown 19724
superfamily protein 17.9 6.86 0.81 0.61 1.92 0.72 15.01
GCH AT5G64300 GTP cyclohydrolase IT Developmental processes 6.76 4.17 141 0.46 0.93 0.40 1.78 3421
71P1 AT3G12750 Zinc transporter 1 precursor Other biological processes; response to 8806
stress 5.99 0.92 423 0.06 0.50 0.87 1.18




Table 5 - Selection of transcripts which are more highly expressed in Gomphrena claussenii (GC) shoots compared to Gomphrena elegans (GE)
upon control (Zn2), high zinc (1000 or 100 pM ZnSO4 Zn1000 or Zn100) or cadmium exposure (50 or 5 pM CdSO4 at 2 uM ZnSO4 Cd50 or
Cd5). Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X (1/X). For ease of interpretation, the
most similar Arabidopsis thaliana gene for each contig ID (Contig) is indicated with the gene name (Name), gene code (Code) and putative

protein function. Gene ontology (GO) annotation is provided for biological process. Significant differences between the two species (probability

>0.95) or two conditions (p<0.05) for the transcript expression are indicated in bold. Contig with lower counts were not detected, ND.

Name Code Putative function GO annotation Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/ Zn100/ Cd50/ Cds/ Conti
T I I 1
v Zn2 GE Zn100GE Cd5 GE Zn2 GC Zn2GE Zn2GC  Zn2GE J
- - Biological processes unknown 530E+10  1.19E+11 1.86E+08 1.19 ND 1.07 ND 21005
XH/XS d in-containi
aTigisowo. omalirconaitiig  HNA or RNA metabolism 333B+13  179E+10  241E+05 LIl ND 1.32 ND 21036
- Polyketid lase/dehyd d
oy AT4G32870 ,O,Y etide cyclase/de y{ rase ax,l Biological processes unknown 539E+06  7.42E+09 1.64E+11 1.32 ND 1.15 ND 17644
o lipid transport superfamily protein
- - Biological processes unknown 6.49E+05  2.78E+08 1.20E+07 1.20 ND 1.48 ND 20691
AT5G59210  Myosin heavy chain-related Transport 1.03E+07  8.35E+07 2.40E+05 1.40 ND 0.99 ND 20055
Basic  helix-loop-heli bHLH
FBH1 ATiG3s460  Dosic helicloop-helix (BHLH) o o DNA-dependent 324E+10  1.03E+07  201E+07  0.95 ND 1.09 ND 20192
DNA-binding superfamily protein
. o Transcription,DNA-dependent; response
FMN/FHY  AT4G21470  Riboflavin kinase/FMN hydrolase to stress 127 2.43E+06 2.90E+07 1.17 ND 1.15 ND 18189
GSTU9 AT5G62480  Glutathione S-transferase tau 9 Other biological processes 7.95E+09  1.70E+06 238 0.97 ND 0.92 oo 12604
EDR2 AT4G19040  Enhanced disease resistance 2 Biological processes unknown 1.97E+04  2.16E+05 1.02E+05 1.05 ND 1.01 ND 14824
R t tress;  oth 1lul
BGLU42  AT5G36890  Beta glucosidase 42 P:j*::;zz O stess ofer ceTHRN g 426E+03 6139 1.29 ND 1.29 ND 20809
ATHBI3 AT1G69780 Ijlogleobox~leucine zipper protein  Developmental processes; transcription, 2050 3805 3.46E+04 120 ND 097 ND 19528
family DNA-dependent
AT4G11740  Ubiquitin-like superfamily protein ~ Transport 501 574 2.33E+05 0.94 ND 1.07 ND 18705
Protein  metabolism; other cellular
AT1G20340  Cupredoxin superfamily protein processes; response to abiotic or biotic 519 501 652 1.01 ND 0.97 ND 17711

stimulus
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Name Code Putative function GO annotation Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/ Zn100/ Cd50/ Cds/ Conti
v ! annotatt Zn2GE  Znl0OGE  Cd5GE Zn2 GC Zm2GE  Zn2GC  Zn2GE '8
AT5G05140 Transcriptio.n elongation factor Ot{hg biolﬁ)gilcal Processes; response to 214 439 303 115 0.05 L1 026 9414
(TFIIS) family protein abiotic or biotic stimulus
Basic  helix-loop-heli bHLH
AT3Gs7sop  Dusic helixloop-helix (BHLH) o oo DNA-dependent 917 416 7863 0.79 ND 0.77 ND 13140
DNA-binding superfamily protein
h P450, famil s 3 h 1lul
CYPS7A2  ATIGI2740 ~ iochrome P450, family 87, Response to stress; other cellular ) 5 295 294 124 0.91 112 063 5018
subfamily A, polypeptide 2 processes; transport
Calcium-dependent protein kinase ~ Cell organization and biogenesis; protein
CPK20 AT2G38910 i 184 263 230 1.00 ND 0.93 ND 20837
20 metabolism
Response to stress; other biological
UDP-GI Itransfe
AT4G01070 ycosyltransierase processes; cell  organization and  526E+08 255 250E+10 113 ND 128 ND 9946
superfamily protein . .
biogenesis
Oth taboli ; oth 1lul;
TMN7 AT3G13772  Transmembrane nine 7 €1 Mmetabollc processes; el A 165 180 167 1.10 ND 0.99 ND 19525
processes
C h P450, family 87,
CYPS9A6  ATIGG4940 ) ocrome amly Biological processes unknown 409 157 167 1.00 220 0.97 2,05 5602
subfamily A, polypeptide 6
Other biological 5 i
AT5G17050  UDP-glucosyl transferase 78D2 ier BIOT0BICAl processes; response 10 g g 109 742 131 ND 104 ND 5956
abiotic or biotic stimulus
Tetratri tid t (TPR)-
AT5Ga1990  Lctratricopeptide repeat (TPR)- () 0o bolism; transport 104 832 919 1.06 116 0.95 101 5462
like superfamily protein
Cvtochrome  P450. family 83 Response to abiotic or biotic stimulus;
CYP83B1 AT4G31500 A . i n > response to stress; developmental  85.4 76.8 523 1.34 ND 1.00 3.05 8734
subfamily B, polypeptide 1
processes
UGT85A2  AT1G22360  UDP-glucosyl transferase 85A2 Biological processes unknown 34.6 76.5 20.1 2.69 0.99 1.72 2.54 7984
Electron transport or energy pathways;
FRO7 AT5G49740  Ferric reduction oxidase 7 other metabolic processes; other cellular ~ 46.8 70.4 33.7 2.26 1.29 1.61 1.96 1688
processes
SAUR-lik in- i
AT1G29500 THke o QUKIRXESPONSIVE  Giher biological processes 271 62.4 183 129 0.05 125 0.16 16912
protein family
R to abioti biotic stimulus;
GSTF$ AT2G47730  Glutathione S-transferase phi 8 esponse o ablotic or blotic stmuius -5 622 27.8 0.82 153 0.82 347 18543
response to stress
. Other biological processes; response to
BCS1 AT3G50930 Cytochrome BC1 synthesis L. R 627 59.9 89.3 1.03 9.98 1.29 8.90 8547
abiotic or biotic stimulus
AT1G73280  Serine carboxypeptidase-like 3 Protein metabolism 148 50.7 53.2 1.30 ND 0.94 ND 20629
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Name Code Putative function GO annotation Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/ Zn100/ Cd50/ Cds/ Conti
e unen annot Zn2GE  Znl0OGE  Cd5GE  Zn2GC Zn2GE  Zn2GC  Zn2GE 8
OMT1 AT5G54160  O-methyltransferase 1 Response to stress 430 48.2 19.9 0.89 6.95 0.90 17.5 10205
AT5G03455 Rhodanese/Cell cyc}e cor?trol Other .biological processes;  protein 1938 1469 613 0.96 0.86 Lo4 076 16745
phosphatase superfamily protein metabolism
Other biological processes; response to
Protei hosphat 2C famil
AT3G05640 :(c)’t:ilz phosphatase MR biotic or biotic stimulus; response to  32.3 4.7 30.2 1.45 0.91 1.28 1.20 8144
P stress
ARF11 AT2G46530  Auxin response factor 11 Biological processes unknown 7.05 40.2 7.43 1.01 0.15 1.06 0.93 17939
Nucleotide- t e
AT4GO9810 o cordesugar TANSPOTEE L ansport 7.95 389 114 091 0.16 1.05 0.65 21140
family protein
Response to abiotic or biotic stimulus;
Glycine-rich RNA-bindi tei
GRP2 AT4GI3850 yeine-tic INAMg Protein 1 osponse to stress; transcription, DNA-  11.2 36.4 8.65 0.72 0.18 0.83 0.93 17454
dependent
AT5G33340 lj?uk?ryotic ‘ aspartyl  protease Respénse to ab.iotic or biotic stimulus; 248 153 204 0.82 6.68 0.95 141 6584
family protein protein metabolism; response to stress
AT1G73270  Serine carboxypeptidase-like 6 Protein metabolism 47.0 30.1 188 1.36 ND 1.27 ND 19861
SULTR3;4  AT3G15990  Sulfate transporter 3;4 Biological processes unknown 22.7 23.6 13.0 1.08 0.87 1.04 1.61 2531
R to stress; other biological
LOX2 AT3G45140  Lipoxygenase 2 esponse {o- stresss - other blologleal 57 4 205 112 117 1.79 113 328 6074
processes
HMA2 AT4G30110  Heavy metal atpase 2 Other biological processes 279 17.0 245 0.94 13.13 0.97 9.73 1225
R to abioti biotic stimulus;
BCB AT5G20230  Blue-copper-binding protein esponse to ablotic or biotic stmuluss 5 14.8 11.8 0.65 487 1.00 9.61 16342
response to stress
Caffeoyl- 3-0-  Oth taboli ; oth 1lul;
CCOAMT  AT1G67980  ~ o covreod er metabolic processes; Ofher celular 358 133 5.84 126 2.79 120 6.40 12388
methyltransferase processes
R to abioti biotic stimulus;
WRKY40  AT1G80840  WRKY DNA-binding protein 40 esponse fo ablotic or biotic stimuiuss ¢, 132 8.11 3.05 12.0 2.74 18.0 9774
signal transduction; response to stress
R to abioti biotic stimulus;
PRI AT2G14610  Pathogenesis-related gene 1 esponse 1o ablotic or bIOtic SHmMUS: 50 4 127 155 0.87 2.30 0.92 205 16047
signal transduction; response to stress
Chloroplast t 1
OEP37 AT2G43950 oropast - outer - EVEOPE  ansport 324 12.7 80.9 1.05 2.17 1.02 0.34 18789
protein 37
Devel tal 5 th
YSL1 AT4G24120  YELLOW STRIPE like 1 evelopmen processes; —OREr 4 45 125 3.11 0.68 0.20 0.74 091 2306

