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Abstract

In recent

years, researches on Thlaspi caerulescens, a model plant for heavy metal

hyperaccumulation and hypertolerance, have been increased tremendously. They are aimed to
understand the ecological and evolutionary aspects of metal hyperaccumulation and to explore
applications of phytoremediation on metal-contaminated soils and applications on improving nutritional
values of food. Nicotianamine (NA) involves widely in homeostasis of essential metals (Fe, Cu, Zn, Ni)
in plants generally, as well as hyperaccumulation of non-essential toxic metals (Cd, As). Four
NICOTIANAMINE SYNTHASE genes, TcNAS1, TcNAS2, TcNAS3, and TcNAS4 responsible for
producing NA, are identified in T. caerulescens. Their presences are necessary although redundant
functionally. A mutated TcNAS1 allele with a transposon insertion is found to be distributed in natural
populations of accession La Calamine. In this study, we studied the effects of this mutated TcNAS1 on
their growth, heavy metal hyperaccumulation, and TcNAS expressions in various conditions to
understand why this mutated allele is maintained in these populations. This knockout resulted in more
susceptibility to Fe deficiency and high Ni/Cd supplies. It showed a partial chloronerva-like phenotype
with more interveinal chlorosis, increased Fe uptake, and Fe concentration in leaves, especially in Fe
deficiency. However, Cu deficiency was not observed in this mutant and it did not alter much the Mn
homeostasis of this genotype. The lack of TcNAS1 is proposed to cause a shortage of NA in leaf
tissues and affected expressions of other TcNAS genes. Total functional transcripts levels of the other
three TcNAS genes in the nas1 mutant were higher than the wild type in Fe deficiency and excess Zn
treatments. It was not different between the two phenotypes in Ni treatments and low Cd supply, but
was lower in the mutant than the wild type in high Cd supply. The nas1 mutant had higher capacity of
Ni/Cd, but not Zn, hyperaccumulation. I propose this to be an advantage of the mutant over the wild
type to avoid insect herbivores, which may explain why this mutated allele is maintained in the natural
habitat. This knockout of TcNAS1 is suggested as a positive contribution to the evolution of heavy
metal hyperaccumulation trait in this species. As a part of this thesis, an experiment to create a
quadruple nas mutant in T. caerulescens was with RNA interference (RNAi) was performed. However,
it needs more samples tested to conclude the silencing efficiency of our RNAi construct and the used
protocol.
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Introduction

Heavy metal hyperaccumulation and Thlaspi caerulescens
In recent year, interest and researches on heavy metal hyperaccumulation have been increasing
tremendously. Their purposes are to understand the ecological and evolutionary aspects of
hyperaccumulation by studying this trait in different species or populations within species. With more
knowledge about the hyperaccumulation mechanism, researchers are trying to seek for a
breakthrough towards applications on phytoremediation of metal-contaminated soils, and on improving
nutritional value of food for people suffering from mineral deficiency, especially Zn, all over the world
(Assunção et al., 2003c). There are about 400 species that have been identified as
hyperaccumulators, which accumulate metals, such as Ni, Zn, Cd, Pb, Cu, As, Co, or Mn, in their
tissues at least 100 to 1000-fold more concentrated than non-hyperaccumulators. These species are
distributed in various families, amongst which the Brassicaceae is best represented with 87
hyperaccumulating members (Milner and Kochian, 2008). Researches have been focused
considerably on those species hyperaccumulating Ni, Zn, and/or Cd. Thresholds of accumulation of
-1

these heavy metals were suggested – 1,000 µg Ni g
-1

-1

dry weight (d.wt) (17.0 µmol g ) (Reeves,

-1

-1

1992), 10,000 µg Zn g d.wt (152.9 µmol g ) (Baker and Brooks, 1989), and 100 µg Cd g d.wt (0.89
-1

µmol g ) (Baker et al., 2000) – as criteria for distinguishing hyperaccumulators from nonhyperaccumulators.
Many hypotheses to demonstrate the adaptive value of metal hyperaccumulation in these plants have
been suggested and tested in an attempt to explain the evolution of this trait. Boyd and Martens
(1992) summarized the four proposed benefits of metal hyperaccumulation: (1) hyperaccumulation
helps plants to be tolerant to a high metal concentration in soil by sequestering metal in tissues and, in
some cases, shedding those tissues to reduce metal content in their plant bodies; (2) those shed
tissues enrich the surface soil with metals which benefits the perennial hyperaccumulators over other
less metal tolerant species; (3) a high metal content in hyperaccumulators may help them to withstand
drought stress and (4) protect them from certain herbivores and pathogens. The first three hypotheses
have not had supporting evidence (2) or been argued
against with experimental results (1 and 3). Only the
defense hypothesis (4) is supported by circumstantial
experimental evidence (Martens and Boyd, 2002;
Palomino et al., 2007; Vesk and Reichman, 2009) but
is either being debated or explored (Boyd, 2004).
Within this group of plants, Thlaspi caerulescens J. &
C. Presl (Brassicaceae, Figure 1) has been the most
extensively studied species and was proposed as a
model plant since it is a polymetallic hyperaccumulator
of Zn, Cd, and Ni (Assunção et al., 2003c). Several T.
caerulescens

accessions

were

reported

to
Figure 1. Thlaspi caerulescens.
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accumulate 30,000 µg Zn g d.wt (Brown et al., 1995), 14,000 µg Cd g d.wt (Lombi et al., 2000), and
-1

4,700 µg Ni g d.wt (Schat, et al., 2000). Another advantage of this species is its close relationship to
the reference species for plant research, Arabidopsis thaliana. They share 88.5% and 87 – 88%
sequence identity in transcript sequences and intergenic transcribed spacer regions, respectively
(Rigola et al. 2006; Peer et al., 2003). This considerably facilitates molecular high-throughput
methodologies on profiling studies for understanding the metal homeostasis and hyperaccumulation
mechanism in plants.
The basic heavy metal hyperaccumulation and tolerance traits seem to be constitutive at species level
in T. caerulescens, specifically Zn hyperaccumulation. There is, however, a considerable variability in
Ni/Zn/Cd hyperaccumulation and tolerance between different populations collected from sites with
different soil types (Assunção et al., 2003b, Verbruggen, et al., 2009). Accessions La Calamine (LC)
and Ganges (GA), collected from Zn/Cd-rich calamine soil sites in Belgium and France (respectively,
Schat et al., 2000; Lombi et al., 2000) are Zn/Cd tolerant and considered as Zn/Cd
hyperaccumulators. Specific metal accumulations are different between these two accessions: LC
accumulates more Zn than GA, but GA accumulates more Cd than LC. Accession Monte Prinzera
(MP) collected from Ni-rich serpentine soil site in Italy (Schat et al., 2000) is tolerant to Ni and
considered as Ni hyperaccumulator. However, in hydroponics condition LC and GA accumulate less
Zn and Cd than MP (Assunção et al., 2003b). Assunção et al. (2003b) concluded that the high metal
tolerance is specific to the metal that is enriched in the soil where the accession is collected, while
metal hyperaccumulation, specifically Cd and Ni hyperaccumulation, is not constitutive at species
level.
Moreover, a correlation between the Cd and Zn accumulation ability of T. cearulescens was found
when analyzing an F2 generation of an intraspecific cross between accession Prayon (PR), another
calamine accession, and GA (Zha et al., 2004) or GA and LC (Deniau et al., 2006). Richau and Schat
(2008) also observed a correlation between Zn and Ni accumulation when analyzing F3 and F4 families
of the LC x MP cross. These show that Cd and Zn accumulation or Ni and Zn accumulation are partly
controlled by common genetic factors, but additionally by metal-specific factors (Verbruggen et al.,
2009). Nonetheless, there is no correlation between Zn accumulation and tolerance (Assunção et al.,
2003a), Cd accumulation and tolerance (Zha et al., 2004) or Ni accumulation and tolerance (Richau
and Schat, 2008). These results, altogether, support the theory that the metal hypertolerance and
hyperaccumulation traits must have been evolved differently between populations in response to the
metal enrichments in their environment (Assunção et al., 2003b).
Heavy metal hyperaccumulation mechanism and the role of nicotianamine (NA)
Genes involving in metal hyperaccumulation and hypertolerance are not species-specific or novel
(Assunção et al., 2003c; Verbruggen et al., 2009). They are similar to genes involving in metal
homeostasis in non-hyperaccumulating plants, such as A. thaliana, but differently expressed and
regulated. A remarkable contribution is the overexpression of metal transporters and increased
production of chelators (van de Mortel et al., 2006). Inside the plants, most heavy metals are
supposed to be bound to ligands to remove their toxic effects at high concentrations, even if they are
essential micronutrients (such as Zn and Ni). This chelation can also facilitate their transportation
across membranes through specific metal transporters. Many types of ligands are identified in plants,
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including organic acids (citrate, malate), amino acids (histidine, glutamine), (oligo)peptides
(glutathione, phytochelatins, NA) and proteins (metallothioneins). Their functions are not only
diversified in different groups of plants, but also dependent on specific metals, types and ages of
tissues in which the metals are found (Salt et al., 1999).
Metal hyperaccumulation by T. caerulescens, or by hyperaccumulating plants in general, includes at
least three key processes: enhanced metal uptake by roots, efficient translocation from roots to
shoots, and hypertolerance through chelation and sequestration (Assunção et al., 2003c). The
mechanism of this phenomenon has been studied intensively in recent years with the assistance of
high-throughput technologies, in particular microarray. Currently, Zn hyperaccumulation is probably
understood the most at the molecular level (Verbruggen et al., 2009). Although similar genes are
involved in metal homeostasis in non-hyperaccumulators and metal hyperaccumulation in
hyperaccumulators, there are cases that molecular mechanisms of the same phenomenon in
hyperaccumulators and non-hyperaccumulators are independent from each other. Cd tolerance is a
clearly demonstrated trait in which its mechanism in non-hyperaccumulators is phytochelatindependent, whereas it is not in hyperaccumulators (Schat et al., 2002). These indicate that the metal
hyperaccumulation and hypertolerance in hyperaccumulators not only are an exaggeration of abiotic
stress responses in non-hyperaccumulators but also evolve adaptively to specific conditions.
The first key step is increased metal uptake by root system, in which the TcZNT1, a member of the
ZIP family (zinc-regulated transporter, iron-regulated transporter protein) is the best studied in T.
caerulescens (Verbruggen et al., 2009). This transporter is highly expressed in roots and shoots of T.
caerulescens under various Zn supplies (Pence et al., 2000; Assunção et al., 2001). However, the Zn
transport efficiency of this protein is not higher than its homologs in non-hyperaccumulators. Instead,
its density in root cells of T. caerulescens is much higher resulting in higher Zn uptake than in nonhyperaccumulators (Lasat et al., 1996). Recent results on localization of AtZIP4, its Arabidopsis
homolog, suggest that it may be involved in metal loading into the stele. Hence, Zn is kept in cells
within the stele which makes a Zn pool ready to be uploaded into vascular tissues (Milner and
Kochian, 2008). Moreover, this Zn pool is also contributed by Zn remobilized from root vacuoles, which
is more and faster in T. caerulescens than in T. arvense, a non-hyperaccumulator (Lasat et al., 1998).
Interestingly, TcZNT1 was found to mediate Cd uptake as well, although at lower affinity than Zn
(Pence et al., 2000), possibly due to the chemical similarity between Zn and Cd. T. caerulescens
accession PR grown on very high Zn conditions accumulated more Cd than when grown on normal Zn
condition (Papoyan et al., 2007). Other studies showed that Cd uptake by PR is suppressed by
equimolar Zn in nutrient solution while it is not in GA, which hyperaccumulates Cd even when there is
a lot more Zn than Cd in the nutrient solution (Lombi et al., 2001; Zhao et al., 2002). These authors
proposed the existence of different systems for Cd and Zn uptake in T. caerulescens: one system in
PR with strong preference for Zn over Cd and an additional system in GA with strong preference for
Cd over Zn. For Ni hyperaccumulation, no candidate transporter has been reported yet. Several
Thlaspi populations prefer Zn over Ni suggesting that Ni is taken up as well by a Zn transporter.
However, there may be transporters that prefer Ni over Zn in other populations (Peer et al., 2003).
The main fraction of cytoplasmic Zn in roots of T. caerulescens is bound to histidine (Salt et al., 1999).
Histidine forms a stable complex with Ni and Cd as well in roots of other hyperaccumulating Thlaspi
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species (Persans et al., 1999). Roots of Ni hyperaccumulating T. caerulescens accumulate histidine
upon high Ni supply. This accumulation, however, is independent of the histidine pool in root vacuoles
suggesting that Ni-histidine complexation prevents the retention of Ni in root vacuoles (Assunção et
al., 2003c).
The enhanced metal root-to-shoot translocation capability is one of the most important characteristics
of hyperaccumulators, which results in shoot-to-root metal concentration ratios higher than 1 (Schat et
al., 2000). However, the translocation efficiencies are different among Thlaspi accessions (Assunção
et al., 2003b). One of the key steps of this process is metal loading into the xylem, which is shared
between transporters from different families. TcHMA4, one of heavy metal transporting ATPases
(HMAs), is supposed to be involved in the xylem loading of Zn and Cd in T. caerulescens (Papoyan
and Kochian, 2004). And currently it is the only gene having genetic evidence for a role in tolerance of
both Cd and Zn. The TcYSL3 transporter from the yellow-stripe 1-like (YSL) family has a role in xylem
loading of Zn and Ni while they are in complex with NA (Gendre et al., 2007). And TcFRD3, a multidrug and toxic compound efflux (MATE) membrane protein, is suggested to contribute to xylem
loading of Zn through mobilization of Zn-citrate complex (Verbruggen et al., 2009). After entering the
xylem, most of Zn, Ni, and Cd are largely found in the form of free hydrated cations (Salt et al., 1999)
because of the acidic pH environment. However, small Ni fraction is found in complexation with Ni in
xylem sap (Mari et al., 2006).
When reaching leaf tissues, metals are sequestered in leaf vacuoles, which build up the metal
tolerance for hyperaccumulators. The highest concentrations of Cd and Zn are found in leaf epidermal
cells, while Cd and Zn concentrations in mesophyll cells are four times less. This storage preference
may be associated with the avoidance of damages to photosynthesis as leaf epidermal cells (except
for guard cells) lack chloroplasts (Küpper et al., 1999). Besides other transporters, metal transporter
proteins (MTPs) are important in Ni/Zn/Cd sequestration into shoot vacuoles (Verbruggen et al., 2009).
In T. caerulescens, TcZTP1 is assigned for this function since it is highly expressed in leaves
(Assunção et al., 2001) and based on functional comparisons with its orthologs in other
hyperaccumulating Thlaspi and in Arabidopsis.
Most of Zn in shoots of T. caerulescens is found to be bound to citrate (Salt et al., 1999). Because of
the localization of citrate in vacuoles, Zn-citrate was suggested as the form for Zn storage in leaves.
Most Cd is bound to sulfur ligands in T. caerulescens shoots (Küpper et al., 2004), but Ueno et al.
(2005) showed that Cd in shoots is bound to malate as well. The Cd-sulfur ligand complexation seems
to contribute to Cd accumulation and tolerance because glutathione metabolism in T. caerulescens is
enhanced in Cd exposure (van de Mortel et al., 2008). Whereas the Cd-malate formation may be
resulted from the large pool of malate in leaf vacuoles.
Of these chelators, NA (Figure 2) gets more and more attention, because of its involvement in the
micronutrient homeostasis throughout the plant (Stephan and Scholz, 1993). This nonproteinogenic
peptide is produced from three S-adenosyl-methionine molecules by NA synthase (NAS). It is the
precursor for the mugineic acid family of phytosiderophores (MAs), natural iron (Fe) chelators present
only in graminaceous plants (Mori and Nishizawa, 1987). Essential functions of NA are elucidated
using in NA-free tomato mutant chloronerva (clv) in which the single NAS gene is mutated with a
single base pair change (Ling et al., 1999). In this mutant, young leaves show strong Fe deficiency
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symptoms: interveinal chlorosis, reduced growth and
sterility. Surprisingly, young leaves of clv plants
contain even more Fe than control plants, proving that
the root Fe uptake system and the Fe long-distance
transport

are

not

impaired.

