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Tobacco with Reduced Heavy Metal Content

Heavy metals are naturally present in soil and are taken up by
plants to a different degree. Some heavy metals, such as
manganese or zinc, are essential for plants, since they

represent co-factors required for enzyme activity.

Other heavy metals are however not essential for plants and in
some cases a reduction in the heavy metal concentration of
plants or parts of plants would be advantageous. Cadmium (Cd)
for example 1is a non-essential heavy metal present in the soil
and naturally absorbed by plant roots. Cd 1s accumulated in
leaves, for example in leaves of tobacco plants (Lugon-Moulin
et al., 2006). In some places Cd concentrations in soil are
increased due to the use of Cd-rich phosphate fertilizers or
Cd-contaminated sewage sludge (Karaivazoglou et al., 2007).
The mechanisms used by the plants for the uptake, partitioning
and accumulation of heavy metals have been described

(Verbruggen et al., 2009).

It would be advantageous to reduce the heavy metal content of
tobacco plant leaves and different strategies leading to this

result have been developed.

For example, a mammalian metallothionein gene under the
control of 35S promoter was expressed in tobacco, causing a
decrease of 14% of cadmium in field grown plant (Yeargan et
al., 1992) or to altered cadmium tissue distribution with a 73
% cadmium reduction in lamina (Dorlhac et al., 1998). More
recently, high capacity divalent antiporters, AtCAX2 and
AtCAX4, from Arabidopsis thaliana have been successfully used
to enhance root vacuole Cd sequestration thus obtaining a 15-
25% decrease of Cd in lamina of field grown tobacco (Korenkov

et al., 2009).

A family of Heavy Metal ATPases (HMA proteins) responsible for
distributing heavy metals in the plant tissues after the

metals have been taken up by the root have been identified and
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genes encoding respective proteins have been cloned. Eight
types of HMA genes involved in Cd transport to and Cd
accumulation in leaves of Arabidopsis thaliana are known
(Cobbet et al., 2003). In A. thaliana HMAs from type 1, 5, o,
7 and 8 are monovalent cation transporters (Cu+ and Ag+;
Seigneurin-Berny et al., 2006) and HMAs from type 2, 3 and 4
are bivalent cation transporters (Pb2+, Co2+, Zn2+, Cd2+;
Hussain et al., 2004). HMA3 is a vacuolar transporter involved
in Cd, Pb and Zn tolerance (Morel et al. 2009).

HMA genes have also been identified in other plants and it has
been suggested to generate genetically modified tobacco
plants, wherein the expression of a HMA gene 1is inhibited by
RNA1 (WO2009/074325).

However, these approaches for reducing heavy metal in tobacco
plants are based on the use of genetically modified organisms
(GMOs). An approach that is not based on genetically modified

plants would have significant advantages.

Mutation breeding has been used for a long time to modify
existing traits or to create new valuable traits within a
plant cultivar. Recently, this technique has been combined
with a high-throughput mnutation detection system and has
proven to be efficient for the modification of properties in
tobacco plants (Julio et al., 2008).

Modern tobacco 1is an allotetraploid from Nicotiana sylvestris
(maternal contributor) and Nicotiana tomentosiformis (paternal
contributor; Yukawa et al., 2006). The tetraploid nature of
tobacco (2n=48) complicates the identification of traits in
tobacco lines and the preparation of tobacco plants showing

completely new traits.

There 1s thus still a need for tobacco plants with reduced

heavy metal content in leaves.
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In accordance with the present invention, this problem is now
solved by tobacco plants comprising at least one mutation in a
HMA gene, wherein the non-mutated HMA dgene comprises the
nucleotide sequence of SEQ ID NO:1 (nucleotide sequence of HMA
4 gene) or a homolog thereof, wherein the mutation causes a
substitution or a deletion or an insertion of at least one
amino acid in the polypeptide encoded by the nucleotide
sequence and wherein the mutation reduces the heavy metal
uptake by the leaves of the plant by at least 30% in relation
to the heavy metal uptake of plants comprising SEQ ID NO:1 or
the homolog.

The present inventors have surprisingly found that a tobacco
HMA 4 gene can be modified such that the HMA 4 protein 1is
inhibited without significant detrimental effects for the
plants. In other words, the present invention provides normal
tobacco plants that can be used for commercial purposes with

significantly reduced heavy metal content in the leaves.

In accordance with the present invention, a homolog of the
sequence of SEQ ID NO:1 refers to a sequence with at least
90%, preferably at least 95% sequence identity to the sequence
of SEQ ID NO:1. Respective homolog or homologous sequences may
represent differences between various tobacco plant lines or
sequences derived from a common ancestor. N. tabacum 1s an
allotetraploid plant and each plant comprises a genome from
Nicotiana sylvestris and Nicotiana tomentosiformis. As it
appears that SEQ ID NO:1 is derived from N. sylvestris, the
HMA 4 sequence derived from N. tomentosiformis represents a
homolog of the sequence of SEQ ID NO:1. Similar sequences
derived present 1in different species are also identified in
this application as ortholog segquences and represent a
specific form of a homolog sequence. The % identity 1is
preferably determined by the BLAST software for determining

sequence identity.

In a preferred embodiment, the sequence of SEQ ID NO:1 or of

the homolog only contains one or a small number of mutations
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on the nucleic acid level, for example 1, 2, 3 or 4 nucleotide
changes. The mutated sequence thus still has an identity of at
least 90%, preferably at least 95% and most preferably at
least 98% to the sequence of the HMA 4 gene. The mutation may
for example be a miss-sense, a non-sense mutation or a splice

mutation.