biological processes; transport
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Name Code Putative function GO annotation Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/ Zn100/ Cd50/ Cds/ Conti
e unen annot Zn2GE  Znl0OGE  Cd5GE  Zn2GC Zn2GE  Zn2GC  Zn2GE 8
EXL2 AT5G64260  EXORDIUM like 2 Other biological processes 15.9 12.3 5.70 1.00 1.09 1.15 2.83 11197
h P450, famil § h li ; other cellul
CYP76CT AT3G61040 Cytod fome 50. ) amily 76 Other metabolic processes; other cellular 049 12.1 473 121 823 132 231 10202
subfamily C, polypeptide 7 processes
Electron t t thways;
PNP-A AT2G18660  Plant natriuretic peptide A ectron transport or energy paiiwayss o, o 113 8.92 0.79 420 0.94 6.18 17516
response to abiotic or biotic stimulus
HMA2 AT4G30110  Heavy metal atpase 2 Other biological processes 10.4 9.66 10.3 1.09 0.98 0.96 0.84 876
Electron transport or energy pathways;
GLN1;2 AT1G66200  Glutamine synthase clone F11 response to abiotic or biotic stimulus;  11.8 8.88 112 0.84 1.03 091 0.90 20338
response to stress
Heavy metal
AT1G01490  transport/detoxification Biological processes unknown 232 8.65 7.45 1.29 3.46 1.49 4.59 19724
superfamily protein
Oth taboli ; other cellul
CYSD2 AT5G28020  Cysteine synthase D2 et metabolic processes; othier celuiar 4 81 8.48 175 1.50 0.72 134 3.20 20796
processes
1 .
NR2 ATIG37130  Nitrate reductase 2 Developmental - processes; response to, 1 7.28 217 121 032 121 112 831
abiotic or biotic stimulus
NAS4 AT1G56430 Nicotianamine synthase 4 Developmental processes 13.87 7.02 5.95 0.61 1.01 1.45 2.98 10477
ATNCL AT1G53210 Sodxl{m/calcxum exchanger family ~ Response to stress; other biological 125 629 115 0,65 105 0.88 0.83 6261
protein processes
Developmental processes; cell
HDGL2 AT1G05230  Homeodomain GLABROUS 2 organization and biogenesis; 812 5.96 21.6 1.09 128 1.02 36.30 19156
transcription,DNA-dependent
PAP23 AT4G13700  Purple acid phosphatase 23 Biological processes unknown 17.7 7.39 13.5 1.18 2.33 1.30 1.50 3842
Oth taboli ; 11
AT4G28730  Glutaredoxin family protein er  metabolic  processes; el g o3 7.76 9.56 1.02 0.77 113 0.71 14650
organization and biogenesis
Other biological 5 g
ZIP1 AT3G12750  Zinc transporter 1 precursor X e:r jological processes; response 10y, 5 178 5.94 0.07 043 1.55 2.88 10699
stress
Pl b intrinsi
PIP1,4 AT4G00430 pr?)stZ: L4 fembrane — Intrinsic Response to abiotic or biotic stimulus 5.14 3.99 4.79 121 1.38 1.24 1.17 10390
NAP10 AT1G63270  Non-intrinsic ABC protein 10 Transport 7.01E+05  2.83 4.67 0.92 oo 1.00 oo 12698
GSTF8 AT2G47730  Glutathione S-transferase phi 8 Response to abiotic or biotic stimulus 235 81.95 28.1 0.44 1.01 0.62 4.49 13446
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N Cod Putative functi GO annotation Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/ Zn100/ Cd50/ Cds/ Conti
ame oce Hiative function annot Zn2GE  7Znl00GE  Cd5GE  Zn2GC  Zn2GE  Zn2GC  Zn2GE &
AT4G17660  Protein kinase superfamily protein  Biological processes unknown 64.1 2.56 2.15 0.70 55.9 0.95 94.63 17057
Cytoch P450 famil
AT5G07990 p:gs:;ome supertamtly Response to abiotic or biotic stimulus 32.1 2.56 2.71 1.02 11.0 0.93 9.65 4977
1)
DP-Gl ltransfe
AT1G32000  UDFP-Clycosylransferase Response to abiotic or biotic stimulus 18.6 2.26 3.95 1.60 123 131 5.75 9197
superfamily protein
Heavy metal
AT1G01490  transport/detoxification Biological processes unknown 16.4 2.57 2.67 0.84 4.48 1.00 5.35 17977
superfamily protein
GSTU9 AT5G62480  Glutathione S-transferase tau 9 Other biological processes 12.7 1.16 1.29 0.52 497 0.66 5.80 16066
1 1 hydrol famil ioti iotic stimulus;
AT4G16260 G ycc?sy ydrolase superfamily ~ Response to abiotic or biotic stimulus; 114 287 041 073 239 0.83 1982 9992
protein response to stress
. Other biological processes; response to
ZIP1 AT3G12750  Zinc transporter 1 precursor stress 10.7 1.01 3.84 0.03 0.24 1.87 4.60 7379
Heavy metal
AT1G01490  transport/detoxification Biological processes unknown 9.96 3.64 347 1.20 2.70 1.30 323 17991
superfamily protein
AT1G60960 Iron regulated transporter 3 Response to abiotic or biotic stimulus 8.39 0.74 3.22 0.12 1.14 1.38 3.18 8335
NRAMP6 AT1G15960  NRAMP metal ion transporter 6 Other cellular processes; transport 6.22 1.79 1.45 1.10 321 0.95 3.58 4046
- - otic stimulus:
AT4G16260 Glyco{syl hydrolase superfamily ~ Response to abiotic or biotic stimulus 556 110 155 0.38 370 0.94 296 8083
protein response to stress
PHT1;4 AT2G38940  Phosphate transporter 1;4 Other biological processes; transport 5.49 0.85 1.23 0.99 5.61 0.96 3.90 20924




Chapter 4

Transcripts differentially expressed upon high Zn and/or Cd treatment in

G. claussenii

Next to genes constitutively highly expressed in G. claussenii indicative of a
profilactively active metal tolerance mechanism, also transcripts exclusively differentially
regulated in G. claussenii when compared to G. elegans upon metal treatment might be
associated with tolerance to or accumulation of Zn and Cd. Comparing the expression of
transcripts between control and high Zn or Cd treatment 131 G. claussenii root
transcripts were significantly differentially expressed (>4-fold; p<0.05) (Tables S5) from
which 81 were not differentially expressed upon metal treatment in G. elegans (Table 6).
Similarly, 42 out of 47 transcripts were exclusively differentially expressed in G. claussenii

shoots upon either Zn or Cd exposure (Table S5, Table 7).

In G. claussenii roots, the group of down-regulated transcripts contains many
stress and defence response transcripts (Table 6). Within this group, there are three
transcripts that belong to the ZIP family of Zn transporter genes, encoding orthologues of
ZIP1, ZIP3 and IRT3. One of the upregulated transcripts is similar to SDII, a gene
normally induced by sulfur deficiency. Among the shoot transcripts with the highest
expression under metal treatments when compared with the control treatment (Table 7),
there are two encoding transcription factors, COL5 and WRKY40, respectively involved
in flowering initiation and pathogen response. Also PCR2, encoding a metal transporter,
was higher expressed in shoots, especially upon Cd treatment. Other known metal
homeostasis genes, such those for the zinc transporters ZIP1, ZIP3 and IRT3 and for

ferretin (FER1) had a lower expression under high Zn (Table 7)
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Table 6 - Root transcripts which are differentially expressed upon either high zinc (1000 or 100 uM ZnSO4 Zn1000 or Zn100) or cadmium exposure
(50 or 5 uM CdSOy4 at 2 uM ZnSOy Cd50 or Cd5) when compared to control conditions (Zn2) in Gomphrena claussenii (GC) and are not regulated
in Gomphrena elegans (GE). Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X (1/X). For ease

of interpretation, the most similar Arabidopsis thaliana gene for each contig ID (Contig) is in dated with the gene name (Name), gene code (Code)

and putative protein function. Significant values are presented in bold (p<0.05). Significant differences between the two species for the transcript

expression are highlighted in grey. Contig with lower counts were not detected, ND.

Name Code Putative function Zn1000/ Zn100/ Cdso/ cds/ Contig
Zn2 GC Zn2GE Zn2GC Zn2GE
AT3G49260 1Q-domain 21 32.6 0.66 8.73 0.80 9278
AT4G17390 Ribosomal protein L23/L15e family protein 19.0 3.46 0.50 0.54 14581
AT4G28780 GDSL-like Lipase/Acylhydrolase superfamily protein 17.9 0.45 4.88 1.27 9948
PMT5 AT3G18830 Polyol/monosaccharide transporter 5 14.7 1.20 8.18 1.80 4602
RPI2 AT2G01290 Ribose-5-phosphate isomerase 2 13.5 1.25 5.50 1.06 10755
AT1G73970 Unknown protein 9.50 ND 1.59 ND 9525
SDI1 AT5G48850 Tetratricopeptide repeat (TPR)-like superfamily protein 7.86 2.65 2.38 77.5 19030
PDCB3 AT1G18650 Plasmodesmata callose-binding protein 3 7.54 0.53 5.45 0.82 15630
AT5G17030 UDP-glucosyl transferase 78D3 6.77 ND 0.83 ND 11910
AT1G56710 Pectin lyase-like superfamily protein 5.54 1.80 4.84 0.57 5101
AT4G10265 Wound-responsive family protein 5.09 ND 2.39 ND 19044
BSMT1 AT3G11480 S-adenosyl-L-methionine-dependent methyltransferases superfamily protein =~ 4.67 8.81 0.81 2.35 7175
ACC2 AT1G01480 1-amino-cyclopropane-1-carboxylate synthase 2 4.48 ND 1.72 ND 20060
SDI1 AT5G48850 Tetratricopeptide repeat (TPR)-like superfamily protein 4.02 1.81 2.15 2.09 9924
AT4G37560 Acetamidase/Formamidase family protein 0.23 1.09 0.48 0.60 6422
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Zn1000/

Zn100/

Cd50/

Cds/

Name Code Putative function 702 GC 7n2GE Zn2GC Zn2GE Contig
AT5G49690 UDP-Glycosyltransferase superfamily protein 0.23 2.97 0.46 1.38 6746
RGLG2 AT5G14420 RING domain ligase2 0.23 0.78 0.22 0.64 8671
AT2G05940 Protein kinase superfamily protein 0.22 1.39 0.60 3.39 8187
AT3G47570 Leucine-rich repeat protein kinase family protein 0.22 0.87 0.42 21.7 1292
EXLA1 AT3G45970 Expansin-like Al 0.21 1.19 0.33 4.44 13283
PAPS8 AT2G01890 Purple acid phosphatase 8 0.21 ND 3.56 ND 19132
AT2G26530 Protein of unknown function 0.20 0.50 0.45 1.12 7392
AT4G27220 NB-ARC domain-containing disease resistance protein 0.20 0.58 0.65 1.28 195
AT3G20395 RING/U-box superfamily protein 0.19 ND 0.37 ND 13514
PGP21 AT3G62150 P-glycoprotein 21 0.19 0.17 0.32 0.06 19530
- - 0.19 2.83 3.12 0.90 13862
- - 0.19 0.56 0.44 1.31 20826
AT2G27660 Cysteine/Histidine-rich C1 domain family protein 0.19 0.08 0.21 0.37 10223
IRT3 AT1G60960 Iron regulated transporter 3 0.18 0.25 1.12 0.96 8335
- - 0.18 0.32 0.28 4.76 15111
GER3 AT5G20630 Germin 3 0.16 1.12 0.19 0.76 13009
AT3G14880 Unknown 0.16 ND 0.46 ND 14142
AT4G10265 Wound-responsive family protein 0.15 3.13 0.58 2.15 18940
HSP17.611 AT5G12020 17.6 kda class IT heat shock protein 0.15 4.38 0.77 12.9 17221
CRK8 AT4G23160 Cysteine-rich RLK (RECEPTOR-like protein kinase) 8 0.15 2.08 0.67 0.95 4098
LUP2 AT1G78960 Lupeol synthase 2 0.15 1.02 0.56 0.93 2995
AT2G45910 U-box domain-containing protein kinase family protein 0.14 ND 0.13 ND 19519
AT5G13400 Major facilitator superfamily protein 0.14 2.59 0.56 0.73 6852
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Zn1000/