The

Fe

deficiency

phenotype is caused by the inability to transport Fe
from the vasculature to the young leaf tissue through
phloem, which is executed by NA. Young leaves also
suffer severely from copper (Cu) deficiency with very
low Cu concentration. The Cu concentration in xylem
sap and the Cu translocation rate in clv mutants are
three to five times lower than those in the wild type.
These can be restored partly in the mutant by adding
NA (Pich and Scholz, 1996). It is a clear evidence for a
role of NA in root-to-shoot translocation of Cu through
xylem. This is supported by the observation that only
Cu can form a stable complex with NA in a mild acidic

Figure 2. Nicotianamine synthesis
(Pianelli et al., 2005).

condition as found in xylem sap. In addition to Fe and
3+

Cu, NA is able to form stable complexes with manganese (Mn), cobalt (Co), Zn, Ni, and Fe

(von

Wiren et al., 1999). The affinity and stability of complexation with metals of NA are highest at the
neutral and mild alkaline pH of cytoplasm and sieve tube sap (Stephan et al., 1996). Supported by the
finding that NA is present in phloem at higher concentrations than in xylem, NA is suggested as a
symplastic chelator needed for phloem transport of micronutrients, including recirculation.
Four fully functional NAS genes are identified in T. caerulescens and named TcNAS1, TcNAS2,
TcNAS3, and TcNAS4 based on their homologies to the four NAS genes in A. thaliana (van de Mortel
et al., 2006). In A. thaliana, expressions of AtNAS1 and AtNAS4 are found in leaves and roots, while
AtNAS2 and AtNAS3 are expressed specifically in respectively roots or leaves (Klatte et al., 2009).
The expression of AtNAS4 is induced by Fe deficiency in both leaves and roots; while AtNAS2
expression is induced by Fe deficiency only in roots. AtNAS3 expression is repressed by Fe deficiency
in leaves while AtNAS1 expression is not Fe-regulated in either leaves or roots, at least in
hydroponics. Although they have different expression patterns, which are affected by tissue
developmental stages, the expressions of NAS genes in Arabidopsis seem to be largely redundant as
the NA concentrations in single nas mutants are not different from those of wild-type plants.
NAS gene expression in T. caerulescens is different from that in A. thaliana (van de Mortel et al.,
2006). AtNAS1 is predominantly expressed in roots, while TcNAS1 is mainly found to be expressed in
leaves. AtNAS3 is expressed in both roots and leaves, mainly under Zn deficiency, while TcNAS3 is
expressed much stronger in leaves than in roots. AtNAS4 is induced by Zn deficiency in roots and by
excess Zn in leaves, while TcNAS4 is constitutively expressed in roots and leaves. Only NAS2 shows
comparable expression in the two species with strong expression in roots. The different expressions of
AtNAS genes in this study of van de Mortel et al. (2006) compared to Klatte et al. (2009), no AtNAS1
expression in leaves and AtNAS3 expression in roots, is possibly due to the different used

6

Nguyen Duy

nas1 knockout in Thlaspi caerulescens

hydroponics conditions and tissues are harvested at different developmental stages. Furthermore, A.
thaliana overexpressing the TcNAS3 gene from T. caerulescens over-accumulated NA and displayed
a high tolerance to Ni (Pianelli et al., 2005). The different expressions of three of the four NAS genes
between the two species suggest a function of these genes in metal adaptation of T. caerulescens.
This seems to contribute to the capacity of heavy metal hyperaccumulation and hypertolerance in T.
caerulescens (Pence et al., 2000; Assunção et al., 2001, van de Mortel et al., 2006).
The TcNAS1 transposon knockout incident
Recently, a naturally mutant allele of TcNAS1 in T. caerulescens was found in the accession LC (Lin
et al., unpublished). This mutant allele is distributed in Thlaspi populations sampled near a Zn smelter
waste deposit in Plombières and near a Zn mine in La Calamine (both in Belgium) and has not been
found in any other accessions. Sequence analysis revealed that the mutant allele is caused by a DNA
transposon, which contains a 6-basepair target site duplication (TSD, ACACAT) at both ends and two
118-bp long terminal repeats (LTR) inside, resulting in a 349-bp insertion in TcNAS1. Preliminary data
showed that this transposon is not active in Thlaspi, but present with around 30 copies per genome.

TcNAS1::tp LC
1318 bp
The concurrence of the mutant and wild-type alleles of the TcNAS1 gene in one population of T.
caerulescens raises interesting evolutionary-ecological questions. The presence of the four NAS
genes, although showing redundancy in function, is clearly important for metal hyperaccumulation in T.
caerulescens because of their different expression patterns. Then, how did this mutant allele occur?
and why is this mutation maintained in these populations? We hypothesize that this mutation brings
benefits to LC plants in their natural habitat; thus it is not eliminated from the populations. However,
there is another hypothesis to explain this phenomenon: this transposon insertion may cause a neutral
mutant which does not bring any advantage or disadvantage to these LC plants; hence it is still
distributed in the populations.
Aim of thesis
To have a better insight into the role of this mutation of TcNAS1 in T. caerulescens, the growth and
heavy metal hyperaccumulation of the wild-type T. caerulescens accession LC and homozygous
TcNAS1-mutated plants in different hydroponics conditions were analyzed. The expressions of TcNAS
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genes in those conditions were studied as well to know if there is any influence of the TcNAS1
knockout on other TcNAS gene expressions. In addition, expression patterns of TcNAS genes in these
two genotypes and two other accessions – GA and MP – were compared. An RNA interference (RNAi)
construct was made to knockdown the remaining expression of TcNAS2, TcNAS3, and TcNAS4 in the
TcNAS1-knockout background, to obtain a quadruple nas mutant. This, if succeeded, would be a very
useful tool to study function of NA in metal hyperaccumulating T. caerulescens specifically.
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Materials and methods

Plant material and growing conditions
Three accessions of Thlaspi caerulescens were used in this study: La Calamine (LC) collected from a
calamine soil site – enriched in Zn, Pb, and Cd – in Belgium; Ganges (GA, Tc5) collected from a
calamine soil site in France; and Monte Prinzera (MP, Tc4) collected from a Ni-enriched serpentine
soil site in Italy. They were kept in the greenhouse for flowering and seeds were collected. For
accession LC, three genotypes were used for different purposes. Genotype Tc7-8 (LC42) having two
normal TcNAS1 alleles, originates from a wild-type LC plant homozygous for the TcNAS1 locus. This
genotype has been maintained in the greenhouse for several generations. Genotype Tc1-6 (nas1) and
genotype Tc1-7 originate from the same parental LC plant, heterozygous for the mutated TcNAS1
allele with a transposon insertion (NAS1nas1). This parent LC plant came from a LC seed bulk
recently collected (spring 2009) from different LC plants from La Calamine in Belgium. Genotype nas1,
carrying two mutated TcNAS1 alleles, was used with LC42 for a comparison on their performances in
different hydroponics conditions. Genotype Tc1-7 was used to create a near-isogenic population
(NAS1NAS1 vs. nas1nas1) for another comparison of their performances, metal accumulations, and
TcNAS gene expression.
Seeds of these accessions were sterilized by vapor-phase sterilization for four hours with 50 mL
bleach added with 15 mL hydrochloric acid (37%) and germinated on 12-cm square plates containing
1/2 MS including vitamins (Murashige and Skoog medium, Duchefa Biochemie, The Netherlands) and
-1

without any sucrose. Half MS medium was adjusted to pH 5.8 with KOH and added 8 g l Daishin
agar (Duchefa Biochemie, The Netherlands) before autoclaved. Germination was performed in a
climate chamber supplying 250 µmol m

-2

-1

o

s light at plant level during 16 hour / day period, 24 C

temperature, and 70% relative humidity.
Two-week old seedlings were transferred to 10-L plastic trays containing modified half-strength
Hoagland nutrient solution (Schat et al., 1996): 3 mM KNO3, 2 mM Ca(NO3)2, 1 mM NH4H2PO4, 0.5
mM MgSO4, 1 µM KCl, 25 µM H3PO4, 2 µM MnSO4, 0.1 µM CuSO4, 0.1 µM (NH4)6Mo7O24, 20 µM
Fe(Na)EDTA, and 100 µM ZnSO4. The solution was buffered to pH-5.5 by adding 2-(Nmorpholino)ethanesulfonic acid (MES, Duchefa Biochemie, The Netherlands) to a concentration of 2
mM. After one week, plants were transferred to different hydroponics conditions of similar solution with
deficient Zn (0.05 µM ZnSO4, Zn0.05), excess Zn (1,000 µM ZnSO4, Zn1000), deficient Fe (0.5 µM
Fe(Na)EDTA, Fe0.5), excess Fe (100 µM Fe(Na)EDTA, Fe100), with Ni (10 µM NiSO4, Ni10), high Ni
(100 µM NiSO4, Ni100), with Cd (0.5 µM CdSO4, Cd0.5), or high Cd (50 µM CdSO4, Cd50). Zn100
was considered as control treatment. These hydroponics solutions were renewed twice a week. This
-2

-1

was performed in a hydroponics cell which has a condition of 250 µmol m s light at plant level during
o

o

12 hours / day period, 20 C / 15 C of day / night temperature, and 70% relative humidity.
Metal content measurement
After metal treatments, three pools of three plants per each treatment were harvested for measuring
metal content. Plants were desorbed with ice-cold 5 mM Pb(NO3)2 for 30 minutes and rinse with ice-
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cold demiwater. Shoots and roots were separated, put in paper bags, and dried at 65 C for at least
two days. The dry weight of each pool was divided by three to get data of one biological repeat.
Afterwards, shoot and root dried materials were put in teflon bombs and added with respectively 2 or 1
mL of destruction mixture HNO3 (65%) : HCl (37%) (4:1) (yellow-brownish in color). Materials were
o

digested at 140 C for seven hours in the destruction oven. The bombs were left to cool down to room
temperature before opened and added with demiwater to get to a volume of 5 mL. Reference sample,
a similar amount of dry poplar leaf material, was included to check for completeness of digestion. A
bomb with only destruction mixture was included for a blank. A clear water-like solution was obtained,
transferred to sterile polystyrene 12-mL test tubes (Greiner Bio-One), and left in the fume hood for at
least 12 hours to get rid of most of the acid fumes. The digested materials were used for metal content
measurement or kept in a refrigerator or cold room after sealing the tubes.
Concentrations of six metal elements – zinc (Zn), iron (Fe), nickel (Ni), cadmium (Cd), copper (Cu),
and manganese (Mn) – were measured using a flame atomic absorption spectrometry (AAS) by
1100B Spectrometer (PerkinElmer). A calibration curve for each element was made with three
standard solutions and demiwater before measuring samples. Digested materials had to be diluted, if
needed, to bring the metal concentrations into the range of standard curves. For shoot samples,
digested materials were diluted 10 times for measuring Ni and Cd concentration (only samples from
Cd50 treatment) and diluted 50 times for measuring Zn concentration. For root samples, digested
materials were diluted 5 times for measuring Zn and Fe concentration. Demiwater and blank sample
was measured several times in between plant samples to check for the stableness of the
spectrometer.
-1

The obtained values (in nmol mL ) were normalized with the blank values, if necessary, and
-1

presented in µmol g dry weight by the following calculation:
-1

-1

Metal concentration (µmol g ) = read value (nmol mL ) x dilution factor x 5 (mL) / dry weight (mg).
Traditional PCR for TcNAS1 genotyping of the near-isogenic population
One cotyledon of each progeny of Tc1-7 plant was collected, put in 96-tube collection boxes and
grinded together with liquid nitrogen into fine powder. Genomic DNA was extracted by a simple
genomic DNA isolation: add 500 µL extraction buffer (0.2 M Tris-HCl pH 8, 0.4 LiCl, 25 mM EDTA, and
1% SDS) into each grinded material and invert the box several times; centrifuge at 6000 rpm for 5
minutes and transfer 350 µL of supernatant to new tube containing 350 µL isopropanol; mix by
inversion and centrifuge at 6000 rpm for 10 minutes; pour off liquids and dry pellets by putting tubes
upside down on paper towels and place tubes in laminar flow for one hour; add 50 µL milliQ and
resuspend dried pellets by shaking 300 rpm at room temperature for 30 minutes.
o

Two µL of each DNA sample was subjected to 25-µL PCR with temperature cycling as: 2 min at 94 C;
o

o

o

o

30 cycles of 30 sec at 94 C, 30 sec at 55 C and 1 min at 68 C; and 5 min at 68 C. The primer pair
Xu003 – Xu002 (Table 1), which flanks the insertion site of the transposon knocking out TcNAS1, was
used. PCR products were run on 1% agarose gel containing 5% ethidium bromide (EtBr) at 100V for
one hour for visualization. The TcNAS1 genotype was scored based on PCR product bands aligned
with GeneRuler

TM

100bp plus DNA ladder (Fermentas): one 261-bp band represents the wild-type

TcNAS1 (NN); one 610-bp band represents the homozygous mutated TcNAS1 (nn), or a combination
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of the two bands represents the heterozygously mutated TcNAS1 (Nn). These sized were obtained by
aligning Xu003 and Xu002 primer sequences on TcNAS1-LC complete cDNA sequence of Judith E.
van de Mortel.
Quantitative PCR primer design and PCR efficiency test
Five primer pairs for four TcNAS genes and TcTubulin gene as the reference (Table 1) were designed
TM

by using Vector NTI® Advance

TM

10.3 (Invitrogen ). They have similar melting temperatures, GC

contents, as well as sizes, melting temperatures, and GC contents of their amplicons. Before used in
qPCR, efficiencies of these primers were determined by performing Real-Time PCR, in duplicate, on a
2-fold dilution series of a cDNA sample from a wild-type LC plant. Threshold cycles (Ct) when sensor
can detect fluorescent signal from SYBR® Green dye binding to double-stranded PCR products of
each gene were plotted with respective Log10 of dilution factors to obtain regression curve on
2

Microsoft® Office Excel sheet. R square (R ) values of the regression curves must be higher than 0.95
and ideally higher than 0.985. Slope values of the regression curves were used to calculate primer
(-1/slope)

efficiencies with the following equation: Efficiency = 10

-1. Acceptable primer efficiencies for

Real-Time PCR are in the range of 80 – 120% and ideally in the range of 90 – 110%. Differences
between primer efficiencies of target genes and the reference gene should not exceed 10%.
Quantitative Real-Time PCR for TcNAS gene expression analysis
Shoot and root samples of three plants per treatment were harvested and subjected to RNA extraction
using RNeasy® Plant Mini Kit (QIAGEN®). The On-Column DNase Digestion with the RNase-Free
DNase set (QIAGEN®) was included to remove contaminated genomic DNA. RNA samples were
quantified by NanoDrop® ND-1000 (NanoDrop Technology, Inc.). Those samples with impure RNA
(A260/A280 and A260/A230 ratios lower than 1.8) were put through another RNA cleanup to obtain
the same quality.
TM

For cDNA synthesis, 1000 ng of RNA was applied to iScript cDNA Synthesis Kit (Bio-Rad
Laboratories). Complementary DNA products were diluted 3 times by adding 40 µL sterilized MilliQ
-1

water to get to the concentration of 16.67 ng µL .
Five µL of diluted cDNA samples (83.33 ng) were used to perform 25-µL Real-Time PCR with iQ
SYBR® Green Supermix (Bio-Rad Laboratories) following the 2-step protocol of iCycler® iQ