The tobacco plants of the present invention are preferably

Nicotiana tabacum plants.

According to one aspect the present invention provides
respective tobacco plants, wherein the reduction of heavy
metal uptake is determined by growing tobacco plants with and
without the mutation under identical conditions on a ligquid
medium containing the heavy metal and comparing the
concentration of the heavy metal in the leaf, stem or shoot of
the tobacco plant with the mutation to the concentration of
the heavy metal in the 1leaf, stem or shoot of the tobacco
plant that does not have the mutation. It 1is preferred that
the plant and the reference plant are otherwise grown under
the same conditions. The concentration of the heavy metal in
the leaf, stem or shoot can be identified in amount of heavy

metal in relation to amount of plant dry weight material.

The term “reduction in heavy metal uptake” is therefore used
in the context of the present invention to describe a
reduction in heavy metal concentration in a leaf, stem or
shoot of a tobacco plant having a mutation in the HMA 4 gene
in comparison to the corresponding tissue of a plant that does
not have the mutation but was otherwise grown under the same

conditions.

The invention encompasses plants which under these
circumstances show a significant reduction in heavy metal
concentration in tissues of a tobacco plant. It is
particularly preferred that the mutation reduces the uptake of
a heavy metal by at least 40%, at least 50%, at least 75% or
at least 95%.
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In accordance with the present invention, a reduction of
uptake can be achieved for one or several but does not have to
be achieved for all heavy metals. It 1is sufficient if a
significant reduction is achieved for one heavy metal. It is
preferred that the invention provides tobacco plants show a
reduced uptake of cadmium, lead or arsenic. In 1its most
preferred embodiment, the present invention provides tobacco

plants which have a reduced uptake of cadmium.

Similarly, the reduction of the uptake need not completely
eliminate the content of the heavy metal in the plant or plant
ftissue. In accordance with the present invention it is
preferred that the reduction of heavy metal content is in the
range of 40% to 70%, 50% to 80%, or 60% to 95%.

Several mutations have been identified in the HMA 4 gene that
cause a significant reduction of the heavy metal uptake and
are described below. Accordingly, the mutation may represent a

miss-sense, a non-sense mutation or a splice mutation.

In one embodiment the tobacco plants of the present invention
comprise a mutation selected from one of the mutations shown
in Figure 5/1 and Figure 5/2. In a preferred embodiment, the
tobacco plants comprise one of the mutations shown in Figure
5/1 or 5/2 with a SIFT score of less than 0,05. In the most
preferred embodiment the tobacco plants of the present
invention comprise a mutation selected from the group
comprising the mutations: G294A, C576T, G406A, G347A, G363A,
G553A, C374T, G290A, G964A, Gl168A, G1211A, Gl1126A, C980T,
G1195T, Gl156A, G1070A, C2302T, G2208A, C2217T, G2190A, C22006T
or C2277T in SEQ ID NO:1 or the homolog thereof.

According to one embodiment of the present invention, the
tobacco plants may comprises a mutation in more than one HMA 4
gene. As indicated, tobacco plants contain HMA 4 genes from N.

Sylvestris and from N. tomentosiformis. Plants that are
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mutated in both HMA 4 genes are also identified as double

mutants in the present invention.

The tobacco plants of the present invention can be homozygous
or heterozygous for any one mutation in one of the HMA 4
genes. According to a particularly preferred embodiment,
plants are provided that contain homozygous mutations in both
HMA 4 genes.

In a further embodiment, a tobacco plant cell 1is provided,

which may be derived from a tobacco plant as described above.

The present invention also relates to a part of a tobacco
plant, wherein the part is a leaf, a lamina, a cut and/or a
cured leaf, root, shoot, stem, flower or seed. Again, for all
purposes of the present invention, the part of a tobacco plant
is preferably a part of a Nicotiana tabacum plant. Seed of a
tobacco plant as described above, represent a particularly

preferred embodiment of the present invention.

The tobacco plants of the present invention or the parts
thereof may be used to generate tobacco products well known in
the art, including smokeless tobacco products like snus, snuff

and cut tobacco, tobacco extract or reconstituted tobacco.

In an alternative embodiment, the tobacco plants of the
present invention or the parts thereof are used to generate
smoking articles which also represent an embodiment of the
invention. Smoking articles are well known and include a
cigarette, a small cigar, cigarillo or a cigar or simulated

smoking articles containing tobacco.

In a further aspect, the present invention provides methods
for generating a tobacco plant according to the present
invention. Respective methods may comprise the following

steps:
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(a) screening a library of tobacco plants obtained by
mutagenesis for at least one mutation in a HMA gene,
wherein the non-mutated HMA gene comprises the
nucleotide sequence of SEQ ID NO:1 (nucleotide
sequence of HMA 4 gene) or a homolog thereof, wherein
the mutation causes a substitution or a deletion or
an insertion of at least one amino acid 1in the
polypeptide encoded by the nuclecotide sequence and
wherein the mutation reduces the heavy metal uptake
by the leaves of the tobacco plant by at least 30% in
relation to the heavy metal uptake of plants
comprising SEQ ID NO:1 or the homolog;

(b) crossing the tobacco plant having a mutation in the
HMA gene with a commercial Nicotiana tabacum
production plant; and

(c¢) identifying offspring with the mutation in the HMA
gene;

(d) repeating steps (b) and (c).

As before, the reduction of heavy metal wuptake can be
determined by growing tobacco plants with and without the
mutation under identical <conditions on a liguid medium
containing the heavy metal and comparing the concentration of
the heavy metal in the leaf, stem or shoot of the tobacco
plant with the mutation to the concentration of the heavy
metal in the leaf, stem or shoot of the tobacco plant that

does not have the mutation.