Zn100/

Cd50/

Cds/

Name Code Putative function 702 GC 7n2GE Zn2GC Zn2GE Contig
GEX3 AT5G16020 Gamete-expressed 3 0.13 0.58 1.00 3.32 3825
AT2G45910 U-box domain-containing protein kinase family protein 0.13 0.32 0.11 0.62 10363
AT5G17230 Phytoene synthase 0.13 7.33 0.03 0.66 11067
- - 0.12 ND 0.14 ND 20953
AT1G02960 Unknown protein 0.11 0.68 0.68 1.11 5322
GAD1 AT5G17330 Glutamate decarboxylase 0.11 0.49 0.18 1.56 19389
MSL10 AT5G12080 Mechanosensitive channel of small conductance-like 10 0.11 0.28 0.37 3.17 14609
GAD1 AT5G17330 Glutamate decarboxylase 0.11 0.32 0.21 1.14 7890
MSL10 AT5G12080 Mechanosensitive channel of small conductance-like 10 0.11 0.34 0.45 3.10 3389
AT4G17260 Lactate/malate dehydrogenase family protein 0.11 0.18 0.22 0.76 16224
AT4G38260 Protein of unknown function 0.10 0.42 0.38 0.33 12376
AT4G04980 Unknown protein 0.10 0.54 0.19 0.47 8846
AT4G29050 Concanavalin A-like lectin protein kinase family protein 0.10 0.00 0.94 0.35 6477
AT2G15220 Plant basic secretory protein (BSP) family protein 0.09 1.16 0.44 1.63 11963
CHIA AT5G24090 Chitinase A 0.08 1/143 0.09 1.31 10368
AT3G19010 2-oxoglutarate (20G) and Fe(II)-dependent oxygenase superfamily protein 0.08 0.58 0.43 1.15 10153
ZIP1 AT3G12750 Zinc transporter 1 precursor 0.06 0.48 0.88 1.16 8806
ACAI12 AT3G63380 Atpase E1-E2 type family protein 0.06 1.27 0.09 15.0 2981
AT4G16720 Ribosomal protein L23/L15e family protein 0.05 ND 231 ND 16238
ZIP3 AT2G32270 Zinc transporter 3 precursor 0.03 3.59 0.85 1.16 18607
AT2G21590 Glucose-1-phosphate adenylyltransferase family protein 0.02 oo 0.20 ND 16946
RHM1 AT1G78570 Rhamnose biosynthesis 1 1/274 1.61 0.29 0.78 1753




611

Zn1000/

Zn100/

Cd50/

Cds/

Name Code Putative function 702 GC 7n2GE Zn2GC Zn2GE Contig
AT5G61170 Ribosomal protein S19e family protein 1/547 0.90 0.50 0.65 12069
AT2G31610 Ribosomal protein 3 family protein 1/2127 ND 0.62 ND 13255
- - 0.00 2.57 280 4.45 11722
- - 0.30 ND 9.25 ND 15792
AT4G24340 Phosphorylase superfamily protein 2.74 1.49 6.52 0.76 9874
MSD1 AT3G10920 Manganese superoxide dismutase 1 0.63 2.42 5.38 0.75 11367
bZIP2 AT2G18160 Basic leucine-zipper 2 1.83 ND 4.65 ND 14488
AT4G24710 P-loop containing nucleoside triphosphate hydrolases superfamily protein 0.86 0.49 0.22 0.93 20358
GSTU9 AT5G62480 Glutathione S-transferase tau 9 0.29 0.14 0.21 0.54 13356
CYP76C1 AT2G45560 Cytochrome P450, family 76, subfamily C, polypeptide 1 0.39 0.07 0.20 1.22 17987
- - 0.14 1.58 0.18 1.49 12729
AT2G16980  Major facilitator superfamily protein 1.02 3.59 0.16 0.78 7913
NIP5;1 AT4G10380 NOD26-like intrinsic protein 5;1 0.62 1/77.1 0.15 0.29 12039
AT3G22640 Cupin family protein 0.38 30.3 0.13 0.62 9230
BCB AT5G20230 Blue-copper-binding protein 0.29 0.08 0.09 0.42 15984
- - 1.20 0.10 0.06 1.46 12692
CYP76C1 AT2G45560 Cytochrome P450, family 76, subfamily C, polypeptide 1 0.41 ND 0.03 ND 18317
CYP76C7 AT3G61040 Cytochrome P450, family 76, subfamily C, polypeptide 7 0.35 ND 0.03 ND 14766
AT2G26695 Ran BP2/NZF zinc finger-like superfamily protein 0.37 0.34 0.02 0.43 17288
AT3G54510 Early-responsive to dehydration stress protein (ERD4) ND ND 1/50.9 ND 12404
CYP76C5 AT1G33730 Cytochrome P450, family 76, subfamily C, polypeptide 5 0.37 oo 1/159 oo 18611
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Table 7 - Shoot transcripts which are differentially expressed upon either high zinc (1000 or 100 uM ZnSOs Zn1000 or Znl00) or cadmium
exposure (50 or 5 uM CdSO; at 2 uM ZnSOy4; Cd50 or Cd5) when compared to control conditions (Zn2) in Gomphrena claussenii (GC) and are not
regulated in Gomphrena elegans (GE). Differential expressions are indicated as ratios. Very small ratios (<0.01) are indicated as 1 divided by X
(1/X). For ease of interpretation, the most similar Arabidopsis thaliana gene for each contig ID (Contig) is indicated with the gene name (Name),
gene code (Code) and putative protein function. Significant values are presented in bold (p<0.05). Significant differences between the two species for
the transcript expression are highlighted in grey. Contig with lower counts were not detected, ND.

Name Code Putative function Zn1000/ Zn100/ cds0/ cds/ Contig
Zn2 GC Zn2GE Zn2GC Zn2GE
COL5 AT5G57660 CONSTANS-like 5 32.5 0.98 1.21 1.28 10349
WRKY40 AT1G80840 WRKY DNA-binding protein 40 16.6 3.32 10.7 3.40 16234
PIN2 AT5G57090 Auxin efflux carrier family protein 13.3 0.52 5.98 0.75 2959
AT3G13610 2-oxoglutarate (20G) and Fe(IT)-dependent oxygenase superfamily protein ~ 7.18 1.15 2.94 0.44 7713
AT1G03020 Thioredoxin superfamily protein 5.21 0.28 7.00 0.46 17320
AT1G05260 Peroxidase superfamily protein 4.77 0.86 6.60 0.40 9495
AT1G48450 Protein of unknown function 4.74 0.98 3.04 1.06 6988
SDI1 AT5G48850 Tetratricopeptide repeat (TPR)-like superfamily protein 4.44 3.15 1.71 0.57 19030
RFL1 AT1GI12210 RPS5-like 1 4.30 0.65 1.54 1.05 939
FER1 AT5G01600 Ferretin 1 0.24 0.61 0.28 0.26 12959
WNK3 AT3G48260 With no lysine (K) kinase 3 0.20 0.87 0.58 0.95 1788
Z1P3 AT2G32270 Zinc transporter 3 precursor 0.18 1.21 1.25 5.23 18607
AT5G19890 Peroxidase superfamily protein 0.14 0.78 0.21 1.51 8677
AT5G36160 Tyrosine transaminase family protein 0.12 1.82 1.24 2.92 6662

IRT3 AT1G60960 Iron regulated transporter 3 0.12 1.12 1.38 3.13 8335
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PAPS8
XBCP3
PAP3
ZIP1

WAKS5

MUS81

WAKS5

BIP2

GER3

PCR2
COX2

AT2G01890
AT1G09850
AT1G14700
AT3G12750
AT4G34950
AT1G21230
AT4G09730
AT4G30870
AT1G21230
AT1G76140
AT3G45710
AT5G42020
AT5G20630
AT5G07850
AT1G14870
ATMG00160
AT1G19530
AT2G38870
AT5G20400
AT1G15380
AT3G04200
AT3G15670
AT1G28590

Purple acid phosphatase 8

Xylem bark cysteine peptidase 3

Purple acid phosphatase 3

Zinc transporter 1 precursor

Major facilitator superfamily protein

Wall associated kinase 5

Rh39

Restriction endonuclease, type II-like superfamily protein
Wall associated kinase 5

Prolyl oligopeptidase family protein

Major facilitator superfamily protein

Heat shock protein 70 (Hsp 70) family protein

Germin 3

HXXXD-type acyl-transferase family protein

Plant cadmium resistance 2

Cytochrome oxidase 2

Unknown protein

Serine protease inhibitor, potato inhibitor I-type family protein
2-oxoglutarate (20G) and Fe(II)-dependent oxygenase superfamily protein
Lactoylglutathione lyase / glyoxalase I family protein
Rmlc-like cupins superfamily protein

Late embryogenesis abundant protein (LEA) family protein

GDSL-like Lipase/Acylhydrolase superfamily protein

0.12
0.11
0.08
0.07
0.07
0.06
1/81
1/85.4
1/118
1/313
12.8
0.77
1.22
4.62
3.59
0.61
0.58
0.51
0.30
0.44
1.01
0.26
0.24
0.00

ND
1.43
0.41
0.44
0.52

0.55
1.03
0.56
0.18
4.58
1.42
1.22
0.00

1.29
0.25
0.48
0.88
2.37
0.62
1.33
ND
ND

ND
1.37
1.37
2.89
1.14
2.38
0.64
1.42
0.90
10.8
1.32
2.17
1.78
0.29

1.50
0.97
3.41
1.02
0.39
0.51
0.85
ND
ND

19132
4301
14218
10699
3512
2473
4679
3770
9719
1722
3612
13400
15073
5464
14940
10652
16521
19576
11501
15180
14094
8664
18008
7285
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AT2G38870
AT3G59850
MSL6 AT1G78610

Serine protease inhibitor, potato inhibitor I-type family protein
Pectin lyase-like superfamily protein

Mechanosensitive channel of small conductance-like 6

0.26
0.00
0.92

0.76
0.18
0.78

0.03
0.02
0.02

16.2
0.23
0.00




Chapter 4

Verification of Zn homeostasis and Cd tolerance related transcripts

Genes involved in Zn homeostasis and Cd tolerance have already been identified
for other plant species, especially for the model species Arabidopsis thaliana (Verbruggen
et al, 2009; Sinclair & Kramer, 2012). Transcripts homologous to those genes in G.
claussenii and G. elegans are encoding proteins potentially involved in Zn and Cd
tolerance and accumulation. Based on annotation, orthologous transcripts of both species
were investigated and homologues of A. thaliana genes previously identified to have a role
in Zn and Cd tolerance were selected. In total 23 transcripts were identified to encode
proteins involved in metal uptake, chelation, vacuolar transport and xylem loading (Table
8). A small subset of these transcripts, predicted to encode proteins involved in metal
homeostasis processes were selected (orthologues of the A. thaliana IRT3, NRAMP2,
FRD3, FRO2, NASI and NAS4 genes) to evaluate their expression levels under metal
exposure, including additional treatments of 100 uM ZnSO,4 and 1000 pM ZnSO4 + 50 M
CdSO. (G. claussenii) and 100 uM ZnSO4 + 5 pM CdSO4 (G. elegans) by real-time
quantitative (q) RT-PCR (Figure 4). Expression levels determined by qRT-PCR were
comparable to those determined by RNAseq for both G. claussenii and G. elegans
(Supplemental figure S5), confirming the quality and accuracy of the RNA-seq data. The
gene expression upon exposures of either species to the combined high Zn/high Cd
treatments resembled more the high Zn than the high Cd treatment, perhaps except for

the NASI root expression in G. claussenii (Figure 4).