TM

TM

Real-

o

Time PCR Detection System (Bio-Rad Laboratories): 3 min at 95 C, and 40 amplification cycles of 15
o

o

sec at 95 C and 1 min at 62 C. Melt curve analysis was also set up for 60 cycles with starting
o

o

temperature at 62 C, which was increased 0.5 C after each cycle. Five primer pairs for four TcNAS
genes and TcTubulin gene as reference were used at a final concentration of 100 nM for each primer.
Samples were performed in duplicate. No-template control (sterilized MilliQ water, NTC) and RNA
control (RNA samples diluted to same level as cDNA samples) were included to check for primer
dimerization of each primer pair and DNA contamination on RNA samples, respectively.
Data from Real-Time PCR, the Ct values, were analyzed to get relative quantification of gene
-∆∆Ct

expression using the 2

method described by Livak and Schmittgen (2001). Firstly, Ct values of four

target genes, TcNAS, were normalized by Ct values of the reference gene, TcTubulin, of the same
sample to get ∆Ct values. The differences of the ∆Ct values of TcNAS genes of an unknown sample
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from ∆Ct of a calibrator, TcNAS1 in the control sample, was calculated to calculate the ∆∆Ct values.
These calculations are summarized in the following equation:
∆∆Ct = ∆Ctsample – ∆Ctcalibrator = (Cttarget – Ctreference)sample – (Cttarget – Ctreference)calibrator
Within this equation, ∆Ctcalibrator was the average of ∆Ct values of TcNAS1 from three biological
repeats the control sample. Fold change in gene expression, or the normalized target amount, was
-∆∆Ct

then equal to 2

and applied to statistic analysis to compare TcNAS gene expression between

treatments or samples differentiating in any factor that need to be compared.
Fusion PCR for construction of RNAi fragment for silencing TcNAS2, TcNAS3, and TcNAS4
The RNAi fragment was constructed through a 2-step protocol. First, individual fragments of TcNAS2,
TcNAS 3, and TcNAS 4 were amplified in three separate PCRs using primer pair for each gene (Table
1) on cDNA templates obtained from a LC plant. C15/G15 and G5C5G5/ C5G5C5 sequences (Cha-aim et
al., 2009) were added at the 5’ end of primers to create overlapping regions for fusing of the three
TcNAS fragments in the next step. “CACC” sequence for pENTR

TM

Directional TOPO® cloning

TM

(Invitrogen ) was added at the 5’ end of the forward primer for TcNAS2. 100 ng of cDNA was used in
a 50-µL PCR with 0.5 µL pfu DNA polymerase (to increase the accuracy and avoid A-overhang at 3’
end of PCR product), 200 µM dNTPs, and 200 nM of each primer. Temperature program was set as: 2
o

o

o

o

o

min at 94 C; 30 cycles of 30 sec at 94 C, 30 sec at 58 C, and 1 min at 68 C; and 5 min at 68 C min.
PCR products were checked by electrophoresis as described previously.
A mix of equal amounts of the three previous PCR products, estimated on gel, was used as template
for the second PCR step for fusing the three TcNAS fragments. This fusion PCR was performed
similarly to the first PCR step except that only the forward primer for the TcNAS2 fragment (DUY12)
and the reverse primer for the TcNAS4 fragment (DUY16) were used. Annealing temperature was set
o

o

at 58 C or increased to 60 C to increase specificity of overlapping sites and elongation step was set
for ten minutes. The PCR product was checked by electrophoresis as described previously for the
expected size of 489 bp.
TM

Making expression clone of RNAi construct by Gateway® Cloning System (Invitrogen )
The PCR product of the fusion reaction having the expected size was purified by QIAquick PCR
Purification Kit (Qiagen®) and quantified by NanoDrop®. Approximately 1.5 ng of purified PCR
product was used in pENTR

TM

TM

Directional TOPO® cloning (Invitrogen ) reaction to put the RNAi

TM

fragment into the pENTR /D-TOPO® vector (2580 bp) to create an entry clone for the Gateway®
TM

Cloning system (Invitrogen ). The cloning product was transformed into electro-competent
Escherichia coli strain DH5α by electroporation. The electro-competent DH5αE used in this study was
8

-1

newly made with competency of 2.10 cfu µg DNA used.
-1

The transformed DH5α was selected on Luria-Bertani (LB) agar plates containing 50 mg L

Kanamycin and checked by colony PCR. Plasmid DNA of positive colonies was isolated using the
Plasmid Miniprep Plus Purification Kit (GeneMark, Hopegen Biotechnology Development Enterprises),
confirmed by restriction enzyme HindIII digestion, and subsequently sequenced. Ten-µl PCR reactions
were set with 0.5 µl DETT dye, 300 – 500 ng plasmid DNA and 0.5 µl M13 forward or M13 reverse
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o

o

primer (20 pmol/µl). Temperature cycling was set as: 25 cycles of 30 sec at 94 C, 15 sec at 50 C, and
o

1 min at 60 C.
The RNAi fragment in entry clone was transferred to a destination vector by the LR recombination
TM

reaction using the Gateway® LR Clonase

TM

Enzyme Mix (Invitrogen ) to create an expression clone.

The destination vector was pK7GWIWG2(II) (or GWI2, 15.4 Kb, Figure 3) containing two attR1/attR2
recombination sites, in opposite directions and separated by an intron, under the control of the
Cauliflower Mosaic Virus (CaMV) 35S promoter (p35S) and the 35S terminator (T35S), and the
DsRED selectable marker gene, encoding a red fluorescent protein, under control of the promoter
derived from the polyubiquitin, UBQ10, of A. thaliana (pUB) and the terminator derived from the
noptaline synthase gene (nos). The LR reaction product was transformed into electro-competent
-1

DH5αE by electroporation. Positive colonies were selected on LB agar plates containing 100 mg L

spectinomycin and confirmed by digesting isolated plasmid DNA with restriction enzymes, HindIII and
DraII. This expression clone would produce an mRNA stem-loop structure (Figure 4) triggering the
RNAi mechanism for silencing the target genes.

Figure 3. The transfer DNA (T-DNA) region in between the right border (RB) and left border (LB) of
the destination plasmid pK7GW1GW2(II).

Figure 4. mRNA stem-loop structure of RNAi construct for TcNAS2, TcNAS3, and TcNAS4.
Thlaspi cearulescens hairy root transformation with Agrobacterium rhizogenes
The confirmed expression clone was transformed into electro-competent Agrobacterium rhizogenes
(MSU440) by electroporation and positive colonies were checked by restriction enzyme digestions.
-1

One confirmed colony was spread on LB agar plate containing 100 mg L spectinomycin and used for
T. caerulescens hairy root transformation. Five-day old seedlings, sown in the condition as described
above, of the nas1 mutant genotype were removed their roots by cutting just above the hypocotyls –
root boundary. One dot of bacteria was put at the base of each hypocotyl for coculturing and plates
were put in the hydroponics cells. After five days, seedlings were transferred to new 1/2 MS plates
-1

supplemented with 200 mg L timentin to remove the bacteria. Transformed roots were checked every
week by a Leica stereo-microscope through the expression of DsRED protein and untransformed roots
were removed. After three weeks, seedlings were transferred to hydroponics with modified 1/2
Hoagland solution containing 100 µM ZnSO4 and kept selecting for transformed roots.
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Statistical data analysis
Analysis of variance (ANOVA) for all the measured variables was performed by SPSS Version 17
(SPSS Inc., Chicago, USA). The treatment means were separated using Duncan’s multiple range test
(DMRT) taking P<0.05 as significant.
TM

Table 1. Primers used in this study. Primers were designed by using Vector NTI® Advance

10.3

TM

(Invitrogen )
Gene

Primer name

Sequence (5’-3’)

Amplicon size (bp)

Primers for genotyping
TcNAS1

XU003 (F)

GCCAAGTTTCACCTCCCGAA

XU002 (R)

AAGAACAGCTCCAGGAGCCA

261 or 610

Primers for Q-PCR
TcNAS1

TcNAS2

TcNAS3

TcNAS4

TcTubulin

DUY01 (F)

GACACTTTGTTCGGGCAACTCG

DUY02 (R)

CCAAGATTGTGGAGAAGTGTTGC

DUY03 (F)

GACAACTCGTGTCCACGTGCTTACC

DUY04 (R)

GCCTATGATTGTGGAGAAGTGTTCC

DUY05 (F)

TCTCGAAGCTCGAGAGTCTGAAACC

DUY06 (R)

CTTGATGAGTTTTTGTCGAATCTCC

DUY07 (F)

GTGAGCACGATCTGCGATCTGTACG

DUY08 (R)

GCTTTCAGACATCTTTGTGACGTCG

DUY09 (F)

CCTACGCACCAGTCATCTCTGC

DUY10 (R)

CCACGGTACATCAGACAGCAAGC

160

521

146

147

151

Primers for RNAi fragments
TcNAS2

TcNAS3

TcNAS4

DUY11 (F)

(CACC)ACAACTCGTGTCCACGTGCTTACC

DUY12 (R)

(C15)GCCTATGATTGTGGAGAAGTGTTCC

DUY13 (F)

(G15)CACGTCCATCGTTCTTGCTTCATCC

DUY14 (R)

(G5C5G5)TGTCAACGGTGTGGAATAACATGC

DUY15 (F)

(C5G5C5)TATCCAATCGTCGAGCCTTGTGACC

DUY16 (R)

GCCAGACCCGAATCTTGATGATCC

170

176

173

F, forward primers; R, reverse primers
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Results

Phenotypic analysis of nas1nas1 compared to LC42
First, the effect of the knockout of TcNAS1 on the growth of accession LC was investigated. The
genotype LC42 and the homozygous nas1nas1 mutants (nas1) collected from the LC population were
compared on different metal treatments: Zn100, Zn0.05, Zn1000, Fe0.5, Fe100, Ni10, Ni100, Cd0.5,
and Cd50. Performances of the two genotypes were determined basing on leaf chlorosis and plant dry
weight. Visible phenotypes were recorded every week, while dry weight was obtained at the end of the
second week on metal treatments.
After one week, both genotypes grew normally in Zn0.05, Fe100, and Ni10. In Zn100, Zn1000, Ni100,
and Cd0.5, plants already showed stress-related phenotypes: leaves of LC42 plants had lighter green
interveinal tissues and darker green veins, while young leaves of nas1 plants had little chlorosis at the
leaf base and petiole. These phenotypes were stronger in Fe0.5 and Cd50 treatments. They were
more pronounced after two weeks (Figure 5) and leaves of both genotypes in Zn1000 became more
chlorotic than in Zn100.
The Zn deficiency treatment (0.05 µM Zn) showed no phenotypic difference compared to control Zn
conditions. Although roots were washed before plants were transferred to Zn deficient conditions, the
amount of Zn absorbed during the first week in hydroponics with 100 µM Zn seemed to be enough for
Thlaspi plant growth in Zn deficiency for many weeks. Hence, in the following comparison, this
treatment was removed from the experiment. On the other hand, the Fe deficiency treatment (0.5 µM
Fe) was successful as both genotypes showed a strong phenotype of Fe deficiency: yellow interveinal
tissues and stunted growth. The stronger phenotype observed in nas1 plants with completely yellow
young leaves indicating the reduced ability of the nas1 mutant to unload Fe from xylem into the leaf
tissues. In excess Fe (100 µM Fe), LC42 and nas1 grew well without any chlorosis and were
seemingly larger than plants in the control treatment (Zn100 with 20 µM Fe). This may be due to the
competition between Fe and Zn in the solution for root metal uptake system. In control treatment, Zn
concentration was much higher than Fe concentration (100 µM compared to 20 µM) so that Thlaspi
plants accumulated large amount Zn leading to toxic symptom, leaf chlorosis. While in Fe100
treatment, Fe and Zn were supplied in an equimolar amount. Thus Fe could compete with Zn in
binding to metal transporters and reduce the availability of Zn to Zn uptake system, which
subsequently resulted in non-toxic Zn concentration in leaf tissues.
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Figure 5. Thlaspi caerulescens accession LC42 and the nas1nas1 mutant (nas1) under different
treatments for two weeks. Numbers after metal symbols show their concentrations (µM); 100 µM
ZnSO4 was used in all treatments except for Zn0.05 and Zn1000; 20 µM Fe(Na)EDTA was used in all
treatments except for Fe0.5 and Fe100. The bar indicates 2 cm as marker for all images.
In treatments with Ni, 10 µM Ni did not affect nas1 plants, which had as little chlorosis as plants in
Zn100. Ni affected LC42 plants more by causing interveinal chlorosis in their leaves, which happened
stronger in lower leaves of the same plant. Higher sensitivity was shown in both genotypes when 100
µM Ni was used. In Cd treatments, 0.5 µM Cd only caused a little more chlorosis in comparison to the
control treatment (Zn100). High concentrations of Cd (50 µM) caused serious damage on both
genotypes with noticeable chlorosis. Moreover, several LC42 plants showed necrosis in leaves
whereas nas1 plants did not. Regarding plant size, after two weeks plants under Fe0.5, Cd0.5, and
Cd50 were smaller than those under other treatments.
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Dry weights of roots and shoots were measured separately and are shown on Figure 6. For LC42,
shoots of plants in all three Zn treatments and in Ni100 had similar dry weights. Plants in Ni10, Fe100,
and Cd0.5 had significantly lower shoot dry weight than the control treatment. Cd50 and Fe0.5
resulted in the lowest shoot dry weight for LC42 plants. In root dry weight and total dry weight, LC42
had significantly lower values in Fe0.5 and Cd50 than in the control treatment. Plants in Ni100,
Zn0.05, and Cd50 had significantly lower root-to-shoot dry weight ratios (R:S ratio) than the control.
For nas1, plants in Fe100 had highest shoot and root dry weights, while lowest shoot and root dry
weights were obtained in Fe0.5. The difference in shoot dry weight between nas1 plants in Ni10 and
Ni100 was statistically significant. Regarding root dry weight, plants in Zn0.05 and Zn1000 treatment
did not differ from Zn100 but they differed from each other with lower root dry weight in Zn0.05. Plants
in Cd50 had significantly lower root dry weight than plants in Cd0.5 and control treatment. Regarding
R:S ratios, only plants in Cd50 had significantly lower ratio than plants in control treatment. In
treatments with the same metal, Cd50, Fe0.5, and Ni100 resulted in significantly lower R:S ratios than
Cd0.5, Fe100, and Ni10, respectively.
When comparing between the two genotypes, no significant difference was observed in Zn1000,
Fe0.5, Ni10, and Cd0.5 as well as in the control treatment. In Zn0.05, only total dry weight of nas1
plants was significantly higher than that of LC42 plants although shoot and root dry weight was not,
separately. In conditions of high concentrations of Fe, Ni, or Cd, nas1 had significantly higher shoot,
root, and total dry weight than LC42. However, there are already phenotypic differences between the
two genotypes when growing normally. LC42 plants have oval-shaped leaves with light green color
and long and epinastic petioles, while nas1 plants have rounder thicker leaves with dark green color
and shorter and less epinastic petioles. LC42 plants can flower without vernalization, although they
flower much better after vernalization with a cold period. While nas1 definitely needs a cold period for
flowering and their reproductive tissues are different from those of LC42 as well.
In conclusion, nas1 with mutated TcNAS1 performed better than LC42 with two functional TcNAS1
alleles in high Fe/Ni/Cd supplies. However, there seems to be other genetic differences than TcNAS1
locus between these two genotypes. Therefore, a better wild type than LC42 should be developed for
studying the effect of TcNAS1 knockout on this accession.
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Figure 6. Dry weight (d.wt) of Thlaspi caerulescens genotype LC42 and nas1 mutant under different
treatments measured after two weeks. Numbers after metal symbols show their concentrations (µM);
100 µM ZnSO4 was used in all treatments except Zn0.05 and Zn1000; and 20 µM Fe(Na)EDTA was
used in all treatments except Fe0.5 and Fe100. Asterisk (*) indicates significant difference between
the nn and NN means as determined by the Student T test in the same treatment. Error bars present
standard errors, n = 3. Original data are presented in table format shown in Appendix 1.