The methods of the present invention preferably reduce the
uptake of the heavy metal by at least 30%, at least 50%, at
least 75% or at least 95%.

The methods may be used to reduce the uptake of one or several
heavy metals. It is preferred that the uptake of cadmium, lead

or arsenic 1is reduced.

According to a preferred embodiment, steps (a) and/or (¢) of

the method use an assay analyzing the nucleotide sequence of
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the tobacco (Nicotiana tabacum) plant. Respective assays for
nucleotide analysis are well known in the art of molecular
biology and include PCR-based techniques, DNA sequencing,
hybridization and/or RFLP techniques.

The invention further provides methods for producing a tobacco
product or a smoking article comprising the method of
generating a tobacco plant as described above. A tobacco
product or a smoking article can be obtained from the plants
generated according to this method by further harvesting the
leaves, stems and/or shoots and producing a tobacco product or

smoking article from the same.

BRIEF DESCRIPTION OF THE FIGURES

Figure 1l: Partial sequence alignment of part A amplification in
N. tabacum, N. sylvestris and N. tomentosiformis.
The first sequence is the reference contig. In this
alignment three different sequences are present:
sequences 1, 2, 3, 9, 10, 11 are shared between N.
tabacum and N. sylvestris. Sequences 6, 7, 8, 12, 13,
14, 15, 16 are shared between N. tabacum and N.
tomentosiformis. Sequences 4 and 5 are specific to N.

sylvestris.

Figure 2: ds c¢DNA amplification of copies 1 and 2 of the HMA
orthologs in N. tabacum.
Specific primers designed to anneal in exonic regions
of part A were used to test the expression of the two
copies in roots (R) and shoots (S). HmaAS-F/HmaA-RT-R
primers pair amplify the N. sylvestris origin
sequence (Copy S) and HmaAT-F/HmaA-RT-R primers pair
amplify the N. tomentosiformis origin sequence (Copy

T). Both copies are expressed in N. tabacum.

Figure 3: CODDLE analysis of the whole contig sequence (SEQ ID
NO:1).

First line: amino-acid sequence of the HMA4 protein
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Figure 4:

Figure 5:

Figure 6:

9

Second line: DNA sequence of the HMA4 gene
Third line: below each nucleotide is an indication of
the changes that can be detected with EMS

mutagenesis.

CE-SSCP profile obtained by PCR amplification of the
DNA mutant collection with primers Hma4-BF/Hma4-BR.
The HmaA4-BF primer is labeled with FAM fluorophore,
and the DNA strand appears in blue. The Hma-BR primer
is labeled with VIC fluorophore, and the DNA strand
appears in green.

1: DNA profile of a wild type DNA

2: DNA profile of a mutant DNA (family E1-276 of the
collection), characterized by an additional peak

corresponding to the mutated DNA strand (red arrow).

Table summarizing the mutations found in HMA targets

after cloning and sequencing.

= TIdentification number of the mutant family as
described in the collection.

= nucleotide or amino-acid change and position of
the mutation as described with CODDLe analysis on
contig 1 (original nucleotide/amino-acid+
position +new nucleotide/amino-acid).

W= represents silent mutation, “*” represents stop
codon.

= SIFT score was obtained with the bioinformatics
program SIFT (Sorting Intolerant from Tolerant)
on contig 1. SIFT scores < 0.05 are predicted to
be deleterious to the protein.

* non EMS mutation (G/C to A/T)

Cadmium content in three M3 E1-276 mutant lines
(276B5; 276B8, 278B1l8) compared to the wild type
(BB1ONN) .

Cadmium was measured in shoots (A) or roots (B). On
the left, graphs represent cadmium accumulation in ug

per g of dry weights. On the right, graphs represent
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cadmium accumulation normalized 1n mutants with
cadmium accumulation in wild type.
Cadmium content in shoots: the letters “A” in “B” in
bars represent two distinct groups in a student “T”
test performed on these samples.
Cadmium accumulation in roots: the letter “A” in bars
indicates that all the means in this graph belong to
the same statistical group.

Error bars represent standard deviation.

Picture of a Fl cross between the mutant E1-276-B18
and an 1industrial flue-cured tobacco plant showing

the viability of the mutants.

Cadmium accumulation in shoots of EMS lines (M
mutated plants; Htz heterozygous mutant plants; S
wild-type plants; DW dry weight). The graphs on the
left represent the amount of cadmium accumulated in
the shoots. The error bars reflect the standard
error. On the right side, the accumulation of cadmium
in the mutated line is represented as a percentage

with respect to its wild-type.

Statistal analysis of EMS 1lines. The p-values
presented in this chart are derived from the
student’s t-test (http://www.graphpad.com) . The
differences observed between each mutated line and
its wildtype 1s statistically relevant when the p-

value is lower than 0,05 (95% confidence).

Accumulation of RNA transcripts in RNAi1 lines. The
bars represents the mean of the accumulation of
transcripts of either HMA alpha or HMA beta relative
to the transcript accumulation of the reference gene
cyclophilin and L2. Three plants were used per line.
The error bars represent standard error. The letters
A and B represent the two groups found by student’s

t-test realized with the open software “R”.
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Figure 11: Metal accumulation in shoots of RNAi lines. For

Figure

Figure

Figure

Figure

Figure

each 1line, 4 plants were analyzed (only 3 for
pGreen). The cadmium accumulation 1s represented at
the top. On the left, the cadmium accumulation is
expressed as a mean. On the top right, those means
are expressed as percent of wild-type. At the bottom,
the accumulation of iron and =zinc in shoots 1is
represented. The error bars represent standard error.
The letters A and B represent statistical groups
realized with the open software “R”. The letters are

independent in each graph.