Several transcripts were found to be most similar to ZIP genes, ZIP1, ZIP6, ZIP7,
ZIP11 and IRT3, potentially encoding Zn transporters (Table 8). While several ZIP genes
were higher expressed in G. claussenii than in G. elegans, their expression was generally

reduced upon high Zn exposure. Upon Cd exposure, the ZIP expression in G. elegans
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shoots was upregulated, which was not very prominent in G. claussenii. The transcript
most similar to MTPI, encoding a metal transporter involved in vacuolar Zn
sequestration, was much higher expressed in G. claussenii than in G. elegans, especially
under control conditions. Of the four NRAMP genes, a gene most similar to NRAMP6
was much higher expressed in G. elegans than in G. claussenii, while the homologue for
NRAMP2 had for all conditions a higher expression level in G. claussenii. The NRAMPI
transcript was down-regulated in roots by Cd treatment in both species and lower
expressed in G. claussenii compared with G. elegans in shoots. Two of the three
transcripts coding for NA synthase were constitutively highly expressed in roots (both
most similar toNAS4) and only one in shoots (NASI) of G. claussenii when compared
with G. elegans. Transcripts homologous to HMA?2 had a much higher expression in G.
claussenii especially for shoots. Root FRD3 expression in G. claussenii did not respond to
metal-exposure, while in G. elegans its expression was reduced upon Zn exposure. FRO2
was mainly expressed in roots, constitutively in G. claussenii whereas in G. elegans it was
significantly reduced by Zn. The transcript encoding the Fe-deficiency Induced
Transcription factor 1 (FIT1), was higher expressed in G. claussenii than in G. elegans
roots under all three metal conditions. Additionally the transcript homologous to FRO7

had also a much higher expression in G. claussenii roots and shoots.
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Figure 4 - Relative expressions of a selected set of metal homeostasis genes of Gomphrena
claussenii (a, ¢, e, g, i and k) and Gomphrena elegans (b, d, f, h, j and 1) as determined by real-
time quantitative RT-PCR for the orthologues of Arabidopsis thaliana genes IRT3 (a,b),
NRAMP? (c,d), NASI (ef),. NAS4 (gh), FRD3 (i,j) and FRO2 (k,1). Relative expression is
determined under control (Zn 2 uM), high zinc (Zn 100 pM and Zn 1000 uM), high cadmium
and high zinc (Zn 1000 pM Cd 50 pM or Zn 100 pM Cd 5 pM) and high cadmium (Cd 50 pM
or Cd 5 pM) treatments in root (brown) and shoot (green) tissues. The relative gene
expression is normalized to a constitutively expressed gene, UBP6. Mean values with standard
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Table 8 - Gomphrena claussenii (GC) or Gomphrena elegans (GE) contig IDs (Contig) most similar to A. thaliana genes known to be involved in
mineral homeostasis. Differential expressions are indicated as ratios for either species comparisons (GC/GE) or treatment comparisons (e.g.
Zn1000/Zn2). Very small ratios (<0.01) are indicated as 1 divided by X (1/X). Exposures are high zinc (1000 or 100 pM ZnSO,; Zn1000 or Zn100) or
cadmium exposure (50 or 5 pM CdSOy at 2 pM ZnSO4 Cd50 or Cd5), and are compared to control conditions (2 uM ZnSOy Zn2). Significant
differences between the two species (p 20.90) or two conditions (p<0.05) for the transcript expression are indicated in bold. Contig with lower
counts were not detected, ND.

Cd5/
Z
— Code Putative Function Zn2 GC/  Znl000GC/ Cd50GC/ Znl1000/  Znl100/  Cd50/ Contig
Zn2 GE  Znl00GE Cd5 GE Zn2GC  Zn2GE  Zn2GC
n2GE
Roots
ZIP1 AT3G12750 zinc transporter 1 precursor 5.99 0.92 4.23 0.06 0.48 0.88 1.16 8806
ZIP1 AT3G12750 zinc transporter 1 precursor 1.53 1.79 3.04 0.28 0.29 2.10 0.98 7379
ZIP1 AT3G12750 zinc transporter 1 precursor 3.94 17.7 5.60 0.28 0.08 2.48 1.64 10699
Z1P6 AT2G30080 ZIP metal ion transporter family 1.10 2.48 1.60 1.05 0.56 1.21 0.78 10751
Z1P7 AT2G04032 zinc transporter 7 precursor 0.06 0.30 0.13 ND 0.27 ND 0.36 13675
ZIP11 AT1G55910 zinc transporter 11 precursor 0.76 1.92 0.34 1.17 0.56 1.19 2.47 9017
IRT3 AT1G60960 iron regulated transporter 3 3.99 3.54 4.37 0.18 0.25 1.12 0.96 8335
MTP1 AT2G46800 zinc transporter of Arabidopsis thaliana 64743 45.8 19.0 1.17 ND 0.84 ND 14596
MTP8 AT3G58060 Cation efflux family protein 2.19 8.61 1.69 1.11 0.35 0.93 1.15 6292
MTP8 AT3G58060 Cation efflux family protein 0.31 1.91 0.59 0.51 0.10 0.86 0.41 17216
MTPI11 AT2G39450 Cation efflux family protein 4.47 4.94 6.27 0.99 1.10 1.16 0.77 7551
MTPI11 AT2G39450 Cation efflux family protein 1.06 1.67 1.16 1.12 0.86 1.14 0.97 16423
NRAMP1  AT1G80830 natur.al resistance-associated macrophage 12867
protein 1 1.89 1.30 3.41 0.63 1.12 0.42 0.22
NRAMP2  AT1G47240 natural resistance-associated macrophage 4972

protein 2 4.10 5.05 4.11 1.07 1.07 1.07 1.00




LT1

Cds/

Name Code Putative Function Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/  Zn100/  Cd50/ Contig
Zn2GE  ZnlOOGE Cd5GE Zn2GC  Zn2GE  Zn2GC
n2GE
NRAMPS  AT1G15960 natur.al resistance-associated macrophage 4046
protein 6 0.13 0.06 0.13 1.83 5.09 1.60 1.49
NRAMPS  AT1G15960 natur.al resistance-associated macrophage 14355
protein 6 1/102 1/775 1/541 ND 1.01 ND 0.20
NASI1 AT5G04950 nicotianamine synthase 1 2.95 18.0 6.16 0.54 0.10 1.84 0.84 20503
NAS4 AT1G56430 nicotianamine synthase 4 1.29 3.36 3.48 0.96 0.44 1.59 0.55 10477
NAS4 AT1G56430 nicotianamine synthase 4 2.47 23.8 542 0.55 0.07 1.83 0.79 20014
HMA?2 AT4G30110 heavy metal atpase 2 525 6.66 7.13 1.53 1.48 1.18 0.82 876
HMA?2 AT4G30110 heavy metal atpase 2 3.85 2.50 6.43 0.82 1.56 0.83 0.46 1225
HMA2 AT4G30110 heavy metal atpase 2 1.78 3.11 243 0.99 0.69 0.93 0.64 15333
FIT1 AT2G28160.1  FER-like regulator of iron uptake 5.97 10.8 18.0 1.39 0.73 1.60 0.67 12743
FRO2 AT1G01580 ferric reduction oxidase 2 4.32 107 188 0.68 1/116 1.32 0.03 7438
FRO7 AT5G49740.1  ferric reduction oxidase 7 6.82 8.25 7.59 1.09 0.78 1.14 1.14 1688
FRD3 AT3G08040.2 MATE efflux family protein 1.01 5.99 0.83 1.28 0.24 1.32 1.58 3923
FRD3 AT3G08040.2 MATE efflux family protein 0.89 4.78 1.19 1.22 ND 1.05 ND 12199
Shoot
ZIP1 AT3G12750 zinc transporter 1 precursor 10.7 3.84 3.84 0.03 0.23 1.86 4.51 7379
ZIP1 AT3G12750 zinc transporter 1 precursor 3.41 1.34 1.34 0.27 1.04 1.24 2.76 8806
ZIP1 AT3G12750 zinc transporter 1 precursor 12.7 5.94 5.94 0.07 0.44 1.56 2.89 10699
Z1P6 AT2G30080 ZIP metal ion transporter family 4.02 4.32 4.32 0.88 1.52 0.94 0.77 10751
Z1P7 AT2G04032 zinc transporter 7 precursor 1.95 0.36 0.36 ND 3.93 ND 6.98 13675
ZIP11 AT1G55910 zinc transporter 11 precursor 2.32 0.48 0.48 0.84 5.53 1.02 4.28 9017
IRT3 AT1G60960 iron regulated transporter 3 8.39 3.22 3.22 0.12 1.12 1.38 3.13 8335
MTP1 AT2G46800 zinc transporter of Arabidopsis thaliana 163 20.6 20.6 1.17 ND 1.04 ND 14596
MTP8 AT3G58060 Cation efflux family protein 0.84 0.23 0.23 0.78 2.44 0.76 2.41 6292
MTP8 AT3G58060 Cation efflux family protein 0.91 0.97 0.97 2.05 ND 1.28 1.00 17216
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Name Code Putative Function Zn2 GC/  Znl000GC/  Cd50GC/ Zn1000/  Zn100/  Cd50/ Conti
1
v Zn2GE  ZnlOOGE Cd5GE Zn2GC  Zn2GE  Zn2GC §
n2GE
MTPI11 AT2G39450 Cation efflux family protein 3.69 3.21 3.21 1.17 1.02 0.94 0.95 7551
MTPI11 AT2G39450 Cation efflux family protein 1.43 0.75 0.75 0.76 1.18 0.80 1.35 16423
natural resistance-associated macrophage
NRAMP1  AT1G80830 12867
protein 1 0.07 0.03 0.03 0.80 0.81 0.77 1.83
NRAMP2  AT1G47240 natur'al resistance-associated macrophage .
protein 2 391 3.49 3.49 1.02 1.04 0.95 0.93
natural resistance-associated macrophage
NRAMP6  AT1G15960 4046
protein 6 6.22 1.45 1.45 1.10 3.22 0.96 3.57
natural resistance-associated macrophage
NRAMP6  AT1G15960 14355
protein 6 1/501026  1/1.06E+12  1/1.06E+12 ND 0.93 ND 1.86
NAS1 AT5G04950 nicotianamine synthase 1 1.67 1.95 1.95 0.31 0.20 1.35 1.02 20503
NAS4 AT1G56430 nicotianamine synthase 4 13.9 5.95 5.95 0.61 1.02 1.45 2.95 10477
NAS4 AT1G56430 nicotianamine synthase 4 1.70 1.97 1.97 0.28 0.21 1.37 1.04 20014
HMA2 AT4G30110 heavy metal atpase 2 10.4 10.3 10.3 1.09 0.99 0.96 0.84 876
HMA2 AT4G30110 heavy metal atpase 2 279 24.5 24.5 0.94 13.0 0.97 9.53 1225
HMA2 AT4G30110 heavy metal atpase 2 18.0 6.94 6.94 0.77 0.92 0.68 1.61 15333
FIT1 AT2G28160.1  FER-like regulator of iron uptake 1.12 0.52 0.90 1.23 2.35 0.76 0.80 12743
FRO2 AT1G01580 ferric reduction oxidase 2 10.9 0.66 1.3 1.3 19.1 1.45 10.5 7438
FRO7 AT5G49740.1  ferric reduction oxidase 7 46.8 33.7 70.4 1.61 1.96 2.26 1.29 1688
FRD3 AT3G08040.2 MATE efflux family protein 1.81 0.56 1.12 0.63 1.44 0.92 1.36 3923
FRD3 AT3G08040.2  MATE efflux family protein 2.81 1.69 1.79 1.10 ND 1.16 ND 12199
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DISCUSSION