Figure 7. Dry weight (d.wt) of Thlaspi caerulescens accession La Calamine with homozygous wild-type
TcNAS1 (NN) or homozygous mutated TcNAS1 (nn) under different treatments measured after three
weeks. Numbers after metal symbols show their concentrations (µM); 100 µM ZnSO4 was used in all
treatments except Zn1000; and 20 µM Fe(Na)EDTA was used in all treatments except Fe0.5. Asterisk
(*) indicates significant difference of the nn mean in comparison with NN mean by Student T Test in the
same treatment. Error bars present standard errors, n = 3. Original data are presented in table format
shown in Appendix 2.
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Phenotypic analysis of wild type (NAS1/NAS1, NN) compared to nas1 mutants (nas1/nas1, nn)
For further experiments, another pair of LC phenotypes was developed with less undesired genetic
variation to better identify the effect of the nas1 knockout. A near-isogenic population was obtained
from self-fertilized Tc1-7, a LC plant heterozygous for the TcNAS1 locus. During the first week in
hydroponics, the population was genotyped for TcNAS1 locus. Primer pair Xu003 and Xu002, flanking
the site of transposon insertion in TcNAS1, was used so that the mutated TcNAS1 allele with the
transposon insertion would result in a larger PCR product than the wild-type allele (see samples of
phenotyping PCR result in Appendix 3). Total of 370 seedlings were tested and grouped into three
phenotypes: 106 plants with homozygous wild-type TcNAS1 (NN), 185 plants with heterozygous
TcNAS1 (Nn), and 79 plants with homozygous mutated TcNAS1 (nn). Although the number of nn
2

mutants was less than expected with the NN:Nn:nn ratio of 1.15:2:0.85, results from Chi Square (χ )
test indicated that the ratio of three progeny genotypes conformed to the Mendelian ratio of
2

2

segregation (χ = 3.94, smaller than the critical value of the χ distribution of 2 degree of freedom and
p = 0.05, 5.991). Seedlings having NN and nn genotypes were selected for further studies on different
heavy metal conditions: Zn100 as control, Zn1000, Fe0.5, Ni10, Ni100, Cd0.5, and Cd50.

Figure 8. Thlaspi cearulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or
homozygous mutated TcNAS1 (nn) under different treatments for three weeks: Zn100, Zn1000, Fe0.5,
Ni10, Ni100, Cd0.5, and Cd50. Numbers after metal symbols show their concentrations (µM); 100 µM
ZnSO4 was used in all treatments except Zn1000; 20 µM Fe(Na)EDTA was used in all treatments
except Fe0.5. The bar indicates 2 cm as marked for all images.
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Since one cotyledon was removed from each of these plants in the early phase of development, they
were kept in heavy metal treatments for three weeks to obtain clearer phenotypes and enough
material for mineral content measurements. After the first week, some chlorosis had developed on
leaves of plants in Ni100, Cd50, and Fe0.5. In the second week, plants in Zn100, Zn1000, Ni10, and
Cd0.5 started to show chlorosis while the chlorosis became more pronounced in other treatments. At
the end of the third week (Figure 8), there was almost no chlorosis on plants in Zn100, but plants of
both genotypes in Zn1000 still had little sign of chlorosis. In the treatment Fe0.5, a very clear Fe
deficiency phenotype with yellow interveinal tissues was observed in both genotypes. This chlorotic
phenotype was also recorded in Cd50, Ni100, Cd0.5, and Ni10 but less chlorosis was observed in
treatments with lower Ni/Cd concentrations. It seemed that in each treatment the nn genotype were
suffering more than the NN genotype but the difference was small. The NN genotype in Ni10 and
Cd0.5 became nearly as normal as those plants in control treatment.
Dry weight was measured at the end of the third week (Figure 7). The NN genotype in Zn1000 and
Fe0.5 was not significantly different to the control treatment Zn100 in all four parameters: shoot dry
weight, root dry weight, total dry weight, and R:S ratio. In other treatments, its shoot, root, and total dry
weights were statistically significantly higher than control treatment except root dry weight in Cd50
treatment. In treatments with Ni, the NN genotype in Ni100 had higher values for all parameters but
only significantly for root dry weight compared to Ni10 treatment. In treatments with Cd, the NN
genotype had significantly lower shoot, root, and total dry weights in Cd50 than in Cd0.5. However,
R:S ratios were similar between the NN genotype in two Cd concentrations.
For the nn genotype, there was no significant difference between Zn1000 and Zn100 treatment. Plants
in Fe0.5 had significantly higher root dry weight and R:S ratio than the control treatment. Like the NN
genotype, the nn genotype in treatments with Ni and Cd had significantly higher shoot, root, and total
dry weights in comparison with control treatment. Within Ni treatments, plants in Ni100 had higher
values in all parameters than those in Ni10 but only significantly in root dry weight and R:S ratio. While
in Cd treatments, there was no statistically significant difference between the two Cd concentrations.
When comparing the two genotypes in the same treatments, the NN genotype had significantly higher
shoot, root, and total dry weights than the nn genotype in Zn100, higher root dry weight in Zn1000,
and higher shoot dry weight, total dry weight, and R:S ratio in Fe0.5 the nn genotype. Surprisingly, no
statistically significant difference was observed between the two genotypes in treatments with Ni.
Treatments with Cd resulted in higher shoot and total dry weight in the NN genotype than the nn
genotype. Moreover, the NN genotype had significantly higher root dry weight in Cd0.5 but lower R:S
ratio in Cd50 than the nn genotype.
Heavy metal accumulation
The knockout of TcNAS1 is supposed to change the NA production and subsequently influent the
metal homeostasis of the plants. To study this possible effect, metal contents, including Fe, Zn, Ni, Cd,
Cu and Mn, were measured for both NN and nn genotypes of accession LC in various hydroponics
conditions. For Zn accumulation (Figure 9), both genotypes had shoot:root Zn concentration ratios,
higher than 1 in all treatments. This is a clear indication for hyperaccumulators. They accumulated
significantly more Zn in shoots, roots, and wholes plant in Zn1000 than in the control treatment
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because of the excess Zn supply. Lower translocation efficiency of plants in this treatment compared
to the control was simply due to the large quantity of Zn absorbed by and retained in the root system.
In Fe0.5 treatment, similar Zn concentrations in shoots and in whole plants but significantly higher root
Zn concentration were found in comparison to the control. These resulted from significantly lower Zn
translocation efficiencies in this treatment for both NN and nn genotypes and indicate Zn influx of this
accession LC was not affected by Fe deficiency status. Fe, however, competed with Zn for
translocating up to the shoot to rescue the Fe deficiency resulting in lower Zn translocation efficiency
of LC plants in this treatment compared to the control treatment. In Ni/Cd treatments, plants of both
genotypes had similar Zn concentrations in the whole plant, except that the NN genotype in Cd50
treatment had lower Zn concentration than in Cd0.5 treatment. Plants in Cd50 had significantly lower
shoot Zn concentration than the control, while plants in Ni100 had significantly higher root Zn
concentration than the control. These, altogether, resulted in significantly lower Zn root-to-shoot
translocation efficiencies in Ni100 and Cd50 than the control. Between the two genotypes, they were
only different in treatment Fe0.5, in which the nn genotype had lower Zn concentration in roots
resulted from its higher Zn translocation efficiency than the NN genotype.

-1

Figure 9. Zinc (Zn) concentration (µmol g ) and root-to-shoot translocation efficiency of Thlaspi
caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or homozygous
mutated TcNAS1 (nn) under different treatments for three weeks. Numbers after metal symbols show
their concentrations (µM); 100 µM ZnSO4 was used in all treatments except Zn1000; and 20 µM
Fe(Na)EDTA was used in all treatments except Fe0.5. Asterisk (*) indicates significant difference of the
nn mean in comparison with NN mean by Student T Test in the same treatment. Error bars present
standard errors, n = 3. Original data are presented in table format shown in Appendix 4.
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-1

Figure 10. Nickel (Ni) and cadmium (Cd) concentration (µmol g ) and root-to-shoot translocation
efficiencies of Thlaspi caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN)
or homozygous mutated TcNAS1 (nn) under different treatments for three weeks. Numbers after metal
symbols show their concentrations (µM); 100 µM ZnSO4 and 20 µM Fe(Na)EDTA were used in all
treatments. Asterisk (*) indicates significant difference of the nn mean in comparison with NN mean by
Student T Test in the same treatment. Error bars present standard errors, n = 3. Original data were
presented in table format shown in Appendix 4.
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For Ni and Cd (Figure 10), Ni/Cd root-to-shoot translocation efficiencies of both genotypes were higher
than 1 in all Ni/Cd treatments, which are an indication of Ni/Cd hyperaccumulators. Higher Ni/Cd
supplies (Ni100, Cd50) caused significantly higher Ni/Cd concentrations in shoots, roots, and whole
plants for both genotypes. This was also recorded in case of Ni/Cd root-to-shoot translocation
efficiencies, except the nn genotype in Ni treatments, but the difference was not statistically significant.
Between the two genotypes, the nn genotype accumulated less Ni/Cd in roots than the NN genotype
in treatments with low Ni/Cd (Ni10 and Cd0.5) and more Ni/Cd in shoots than the NN genotype in
treatments with high Ni/Cd (Ni100 and Cd50). Although these differences were not always statistically
significant, they resulted in statistically significantly higher Ni/Cd root-to-shoot translocation efficiencies
for the nn genotype in all Ni/Cd treatments except Ni100. The higher concentration of Cd in shoots of
the nn genotype caused more toxicity and resulted in lower biomass accumulation. However, this is
not the case for plants in high Ni concentration, possibly because Ni is an essential micronutrient for
plants and toxicity to plants of high Cd concentration considerably surpasses that of Ni.
Other metal (Fe, Cu, and Mn) accumulation data are shown in Figure 11. In the case of Fe, both NN
and nn genotypes accumulated Fe in roots at much higher concentrations than in shoots in all
treatments resulting from very low root-to-shoot translocation efficiencies. The low Fe translocation
efficiency allows plant to avoid overloading shoots with iron and protect plants, especially
photosynthesis apparatus, from the toxicity of free Fe. This efficiency was higher, in comparison to
control treatment, when these plants were in deficient Fe condition for transferring enough Fe required
for normal growth. It seemed to reach the maximum efficiency because of the Fe deficiency phenotype
on their leaves regardless of large amount of Fe in the roots. This Fe translocation efficiency, however,
decreased (not significantly for the NN genotype) in excess Zn treatment compared to the control
treatment. This seems to be caused by too much Fe absorbed by Fe transporters responding to
relative Fe deficiency caused by the excess Zn supply.
Total plant Fe concentrations in the Ni/Cd treatments were similar to the control for two genotypes.
The Fe root-to-shoot translocation efficiencies of each genotype in these four treatments were similar
to each other but lower than those in the control treatment. Although it was not significant for the NN
genotype, these resulted in significantly lower shoot Fe concentration of both genotypes in Ni/Cd
treatments. This indicates that Ni and Cd compete with Fe in uploading into xylem for translocation to
shoot tissues rather than metal uptake by root system. When comparing two genotypes, the nn
genotype accumulated Fe in at least similar level and, in cases, significantly higher levels (shoot Fe
concentration in Fe0.5, whole plant Fe concentrations in Fe0.5 and Cd50, and all parameters in
Zn100) than the NN genotype indicating higher Fe requirement of the nn genotype.
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Figure 11. Iron (Fe), copper (Cu), and manganese (Mn) concentration (µmol g ) of Thlaspi
caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or homozygous
mutated TcNAS1 (nn) after three weeks under different treatments. Numbers after metal symbols
show their concentrations (µM); 100 µM ZnSO4 was used in all treatments except Zn1000; and 20 µM
Fe(Na)EDTA was used in all treatments except Fe0.5. Asterisk (*) indicates significant difference of
the nn mean in comparison with NN mean by Student T Test in the same treatment. Error bars present
standard errors, n = 3. Original data were presented in table format shown in Appendix 4.

24

Nguyen Duy

nas1 knockout in Thlaspi caerulescens

For Cu, similar accumulation levels of NN and nn genotypes were observed. LC plants accumulated
more Cu in whole plant in excess Zn and high Cd concentration than in control treatment. While their
Cu root-to-shoot translocation efficiencies in these conditions were significantly lower than in the
control. On the other hand, Ni treatments reduced Cu accumulation but not Cu translocation efficiency.
Between two genotypes, the nn genotype accumulated Cu in similar concentration to the NN genotype
and only had significantly higher Cu translocation efficiency in Cd50 than NN plants. Finally, Mn
accumulations of both NN and nn genotypes increased in Fe0.5 treatments in comparison to the
control treatment. It increased slightly in Zn1000 and Ni treatments but not in Cd treatments. However,
no significant difference (except root Mn concentration in Ni10) between the two genotypes was found.
The growth of three T. caerulescens accessions
To obtain any information on accession-specific NAS gene expression, the TcNAS expressions in
three accessions were analyzed. Plants of accession GA, accession MP, and the LC42 and nas1
genotypes of accession LC were grown in the same condition. Germination rates of GA and MP seeds
(70 – 80%) were considerably lower than LC42 and nas1 (95 – 100%) and reduced promptly after
several months of storage in room condition. Two-week old seedlings were first transferred to 1/2
Hoagland solution containing 20 µM Fe(Na)EDTA and 100 µM ZnSO4 for three weeks. GA and MP
plants were too sensitive to this hydroponics condition as indicated by stunted growth, especially MP
plants with leaf chlorosis and necrosis. The reason is that GA is more tolerant to Cd than to Zn. For
MP, It seems to need Ni for healthy growth. The rather high Zn concentration (100 µM) without Ni
supply might lead to the accumulation of too much Zn to the toxic level. For LC42 and nas1, little
chlorosis was also observed on leaves.
Hence, another replicate of these four genotypes was grown in similar condition with ZnSO4
concentration reduced to 10 µM. The four genotypes grew well after three weeks without any stress
symptom. Shoot and root samples were collected from this replicate for gene analysis. Therefore,
lower Zn concentrations than 100 µM should be used to obtain comparable growth of these
accessions so that the gene expression analysis can be more accurate. However, necrosis appeared
in MP plants during the vernalization treatment suggests that Zn concentration should be lower than
10 µM or Ni should be supplied at this stage if reproductive tissues of this accession are needed for
gene expression analysis. For comparison between LC42 and nas1, 20 µM Zn, equimolar to the Fe
concentration, or higher Zn concentration, 50 µM, still may be used in hydroponics solution to obtain
normal growth of these LC plants.
TcNAS gene expressions in different T. caerulescens accessions
Expressions of the four TcNAS genes in three different accessions were analyzed to understand their
specificities. Prior to that, PCR efficiencies of primers for the five genes, four TcNAS genes and the
reference gene, TcTubulin, were determined (detail result in Appendix 5). Their PCR efficiencies were
in the range of 98.3 – 112.3%, and that of the reference gene was 108.6%. Hence, these primers were
good enough to proceed to quantitative Real-Time PCR.
The samples from the second replicate of the four genotypes were used for TcNAS expression
studies. No template control (NTC) for each primer pair and RNA control for each sample were also
included to check for primer dimerization and DNA contamination in RNA samples, respectively.
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Based on Ct values of these control reactions, it was clear that no primer dimerization occurred for
o