12: Crosses performed between tobacco mutants to

accumulate both mutated copies in one genome. Mutants
were first Dbackcrossed with wild-type and then
crossed between them to obtain F1 generation. The F1
name 1s described as FICD2, with the following

numbers representing both mutant identifications.

13: EMS lines. The lines are presented with the

collection from which they originate and the mutation

that affects either one gene or the other.

amiRNA constructs. All of the targeted sequences
and their corresponding primer seguences were
obtained using online software

(http://www.weigelworld.org/) .

Targeted sequence of the hairpin construct. The
primer pairs (A) were designed to amplify the same
portion of HMA gene (B) but they carry different

restriction sites.

pHannibal vector. This vector contains 2 sets of

restriction sites separated by an intron.
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Figure 17: Metal accumulation in shoots; graphical results
obtained by Tukey multiple comparisons of means. The
error bars represent standard error. The letters A,
B, C and D represent statistical groups realized with

the open software “R” for cadmium analyses.

Figure 18: Metal accumulation in shoots; graphical results are

obtained by Tukey multiple comparisons of means.

The subsequent examples i1illustrate specific embodiments of the

present invention:

EXAMPILE 1
Tobacco mutant collection
Plant material
Seeds of three tobacco 1lines BBI1I6NN (Delon et al. 1999;
Institut du Tabac de Bergerac, Accession N°1139), BY02 and
V4K1, were used for <creating Nicotiana tabacum mutant
libraries. BRBR16NN and BYO02 are burley type tobaccos, and V4Kl

is a flue-cured type tobacco.

For copy number assessment, comparison of sequences with
ancestors was done with tobacco lines ITB 645 (Nicotiana

tomentosiformis) and ITB 626 (Nicotiana sylvestris).

EMS mutagenesis

The mutant collection has been described in Julio et al.,
2008. In short, two tobacco EMS (ethylmethane sulfonate)
mutant libraries termed L1 and L2 were constructed by soaking
tobacco BB1l6NN seeds (6000 seeds per library) overnight (16h)
in 0.8% EMS (L1) or 0.6% EMS (L2) solutions, followed by 12
washings of 30 min in water under shaking. In addition, L1l
library seeds were pre-germinated for 2 days Dbefore EMS

treatment.
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Two further collections were developed from BY02 (termed L3)
and V4Kl (termed L4) seeds with a 0.7% EMS treatment and

without pre-germination.

The mutagenized M1 seeds were grown to M1 plantlets in a
greenhouse and transferred to the field to give M2 generation
by self-pollination. M2 seeds were collected from each Ml
plant and stored until use. Leaf material was collected from 8
M2 seeds sown in a single pot in greenhouse and pooled (two 8
mm diameter discs for each plant i.e. ~100 mg fresh weight per
family) to constitute pooled M2 family. DNA was extracted from
the leaf material using QIAGEN Dneasy 96 Plant Kit according

to manufacturer’s instructions.

EXAMPLE 2

Copy Number Assessment
PCR amplification
Part of the genomic sequence of an HMA 4 of Nicotiana tabacum

gene 1s shown in SEQ ID NO:1.

N. tabacum is an allotetraploid plant comprising a genome from
Nicotiana sylvestris and Nicotiana tomentosiformis. 1t appears
that SEQ ID NO:1 is derived from N. sylvestris.

Four genomic regions of this HMA 4 gene, 1identified as part A,
B, C and D, were amplified in N. tabacum, N. sylvestris and N.

tomentosiformis by using the respective primer pairs:

PartA-F (CTACCGCTGCTATGTCATCAC) SEQ ID NO:2 and
PartA-R (TAGCACACTTGTCGATGTATC) SEQ ID NO:3;

PartB-F (GATACATCGACAAGTGTGCTA) SEQ ID NO:4 and
PartB-R (CTCCTTTAGTTATAGTCCCTG) SEQ ID NO:5;

PartC-F (AGTAAATACTGAATTGTCTAGTG) SEQ ID NO:6 and
PartC-R (GATGTTTTATCTCTACTATGAGC) SEQ ID NO:7;
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PartD-F (GACCTGTTTAGCACTAATGCG) SEQ ID NO:8 and
PartD-R (TTATAATCATTTCAGCGTAATGCAG) SEQ ID NO:9.

PCR amplifications were carried out 1in a 20 pl volume
containing 1 upul DNA, 10X AmpliTag buffer (Applied Biosystems,
Foster City, USA), 1 pl dNTPs (Applied Biosystems, 2.5 mM
each), 50 ng of each primer and 0.05 U AmpliTag Polymerase
(Applied Biosystems). PCR was conducted using a thermal cycler
(GeneAmp® PCR System 2700, Applied Biosystems) as follows: 35
cycles of 94°C for 30s, 62°C for 45s, 72°C for 1 min, followed

by 7 min at 72°C for final extension.

Results

Four parts of the contig sequence shown in SEQ ID NO: 1 were

Part A Part B Part C Part D
Specific | Common | Specific |Common | Specific |Common |Specific | Common
with with with with
N.tabacum N.tabacum N.tabacum N.tabacum
N. sylvestris 2 1 nf 1 nf 1 nf 1
N. tomentosiformis nf 1 1 nf 1 nf nf 1

amplified in N. tabacum, N. tomentosiformis and N. sylvestris.
Part A corresponds approximately to exons 4 to 5, part B
corresponds approximately to exon 6, part C corresponds to
exon 7 and part D corresponds to exon 8. Six to ten clones
were sequenced for each PCR product. An example of sedquence
alignment in part A is shown in Figure 1. Some sequences were
common between N. tabacum and its ancestors (N. sylvestris and
N. tomentosiformis); others are specific to one ancestor.