We investigated the molecular basis of metal tolerance in G. claussenii using
RNA-Seq transcriptome sequencing technology to determine gene expression in the roots
and shoots of plants exposed to high levels of Zn and Cd. We compared this species to G.
elegans, a closely related Zn/Cd-sensitive and -non-accumulating species, to identify
genes that might be involved in Zn/Cd hypertolerance and hyperaccumulation, and to

understand the bioindicator accumulation response.

Prior to this study, nucleotide sequence data were unavailable for either of these
non-model species. The molecular analysis of G. claussenii and G. elegans therefore
required the generation of de novo transcriptome data using the cost-effective Illumina
technology. Accordingly, we sequenced and assembled 205,921 contigs for G. claussenii
and 194,900 for G. elegans. Unsurprisingly, most of the annotated reads were homologous
to sequences from Beta vulgaris, which is the only species from the family Amaranthaceae
with a complete published genome sequence (Dohm et al, 2014). Together, these
transcriptomes provided a comprehensive dataset that was essential for our subsequent
investigation, and this dataset remains a useful resource for future studies involving
Gomphrena species. The dataset adds a substantial body of genomic information to the
comparatively underexplored Amaranthaceae family. It will also contribute to our
molecular understanding of metal bioindicator species, given that G. claussenii is the first
Zn/Cd bioindicator species that has been investigated at the genomic and transcriptomic

levels.

The transcriptomic analysis of metal-tolerant species typically involves the

comparison of gene expression data with a closely related non-accumulator species, e.g.
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N. caerulescens and A. thaliana (van de Mortel et al., 2006; van de Mortel et al., 2008), N.
caerulescens and Thlaspi arvense (Hammond et al, 2006), or A. halleri and A. thaliana
(Talke et al.,, 2006; Weber et al., 2006). To ensure the comparison of G. claussenii and G.
elegans was appropriate, we first needed to establish their phylogenetic relationship. We
found that G. claussenii and G. elegans were sufficiently closely related for valid molecular
comparisons, with approximately 87% of sequence pairs sharing at least 95% nucleotide
identity. We observed striking differences between G. claussenii and G. elegans in terms
of their response to metals, with G. elegans showing a stronger transcriptional response to
metal exposure than G. claussenii. For example, stress-related transcripts - e.g. the
cytochrome P450, WRKY transcription factor, glutamate decarboxylase, and glutathione-
S-transferase families — were more responsive to Zn and/or Cd in G. elegans but were
constitutively expressed at high levels in G. claussenii. More specifically, genes involved in
sulfur assimilation and glutathione metabolism, such as ATP sulfurylase 1 (APSI) and
glutathione-S-transferase, are known to play an important role in Cd tolerance (Gallego et
al., 2012; Jozefczak et al, 2015). These transcripts were constitutively expressed in G.
claussenii but strictly regulated by Cd exposure in G. elegans, suggesting that different

defence mechanisms are used in each species.

Genes involved in photosynthesis also showed different responses in the two
species. Toxic levels of Zn and/or Cd can directly affect photosynthesis by inhibiting
chlorophyll synthesis and promoting chloroplast degradation, causing symptoms of
chlorosis (Chaney, 1993; Gallego et al, 2012). At the cellular level especially Cd is known
to induce an oxidative stress response through reactive oxygen species (ROS) production,
which has a strong negative effect on chloroplast status and subsequent inhibition of
photosynthesis (Cuypers et al.,, 2010). The mild regulation of these genes in G. claussenii

indicates its capacity to maintain photosynthesis despite high internal Zn and Cd levels,
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whereas the strong suppression of this group of genes in G. elegans reveals an acute

response to metal toxicity, typical of a non-Cd-tolerant species.

G. claussenii shares a constitutively lower level of stress-response gene expression
with hyperaccumulator species, compared with sensitive species such as G. elegans.
Overall, G. claussenii shows a physiological response broadly similar to that of
Brassicaceae hyperaccumulator species (Figure 5). This species has enhanced metal uptake
in the roots and enhanced metal storage capacity. There is no evidence of enhanced root
to shoot transport, which is seen in Brassicaceae hyperaccumulators. The transcriptome
data are in line with the physiological observations. Many genes that were previously
found to be highly expressed in hyperaccumulators, almost irrespective of metal exposure
levels, are also higher, and constitutively, expressed in G. claussenii compared to G.
elegans. However, especially the lack of hyperaccumulation of Zn and Cd at low exposure
levels makes that this species is different from hyperaccumulators, suggesting that G.
claussenii has an intermediate phenotype between metal sensitive and hyperaccumulator

species, supporting the initial observations that it displays a bioindicator response.
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Figure 5 - Molecular mechanism of tolerance and accumulation in Gomphrena claussenii and
a classical Zn/Cd metal hyperaccumulator such as Noccaea caerulescens. Arrow width
represents the expression levels of genes involved in metal uptake, chelation, vacuole
sequestration, vacuole remobilization and translocation. Expression levels in
hyperaccumulator species are from Verbruggen et al. (2009).

Potassium levels directly affect the osmotic balance of plant cells and therefore
mediate turgor pressure and expansion (Maathuis, 2009). Three genes encoding
potassium transporters were found to be expressed more strongly in G. claussenii than G.
elegans, namely HAK5 (Nieves-Cordones et al., 2010), ZIFL2 (Remy et al, 2015) and
NHX2 (Barragan et al., 2012). The higher expression levels in G. claussenii indicate that
Zn and Cd tolerance influences potassium homeostasis. Higher external potassium supply
was shown to alleviate Zn toxicity in peach seedlings (Song et al, 2015). Moreover, higher

expression of potassium transporter genes, including HAK5, were also observed in N.
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caerulescens roots when compared to A. thaliana (van de Mortel et al, 2006). This all
indicates that modulating potassium homeostasis through upregulation of potassium
transporters is an important strategy for Zn tolerance in plants. A high potassium
concentration was suggested to protect plants photosynthesis and antioxidative defence
system during high Zn exposure (Song et al, 2015), but the exact mechanism of this

protective effect is not yet clear.

Tolerance to excess Zn and Cd is directly linked to Fe homeostasis because
increased competition of Zn or Cd with Fe regarding uptake often leads to Fe deficiency
in plants. Surprisingly, the FRO2 transcript was down regulated in G. elegans roots
exposed to excess Zn or Cd (Figure 4H and Table 8). In other metal sensitive species, such
as A. thaliana, Zn and Cd excess causes Fe deficiency resulting in the induction of genes

involved in Fe uptake (van de Mortel et al, 2008).

In tolerant species such as N. caerulescens (van de Mortel et al, 2006) and A.
halleri (Shanmugam et al, 2011), genes involved in Fe homeostasis are not significantly
modulated by Zn and Cd. Accordingly, we found that G. claussenii FIT1, FRO2, FRO7
and FRD3 were more or less constitutively expressed, and Fe levels in the shoot were not
affected by Zn and Cd, as previously reported by Villafort Carvalho et al. (2013). An
important transcription factor known to drive upregulation of Fe uptake genes during Fe
deficiency, is FIT1 (Bauer et al, 2007). FIT1I is higher expressed in G. claussenii than G.
elegans roots (Table 8), which could explain the much higher root expression of FRO2 in
G. claussenii, but it does not respond much to either excess Zn or Cd. It was also not
detected as a major Fe deficiency regulator in N. caerulescens, in which instead another
Fe-deficiency responsive bHLH transcription factor, bHLH100, was found to be most
responsive and differentially regulated (van de Mortel et al, 2008). We did not find a

suitable orthologue for bHLH100 in Gomphrena, but this could be due to the
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phylogenetic distance between the species. FRO7 is thought to encode a chloroplast
specific ferric reductase (Jeong et al, 2008). Especially in shoots, FRO?7 is expressed at
higher levels in G. claussenii than G. elegans, confirming the requirement of more Fe in
chloroplasts to counteract the negative effect of Zn or Cd accumulation on Fe uptake and
translocation to the leaves. Our data also revealed which G. claussenii genes potentially

control metal tolerance and accumulation in this species.