these primers at annealing temperature of 62 C and 100-nM final concentration of primers. Very low
DNA contamination was detected in RNA samples: Ct values of RNA control reactions were around
15-cycle late compared to respective cDNA samples.
To compare fold changes in expressions of TcNAS genes between the four genotypes, TcNAS1
expression in shoots of LC42 was used as calibrator (Figure 12). Overall, four genotypes had quite
similar patterns of TcNAS gene expressions: TcNAS1 and TcNAS4 were expressed in both shoots
and roots; TcNAS2 was strongly expressed in roots but not in shoots; and TcNAS3, in contrast, was
expressed mainly in shoots and very little in roots. However, there were variations between genotypes.
The expression of TcNAS1 in shoots of LC42 was about five-fold higher than in nas1 and GA, but only
slightly higher than MP. In roots, the expression of TcNAS1 in LC42 was two-fold higher than in nas1
and GA, but three-fold lower than in MP. The expression of TcNAS2 in roots of LC42 was four-fold and
six-fold higher than nas1 and GA, respectively, but two-fold lower than MP. The expressions of
TcNAS3 in shoots of LC42 and nas1 were similar. Its expressions in shoots of GA and MP were
respectively two-fold and eight-fold lower than that of LC42. The expression of TcNAS4 was also
similar in shoots and roots of LC42 and nas1. Its expression in shoots of GA and MP was respectively
three-fold and two-fold lower than that of LC42. While its expression in roots of GA was six-fold lower
than LC42, its expression in roots of MP was four-fold higher than LC42.
In LC42, the expressions of TcNAS1 and TcNAS4 in shoots were respectively three-fold and sevenfold higher than in roots. In LC42 shoots, the expression of TcNAS3 was 50% higher than that of
TcNAS1, while the expression of TcNAS4 was slightly lower than that of TcNAS1. And in LC42 roots,
the expression of TcNAS2 was 25-fold higher than that of TcNAS1, while the expression of TcNAS4
was three-fold lower than that of TcNAS1. In nas1, the expressions of TcNAS1 in shoots and roots
were similar, while that of TcNAS4 in shoots was five-fold higher than in roots. In nas1 shoots, the
expressions of TcNAS3 and TcNAS4 were six-fold and two-fold higher than that of TcNAS1. While in
nas1 roots, the expression of TcNAS4 was similar to that of TcNAS1, but the expression of TcNAS2
was 40-fold higher than that of TcNAS1. In GA, TcNAS1 expressions in shoots and roots were also
similar, but TcNAS4 expression in shoots was eleven-fold higher than in roots. In GA shoots, the
expressions of TcNAS3 and TcNAS4 were respectively nine-fold and two-fold higher than that of
TcNAS1. While in GA roots, the expression of TcNAS2 was 15-fold higher and the expression of
TcNAS4 was five-fold lower than that of TcNAS1. In MP, the expressions of each TcNAS1 and
TcNAS4 in shoots and in roots were similar. In MP shoots, the expressions of TcNAS3 and TcNAS4
were respectively three-fold and two-fold lower than that of TcNAS1. While in MP roots, the expression
of TcNAS2 was 15-fold higher than that of TcNAS1 but the expression of TcNAS4 was two-fold lower
than that of TcNAS1.
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Figure 12. Expression fold changes of TcNAS gene in shoots or roots of four genotypes La Calamine
(LC42), nas1 mutant, Ganges (GA), and Monte Prinzera (MP) calibrated to expression of TcNAS1 in
shoots of LC42 after three weeks in modified 1/2 Hoagland containing 10 µM ZnSO4. The error bars
present standard errors, n = 3.
Effect of the nas1 knockout on the expressions of other TcNAS genes in different conditions
TcNAS gene expressions were compared between T. caerulescens LC plants with homozygous wildtype TcNAS1 (NN) or homozygous mutated TcNAS1 (nn) to investigate the effect of the knockout of
TcNAS1 on the expressions of other TcNAS genes. The expression of TcNAS1 in shoots of the NN
genotype was used as the calibrator (Figure 13). The result showed that the expressions of TcNAS
genes in NN and nn genotypes were similar to LC42 and nas1 with the expressions of TcNAS1 and
TcNAS4 found in both shoots and roots, while the expressions of TcNAS2 and TcNAS4 mainly found
in roots and shoots, respectively. However, the expression of TcNAS1 in shoots of the NN genotype
was much lower than its expression in roots (10 – 20 times) and TcNAS4 expression in shoots (about
20 – 60 times). This is different from the previous result of the four accessions in which TcNAS1 was
found to be expressed mainly in shoots. It is possibly due to the 10-times higher Zn concentration
which was used in this experiment. However, since the expression of the TcNAS genes in the nas1
genotype is comparable to expression in the nn genotype, the differences between LC42 and NN are
likely to be due to additional genetic differences between both genotypes, other than the NAS1 gene.
In the NN genotype, TcNAS1 expression in shoots was four-fold higher in Cd0.5 but two-fold lower in
Cd50 compared to the control treatment (Zn100). While in roots, its expression was 1.5-fold higher in
Fe0.5 and two-fold higher in Ni100, but two-fold lower in Ni10 in comparison to the control treatment.
The strong expression of TcNAS2 in roots of plants in Ni100 and Cd50 was increased 40% and 60%,
respectively. The expressions of TcNAS3 in shoots were slightly reduced in Ni treatments, three-fold
reduced in Cd treatments and 15-fold reduced in Fe0.5 compared to the control treatment. In case of
TcNAS4, its expression in shoots of NN plants was reduced 50% in Ni10 and Cd0.5, but increased 4
times in Cd50 compared to the control treatment. In roots, TcNAS4 expression was decreased two
times in Ni100 but increased two times in Cd50 compared to the control treatment.
In the nn genotype, in which TcNAS1 is mutated, the TcNAS1 expression in shoots was four-fold and
two-fold higher in Zn1000 and Fe0.5, respectively, than in the control treatment. While its expressions
in Ni10 and Cd0.5 were about three-fold lower than in the control treatment. In roots, the expressions
of TcNAS1 in Zn1000 and Fe0.5 were four-fold higher than in the control treatment. The very weak
expressions of TcNAS2 in shoots were five-fold increased in Zn1000 and Ni100 compared with the
control treatment. Its strong expressions in roots were 70% and 50% increased in Zn1000 and Ni100,
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respectively, compared with the control treatment. The expression of TcNAS3 in shoots was two-fold
increased in Zn1000 in comparison to the control treatment. Its expressions were decreased two times
and three times in Fe0.5 and Cd0.5 compared with the control treatment. TcNAS3 expression in roots
was increased 13 times in Ni100 treatment compared to the control treatment. The expression of
TcNAS4 in shoots was two-fold higher in Fe0.5 but two-fold lower in Ni10, Ni100, and Cd0.5 than in
the control treatment. In roots, its expressions were five-fold and three-fold higher in Fe0.5 and Ni10,
respectively, than in the control treatment. And they were 50% higher in Cd treatments compared to
the control treatment.
When comparing between the two genotypes, expression of TcNAS1 in roots of the nn genotype was
only two-fold higher than in the NN genotype. In shoots, its expressions in the nn genotype were much
higher than in the NN genotype: eight-fold higher in Zn100, 15-fold higher in Zn1000 and Fe0.5, fivefold higher in Ni treatments, ten-fold higher in Cd0.5, and three-fold higher in Cd50 treatment.
However, this increase in expression of TcNAS1 in the nn genotype did not contribute to the
production of NA since its transcripts could not be translated into functional proteins. The expressions
of TcNAS2 in shoots of both genotypes were very low in most treatments, but it was noticeable in the
in Zn1000 and Ni100 when it was respectively 2.5-fold and five-fold higher in the nn genotype than the
NN genotype. The strong expression of TcNAS2 in roots of the nn genotype was 1.5-fold higher in
Zn1000 and two-fold lower in Cd50 in comparison to the NN genotype. The expression of TcNAS3 in
shoots of the nn genotype was five-fold and 2.5-fold higher than in the NN genotype in Fe0.5 and
Cd50, respectively, but it was two-fold lower in Zn100 and Ni10 in comparison to the NN genotype. In
roots, TcNAS3 expression of the nn genotype became noticeable in Ni100, which was ten-fold higher
than that in the NN genotype. TcNAS4 expressions in shoots of the nn genotype were two-fold and
three-fold higher than the NN genotype in Zn1000 and Fe0.5, respectively, but it was three-fold lower
than that of the NN genotype in Cd50 treatment. In roots TcNAS4 expressions in the nn genotype
were five-fold higher in Fe0.5 and slightly higher in Ni treatments in comparison to the NN genotype. In
contrast, TcNAS4 expression in roots of the nn genotype was about two-fold lower in Cd50 compared
to the NN genotype.
Generally, in the NN genotype the expression of TcNAS1 was not changed much in our treatments.
The expression of TcNAS2 in roots of this genotype was increased in response to high Ni/Cd supplies,
while the expression of TcNAS3 in shoots was decreased in response to Fe deficiency and Cd
treatments. And the expressions in shoots and roots of TcNAS4 in the NN genotype were increased in
response to high Cd supply. The expression levels of TcNAS genes in the nn genotype were very
different from those of the NN genotype, with TcNAS1 generally higher expressed in nn, TcNAS2,
which is mainly expressed in shoots, generally at comparable levels, TcNAS3, mainly expressed in
roots, generally lower under control and Ni exposure and higher under low Fe and high Cd, and
TcNAS4 generally comparable in shoot, although lower under Cd conditions, and higher in roots for Zn
and low Fe, while lower at high Cd.
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Figure 13. Relative transcript levels (RTL) of TcNAS genes in shoots (a) or roots (b) of Thlaspi
caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or homozygous
mutated TcNAS1 (nn) after three weeks under different treatments calibrated to the expression of
TcNAS1 in shoots of the NN genotype under the control treatment (Zn100). Numbers after metal
symbols show their concentrations; 100 µM ZnSO4 was used in all treatments except Zn1000; and 20
µM Fe(Na)EDTA was used in all treatments except Fe0.5. The error bars present standard errors, n =
3.
Construction of the quadruple nas mutant
For creating a quadruple nas mutant, an RNAi construct for silencing TcNAS2, TcNAS3, and TcNAS4
simultaneously was designed and transformed into nas1 mutants of T. caerulescens accession LC. A
PCR fragment of each gene (exact sizes in Table 1) was generated from cDNA samples of a La
Calamine plant with specific primer pair. These fragments were originated from three non-overlapping
parts of the aligned region among the three TcNAS genes. Hence, the silencing of each gene could be
more independent from each other. The result of this first PCR step is shown in Figure 14 with specific
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bands for each gene at the size of approximately 170 bp. Beside the three separate PCRs for three
TcNAS genes, a PCR using Phusion® High-Fidelity DNA polymerase and with combination of all three
primer pairs was conducted to test the possibility of creating the RNAi construct for the three genes in
one step (lane 4). However, no band with expected size of RNAi construct, 489 bp, was observed.

Figure 14. Separate PCR for three TcNAS genes. (M) Fermentas 100bp plus DNA ladder; (1)
TcNAS2, 170bp; (2) TcNAS3, 176bp; (3) TcNAS4, 173bp; (4) Combined PCR using Phusion® HighFidelity DNA polymerase and with three primer pairs, but there is no combine fragment available.
Based on band intensities, a mix of 1 µl, 3 µl, and 2 µl PCR products of TcNAS2, TcNAS3, and
TcNAS4, respectively, was used in the second PCR step for fusing the three fragments. Another
o

reaction with half amount of PCR products was also performed and two annealing temperatures, 58 C
o

and 60 C, were used for all reactions to test for most conformable condition. Result of this PCR
(Figure 15) showed that the fusion reactions were successful with bands at expected size (489 bp).
However, unspecific bands were observed in these reactions with less intensity, which was possibly
due to too much template applied. Purified fusion-PCR product (Appendix 6) was cloned into the entry
TM

vector, pENTR /D-TOPO®.

o

o

Figure 15. Fusion PCR with annealing temperature at 58 C or 60 C on one time (1X) or half (0.5X)
amount of PCR product mix of TcNAS2, TcNAS3, and TcNAS4. (M) Fermentas 100bp plus DNA
ladder.
Eleven positive DH5αE colonies from TOPO® cloning were confirmed by colony PCR using primer
pair DUY11 – DUY16 (Appendix 7). Plasmid DNA from three positive colonies, number 5, 7, and 10,
were checked with restriction enzyme digestions (Appendix 8). Bands with expected sizes after
digestion confirmed colony 7 and 10 as correct entry clones with the entry vector harboring RNAi
construct. Colony 5 had similar digestion pattern as empty vector indicating a false positive in colony
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PCR caused by DNA contamination coming from the ligation reaction. Plasmid DNA from the two
confirmed entry clones, 7 and 10, were subjected to sequencing PCRs with DETT Dye (Amersham)
and M13 forward or M13 reverse primer and subsequently sequenced.
However, poor sequencing results were obtained with many unidentified nucleotides. Fluorescent
signal was strong for only approximately 50 first bases and dropped afterward indicating too much
plasmid DNA, possibly primer as well, was added in sequencing PCRs. Full length of RNAi construct
was obtained by assembling sequencing results from reactions with M13 forward or M13 reverse
primer. Unidentified nucleotides were corrected by analyzing sequencing data files with the program
Bioedit

sequence

alignment

editor

(Tom

Hall,

Ibis

Therapeutics,

http://www.mbio.ncsu.edu/BioEdit/bioedit.html) (sequences are placed in Appendix 9). Alignment using
BLAST tool (bl2seq) on NCBI (National Center for Biotechnology Information) with the sequence of
RNAi construct, obtained by assembling sequences of La Calamine TcNAS genes, revealed five
nucleotides were added in RNAi construct derived from entry clone 7. However, sequence from this
clone had higher homology to the assembled RNAi construct than the one from entry clone 10 (95%
compared to 92 – 93%). This variation is due to possible DNA sequence differences between the plant
from which our RNAi construct derived and the plant from which sequences of TcNAS genes were
obtained. Sequencing errors, as mentioned above, seem to contribute to this variation as well.
Either two entry clones were subjected to LR reaction with intact destination vector GWI2, isolated
from colony number 2 of E. coli strain DB3.1 harboring GWI2 (Appendix 10), to create expression
clone. Expression clones were checked each time transformed into host cells, DH5α (Appendix 11) or
A. rhizogenes (Appendix 12 and Appendix 13). Three of four expression clones were confirmed and
expression clone 1 derived from entry clone 7 (ec7.1) was used to transform roots of nas1 plants. An
image of transformed root observed under Leica stereomicroscope is shown below.