Results are summarized in Table 1, below.

Table 1: Results obtained after cloning and sequencing PCR
products amplified with primers HmaA-F/R (partd),
HmaB-F/R (partB), HmaC-F/R (partC) and HmaD-
F/R (partD).

As 6 to 10 clones were sequenced per PCR product,
results are expressed as a minimal number of

existing copies.

n.f. = not found
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These results show that Nicotiana tabacum contains at least
two HMA4 loci, one locus from each of the two ancestors. As a
consequence, any Nicotiana tabacum plant may contain at least
four different HMA 4 alleles.

RNA extraction and ds cDNA testing

RNA was extracted from roots and shoot of two months old
plants with RNeasy Plant Kit according to manufacturer’s
instructions (Qiagen). cDNA and ds cDNA was prepared according
to manufacturer’s instructions by using the MINT cDNA

synthesis kit from Evrogen.

Expression of both 1loci was assayed by amplifying ds cDNA
coming from N. tabacum roots and shoots with specific primers
designed on the basis of part A exonic regions. HmaAS-F/HmaA-
RT-R was used to amplify the N. sylvestris origin sequence and
HmaAT-F/HMA-RT-R for the N. tomentosiformis origin sequence.
Fragments were amplified for both copies (N. sylvestris and N.
tomentosiformis) of the gene, as demonstrated in Figure 2,
supporting the conclusion that the sequences present at both

loci are expressed in N. tabacum roots and shoots.

Amplification of the two copies in expressed sequences was

tested in region A, with specific non-labeled primers pairs:

e forward primers Hma-AS-F GGTGAATAGCATTCTTGCTGTG SEQ 1ID
NO:19; and HmaAT-F, GTTGAATAGCATTCTTGCTGTT SEQ ID NO:21;
and

e 2a new common reverse primer HmaA-RT-R,
CTTGTTCTGAGCATCTTCGAC SEQ ID NO:20, designed to bind in

the exonic region.

PCR was carried out in the same conditions than for copy
number assessment. PCR products were visualized on a 1.5%

agarose gel with EtBr (ethidium bromide) under UV.
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EXAMPLE 3

Mutant Screening via PCR
New primers were designed to amplify specifically the regions
to be used for mutant screening. Primers were selected

according to three criteria:

- Positions of intron and exon: exonic regions are
preferred, even 1if primers can be designed in intronic
regions.

- High impact of EMS mutations on the protein sequence:
the impact of the mutation on the protein function was
assessed by the CODDLe software [Choosing codons to
Optimize Discovery of Deleterious LEsions]. CODDLe
identifies the region(s) of a user-selected gene and of
its coding sequence [CDS] where the anticipated point
mutations are most likely to result 1in deleterious
effects on the gene's function (Till et al., 2003).
CODDLe results on the whole contig sequence is shown in
Figure 3.

- Length of the sequence: the maximum length of the
sequence for CE-SSCP screening is 500 bp. A large
sequence 1s preferred to maximize the chance to

discover mutants.

The following new primer pairs were designed to amplify:

Region A: HmaAS-F/HmaA-R primer pair amplifies the N.
sylvestris origin sequence and HmaAT-F/HMA-R
amplifies the N. tomentosiformis origin

seduence.

Region B: HmaB-F/HmaB-R primer pair.

Region D: HmaDS-F/HmaDS-R primer pair amplifies the N.
sylvestris origin sequence and HmaDT-F/HmaDT-R
primer pair amplifies the N. tomentosiformis

origin sequence.
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The specificity of primer pairs was checked by cloning and

sequencing ten PCR products.

Fluorescent labeled primers (6-FAM (blue), VIC (green), NED
(yvellow); all from Applied Biosystems) were used for Capillary
Electrophoresis-Single Strand Conformation Polymorphism
analysis (CE-SSCP). PCR reactions were carried out in the same

conditions as used for copy number assessment.

Two different 410 bp copies were amplified in regions A with:

e forward primer HmaAS-F (VIC-GGTGAATAGCATTCTTGCTGTG)
SEQ ID NO:10; or

e forward primer HmaAT-F (NED-GTTGAATAGCATTCTTGCTGTT)
SEQ ID NO:12; and

e common reverse primer HmaA-R (6FAM-
GCACAACATAAGATTCACTAAC) SEQ ID NO:11.

A unique 386 bp sequence was amplified in region B, with:

e forward primer HmaB-F 6FAM-GTCTGATTTCGACTGGTGATG SEQ 1ID

NO:13; and
e reverse primer HmaB-R VIC-AAGAATATGTATGAGTGGTAACC SEQ 1ID
NO:14.

Two 283 bp copies were amplified separately in region D, with:

e primer pair HmaDT-F, 6FAM-GAAATAGAGGGTGATAGTTTCC SEQ 1ID
NO:15, and HmaDT-R, NED-CATTTCAGCGTAATGCAGAATTT SEQ 1ID
NO:16, for the first copy; and

e HmaDS-F, VIC-GAAATAGAGGGTGATAGTTTCA SEQ ID NO:17, and
HmaDS-R, 6FAM-CATTTCAGCGTAATGCAGAATTA SEQ ID NO:18, for
the other copy.