We especially examined genes representing families already known to be involved
in Zn homeostasis and Cd tolerance (Table 8). Most important of these are the ZIP Zn
uptake proteins. Among the ZIP transcripts identified in G. claussenii, ZIP1, ZIP7, ZIP11
and IRT3 are thought to be involved in Zn homeostasis (Lin et al., 2009; Assungio et al,
2010; Milner et al, 2013). ZIP1 and IRT3 are plasma membrane transporters involved in
metal uptake. In Zn hyperaccumulators, ZIPI is constitutively expressed at low levels and
is not thought to play an important role in Zn accumulation (van de Mortel et al., 2006;
Weber et al., 2006), but may be needed for proper Zn uptake under excess Cd (van de
Mortel et al, 2008). The G. claussenii orthologue of ZIP1 was also induced by Cd
exposure, and suppressed by high levels of Zn, which suggests that the G. claussenii ZIP1
protein plays a role in Zn uptake but may also transport Cd at low affinity. IRT3 encodes a
Zn transporter which is expressed in roots and shoots, induced by Zn deficiency in non-
accumulator species (Lin et al, 2009). It resembles ZIP4, for which we did not find a
Gomphrena orthologue. Under control conditions, IRT3 is expressed at higher levels in G.
claussenii than G. elegans, similar to the situation when comparing A. halleri and A.
thaliana. Overexpressing IRT3 in A. thaliana enhanced Zn accumulation in the shoots
(Lin et al.,, 2009). This gene is also expressed at much higher levels in N. caerulescens (in
which the gene is named ZNT2) and A. halleri compared to A. thaliana (van de Mortel et
al, 2006; Lin et al., 2009) or Thlaspi. arvense (Assungéo et al., 2001).
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As one of the major metal ligand in plants, NA has been described to play a
fundamental role in Fe and Zn homeostasis, controlling the intercellular distribution and
long-distance transport of these metals (Haydon et al, 2012; Hofmann, 2012; Clemens et
al, 2013). The essential role of nicotianamine synthase (NAS) in Zn hyperaccumulation
has recently been demonstrated in A. halleri, where the reduction of NA levels in the
roots, caused by suppressing NAS expression, resulted in lower levels of Zn accumulation
in the leaves (Deinlein et al. (2012); (Tsednee et al, 2014). Both A. halleri and N.
caerulescens express NAS genes at higher levels than non-accumulator species (Talke et
al, 2006; van de Mortel et al, 2006). In G. claussenii and G. elegans, we identified
orthologues of A. thaliana NASI and NAS4. In G. claussenii, the high-level expression of
NAS4 in the roots and NASI in the shoots (Fig 4, Table 8) strongly suggests that NA has a

similar function in this species as in the Brassicaceae Zn/Cd hyperaccumulators.

Metal tolerance proteins (MTPs), or Cation Diffusion Facilitators (CDFs) are
involved in the efflux of metal ions from the cytoplasm(Gustin et al, 2011). MTP1 is
localized on the tonoplast, and it transports metals into the vacuole thus contributing to
Zn accumulation and tolerance (Drager et al., 2004). Five copies of MTP1I are found in the
A. halleri genome, conferring stronger tolerance to high Zn levels than the single copy
gene present in A. thaliana (Shahzad et al, 2010). High levels of MTPI expression have
also been reported in other Zn hyperaccumulators such as N. caerulescens and N.
goesingense (Assungio et al., 2001; Gustin et al., 2009). Among several transcripts with a
putative role in Zn and Cd tolerance, MTP1 was expressed at the highest levels in G.
claussenii in comparison with G. elegans. This suggests that MTP1 has a very important
role in G. claussenii, and considering its function in vacuolar Zn loading, it is expected to
be a major contributor to Zn tolerance. MTP8 and MTP11 are other members of the CDF
family, but they are associated with Mn, rather than Zn, homeostasis in A. thaliana, rice,
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cucumber and barley (Delhaize et al., 2007; Chen et al., 2013; Migocka et al., 2014; Pedas
et al, 2014). These genes have also been suggested to affect metal homeostasis in N.
caerulescens and A. halleri (Kramer et al, 2007) due to their high expression levels
(Hammond et al., 2006; Talke et al., 2006; van de Mortel et al., 2008). Recently, Halimaa et
al. (2014) reported that both genes show accession-dependent expression levels in N.
caerulescens, and suggested that MTP8 is associated with Cd accumulation whereas
MTP11 is associated with Zn accumulation. MTP8 and MTPI11 are both constitutively
expressed at higher levels in G. claussenii than in G. elegans roots, indicating that indeed

both proteins may be involved in Zn and Cd accumulation also in G. claussenii.

The ATPase transporters HMA4 and HMA?2 play a major role in Zn and Cd
translocation by controlling xylem loading (Hussain et al.,, 2004; Wong & Cobbett, 2009).
Especially HMA4 is considered to be the major factor facilitating high root to shoot
translocation of Zn and Cd in hyperaccumulator species (Hanikenne et al, 2008; e}
Lochlainn et al, 2011; Craciun et al, 2012). Recently, Tan et al. (2013) showed that the
overexpression of the wheat HMA?2 in rice increased Zn/Cd translocation from roots to
shoot. In N. caerulescens, another ATPase gene from the same P, subfamily, HMA3, was
shown to encode an important tonoplast transporter, contributing strongly to vacuolar
sequestration of Cd (Ueno et al, 2011). Three pairs of transcripts annotated as HMA2
were detected in G. claussenii and G. elegans whereas HMA3 and HMA4 orthologues
were not identified. These three transcripts were constitutively expressed, at high levels, in
G. claussenii, especially in shoots, in line with the high constitutive expression found for
HMA3 and HMA4 in the Brassicaceae hyperaccumulators. Despite the best similarity to
HMA2, the three transcripts may actually be orthologues of HMA2, HMA3 and HMA4,
or perform at least similar functions. In any case, it seems likely that also in G. claussenii,
the P;g subfamily of ATPases contribute to Zn and Cd translocation and tolerance.
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Other genes presumed to be involved in metal translocation include NRAMPI,
encoding a manganese (Mn) transporter that can transport Cd and thus contribute to Cd
accumulation (Takahashi et al, 2011; Halimaa et al,, 2014; Milner et al.,, 2014). Although
the NRAMPI transcript was downregulated in both G. claussenii and G. elegans in
response to Cd, it was expressed at much higher levels in G. claussenii. Another NRAMP
gene identified was most similar to NRAMP6. The expression was very different from the
expression of NRAMPI, in that one of the NRAMPG6 transcripts was expressed at much
lower levels in G. claussenii than G. elegans, especially in the shoots. The function of
NRAMP6 is still unclear. In A. thaliana it appears to act as an intracellular transporter that
can mobilize Cd but not Zn or Fe (Cailliatte et al, 2009). The overexpression of NRAMP6
in A. thaliana causes Cd hypersensitivity, whereas loss-of-function nrampé mutants are
more Cd tolerant. The reduced expression of NRAMP6 in G. claussenii, would therefore
be expected to contribute to Cd accumulation and tolerance. However, Halimaa et al.
(2014) reported the highest expression of NcNRAMP6 in the N. caerulescens Cd
hyperaccumulating accession ‘Ganges’, which is hard to interpret. Still, NRAMP6 may act
as a vacuolar efflux pump for Cd (Halimaa et al, 2014) and like NRAMP3/4 it may be

involved in metal remobilization (Oomen et al., 2009).

In conclusion, comparative transcriptome analysis of the metal hypertolerant
bioindicator species G. claussenii and the non-accumulator G. elegans suggests a new
intermediate phenotype in Zn and Cd tolerance. Our results indicate that genes previously
known to be involved in Zn homeostasis and Cd tolerance also support the adaptation of
G. claussenii to metals, but these genes are regulated in a unique manner, especially those
required for metal translocation (Figure 5). We propose that G. claussenii has evolved a
molecular mechanism for metal tolerance distinct from those of both non-accumulator

species and metal hyperaccumulators.
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SUPPLEMENTAL FIGURES

Figure S1 - Transcriptome set-up and sequence results.
Figure S2 - G. claussenii and G. elegans orthologue comparison.

Figure S3 - Comparison of qRT-PCR and in silico RNA-seq.

139



Chapter 4

G. claussenii G. elegans
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Figure S1 - Experimental set-up for RNA-seq sampling with shoot and root samples from
Gomphrena claussenii and Gomphrena elegans after four days of exposure to control (2 pM of
ZnS0y), high zinc (1000 uM Zn for G. claussenii and 100 pM Zn for G. elegans) or cadmium
(50 pM for G. claussenii and 5 pM for G. elegans with 2 uM of Zn) treatments (a). Raw
sequence reads of each species obtained from the Illumina HiSeq2000 platform (b) and
assembly of these into contigs using Trinity (c).
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Figure S2 - Cumulative distribution plot demonstrating the high overall sequence identity between G. claussenii and G. elegans orthologous pairs
(a). Scatterplots of log2 (1 + RPKM) (Reads Per Kilobase per Million mapped reads) expression levels of orthologous G. claussenii and G. elegans
sequences (b).
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Figure S3 - Comparison of qRT-PCR and in silico RNA-seq expression levels in Gomphrena claussenii (a) and Gomphrena elegans (b). Delta Ct
(cycle threshold) (ACT) values were obtained by subtracting the Ct values of target genes by those of UBP6. In silico expression levels are given as
log2 (1 + RPKM) (Reads Per Kilobase per Million mapped reads). The Ct values are shown for the IRT3, NRAMP2, NAS1, NAS4, FRD3 and FRO2
homologues in all experimental samples (in total 108 data points). The overall spearman-rank correlation coefficient between the qRT-PCR and in

silico expression values is 0.92 for G. claussenii and 0.91 for G. elegans.
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SUPPLEMENTAL TABLES

All the supplemental tables can be accessed online in the Dropbox page created for
this thesis in the folder correspondent to this chapter using the following link and user

information:

Link: https://www.dropbox.com/home

Emuail: villafortcarvalhothesis@gmail.com

Password: gomphrena
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General discussion
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Hyperaccumulator plant species have a remarkable capacity to tolerate and
accumulate metals. Research has focused on the physiological and molecular basis of this
phenomenon and the use of such plants for environmental remediation. Metal
homeostasis has been investigated primarily in the model plant species Arabidopsis
thaliana, but valuable data have also been acquired by studying the model
hyperaccumulator species Noccaea caerulescens and Arabidopsis halleri (Verbruggen et
al, 2009; Lin & Aarts, 2012; Leitenmaier & Kiipper, 2013). Most of our knowledge
therefore reflects the analysis of a small group of species, the best studied of which belong
to the Brassicaceae family (Kramer, 2010). However, advances in the analysis of genomes
and gene expression now make it much easier to study non-model metal-tolerant species,

adding to the body of data relating to metal tolerance mechanisms.

This thesis describes the investigation of metal tolerance in Gomphrena claussenii,
a newly discovered metal hypertolerant and bioindicator species. The great capacity of
this species for metal accumulation prompted us to explore the molecular basis of these
traits. Our research revealed unique mechanisms of Zn and Cd tolerance, with potential

applications in phytoremediation.

The application of G. claussenii in phytoremediation

Industrial activities such as mining and smelting cause continuous metal
contamination. Whereas most soils contain 10-100 mg kg of Zn and less than 1 mg kg™!
of Cd, polluted soils often contain more than 1000 mg kg of Zn and 50 mg kg* of Cd
(Kabata-Pendias & Mukherjee, 2007b; Nagajyoti et al, 2010). Such contamination is
usually addressed through conventional physical and chemical remediation techniques,

such as soil excavation, soil washing or burning, oxidation and vitrification (Wu, G et al,
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2010). These are expensive and environmentally hazardous processes, whereas metal
hyperaccumulator plant species provide an opportunity to remediate soils inexpensively
in an environmentally beneficial manner (Chaney et al, 2007). The cultivation of metal-
tolerant plants in metal-polluted areas reduces the risk of issues such as soil erosion and
further contamination due to water percolation. The vegetation can be used to stabilize
metals in the soil, a technique known as phytostabilisation, or to remove metals by
harvesting the plant biomass, a technique known as phytoextraction (Pilon-Smits, 2005;

Chaney et al.,, 2007; Padmavathiamma & Li, 2007).