Figure 15. T. caerulescens root transformed with expression clone ec7.1 harboring RNAi construct
and marker protein DsRED observed under Leica stereomicroscope.
Transformed roots of three plants were sampled to test for silencing efficiency. Untransformed roots of
those plants and of two plants having roots transformed with empty vector were collect to use as
calibrator.
Table 2. Relative transcript levels (RTL)of four TcNAS genes in roots transformed with RNAi construct
for TcNAS2, TcNAS3, and TcNAS4 of three Thlaspi caerulescens nas1 plants relatively compared to
that of untransformed roots.
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TcNAS1

TcNAS2

TcNAS3

TcNAS4

Untransformed root

1.1

1.0

1.1

1.0

Transformed root from plant 1

1.8

4.6

5.2

2.1

Transformed root from plant 2

0.3

3.0

0.6

0.9

Transformed root from plant 3

1.5

7.1

1.2

2.0

The result (Table 2) showed no silencing effect in these root samples. Expression of TcNAS2,
TcNAS3, and TcNAS4 were increased compared to untransformed roots. In case of TcNAS2, primer
pair for qPCR is the same to that for making RNAi construct. Hence, this might interfere with the
quantification of actual TcNAS2 expression. Therefore, new primers for qPCR of this gene need to be
designed. Expression level was decreased only in case of TcNAS3 and TcNAS4 of plant 2. However it
could easily be due to variation in RNA isolation because TcNAS1 expression in transformed roots of
this plant was also reduced compared with untransformed roots. Because roots were still small and
few roots were transformed, it was difficult to isolate RNA with similar quantity and quality between
samples. Moreover, silencing efficiency of the RNAi construct might be affected negatively by
sequence variation compared to the assembled sequence. However, more samples and tests are
needed to determine silencing efficiency of this RNAi construct.
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Discussion

The role of NA in metal, especially Fe, homeostasis in plants has been elucidated in many studies. In
recent years, with the increasing interest in heavy metal hyperaccumulating plants for not only basic
research but also application fields, its involvement in heavy metal accumulation in this special group
of plants is important as well. The four TcNAS genes, encoding the enzyme NA synthase, are
redundant in function (Klatte et al., 2009). However, the existence of these four genes is necessary
because of their different expression patterns in response to specific metals (van de Mortel et al.,
2006). Hence, the availability of Thlaspi plants with a mutated TcNAS1 allele in natural populations at
heavy metal contaminated sites is striking. Here, we studied the performance of the nas1 genotype in
comparison to the wild type in various hydroponics conditions imitating heavy metal contaminations to
have a better insight into this phenomenon.
In general, the expression patterns of TcNAS genes of this accession LC in this study is in agreement
with van de Mortel et al. (2006). There are expressions of TcNAS1 and TcNAS4 in both roots and
shoots and strong expressions of TcNAS2 and TcNAS3 in roots or shoots, respectively, except that
expression of TcNAS1 in roots was not detectable on gel in van de Mortel et al. (2006). However, it
was detectable in our experiment because Real-Time PCR with higher sensitivity was used. TcNAS
expressions in LC42 were higher than GA possibly because of the higher Zn hyperaccumulation in
LC42 than GA. The higher expressions of TcNAS genes in roots of MP compared to LC42 may
contribute to its ability to hyperaccumulate Ni, since NA was proved to facilitate Ni root-to-shoot
translocation (Mari et al., 2006). This appears to be a constitutive trait, as Ni was not added to the
nutrient solution of this experiment.
The similar growths between the nas1 knockout and the genotype LC42, having the genetic
background in which the knockout occurred, in three different Zn supplies indicate that Zn
hyperaccumulation and tolerance are still constitutive in this accession La Calamine irrespective of the
knockout of TcNAS1. The better growth of nas1 over LC42 in high Ni/Cd conditions, which partly
imitate heavy metal contaminated soils, is noteworthy. It is manifested in better biomass accumulation
and less susceptibility of nas1 in these conditions compared to LC42. The knockout of TcNAS1 seems
to bring benefits to La Calamine plants so that they can survive in the natural habitat, despite the lack
of one TcNAS gene in their genome. However, the clear morphological differences between the two
genotypes when grown normally suggest that there are more variations between them other than
TcNAS1 locus. And these variations also contribute to the difference in their performance in Ni/Cd
conditions. It is explainable for these variations between the two genotypes because while LC42
comes from a stable selfed population maintained in the greenhouse, in which many traits are
supposed to be fixed into homozygous status and adapted to the greenhouse condition; nas1
originates from a TcNAS1-heterozygous plant recently collected from its natural habitat, thus it is
adapted to this natural condition and supposed to carry more variations.
The use of the near-isogenic population originated from a TcNAS1-heterozygous LC plant helped to
overcome these differences between LC42 and nas1. The nn genotype with homozygous mutated
TcNAS1 alleles can be considered as nas1. While the NN genotype with homozygous wild-type
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TcNAS1 is considered as the better wild type for nas1 compared with LC42 because it has less
undesired genetic variations with nas1. In this comparison, a different result from the first comparison
was recorded: nn, which will be further called nas1, had lower biomass than the wild type in most of
treatments except Ni10 and Ni100 and was more sensitive than the wild type in most of treatments
except Zn100 and Zn1000. Particularly, worse performance of nas1 in Fe deficiency than the wild type
can be explained by the lack of TcNAS1 function in nas1. The nas1 mutant might cause difficulty in
distributing Fe to young leaf tissues through phloem. This resulted in more susceptibility to Fe
deficiency in nas1 than the wild type and subsequently more leaf chlorosis and less biomass
accumulation in nas1. The less biomass accumulation in nas1 was found in Zn100, Zn1000, and Cd
treatments as well. Even if there might be other heterozygous loci in the parent plant which segregate
in this progeny population, the contribution of nas1 knockout in this strikingly different performance is
undeniable. However, in Ni treatments no significant difference between two genotypes was observed,
which may be due to the fact that this accession La Calamine is not a Ni hyperaccumulator. Therefore,
the loss of TcNAS1 did not affect much on biomass accumulation of this accession in Ni-enriched
conditions.
This result supports the idea that the better performance of nas1 genotype over the LC42 genotype in
the first comparison is contributed by differences in many loci other than TcNAS1. The knockout of
TcNAS1 alone resulted in reduced performance in various heavy metal-enriched conditions, at least
for Zn and Cd. This triggers a question of why this mutated TcNAS1 allele is still selected and exists in
the population at their natural habitat of metalliferous soil.
In fact, the nas1 mutant holds characteristics of the chloronerva (clv) plant although they only showed
Fe deficiency phenotype in Fe deficiency (0.5 µM Fe) and high Cd supply (50 µM Cd). In these
conditions, the mutant had more severe interveinal chlorosis and accumulated more Fe in shoots than
the wild type. The Fe concentration in shoots of nas1 in Fe deficiency was even higher than those of
the wild type in high Ni supply (100 µM Ni) and low Cd supply (0.5 µM Cd), in which nas1 had more
chlorosis than the wild type. Moreover, it was equal to that of the wild type in low Ni supply (10 µM Ni),
and close to that of the wild type in excess Zn supply (1000 µM Zn), in which the wild type showed
very little chlorosis. This clearly indicates that Fe uptake and translocation system of nas1 are fully
functional. Hence, the Fe deficiency phenotype was caused by the insufficient ability to redistribute Fe
from its sink in older leaves, where efficient Fe presented and no chlorosis showed, to younger leaves,
where xylem tissue was not fully formed, through phloem route. Since the important role of NA in Fe
distribution through phloem had been proved (Von Wiren et al., 1999), the results of this study suggest
a decrease of NA content in the nas1 mutant resulting in a partial clv phenotype and subsequently
increasing Fe uptake compared to its respective wild type. Stronger clv -like features than in this study
are described in the Arabidopsis quadruple nas mutant, in which the NA content is determined to be
reduced drastically (Klatte et al., 2009).
This suggestion is supported by the TcNAS expressions. The knockout of TcNAS1 brought its
transcription to a much higher level in shoots of nas1 mutants than the wild type, but its transcripts are
obviously not functional. Hence, the lack of NAS produced by TcNAS1, in both shoot and root tissues,
of nas1 mutants is proposed to shorten the abundance of NA in this genotype. The NA shortage
induced the expressions of other TcNAS genes in nas1 more than in the wild type. This phenomenon
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was more profound in actual Fe deficiency (TcNAS3 and TcNAS4 in shoots and roots) and Fe
deficiency caused by shoot excess Zn status as well (TcNAS2 in roots and TcNAS4 in shoots).
TcNAS2 is expressed strongest compared to other TcNAS genes but its expression is found only in
root tissues. Hence it could not assist the locally instantaneous NA shortage in shoot tissues.
Moreover, its expression in roots did not change in nas1 mutants in comparison with the wild type in
Fe deficiency. Although NA can be transported from root tissues to shoot tissues, it is supposed to be
occupied by metals translocated from root tissues and thus is not available for Fe redistribution in
young leaf tissues. Therefore, the increased expressions of other TcNAS genes seem not to entirely
restore NA content of nas1 in Fe deficiency resulting in its partial clv phenotype with more leaf
chlorosis and stunted growth regardless of higher shoot Fe concentration in comparison to the wild
type.
In treatment with high Ni supply, the interveinal chlorosis of the wild type and nas1 appear to be the
combination of a mild Fe deficiency phenotype or strong Fe deficiency phenotype, respectively, and Ni
toxicity in shoots of both genotypes, as described by Marschner (1995). In treatment with high Cd
supply, both genotypes accumulated Fe to similar level to that of the wild type in Fe deficiency
indicating that their chlorosis appears, in fact, to be the phenotype of Fe deficiency, and probably in
combination with Cd toxicity. Surprisingly, the wild type in low Cd supply had not as strong leaf
chlorosis as in Fe deficiency although their shoot Fe concentrations were similar. This phenomenon
was also observed in case of nas1 under low Ni/Cd supplies in comparison with Fe deficiency
treatment. Moreover, total transcript level of TcNAS genes in the wild type or nas1 in low Cd supply or
low Ni/Cd supplies, respectively, was lower than those in Fe deficiency treatment.
These observations together with the result of higher dry weight in Ni/Cd treatments than Fe deficiency
treatment lead to a suggestion of an indirect role of low shoot Ni/Cd concentration, at least low shoot
Cd concentration, in this LC accession in removing the Fe deficiency phenotype. This opinion in
connection with several suggestions of other authors might explain this phenomenon. Basing on the
similar chemical properties, Cd and maybe Ni as well can mimic and replace other divalent metals at
critical binding sites in proteins and other macromolecules (Papoyan et al., 2007). Moreover,
physiological role of NA-Ni complex and Cd in T caerulescens were proposed by Mari et al. (2006) and
Liu et al. (2008), respectively, and the possibility of Cd binding NA can not be totally eliminated. And
lastly, a role of NA-complexed Fe, which may be replaced by other divalent metals, as a phloemmobile signal was suggested by Giehl et al. (2009). Therefore, Ni/Cd may replace Fe in protein binding
or more plausible in chelating with NA and act as signals in phloem. These false signals may interfere
with signal perception of plant and result in reduced leaf chlorosis. However, this theory needs much
more work to be proved. One suggestion to elucidate this phenomenon is to examine possible
phenotype change when Fe-deficiency suffered LC plants are supplied with Cd or Cd in combination
with NA in nutrient solution or by possibly spraying on leaves.
In the other side, the Cu deficiency in shoots of clv mutants was not observed in this nas1 mutant. Cu
concentration and root-to-shoot translocation efficiency of this mutant were not decreased and even
increased in some cases compared with the wild type in most of hydroponics conditions. This indicates
that the proposed reduced-NA content caused by nas1 mutant was not extreme, at least not in roots,
and did not affect the long-distance transport of Cu. Thlaspi is not a Cu hyperaccumulator, thus
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possibly only small part of total NA content is needed to fulfill the responsibility of Cu translocation to
shoots. The redundant activities of other TcNAS genes may sufficiently embrace this amount of NA.
This result together with the previous discussion on Fe deficiency suggests that the mild shortage of
NA was not systemic but localized only in leaf tissues.
For accession LC in general, the higher Cu uptake in excess Zn and Cd supplies by lower Cu uptake
in high Ni supply indicate that Cu uptake by root system in LC plants is coupled with Zn/Cd uptake
whereas it is competed by Ni. However, high root Ni/Zn/Cd statuses do not affect Cu translocation
efficiency indicating the involvement of a different metal transporter for Cu translocation compared with
Ni/Zn/Cd. Lower Cu translocation efficiencies in high Zn/Cd treatments were due to too much Cu was
absorbed by root tissues. For Mn homeostasis, the result of this study indicates that Mn uptake and
translocation of this accession LC is sensitive to Fe, but not Zn, status of the plant. Increased shoot
Mn concentration in Ni treatments probably resulted from lower Fe status than the control. Low Fe
status in Cd treatments did not induce Mn accumulation in shoot due to the inhibition of high Cd status
(Papoyan et al., 2007). And the similar Mn concentrations and root-to-shoot translocation efficiencies
between nas1 and the wild type show that the knockout of TcNAS1 does not affect Mn homeostasis of
this Thlaspi accession.
In addition, nas1 has a trend to accumulate more Cu than the wild type in normal and high Zn
supplies. This Cu concentration seems not to be toxic, but the nas1 genotype also accumulated more
Mn, Fe, and Zn in this two treatments. Although essential micronutrients such as Zn, Fe, Cu, and Mn
play important roles of plant metabolism, they are also potentially toxic when accumulated in high
concentrations (Papoyan et al., 2007). Hence, this higher ability to accumulate these metals may
cause more sensitivity of nas1 to these conditions and explain for their lower biomasses in comparison
with the wild type.
Beside the clv phenotype, the nas1 mutant accumulated more heavy metals, Ni/Cd, in shoots and had
higher root-to-shoot translocation efficiencies than the wild type in high Ni/Cd supplies. The similar
trends for Ni and Cd accumulations in this comparison show that the nas1 mutant affected Cd
accumulation as much as it did to Ni accumulation, which is another suggestion of the involvement of
NA in Cd accumulation in T. caerulescens. However, the higher abilities of Ni/Cd translocation and
accumulation of nas1 in comparison to the wild type seem to associate with the partial clv phenotype
of this mutant. The proposed NA shortage in the mutant results in higher Fe need. Especially in high
Ni/Cd supplies, the Fe deficiency in shoot tissues of the mutant is stronger than the wild type. This
leads to the stronger expressions of relevant metal transporters (such as TcHMA4, TcZNT1, TcYSL3,
or other unidentified transport proteins) in the mutant than the wild type to transport Fe into the shoots.
And because Ni/Cd may compete with Fe in binding to these transporters, the endeavor of Fe
acquiring results in higher Ni/Cd accumulations in the nas1 mutant than the wild type. This theory
certainly needs more experimental evidences and is absolutely worth investing more researches.
Moreover, we can not absolutely exclude the contribution of genetic differences at other loci between
these two genotypes. However, the knockout of TcNAS1 affected the expressions of other TcNAS
genes of this Thlaspi accession in high Ni and Cd supplies differently. In nas1 in high Ni supply,
although the knockout of TcNAS1 is proposed to cause the NA shortage in nas1, the total transcripts
of other functional TcNAS genes of the mutant were not changed in compared with the wild type. In
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high Cd supply, the total transcripts of functional TcNAS genes were strongly reduced compared to the
wild type, especially for TcNAS2 in roots and TcNAS4 in both shoots and roots resulting in an even
more extreme NA shortage in the mutant in this condition. And through the above proposed
mechanism, this leads to the high shoot Cd concentration and low Fe shoot concentration of the nas1
mutant in high Cd supply, as low as in Fe deficiency treatment.
Nevertheless, the Zn accumulation of the nas1 mutant was not different from that of the wild type in
almost every treatment except that nas1 had higher Zn root-to-shoot translocation efficiency than the
wild type in Fe deficiency. This indicates that the knockout of TcNAS1 did not affect the Zn
hyperaccumulation of this Thlaspi accession. The slightly higher total transcript level of the three
functional TcNAS of nas1 in excess Zn supply compared to that of the wild type was probably not due
to significant involvement of NA in Zn hyperaccumulation, but due to the Fe deficiency status caused
by the lack of functional TcNAS1 transcripts in combination with the high shoot Zn status. This stress
seems to result in higher expressions of Fe transporters active in translocating Fe, which may also
transport Zn, up to shoots.
This accession LC accumulated less Zn and had lower Zn root-to-shoot translocation efficiency in high
Cd supply condition, with 100 µM Zn and 50 µM Cd (2 Zn : 1 Cd in molar ratio), than in the control
condition, with 100 µM Zn and without Cd. Our result indicates that the accession LC possesses a
metal uptake and translocation system preferring Cd over Zn, which is in agreement with studies of
Lombi et al. (2001) and Zhao et al. (2002). Whereas it accumulated similar amount of Zn but had lower
Zn root-to-shoot translocation efficiency in high Ni supply condition, with 100 µM Zn and 100 µM Ni (1
Zn : 1 Ni in molar ratio), than in the control condition, with 100 µM Zn and without Ni. Hence, metal
transporters involving in translocation, but not in the uptake system, of this accession seem to have
preference for Ni over Zn.
The result that this homozygous tcnas1 mutant of accession LC accumulates more Ni/Cd in high Ni/Cd
supply is extremely interesting in terms of ecology and evolution since it explains why this mutated
allele is maintained in the natural habitat. The higher Ni/Cd translocation efficiencies in higher Ni/Cd
supplies of this mutant indicate that this trait is truly adaptive to highly heavy-metal contaminated soil,
especially to Cd-contaminated soil as in the place from which this mutated allele is found. Four
benefits of metal hyperaccumulation were summarized by Boyd (2004): (1) the tolerance/disposal
hypothesis, (2) the elemental allelopathy hypothesis, (3) the drought resistance hypothesis, and (4) the
defense hypothesis. However, heavy metal hyperaccumulation and hypertolerance are proved to be
independent characteristics in both Arabidopsis (Bert et al., 2003) and T. caerulescens (Assunção et
al., 2003a; Zha et al., 2004; Richau and Schat, 2008). Ni and Zn hyperaccumulations by T.
caerulescens do not enhance survival and plant growth under drought stress (Whiting et al., 2003).
The defense hypothesis has been supported by several experimental results, especially for the case of
Ni hyperaccumulation which is considered as an elemental defense against herbivores and
phytopathogens (Martens and Boyd, 2002).Plants with low Ni levels had greater insect damages than
plants with high Ni levels, confirming the defensive effect of Ni against several insect herbivores but
not large herbivores. This defensive effect is explained by the activity of plant ureases, which activated
by Ni, in releasing ammonia that deters the herbivores. Another protective role against
phytopathogens, unrelated to the release of ammonia was also suggested by Follmer (2008). For Cd,
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Jiang et al. (2005) concluded that cadmium hyperaccumulation protects T. caerulescens from leaf
feeding damage by thrips. While in case of Zn, a high concentration of Zn in T. caerulescens, although
lower than those commonly observed in their foliage, could bring about an aversion response in insect
herbivores (Behmer et al., 2005). However, this elemental defense is not absolute and provides
protection against only several of plant enemies in their natural situations (Boyd, 2004).
In this study, the knockout of TcNAS1 resulted in higher sensitivity of this accession LC to various
Ni/Cd-enriched conditions presenting in lower biomass accumulation and slightly more chlorosis. This
knockout, however, helps it to accumulate more Ni/Cd in leaf tissues through the change in NA level
and possibly the increase of expressions of metal transporters. This adaptive advantage may influence
feeding behavior of insect herbivores and increase defensive responses to other pathogens.
Subsequently, it increases the survival chance of these plants in their natural habitat. In the context of
this special plant species, which is constitutively under the stress condition of toxic heavy metals, the
knockout of TcNAS1, expressed weakly and variably, and the retaining of other TcNAS genes that are
highly expressed in tissue-specific manners, TcNAS2 and TcNAS3, or in both shoot and root tissues,
TcNAS4, seems to be a logic strategy. It may help them resisting better and responding faster to the
heavy metal status of the environment and their tissues. Other genetic changes may have been
happened after this knockout incident. Some of them may help the plant to overcome the
disadvantage of being more sensitive to high heavy metal status caused by the knockout. With these
variations, natural selection would lead to the lasting existence of nas1 plants with higher metal
accumulating ability but less sensitivity to metal contaminated soil than the plant from which it was
originally descended. The fact of having a coevolution between hyperaccumulators and metal tolerant
herbivores suggests this knockout was one step of the plant in the arm race with their enemies in the
elemental defense strategy, among other plant-derived defense systems. These continuous incidents,
altogether, contribute to the evolution of the metal hyperaccumulation trait in T. caerulescens.
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Conclusion