Capillary electrophoresis
Fluorescent-labeled PCR products were diluted 1/20 in water
before CE-SSCP analysis. Prior to loading on ABI Prism® 3130
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(Applied Biosystems, Foster City, USA), 1ul of diluted sample
was added to 10 ul formamide (Applied Biosystems) and 0.1 pul
Genescan-500 LIZ Size Standard (Applied Biosystems). A
denaturation step of 94°C for 3 min followed by cooling on ice

was used for single strand conformation analysis.

Running conditions on ABI Prism® 3130 were as follows: 36 cm
capillary array (16 capillaries), run temperature of 22°C,
sample injection of 1 kV for 15 s and separation of 15 kV for
40 min. The non denaturing separation medium was POP
Conformational Analysis Polymer (Applied Biosystems) 5%,
glycerol (Sigma-Aldrich) 10% in 1X Buffer (10X) with EDTA
(Applied Biosystems). The running buffer was glycercol 10% in
1X Buffer (10X) with EDTA. Results were analyzed with
GeneMapper 4.0 (Applied Biosystems) software.

Cloning and sequencing

PCR products were cloned into pGEM-T vector Systems (Promega,
Madison, USA) and transformed into E. coli according to
manufacturer’s instructions. Ten clones were sequenced for
each family, wusing BigDye Terminator Sequencing Kit v3.1
(Applied BRiosystems) and ABI Prism® 3130 (Applied Biosystems).

Nucleotic sequences were aligned with Multalin (http://npsa-

phil.ibcp.fr/NPSA/npsa multalinan.html) .

Results

Mutant screening in the HMA4 orthologs in tobacco

Primers were fluorescently labeled and were used to amplify
the DNA of the mutant collection. Fluorescent-labeled PCR
products were analyzed by CE-SSCP as described above.

Mutants were detected by the presence of additional peaks on
the analysis profile, compared to the control (DNA of a non
mutated tobacco). An example with primers Hma4-BF/Hma4-BR is

shown in Figure 4.

PCR products of mutants were cloned and sequenced to

characterize the position of the mutation. Sequences obtained
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were aligned and compared to the control. Impact of mutations
on protein function was analyzed by the Sorting Intolerant
From Tolerant (SIFT) program (Ng and Henikoff 2003).

Complete results of mutations obtained in Hma-AS, Hma-AT, Hma-
B, Hma-DS and Hma-DT are summarized in the Table shown in
Figure 5/1 and 5/2.

Nineteen mutations were obtained for Hma-AS target, 18 for
Hma-AT, 20 for Hma-B, 11 for Hma-DT and 3 for Hma-DS.

Non-sense mutations could be obtained for Hma-AS and Hma-DT.
Silent and miss-sense mutations represent respectively 9% to
33 % and 61% to 81% of the total number of mutations, as
presented in table 2. One mutation in a splicing region could
be found in Hma-B target. Mutations affecting the same amino-
acid could be found. Two exactly redundant mutations were
found in Hma-AT, one in Hma-AS, 3 in Hma-B and one in Hma-DT.

Of the 71 mutations obtained, 2 transversions were observed
(2.8%) (instead of G/C to T/A transitions expected with EMS

Lreatment.)
Miss- Non-

Total [Silent |sense sense Intron|Splicing
Hma-AS 19 31,6 63,2 5,3 0,0 0,0
Hma-AT 21 22,2 57,1 0,0 9,5 0,0
Hma-B 20 20,0 70,0 0,0 5,0 5,0
Hma-DT 11 9,1 81,8 9,1 0,0 0,0
Hma-DS 3 33,3 66,7 0,0 0,0 0,0

Table 2: Percentage of mutation according to the target
and the type of mutation.

EXAMPLE 4

Heavy Metals Translocation
Hydroponic culture
Selected M2 EMS lines were grown 1n soil 1in a greenhouse 1in

order to obtain homozygous mutant seeds. DNA was extracted
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from 2 month old plants for genotyping by CE-SSCP. Homozygous
mutant lines were self-pollinated to obtain homozygous mutant
seeds (M3). M3 seeds were germinated on Whatman paper soaked
with a Hoagland-derived solution (KNO3 2,5mM ; NaH2PO 4 0,5 mM
; Ca(NO3)2 2,5mM ; MgSO4 0,5 mM ; FeNaEDTA 0,1 mM ; H3BO3 50
pM ; MnsS04 50 pM ; ZnsS04 15pM ; MoO4Naz2 3uM ; KI 2,5uM ; CuSo4
50 uM ; CoCl2 44 pM). After 3 weeks, plants were transferred
to the Hoagland-derived solution media were there growth 1is
prolonged for 2 weeks. The solution media was then
complemented with a final concentration of 10uM of CdCl2.
After one week of treatments plants were cut in two parts:

roots and shoots and were harvested independently.

Greenhouse testing

M2 lines were sown on Whatman paper until germination and 30
mutants plantlets were transferred in floating trays (20cm x
30cm), with five control plants randomly placed in the tray
(non-mutagenized original lines). DNA was extracted from 1
month old plants for CE-SSCP genotyping to characterize
homozygous, heterozygous and wild type plants for the HMA
mutation. After one month and a half, the solution media was
complemented with a final concentration of 1uM to 5uM of
CdCl2. After one week of treatments, roots were rinsed with
CaCl2 (1 mM) and plants were cut in three parts: roots, stem
and shoots. Samples were pooled according to their genotype,

with four plants per genotype.

Cadmium detection by ICP-MS

Samples were dried at 80°C for 72 hours and dry weight was
measured. Metal contents were extracted in chloridric acid (1
mM) for 1 hour at 75°C.