The low biomass yield of most hyperaccumulator species limits the amount of
metal that can be sequestered from the soil, restricting the practical implementation of
phytoextraction strategies (Chaney et al., 2007; van Nevel et al., 2007; Maestri et al., 2010).
An ideal species for phytoextraction should combine high metal tolerance and high metal
accumulation with high biomass production. No species with all three properties have yet
been identified in nature, so two alternative strategies have been considered: breed or
genetically engineer hyperaccumulator species to increase their biomass production, or
genetically engineer high-biomass species to increase their metal accumulation and
tolerance (Chaney et al, 2007). Both strategies are challenging and neither has been

achieved thus far.

We investigated the newly-discovered metal hypertolerant species Gomphrena
claussenii, which is native to South America and was found growing on a Zn mining site
in Brazil. This metal accumulator species has significant potential for phytoremediation
applications. We evaluated the physiological effects of excess Zn and Cd in G. claussenii
compared to the related non-tolerant species G. elegans (Chapter 2). We found that,
unlike classical hyperaccumulator species, G. claussenii produces large amounts of

biomass and yet accumulates as much Zn and Cd in the shoot tissues as typical
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hyperaccumulators. It also has a high capacity for regeneration, which is favourable for
phytoextraction. G. claussenii tolerates more than 10 times the levels of Zn and Cd than
normal species such as G. elegans (Chapter 2) and accumulates up to 9.3 g Zn kg™ dry
weight (0.9%) and 1.3g Cd kg™ dry weight (0.1%) in the shoot tissues (Chapter 2)

(Villafort Carvalho et al, 2013).

The evaluation of metal concentrations in different plant organs indicated that G.
claussenii shoots contain 80% of the total Zn and Cd content of the entire plant (Chapter
3), which facilitates phytoextraction. The analysis of metal concentrations in G. claussenii
root, leaf and stem tissues indicated that the stem plays an important role in metal
accumulation (Chapter 3) (Villafort Carvalho et al, 2015). From a plant perspective,
stems are attractive tissues for metal sequestration because they have low metabolic
activity. The storage of metals in the stem has been reported in the Zn and Cd

hyperaccumulator species Sedum alfredii (Tian et al., 2009).

Four functional categories have been proposed to classify plants according to their
metal responses: “regular”, excluder, bioindicator and hyperaccumulator (McGrath et al,
2000; van der Ent et al., 2013). Based on the observed metal accumulation characteristics,
G. claussenii does not fit within any of these pre-determined categories. It does not match
the strict definition of a Zn and Cd hyperaccumulator because it accumulates higher
concentrations of these metals in its roots compared to the shoots. Furthermore, whereas
classical hyperaccumulator species sequester metals even from soils with low metal
concentrations (Bert et al, 2002; Assuncido et al, 2003a; van der Ent et al, 2013), G.
claussenii displays a metal bioindicator response (Chapter 2) (Villafort Carvalho et al,
2013). However, its ability to accumulate high concentrations of metal distinguishes G.
claussenii from classical bioindicator species. We therefore propose the new classification

of metal hyperbioindicator to describe the unique properties of G. claussenii (Figure 1).
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Excluder

Metal concentration in plant shoot

Metal concentration in soil

Figure 1- Conceptual response mechanisms of metal accumulation in plant shoots. Adapted
from McGrath et al. (2000) and van der Ent et al. (2013). The dotted line indicates the
hyperaccumulator threshold.

The metal accumulation response in hyperaccumulators has been explained by the
elemental defence hypothesis, which states that high internal metal concentrations
represent an ecological adaptation to resist pathogens and deter herbivores (Pollard &
Baker, 1997). Most metal hyperaccumulator species have been described as obligate or
endemics from serpentine (ultramafic) soils (Pollard et al., 2014) therefore the majority of
hyperaccumulators are nickel (Ni) tolerant. Compared with serpentine soils there are few
sites naturally enriched in Zn which explains the lower abundance of Zn and Cd
accumulator species. Moreover most Zn and Cd hyperaccumulator species, including N.

caerulescens and A. halleri are facultative hyperaccumulators which mean that these
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species have evolved the hyperaccumulator trait in non-metalliferous soils and moved
later to a metal enriched site. These hyperaccumulator species can therefore accumulate
metals even if the environmental concentration is low. The low level of metal
accumulation under normal environmental conditions indicates that G. claussenii may
have evolved in response to selection pressures distinct from those affecting
hyperaccumulator species. Thus far, G. claussenii has been identified solely at three metal-
enriched sites (Senna et al, 210; Forzza et al, 2010), suggesting it may be endemic to
metalliferous soils. If G. claussenii evolved strictly as an adaptation to metal-rich
environments it would not need to accumulate metals under normal environmental
conditions, which would explain its bioindicator response. Geological studies in the
Vazante region, where G. claussenii was identified and collected, support this hypothesis
(Junior et al, 2008). The Vazante area has high Zn concentrations near the soil surface,
declining with soil depth and this metal-enriched environment has not been produced by
anthropogenic activities. G. claussenii physiological response together with soil metal
information from this site indicates that G. claussenii has evolved a unique molecular
mechanism for metal tolerance distinct from those of both non-accumulator species and

metal hyperaccumulators.

Metal accumulation and tolerance strategies in G. claussenii

To ensure metal homeostasis in environments with high metal concentrations,
most plant species attempt to avoid the accumulation of surplus metal (Lin & Aarts,
2012). They usually prevent excess metal uptake by producing root exudates that chelate
metal ions in the soil. Metal hyperaccumulator species use a different strategy based on

metal sequestration and chelation within the plant tissues (Leitenmaier & Kiipper, 2013).
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The compartmentalisation of Zn and Cd in cells with low metabolic activity, such
as trichomes, epidermis and stem pith cells, achieves metal tolerance in hyperaccumulator
species such as A. halleri, N. caerulescens, N. praecox and S. alfredii (recently renamed as
S. plumbizincicola (Wu et al, 2013) (Kipper et al., 2004; Cosio et al., 2005; Hokura et al.,
2006; Fukuda et al., 2008; Vogel-Mikus et al., 2008a; Vogel-Mikus et al., 2008b; Tian et al.,
2011). A specific metal compartmentalisation strategy was also identified in G. claussenii,
based on Cd sequestration in vacuolar calcium oxalate (CaOx) crystals (Chapter 3). The
incorporation of Cd into CaOx crystals in G. claussenii plants exposed to excess Cd was
confirmed by metal distribution analysis and the higher oxalic acid concentration in the
shoots. This tolerance mechanism has previously been investigated in metal-sensitive
species such as tobacco (Choi et al, 2001; Choi & Harada, 2005; Isaure et al, 2010). The
CaOx crystals in tobacco are excreted at the leaf surface, a useful metal tolerance strategy
that does not require a metal hyperaccumulator phenotype. In G. claussenii, the crystals

are retained internally.

The incorporation of Cd into CaOx crystals is not used as a tolerance mechanism
by any of the known Cd hyperaccumulator species. In terms of phytoremediation
strategies, this novel tolerance mechanism in G. claussenii may represent an efficient way
to store high concentrations of Cd in the shoot tissues. The storage of Cd in crystals may
also facilitate the disposal of plants biomass after harvesting and could even be exploited

for metal recovery.

Interestingly, separate and distinct mechanisms of Zn and Cd accumulation have
been described in hyperaccumulator species such as N. caerulescens (Vogel-Mikus et al.,
2008a), S. alfredii (Tian et al, 2009; Tian et al, 2011) and G. claussenii (Chapter 3)
(Villafort Carvalho et al.,, 2015). Despite their chemical similarity, Zn and Cd can interact

with different metal chelators. In G. claussenii, Cd and Ca are distributed with similar
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profiles but the reverse profile is observed for Zn, a phenomenon previously reported in S.
alfredii (Tian et al., 2011). This difference was demonstrated by the ability of Zn to
interfere with the formation of CaOx crystals (Chapter 3). Zn was not incorporated into
CaOx crystals, but higher levels of Zn reduced the number of crystals we detected.
However, metabolomic analysis (Chapter 3) indicated that both Zn and Cd are associated
with oxalate in G. claussenii. These data suggest that when G. claussenii plants are
exposed to high levels of Zn, the Zn-oxalate levels increase enough to reduce Ca-oxalate
and disturb the formation of Ca-oxalate crystals. Because Cd is much less abundant than
Ca in plants, the concentration of Ca-oxalate remains high enough to precipitate and

include Cd-oxalate in the crystals.

Despite the differing metal distribution profiles in G. claussenii and
hyperaccumulator species, both Zn and Cd are predominantly stored in the vacuole (Zhao
et al, 2000; Ma et al, 2005). The efficiency of metal chelation by different compounds
depends on the pH in each subcellular compartment. For example, the acidic vacuolar
environment favours the chelation of metals by organic acids, and this is an important
metal tolerance mechanism in several plant species (Haydon & Cobbett, 2007). Together
with oxalate, malate and citrate play key roles in the chelation of Zn in hyperaccumulator
species (Yang et al, 2006; Sarret et al, 2009; Monsant et al, 2011) and their high

concentrations in G. claussenii suggest a similar role (Chapter 3).

Nicotianamine (NA) is other important metal chelator in plants, with key roles in
iron (Fe), Zn, copper (Cu) and manganese (Mn) homeostasis (Clemens et al,, 2013). In
metal hyperaccumulator species, NA may facilitate Zn translocation and accumulation in
shoot tissues (Clemens et al, 2013). Transcriptome analysis has shown that NA is a
potential metal chelator in G. claussenii. Nicotianamine synthase (NAS) is required for

NA biosynthesis. N. caerulescens and A. halleri express NAS genes constitutively at higher
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levels than the non-accumulator A. thaliana (Talke et al., 2006; van de Mortel et al.,, 2006).
NA may facilitate Zn hyperaccumulation in A. halleri, where the depletion of NA in the
roots by suppressing NAS expression inhibits the accumulation of Zn in the leaves
(Deinlein et al, 2012). NAS orthologues corresponding to NASI and NAS4 in A. thaliana
were identified in G. claussenii (Chapter 4). The constitutive expression of NAS genes in
G. claussenii at higher levels than in G. elegans suggests that NA may promote metal
tolerance and accumulation in G. claussenii. These data also suggest that metal chelation

is not a simple process but may require several compounds that bind specific metals.

The molecular mechanism of metal hypertolerance in G. claussenii

Comparative transcriptomics and related approaches have increased our
understanding of the molecular basis of metal homeostasis in plants related to A. thaliana
(Hammond et al., 2006; Weber et al., 2006; van de Mortel et al, 2008; Verbruggen et al,
2009; Hanikenne & Nouet, 2011; Lin & Aarts, 2012; Halimaa et al., 2014). However, the
advent of advanced sequencing methods has facilitated the study of non-model species
with similar tools, increasing the number of metal tolerant species that can be investigated

at the molecular level (Verbruggen et al., 2013).