In this study, we studied the affects of the knockout of TcNAS1 in T. caerulescens accession La
Calamine on their growths, heavy metal hyperaccumulations, and TcNAS expressions in various
conditions to understand why this mutated allele is maintained in natural populations. This knockout
resulted in more susceptibility to our tested conditions, especially Fe deficiency and high Ni/Cd
supplies, with more leaf chlorosis and less biomass accumulation. The nas1 mutant had a partial
chloronerva-like phenotype with more interveinal chlorosis, increased Fe uptake, and Fe concentration
in leaves, especially in Fe deficiency. However, Cu deficiency was not observed in this mutant and it
did not alter much the Mn homeostasis of this accession. The lack of TcNAS1 is proposed to cause a
shortage of NA in leaf tissues and affected expressions of other TcNAS genes. Total functional
transcripts level of the other three TcNAS genes in the nas1 mutant was higher than the wild type in
Fe deficiency and excess Zn treatments. While it was not different between the two phenotypes in Ni
treatments and low Cd supply, but was lower in the mutant than the wild type in high Cd supply.
Interestingly, the nas1 mutant had higher capacity of Ni/Cd, but not Zn, hyperaccumulation. This is
proposed to be an advantage of the mutant over the wild type to avoid insect herbivores and explains
why this mutated allele is maintained in the natural habitat. Therefore, our result disproved the
hypothesis of TcNAS1 knockout as a neutral mutation. This knockout of TcNAS1 is suggested as a
positive contribution to the evolution of heavy metal hyperaccumulation trait in this species. Its role in
the metal hyperaccumulation trait is worth being studied more, such as its effects on the expressions
of metal transporters. With that information, the molecular mechanism of metal hyperaccumulation and
hypertolerance in this specific group of plants can be better understood. As a part of this thesis, the
RNAi construct was made to create the quadruple nas mutant in T. caerulescens. However, its
silencing efficiency will only be able to be determined after more samples are tested.
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Appendices
x

Appendix 1. Dry weights (d.wt) of Thlaspi caerulescens genotype LC42 and nas1 mutant under different treatments measured after two weeks. Numbers after
metal symbols show their concentrations (µM); 100 µM ZnSO4 was used in all treatments except Zn0.05 and Zn1000; and 20 µM Fe(Na)EDTA was used in all
treatments except Fe0.5 and Fe100. Same letters beside values in the same column indicate non-significantly statistic differences (Duncan’s multiple range test,
P<0.05). Asterisk (*) indicates significant difference of values in the same row between the two genotypes. Values are mean ± standard error, n = 3.
x
nas1
Treatment
LC42
Shoot d.wt (mg)
Root d.wt (mg) Total d.wt (mg)
Root:shoot d.wt ratio
Shoot d.wt (mg)
Root d.wt (mg) Total d.wt (mg)
Root:shoot d.wt ratio
Zn100
16.9 ± 0.82 e
4.8 ± 0.32 cd 21.7 ± 1.07 cd
0.29 ± 0.012
bc
17.7 ± 0.80 bc 5.4 ± 0.29 cd 23.0 ± 1.11 bc 0.30 ± 0.006 bcd
Zn0.05
17.8 ± 0.37 e
4.8 ± 0.25 cd 22.6 ± 0.10 d*
0.27 ± 0.021
ab
15.3 ± 0.86 ab 4.4 ± 0.07 bc 19.7 ± 0.87 b* 0.29 ± 0.015 bc
Zn1000
16.7 ± 0.15 de
5.7 ± 0.30 d
22.5 ± 0.30 d
0.34 ± 0.019
c
17.7 ± 0.90 bc 5.8 ± 0.07 d
23.5 ± 0.84 bc 0.33 ± 0.022 cd
0.33 ± 0.032
bc
12.4 ± 0.19 a
3.2 ± 0.09 a
15.5 ± 0.27 a
0.26 ± 0.003 ab
Fe0.5
10.3 ± 1.17 a
3.5 ± 0.70 ab 13.8 ± 1.87 a
Fe100
14.6 ± 0.49 bc*
4.3 ± 0.17 bc* 18.9 ± 0.64 bc*
0.30 ± 0.006
bc
23.1 ± 1.31 d*
7.3 ± 0.35 e* 30.4 ± 1.30 d* 0.32 ± 0.025 cd
bc
16.3 ± 0.57 b
5.7 ± 0.50 d
22.0 ± 1.10 bc 0.35 ± 0.018 e
Ni10
14.7 ± 0.48 bcd 4.9 ± 0.34 cd 19.6 ± 0.83 bcd 0.33 ± 0.012
Ni100
16.1 ± 0.84 cde* 4.4 ± 0.18 bc* 20.5 ± 1.02 bcd* 0.27 ± 0.007
ab
19.7 ± 0.55 c*
5.7 ± 0.40 d* 25.4 ± 0.91 c* 0.29 ± 0.015 bc
Cd0.5
13.9 ± 0.58 b
4.1 ± 0.17 bc 17.9 ± 0.78 b
0.30 ± 0.003
bc
18.4 ± 1.68 bc 5.2 ± 0.55 cd 23.6 ± 2.14 bc 0.28 ± 0.017 bc
Cd50
11.8 ± 0.30 a*
2.6 ± 0.35 a
14.4 ± 0.38 a*
0.22 ± 0.033
a
16.6 ± 1.47 bc* 3.7 ± 0.26 ab 20.4 ± 1.74 b* 0.23 ± 0.003 a
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Appendix 2. Dry weights (d.wt) of Thlaspi caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or homozygous mutated TcNAS1 (nn)
x
under different treatments measured after three weeks. Numbers after metal symbols show their concentrations (µM); 100 µM ZnSO4 was used in all treatments
except Zn1000; and 20 µM Fe(Na)EDTA was used in all treatments except Fe0.5. Same letters beside values in the same column indicate non-significantly statistic
differences (Duncan’s multiple range test, P<0.05). Asterisk (*) indicates significant difference of values in the same row between the two genotypes. Values are
mean ± standard error, n = 3.
x
NN
nn
Treatment
Shoot d.wt (mg)
Root d.wt (mg)
Total d.wt (mg)
Root:shoot d.wt ratio
Shoot d.wt (mg)
Root d.wt (mg)
Total d.wt (mg)
Root:shoot d.wt ratio
Zn100
30.4 ± 1.10 a*
8.5 ± 0.34 a* 38.9 ± 1.41 a*
0.28 ± 0.007
abc
21.4 ± 0.81 a*
6.6 ± 0.12 ab* 28.0 ± 0.74 a* 0.31 ± 0.017
b
Zn1000
28.4 ± 1.58 a
8.1 ± 0.45 a* 36.4 ± 2.04 a
0.28 ± 0.003
abc
21.2 ± 2.25 a
5.9 ± 0.73 a*
27.1 ± 2.81 a
0.28 ± 0.024
ab
bc*
c*
Fe0.5
34.7 ± 1.33 ab* 10.9 ± 0.78 ab 45.6 ± 1.80 ab* 0.31 ± 0.022
24.6 ± 1.42 a*
9.9 ± 0.57 c
34.5 ± 1.94 a* 0.41 ± 0.012
Ni10
44.8 ± 3.57 c
11.5 ± 1.17 c
56.3 ± 2.48 bc
0.26 ± 0.044
abc
41.3 ± 2.40 cd
9.0 ± 0.92 bc
50.3 ± 3.32 bc 0.22 ± 0.009
a
Ni100
47.5 ± 5.29 c
15.3 ± 1.47 d
62.8 ± 6.73 cd
0.32 ± 0.006
c
44.4 ± 3.88 d
13.7 ± 1.30 d
58.0 ± 4.62 c
0.31 ± 0.026
b
Cd0.5
58.7 ± 3.18 d*
14.4 ± 0.99 d* 73.1 ± 4.19 d*
0.24 ± 0.007
a
36.9 ± 1.40 bc* 10.0 ± 0.71 c*
46.8 ± 0.73 b* 0.27 ± 0.030
ab
bc*
bc*
ab*
b*
b*
b*
Cd50
42.5 ± 1.84
10.6 ± 0.32 ab 53.0 ± 2.06
0.25 ± 0.006
33.8 ± 2.22
10.4 ± 0.81 c
44.2 ± 2.94
0.31 ± 0.015

500 bp

610 bp
261 bp

Appendix 3. PCR results of TcNAS1 genotyping. (M) Fermentas GeneRuler™ 100bp plus DNA ladder; (NN) Wild type TcNAS1 control; (Nn) Heterozygous mutated
TcNAS1 control; (nn) Homozygous mutated TcNAS1 control; (Lane number 1 – 45) Progenies of heterozygous mutated TcNAS1 plant, Tc. 1-7.
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Appendix 4. Metal concentration (µmol g ) of T. caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) or homozygous mutated TcNAS1
x
(nn) after three weeks under different treatments. Numbers after metal symbols show their concentrations (µM); 100 µM ZnSO4 was used in all treatments except
Zn1000; and 20 µM Fe(Na)EDTA was used in all treatments except Fe0.5. Same letters beside values in the same column indicate non-significantly statistic
differences (Duncan’s multiple range test, P<0.05). Asterisk (*) indicates significant difference of values in the same row between the two genotypes. Values are
mean ± standard error, n = 3.
Treatment

x

NN
-1

Root Cu (µmol g )
0.57 ± 0.035
b
0.91 ± 0.022
c
0.89 ± 0.032
c
0.49 ± 0.025
ab
0.41 ± 0.031
a
0.46 ± 0.049
a
1.42 ± 0.033
d*

-1

Root Mn (µmol g )
3.62 ± 0.327
a
4.69 ± 0.117
a
6.10 ± 0.569
b
4.14 ± 0.120
a*
3.96 ± 0.372
a
4.60 ± 0.370
a
3.86 ± 0.097
a

Zn100
Zn1000
Fe0.5
Ni10
Ni100
Cd0.5
Cd50

Shoot Cu (µmol g )
0.17 ± 0.003
c
0.16 ± 0.007
bc
0.27 ± 0.012
d
0.12 ± 0.009
a
0.11 ± 0.006
a
0.12 ± 0.003
a
0.15 ± 0.003
b*

Zn100
Zn1000
Fe0.5
Ni10
Ni100
Cd0.5
Cd50

Shoot Mn (µmol g )
0.56 ± 0.043
a
0.58 ± 0.022
a
1.77 ± 0.065
e
0.95 ± 0.070
cd
0.98 ± 0.010
d
0.82 ± 0.063
bc
0.68 ± 0.045
ab

Zn100
Zn1000
Fe0.5
Ni10
Ni100
Cd0.5
Cd50

Shoot Fe (µmol g )
2.51 ± 0.020
e*
2.33 ± 0.074
de
1.79 ± 0.055
ab*
2.16 ± 0.113
cd
2.04 ± 0.069
bc
1.84 ± 0.074
ab
1.70 ± 0.141
a

-1

nn

-1

Total Cu (µmol g )
0.26 ± 0.010 b*
0.33 ± 0.012 c
0.42 ± 0.023 d
0.20 ± 0.020 a
0.18 ± 0.012 a
0.19 ± 0.009 a
0.40 ± 0.009 d

-1

Total Mn (µmol g )
1.22 ± 0.073 a
1.49 ± 0.030 abc
2.79 ± 0.085 d
1.60 ± 0.225 c
1.71 ± 0.094 c
1.56 ± 0.032 bc
1.31 ± 0.056 ab

-1

Root Fe (µmol g )
106.3 ± 2.07
b*
201.9 ± 5.67
e
16.4 ± 1.76
a
136.4 ± 0.09
c
140.5 ± 7.76
c
163.4 ± 12.06 d
134.8 ± 3.60
c

-1

Cu shoot:root ratio
0.30 ± 0.012
c
0.18 ± 0.006
b
0.30 ± 0.000
c
0.28 ± 0.035
c
0.27 ± 0.017
c
0.27 ± 0.038
c
0.10 ± 0.003
a*

Shoot Cu (µmol g )
0.23 ± 0.023
b
0.23 ± 0.023
b
0.29 ± 0.003
c
0.17 ± 0.018
a
0.13 ± 0.009
a
0.14 ± 0.012
a
0.16 ± 0.003
a*

-1

Mn shoot:root ratio
0.16 ± 0.020
ab
0.12 ± 0.007
a
0.30 ± 0.035
d
0.24 ± 0.035
bcd
0.25 ± 0.026
cd
0.18 ± 0.026
abc
0.18 ± 0.013
abc

Shoot Mn (µmol g )
0.77 ± 0.041
ab
0.68 ± 0.103
a
1.79 ± 0.040
d
0.93 ± 0.025
bc
0.98 ± 0.040
c
0.84 ± 0.068
abc
0.77 ± 0.064
ab

Fe shoot:root ratio
0.024 ± 0.0003 a*
0.012 ± 0.0007 a
0.112 ± 0.0137 b
0.016 ± 0.0015 a
0.014 ± 0.0013 a
0.011 ± 0.0007 a
0.012 ± 0.0009 a

Shoot Fe (µmol g )
2.79 ± 0.067
c*
2.67 ± 0.126
c
2.17 ± 0.092
b*
2.04 ± 0.028
ab
2.18 ± 0.081
b
1.99 ± 0.050
ab
1.85 ± 0.080
a

-1

Total Fe (µmol g )
25.1 ± 0.23
b*
46.7 ± 1.73
e
5.2 ± 0.27
a*
29.1 ± 6.73
bcd
35.9 ± 2.24
d
33.5 ± 1.89
cd
28.3 ± 0.94
bc*