Metals content in the chloridric acid were dosed by
Inductively Coupled Plasma Mass Spectroscopy (ICP-MS) from
Agilent (7500cx series). Ions are analyzed based on their mass
to charge ratios (Newman, 1996). This technique has already
been used for analysis of trace elements in many fields (e.g.
Kelly et al., 2002) and permit to detect cadmium traces as low

as 10 ppt.
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To obtain cadmium content the concentration of the dosed
solution is multiplied by the dilution factor (this gives the
amount of metal in the sample) and divided by the mass of the
sample. To obtain translocation, the amount of metal in shoots
is divided by the amount of metal in the whole plant (metal in

roots plus metal in shoots).

Statistical analysis
For each 1line, mean value and standard deviation was
calculated. The statistics software “R” was used to perform a

student “I” test to compare those means (htitp://www.r—

project.org/) .

EXAMPLE 5

Backcrosses of mutation into elite lines

Mutants containing an interesting mutation were backcrossed
with the original non-mutagenized plant in order to remove
additional mutations present in the rest of the genome, not
related with cadmium transfer. An example of a Fl1 cross of an
industrial Flue-cured tobacco and E1-276-B18 mutant is shown
in Figure 7. Mutants from the collection and elite lines were
grown 1in greenhouse in floating beds. DNA of 30 plants per
mutant family was extracted and analysed Dby CE-SSCP.
Heterozygous plants were transferred in 5 litter’s pots, along
with elite lines. At flowering time, pollen of mutant was
transferred on flower of the original line (BB16NN, BYO2 or
V4K1l), cleared out of its stamen. Several cycles of
backcrosses can be performed (BCl, BC2..) before fixing the
mutation by two cycles of self-pollination of Dbackcrossed
mutant plants (BCx3S1 and BCxS32).

EXAMPLE 6

Heavy Metals Translocation

Hydroponic culture
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Mutation E200K

Experiments were conducted with the mutation E200K, in
region B of the sequence, in the E1-276 line of BB16NN
collection. Homozygous M2 mutant lines were self-
pollinated to obtain homozygous mutant seeds (M3) .

Experiment was conducted on young M3 plantlets.

Results

Cadmium content in the homozygous M3 E1-276 mutant line is
significantly reduced. Figure 6 describes the results
obtained in terms of cadmium accumulation in roots and in
shoots. In shoots cadmium content is reduced to different
degrees and can be reduced by more than 50% in the lines
of the present invention in comparison to wild type. As
can be seen in Figure 6, cadmium content is reduced in
shoots for example for more than 60% and in some plants

even for more than 70%.

Mutation E3-277
Further experiments regarding the uptake of Cd and 7Zn were

conducted with plants homozygous for the mutation E3-277.

Results

The results are shown in the Table 3, below and show that
cadmium content in the homozygous E3-277 plants are
significantly reduced, whereas the content of Zn is

slightly reduced in comparison to control plants.
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Organ Cdlpg/e dwb.] Zo[pg/gdwb ]
WT-Plant1 Leaf 103 78.2
WT-Plant1 Root 767 318
WT-Plant2 Leaf 84.0 138
E3-277-Wild WT-Plant2 Root 310 256
type WT-Plant3 Leaf 60:1 611
WT-Plant3 Root 289 225
WT-Plant4 Leaf 122 90.7
WT-Plant4 Root 338:4 276
M-Plant1 Leaf 4.9 76,5
E3-277- M-Plant1 Root 333 53.7
Mutant M-Plant2 Leaf 9.5 48,0
M-Plant2 Root 66.7 625
Control-Plant1 Leaf 1727 101
Control-Plant1 Root 526 206
Control-Plant2 Leaf 178 116
BB16NN Control-Plant2 Root 344 244
Control Control-Plant3 Leaf 151 108
Control-Plant3 Root 500 254
Control-Plant4 Leaf 189 111
Control-Plant4 Root 639 285

Table 3: Cadmium and Zinc content in homozygous E3-277
mutant line compared to wild-type line E3-277
and BB16NN Control line.

EXAMPLE 7

In this example cadmium uptake of shoots of N. tabacum plants
was tested. These shoots are from EMS treated plant lines
mutated either in the HMA 4 gene derived from N. sylvestris or

in the HMA 4 gene derived from N. tomentosiformis.

Cadmium uptake of shoots of transgenic N. tabacum plants was
also tested. These transgenic plant lines express an RNAiL
construct designed to silence either one or both of the two
HMA 4 genes.
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MATERIALS & METHODS

EMS lines

All EMS lines analyzed in this example are summarized 1in
Figure 13. Among the tested lines, 3 are mutated in the HMA 4
gene derived from N. sylvestris (identified as alpha gene in
Figure 13) and 2 carry mutations in the HMA 4 gene derived
from N. tomentosiformis (identified as beta gene in Figure
13).

The 1lines 90 and 425 were backcrossed 2 times. Backcrossing

reduced the amount of additional mutations by 75%.

The line 277 was backcrossed once but the mutation is at the
heterozygous state for this line. All the other lines carry

homozygous mutations. The other lines were not backcrossed.

All lines were dgrown 1in the presence of cadmium using the
protocol described above, except that 1in this Example the
cadmium concentration was 1pM instead of 10uM. Each line was
cultivated in a bowl that also contain the corresponding wild
type plant, i.e. a plant that carries the same set of
additional mutations in its genome but that lacks the mutation

in the corresponding HMA Jgene.

Transgenic lines

1) RNA1 constructs

Five amiRNA constructs were made following the method
described in Ossowski et al, 2008. An online resource
(http://www.weigelworld.org/) was used to select the targeted
sequences and design the corresponding primers. The result is

presented in the Figure 14.