Genes involved in metal tolerance and accumulation have been identified by
comparing the transcriptomes of related metal-tolerant and metal-sensitive species, such
as N. caerulescens and A. thaliana (van de Mortel et al., 2006; van de Mortel et al., 2008),
or A. halleri and A. thaliana (Weber et al, 2006). Similarly, we compared the
transcriptomes of G. claussenii and G. elegans (Chapter 4). A common feature in all of
these studies was that exposure to high concentrations of metals caused the induction of

several genes in the metal sensitive species that were constitutively expressed in the

153



Chapter 5

hyperaccumulator species. Because G. claussenii has a bioindicator-like response to metal
accumulation, we were surprised to observe the constitutive expression of genes that are
induced by metals in G. elegans. G. claussenii may have evolved strictly in a metal-rich
environment. If so, the constitutive high-level expression of these genes will be an

adaptive response.

In plants, metal homeostasis involves extensive interaction and crosstalk among the
regulatory mechanisms controlling individual metal species (Clemens, 2006; Puig &
Penarrubia, 2009; Merchant, 2010). Therefore, Zn and Cd tolerance in G. claussenii is
anticipated to directly affect other metals. Several transcripts representing metal
transporters were expressed at higher levels in G. claussenii than G. elegans (Chapter 4),

including potassium, phosphate, sulfate, nitrate and iron transporters.

The regulation of Zn and Fe in plants involves overlapping biological processes
(Palmer & Guerinot, 2009; Shanmugam et al,, 2013). Therefore, Fe deficiency is a direct
consequence of excess Zn and Cd exposure in most plant species (Clemens, 2006). For
non-tolerant species such as A. thaliana, the Fe deficiency genes IRT1, IRT2 and FRO2 are
induced in the presence of excess Zn (Shanmugam et al, 2011). In contrast, these Fe
homeostasis genes show a constitutive low level of expression in A. halleri, and other
genes including IRT3 may maintain the high levels of Fe in this species (Shanmugam et
al, 2011). G. claussenii may employ a different strategy to maintain Fe levels when
exposed to excess Zn and Cd, e.g. the constitutive high-level expression of FIT1, FRO2,
FRO7 and IRT3 (Chapter 4). These results suggest that while A. halleri maintains a low
activity of the Fe acquisition transporters, G. claussenii evolved a steadily high activity of

Fe homeostasis genes.
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The gene encoding the high-affinity potassium transporter HAK5 (Nieves-
Cordones et al, 2010) is expressed at higher levels in the roots of G. claussenii than G.
elegans (Chapter 4). This gene is also expressed at high levels in the roots of N.
caerulescens (van de Mortel et al., 2006). Because potassium is essential in plants and also
the most abundant cation in plant cells, it plays important roles in turgor pressure, cell
expansion, plant movement and stomatal opening (Maathuis, 2009). The ZIFL2 and
NHX2 genes encoding two further potassium transporters were also strongly expressed in
G. claussenii. The role of the plasma membrane transporter ZIFL2 may be to remove
potassium from the roots (Remy et al, 2015). ZIFL2 is expressed at different levels in
different N. caerulescens accessions suggesting a role in Zn and Cd tolerance (Halimaa et
al, 2014). NHX2 translocates potassium from the cytosol to the vacuole, and thus plays an
essential role in cell expansion and the maintenance of turgor (Barragan et al, 2012).
Potassium plays an important role in abiotic stress (Wang et al., 2013) so the regulation of
potassium-related genes may be required to maintain potassium at sufficient levels for
effective stress responses. More specifically, higher external potassium supply was shown
to alleviate Zn toxicity in peach seedlings (Song et al, 2015). The expression profiles of
HAKS5, ZIFL2 and NHX2 genes suggest that Zn and Cd accumulation in G. claussenii has
an impact on potassium homeostasis. Interestingly, higher expression of potassium
transporter genes, including HAK5 were also observed in N. caerulescens roots compared
to A. thaliana (van de Mortel et al, 2006). These results indicate that a sufficient
potassium concentration through higher regulation of potassium transporters is an
important strategy for Zn tolerant plants. High potassium concentration was suggested to
protect plants photosynthesis and antioxidative defence system during high Zn exposure

(Song et al,, 2015).
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Our G. claussenii transcriptome analysis also identified a number of transcripts
homologous to specific genes involved in Zn homeostasis and Cd tolerance (Chapter 4).
G. claussenii has a molecular response broadly similar to hyperaccumulator species but
further responses that are unique to this species. The high-level expression of ZIP genes
such as ZIPI and IRT3 promotes efficient metal uptake by the roots. Metal chelation by
NA then facilitates Zn transport in the roots. MTP1 allows the vacuole to store large
amounts of Zn and Cd in the roots and shoots. The low-level expression of NRAMP6
limits metal distribution within the cell and the expression of HMA2 and NRAMP1
ensures the moderate translocation of Zn and Cd to the shoot. Metal remobilization and
translocation are two crucial steps for metal accumulation in the shoots of metal
hyperaccumulator species, but unlike classical species G. claussenii has a higher metal
concentration in the roots and therefore a lower rate of metal remobilization and

translocation.

Concluding, the research described in this thesis shows that G. claussenii tolerates
very high levels of Zn and Cd, and may be highly suitable for phytoremediation
applications, although field experiments will be needed to confirm the feasibility of
practical deployment. We found that G. claussenii has a unique strategy for Cd
accumulation compared to hyperaccumulator species. Further analysis of zinc
accumulation in G. claussenii may improve our understanding of the metal sequestration
mechanism in this species which may be useful for biofortification programs in
Amaranthaceae crops, e.g. spinach (Spinacia oleracea), beet (Beta vulgaris), quinoa
(Chenopodium quinoa) and Amaranth species. Several G. claussenii genes required for
Zn and Cd translocation and vacuolar accumulation (such as HMAs, NAs and MTPs)
were identified as promising candidates for follow up studies for their function in metal
homeostasis and accumulation. Such studies could involve targeted gene silencing in G.
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claussenii, which would require the development of genetic transformation strategies for
this species, or the overexpression of these transcripts in model species such as A. thaliana
or N. tabacum. The separate regulation of two components of metal homeostasis
(translocation and vacuolar accumulation) results in a moderate level of metal
translocation and simultaneous high-level accumulation, distinguishing G. claussenii
from other metal tolerant species. The data presented in this thesis will encourage further
research into the ecological and genetic characteristics of G. claussenii to determine which
selection pressures favoured the evolution of hypertolerance and bioindicator traits. The
validation of G. claussenii metal homeostasis genes and the investigation of their
functions as a component of Zn and Cd tolerance will confirm the mechanisms

underlying the G. claussenii hyperbioindicator response.
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SUMMARY

Gomphrena claussenii, a Zn and Cd hyperbioindicator species

A small group of plant species called metallophytes have evolved the ability to grow
in highly metal-enriched soils that are toxic to other plants. Some of these metal-tolerant
species have evolved the ability to accumulate high levels of metals or metalloids, such as
nickel (Ni), zinc (Zn), arsenic (As), cadmium (Cd) and lead (Pb). Important progress
towards understanding the physiological and molecular basis of metal and metalloid
homeostasis in plants has been made by studying these metal hyperaccumulator species,
which may also be useful for as the basis of phytoremediation technologies in which
plants are used to stabilize or extract metals from soil. Gomphrena claussenii Moq.
(Amaranthaceae), is a previously uncharacterized plant species which grows in the
metal-rich soils of a Zn mining area in the state of Minas Gerais, Brazil. This thesis
describes the investigation of G. claussenii to determine the molecular basis of its ability to

tolerate and accumulate Zn and Cd.

Chapter 2 presents a detailed comparative investigation of the physiological
impact of Zn and Cd exposure on G. claussenii and the closely-related non-tolerant
species G. elegans Mart. growing in soil or in hydroponic conditions. The impact of
Zn/Cd in each species was determined by measuring growth characteristics such as
biomass and root elongation. It was found that G. claussenii plants growing in the field in
the Zn mining area accumulated up to 10434 pg Zn and 96 pug Cd per gram of shoot dry
weight. Under hydroponic conditions, G. claussenii tolerated up to 3000 uM Zn and up to
100 uM Cd, showing only slight metal toxicity symptoms at the highest concentrations
and no significant decrease in biomass or root length. In contrast, G. elegans showed
significant toxicity symptoms at 100 uM Zn and 5 pM Cd. It was also found that both
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species accumulated more Zn and Cd in roots than shoots and that metal accumulation in
G. claussenii showed a bioindicator-like response. Finally, the concentrations of other
minerals such as Fe and Mn were not affected by Zn/Cd in G. claussenii shoots but
declined dramatically in G. elegans in the presence of Zn/Cd. Taken together, these results
indicated that G. claussenii is extremely tolerant to Zn and Cd and accumulates high
levels of these metals in shoots, making it potentially valuable for phytoremediation

applications.

Chapter 3 addresses the distribution of Zn/Cd in G. claussenii stem and leaf
tissues, and metabolic profiles were used to investigate the involvement of metabolites in
the sequestration of Zn/Cd. G. claussenii plants were exposed to high concentrations of
Zn/Cd and analysed by scanning electron microscopy using energy dispersive X-ray
(SEM-EDX) and micro-proton-induced X-ray emission (micro-PIXE) technologies. We
also investigated the dynamic profiles of primary metabolites in roots and shoots exposed
to high levels of Zn/Cd to identify potential ligands for these metals. We observed the
presence of abundant calcium oxalate (CaOx) crystals in the stem and leaf tissues of G.
claussenii plants exposed to control and high levels of Cd, but intriguingly the number of
crystals declined in the presence of Zn. Cd was shown to co-localize with calcium (Ca) in
the CaOx crystals, indicating that Cd sequestration in vacuolar CaOx crystals in G.
claussenii is part of a tolerance mechanism to deal with excess Cd accumulation.
Furthermore, citrate, malate and oxalate levels all increased in the shoots of G. claussenii
exposed to Zn/Cd suggesting these organic acids are involved in metal chelation and

contribute to metal tolerance.

Chapter 4 focuses on the molecular genetic aspects of hypertolerance in G.
claussenii. The comparative transcriptomics analysis of G. claussenii and G. elegans was

used to identify genes potentially responsible for the adaptation of G. claussenii to high
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Zn/Cd exposure. The transcriptional response of both species to high Zn/Cd
concentrations was investigated by RNA-Seq analysis. Transcript sequences were
annotated, and differential expression induced by Zn/Cd exposure was analysed in G.
claussenii and G. elegans roots and shoots. Orthologous transcript pairs were identified
between both species, allowing the direct comparison of gene expression profiles. G.
elegans showed a stronger transcriptional response to metal exposure than G. claussenii,
featuring the significant modulation of 10-20 times as many genes. Many of these
transcripts encode proteins involved in metal homeostasis or stress responses. Metal
hypertolerance in G. claussenii therefore appears to be a constitutive expression trait,

based on adaptations in the metal homeostasis and general stress response.

Chapter 5 summarizes and evaluates the knowledge gained by the investigation set out in
this thesis, focusing on the relevance of the information obtained from G. claussenii and
its contribution to our current understanding of metal hypertolerance. It is also discussed
the benefits of G. claussenii for phytoremediation applications, as well as its potential for

future research activities.
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