-1

Root Cu (µmol g )
0.61 ± 0.047
b
0.91 ± 0.038
d
0.77 ± 0.067
c
0.47 ± 0.019
a
0.43 ± 0.017
a
0.60 ± 0.020
b
1.21 ± 0.055
e*

-1

Root Mn (µmol g )
3.33 ± 0.576
a
5.40 ± 0.252
c
4.50 ± 0.318
bc
5.20 ± 0.137
c*
4.15 ± 0.326
ab
4.84 ± 0.166
bc
3.94 ± 0.214
ab

-1

-1

Total Cu (µmol g )
0.32 ± 0.018
b*
0.37 ± 0.018
c
0.42 ± 0.022
c
0.22 ± 0.012
a
0.20 ± 0.012
a
0.24 ± 0.018
a
0.41 ± 0.009
c

-1

Total Mn (µmol g )
1.39 ± 0.127
a
1.71 ± 0.131
b
2.57 ± 0.082
c
1.69 ± 0.052
b
1.72 ± 0.032
b
1.69 ± 0.079
b
1.51 ± 0.078
ab

-1

Root Fe (µmol g )
138.4 ± 1.52
b*
194.9 ± 6.16
e
19.7 ± 0.53
a
181.8 ± 11.40 de
154.4 ± 8.50
bc
167.8 ± 6.37
cd
137.6 ± 4.13
b

-1

Cu shoot:root ratio
0.39 ± 0.064
d
0.25 ± 0.035
abc
0.37 ± 0.033
cd
0.36 ± 0.042
cd
0.31 ± 0.040
bcd
0.23 ± 0.015
ab
0.14 ± 0.007
a*

-1

Mn shoot:root ratio
0.25 ± 0.064
b
0.12 ± 0.012
a
0.40 ± 0.032
c
0.18 ± 0.006
ab
0.24 ± 0.030
b
0.17 ± 0.017
ab
0.20 ± 0.023
ab

-1

Total Fe (µmol g )
34.9 ± 1.08
b*
44.6 ± 3.49
c
7.3 ± 0.34
a*
34.2 ± 2.43
b
37.9 ± 1.26
b
37.1 ± 2.05
b
33.6 ± 0.50
b*

Fe shoot:root ratio
0.020 ± 0.0007 c*
0.014 ± 0.0012 ab
0.114 ± 0.0010 d
0.011 ± 0.0007 a
0.014 ± 0.0012 b
0.012 ± 0.0006 ab
0.013 ± 0.0003 ab
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Appendix 4. (Continued): Metal concentration (µmol g ) of T. caerulescens accession La Calamine with homozygous wild-type TcNAS1 (NN) and homozygous
x
mutated TcNAS1 (nn) under different treatments for three weeks. Numbers after metal symbols show their concentrations (µM); 100 µM ZnSO4 was used in all
treatments except Zn1000; and 20 µM Fe(Na)EDTA was used in all treatments except Fe0.5. Same letters beside values in the same column indicate nonsignificantly statistic differences (Duncan’s multiple range test, P<0.05). Asterisk (*) indicates significant difference of values in the same row between the two
accessions. Values are mean ± standard error, n = 3.
-1

-1

Zn100
Zn1000
Fe0.5
Ni10
Ni100
Cd0.5
Cd50

Shoot Zn (µmol g )
38.7 ± 3.12
b
143.1 ± 7.80
c
43.6 ± 2.42
b
42.9 ± 1.26
b
46.5 ± 3.23
b
41.9 ± 3.53
b
26.8 ± 0.89
a

Ni10
Ni100

Shoot Ni (µmol g )
2.03 ± 0.057 a
16.74 ± 0.149 b*

Root Ni (µmol g )
0.67 ± 0.050
a*
4.74 ± 0.522
b

-1

Cd0.5
Cd50

Shoot Cd (µmol g )
0.34 ± 0.049
a
8.32 ± 0.619
b

Root Cd (µmol g )
0.24 ± 0.032
a
4.63 ± 0.107
b

-1

Root Zn (µmol g )
11.1 ± 0.54
a
114.3 ± 7.27
c
27.8 ± 1.45
b*
12.2 ± 0.23
a
23.4 ± 3.61
b
11.0 ± 0.61
a
10.1 ± 0.11
a
-1

-1

-1

Total Zn (µmol g )
32.7 ± 2.41
ab
136.7 ± 5.05
c
39.9 ± 2.37
b
36.1 ± 2.81
b
40.8 ± 3.20
b
35.8 ± 2.79
b
23.4 ± 0.75
a
-1

Total Ni (µmol g )
1.74 ± 0.015 a
13.81 ± 0.221 b*
-1

Total Cd (µmol g )
0.32 ± 0.046
a
7.58 ± 0.465
b

-1

-1

Zn shoot:root ratio
3.51 ± 0.337 d
1.27 ± 0.131 a
1.57 ± 0.032 ab*
3.45 ± 0.070 d
2.05 ± 0.237 bc
3.82 ± 0.354 d
2.66 ± 0.068 c

Shoot Zn (µmol g )
44.0 ± 2.94
b
157.8 ± 8.49
c
50.7 ± 2.65
b
45.4 ± 1.09
b
42.1 ± 2.34
b
38.9 ± 0.29
ab
29.5 ± 0.62
a

Ni shoot:root ratio
3.01 ± 0.100 a*
3.61 ± 0.370 a

Shoot Ni (µmol g )
2.18 ± 0.049 a
20.43 ± 0.534 b*

Root Ni (µmol g )
0.46 ± 0.009
a*
4.59 ± 0.391
b

Cd shoot:root ratio
1.41 ± 0.046 a*
1.80 ± 0.163 a*

Shoot Cd (µmol g )
0.34 ± 0.044 a
10.67 ± 0.748 b

-1

Root Cd (µmol g )
0.16 ± 0.035
a
4.53 ± 0.101
b

-1

Root Zn (µmol g )
11.9 ± 0.07
a
123.1 ± 4.43
c
19.1 ± 0.07
b*
13.2 ± 0.61
a
23.0 ± 0.86
b
11.2 ± 0.23
a
10.8 ± 0.42
a
-1

-1

-1

Total Zn (µmol g )
36.4 ± 2.02
bc
150.1 ± 6.06
d
43.1 ± 1.59
c
39.6 ± 0.60
bc
37.5 ± 1.74
bc
33.0 ± 0.60
ab
25.2 ± 0.44
a
-1

Total Ni (µmol g )
1.87 ± 0.042 a
16.69 ± 0.284 b*
-1

Total Cd (µmol g )
0.30 ± 0.043
a
9.23 ± 0.598
b

Zn shoot:root ratio
3.69 ± 0.249 d
1.29 ± 0.097 a
2.77 ± 0.145 c*
3.46 ± 0.231 d
1.84 ± 0.060 b
3.47 ± 0.090 d
2.73 ± 0.141 c
Ni shoot:root ratio
4.72 ± 0.174 a*
4.50 ± 0.289 a
Cd shoot:root ratio
2.13 ± 0.162 a*
2.35 ± 0.113 a*
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Appendix 5. Primer efficiency test for Real-Time PCR. Primer efficiency of TcNAS1 (5.1), TcNAS2
(5.2), TcNAS3 (5.3), TcNAS4 (5.4), and Tc Tubulin (5.5) are tested by regression analysis. Primer
efficiency are as indicated.
26.5

Threshold cycle (Ct)

26.0
25.5
25.0
24.5
y = -3.0595x + 22.445
R2 = 0.9984

24.0
23.5
23.0
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Log10(dilution factor)

5.1. TcNAS1 primer efficiency = 112.3%
24.5

Threshold cycle (Ct)

24.0
23.5
23.0
22.5
y = -3.3286x + 20.308
R2 = 0.9987

22.0
21.5
21.0
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Log10(dilution factor)

5.2. TcNAS2 primer efficiency = 99.7%
27.0

Threshold cycle (Ct)

26.5
26.0
25.5
25.0
y = -3.2405x + 23.738
R2 = 0.9905

24.5
24.0
23.5
-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

Log10(dilution factor)

5.3. TcNAS3 primer efficiency = 103.5%
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28.0

Threshold cycle (Ct)

27.5
27.0
26.5
26.0
y = -3.3635x + 23.528
R2 = 0.9905

25.5
25.0
24.5
24.0
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Log10(dilution factor)

5.4. TcNAS4 primer efficiency = 98.3%
19

Threshold cycle (Ct)

18.5
18
17.5
17
y = -3.1309x + 14.803
R2 = 0.9665

16.5
16
15.5
-1.4

-1.2

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

Log10(dilution factor)

5.5. TcTubulin primer efficiency = 108.6%

500 bp

489 bp

Appendix 6. Purified RNAi fragment (R) for TcNAS2, TcNAS3, and TcNAS4 produced by two-step
fusion PCR. (M) Fermentas GeneRuler™ 100bp plus DNA ladder.
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500 bp

489 bp

Appendix 7. Colony PCR using primer pairs of DUY11 and DUY16 for eleven DH5αE colonies (1 –
TM
11) transformed with pENTR /D-TOPO® vector harboring RNAi construct and one colony
TM
transformed with the empty vector pENTR /D-TOPO® (V). All of them contain RNAi-nas2,3,4
fragments, so No 5, 7, and 11 were further checked by enzyme digestion. (M) Fermentas
GeneRuler™ 100bp plus DNA ladder; (+) possitive control: purified RNAi construct.

2580

3065

2580

3065

3065

2580 2580

2580 2580 2736
329

2736
329

2580 bp
bp

Appendix 8. Restriction enzyme digestions of plasmid DNA of E. coli DH5α colony 5, 7, and 10
TM
TM
transformed with pENTR /D-TOPO® vector harboring RNAi construct and empty vector pENTR /DTM
TOPO® (V). (M) Fermentas GeneRuler™ 100bp plus DNA ladder; (V-) empty vector pENTR /DTOPO® without enzyme digestion; (7-) plasmid DNA of colony 7 without enzyme digestion.
Appendix 9. Sequences of RNAi construct obtained from sequencing results of DH5αE transformed
TM
with pENTR /D-TOPO® harboring RNAi construct assembling from La Calamine TcNAS gene
sequences. Notes: Letters in gray box are the overlap between sequencing result with forward and
reverse primer; letters in brackets are nucleotides different between sequencing result with forward
and reverse primer; bold letters were corrected with Bioedit; small letters are supposedly added by
sequencing errors; Ns are unidentified nucleotides.
9.1. Colony 7: 494 bp
CACCACAACTCGTGTCCAC(C/G)TGCTTACCAACGGACACAAACATCGATGTCACAAAAATACACGATGAAAA
AGTCAAAGACCTGAGATCTCATCTCATCAAGCTTTGTGGTGAAGCCGAAGGTTATCTAGAGGAACACTTCTCC
ACAATCATA(A/G)GCcCGGGGGGGGGGGGGGCACNTCCATCGT(T/G)GTTGCTTCATCCCATCTCA(C/A)AGA
CGG(AA/GG)A(CC/TG)T(g/t)TCACAAC(C/T)TTGACATCGA(G/C)CC(G/A)TCcAGCG(A/G)ACTCA(C/G)TCGCTT
(C/A)TCTCnCTGGT(T/G)TCCTCTGATCC(A/G)GACATCTCTCCACGCATGTTATTCCACCCCGTTGACACCCC
CGGGGGCCCCCTATCCAATCGTCGAGCCTTGTGACCTCCAAGGTTTCCA(G/A)GTGTTATCGATTTATCACCC
GACCGATGAAGTTATCAACT(C/G)TGTTGTCATCTCcAAGGAAGCTTGGTGAAGATGGTGTTGAGCATG(G/A)A
GATCACATGGATCATCAAGATTCGGGTCTGGC

9.2. Colony 10: 487 / 489 bp
CACCACAACTCGTGTCCACGTGCTTACCAACGGACACAAACATCGATGTCACAAAAATACACGATGAAAAAGT
CAAAGACATGAGATCTCATCTCATCAAGGCTTTGTGGTGAAGCCGAAGGTTATCTAGAGGAACACTTCTCCAC
AATCATAGGCGGGGGGGGGGGGGCACGTCCATCGTTCTTGCTTCATCCCCTCTCAAAGACAGACTCTTTCA
CCA(C/G)TTTGACATCGACCCATCAGCG(A/G)A(C/G)TCACTCGCTTCTCG(C/T)CT(-/AG)GGTTTCGTCGATCCCGACATCTCTCAA(C/G)GCATGTTATTC(C/A)CACCGGTGACACCCCCGGGGGCCC
CCTATCCAAT(C/G)GTNGACNCT(T/C)TGTGACCTTTCCGGTTTC(C/T)AAG(G/C)GT(G/T)ATCGAT(T/A)TATCA
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CCCG(C/A)CCGATGAAGTTATCAACT(G/C)CGTTGTCAT(C/A)TCNAGGAAG(C/A)TTGGTGAAGATGGTGTTG
AGCA(G/T)G(G/C)AAGATCACNTGGATCATCA(T/A)GATTCGGGTCTGG

9.3. Assembled RNAi sequence: 489 bp
CACCACAACTCGTGTCCACGTGCTTACCAACGGACACAAACATCGATGTCACAAAAATACACGATGAAAAAGT
CAAAGACATGAGATCTCATCTCATCAAGCTTTGTGGTGAAGCCGAAGGTTATCTAGAGGAACACTTCTCCACA
ATCATAGGCGGGGGGGGGGGGGGGCACGTCCATCGTTCTTGCTTCATCCCATCTCAAAGACACAATCTTTC
ACAACTTTGACATCGACCCATCAGCGAACTCACTCGCTTCTCTCCTGGTTTCCTCTGATCCAGACATCTCTCA
ACGCATGTTATTCCACACCGTTGACACCCCCGGGGGCCCCCTATCCAATCGTCGAGCCTTGTGACCTCCAAG
GTTTCCAAGTGTTATCGATTTATCACCCGACCGATGAAGTTATCAACTCTGTTGTCATCTCAAGGAAGCTTGG
TGAAGATGGTGTTGAGCATGAAGATCACATGGATCATCAAGATTCGGGTCTGGC

15412

9530 bp
5882 bp

Appendix 10. Restriction enzyme digestions of plasmid DNA of E. coli DB3.1 colony 1 (GWI2–1) and
2 (GWI2–2) transformed with destination vector pK7GWIWG2(II) by SacI. (-) undigested plasmid DNA;
(M) Fermentas GeneRuler™ 1 kb DNA Ladder.

14124
1288

10073
1844
1345
1288

10073
1844
1345
1288

10073
1844
1345
1288

15412

11041
1636
1215
329
329

11041
1636
1215
329
329

11041
1636
1215
329
329

bp
bp
bp
bp
bp

Appendix 11. Restriction enzyme digestions of plasmid DNA of E. coli DH5α harboring expression
clones derived from entry clone 7 (ec7.1 and ec7.2) or entry clone 10 (ec10.1 and ec10.2) and DH5α
harboring empty vector pK7GWIWG2(II) (GWI2). (M) Fermentas GeneRuler™ 1 kp DNA ladder.
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14550

14550

14550

10073
1844
1345
1288

10073
1844
1345
1288

10073
1844
1345
1288

14124 bp
1288 bp
bp
bp

Appendix 12. Restriction enzyme digestions of plasmid DNA of A. rhizogenes harboring expression
clones derived from entry clone 7 (ec7.1 and ec7.2) or entry clone 10 (ec10.1 and ec10.2) and A.
rhizogenes harboring empty vector pK7GWIWG2(II) (GWI2). (M) Fermentas GeneRuler™ 1 kp DNA
ladder.

10335
2324
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Appendix 13. Restriction enzyme digestions of plasmid DNA of A. rhizogenes harboring expression
clones derived from entry clone 7 (ec7.1 and ec7.2) or entry clone 10 (ec10.1), A. rhizogenes
TM
harboring empty vector pK7GWIWG2(II) (GWI2), and entry clone: pENTR /D-TOPO® vector
harboring RNAi construct (EnC). (M) Fermentas GeneRuler™ 1 kp DNA ladder.
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