The amiRNAs were subcloned 1in a vwvector containing the Y708
promoter” (35S promoter in which some enhancing regions are
repeated) and a terminator (rbos) . The promoter-amiRNA-
terminator construct was 1inserted 1into a Dbinary vector

(pGreen) that permits expression in planta.
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2) Hairpin constructs

The hairpin construct is designed to silence both of the HMA 4
genes. The targeted sequences as well as the primers used to
amplify the same are described in Figure 15. The sequences
were cloned into the pHannibal vector (Figure 16). pHannibal
contains the appropriate restriction sites to <clone the

targeted sequences in both sense and antisense orientation.

The hairpin construct obtained was then subcloned twice and
inserted into the pGreen vector with the same promoter and

terminator used for the amiRNA constructs.

3) Plant transformation

Plants were transformed with the five amiRNA constructs, the
hairpin construct and the empty pGreen vector as described in
Horsch et al, 1984.

4) Growth conditions
The transgenic RNAi lines tested are the offspring of the

plants regenerated after plant transformation.

RNAi lines were cultivated on the same Hoagland-derived media
used for hydroponic culture but supplemented with 1% agar. The
plants that lost their construct through segregation were
eliminated by the addition of 200mg of hygromycin per liter of
media. After two weeks of growth on selection media, plants
were transferred to a media containing cadmium at a

concentration of 1uM.

After two weeks of culture on the media containing cadmium,
the plant material was collected. Approximately 1g of root was
frozen in liguid nitrogen to analyze transcript accumulation
by gPCR. The shoots were set aside to be analyzed for metal
content by ICP-MS.

5) RNA extraction and cDNA synthesis



WO 2012/041913 PCT/EP2011/066882
26
The roots were ground using a mortar and a pestle. RNA was
obtained using the RNeasy kit (Qiagen) coupled with the DNase
optional step. ¢DNA synthesis was performed with the M-MLV
Reverse transcriptase (Promega) as described by the

manufacturer.

6) Q-PCR analysis

The analyses were performed using a Roche 480 Lightcycler
(Roche) . The primer pairs used to amplify the alpha gene (Fw -
ACAAAGTGCTCGGACACCAA ; Rev - CTTCTCGGTTGCAGAGTCCT) or the beta
gene (Fw - ACAAAGTGCTCGGACACCAA ; Rev - CTTCTCGGTTGCAGAGTCTA)
were designed to amplify specifically the targeted gene and
not its homolog. This specificity and the efficiency of the
primers were tested using a vector in which the region

targeted by the primers was cloned.

The results were normalized using the cyclophilin gene (Fw -
CTCTATGCCGACACCGTTCC ; Rev - TCACACGGTGGAAGGTTGAG) and the L2
gene (Fw - GGCGAAATGGGTCGTTTGATC ; R e v -
CGTTCCGTTCGCCGAAGTCG) . Those two reference genes were selected

from the genes described in Nicot et al, 2005.

RESULTS

EMS lines

In 3 of the 5 tested lines, accumulation of cadmium in the
shoots 1is reduced very significantly, namely by more than 50%
(Figure 8 shows selected examples). These results were
statistically wvalidated for the lines 277 and 425 using the
student t-test (Figure 9).

RNAi lines

1. Transcript accumulation in roots

The transcript accumulation measured by gPCR is presented in
Figure 10. No diminution in the transcript level was observed
for the hairpin line as compared to the line expressing the

empty vector.
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However, a diminution of accumulation of HMA 4 transcripts is
observed for both genes in line 6a and for the HMA 4 gene
derived from N. tomentosiformis in line 11lb. The expression
levels are 1in a different static group than the expression

level of the wild type plants.

2. Metal accumulation in shoots

The accumulation of cadmium is reduced in all analyzed
transgenic lines (Figure 11). It is reduced by more than 40%
in lines 6b and hairpin. It 1s reduced by more than 60% in
lines 6a and 1lb. A student’s t-test performed on those
samples showed that the difference observed in lines 6a and
11b in comparison to the wild type plants is significant. No
statistical differences between the different lines in terms

of cadmium accumulation and zinc accumulation were determined.

CONCLUSION

This Example demonstrates that both HMA genes play a role in
cadmium accumulation in shoots. Significant reduction of
cadmium accumulation can already be achieved by silencing one
of the HMA 4 genes. Further reduction of the cadmium

accumulation can be obtained by silencing both genes.

EXAMPLE 8

In this Example the Cadmium accumulation in shoots of several
plants was analyzed and compared. For this purpose, the lines
90, 416, 276 and 425 were backcrossed 2 times and fixed by two
self-pollinations to obtain BC2S2 plants, selected for the
mutation (M) or not (W). The plants identified in this Example
as wild-type plants (or W) are thus plants that have also been
subject to EMS treatment and carry the same set of additional
mutations in their genome but lack the mutation in the

corresponding HMA gene.

Seeds were first sterilized and sown directly on solid medium

in vitro. Lines were grown on Hoagland-derived medium with
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agar, containing 1puM of cadmium. The Hoagland-derived medium
contains 0.1mM Fe and 15uM Zn.

Mutant lines (M), a heterozygous mutant line (Htz) and the
corresponding wild-type (S) lines were analyzed. The
experiments also included control plants BB16NN or BY02 (C)
(wild-type, industrial seeds) and a tobacco RNAi line

(obtained as described in Example 7).

Leaves were collected after one month and extracted for metals
as previously described. Analyses were performed on 4 to 12

plants per genotype for Cd, Zn, Fe.

RESULTS

The results are shown in Figures 17 and 18 and confirm that
these plants have a significantly reduced amount of cadmium in
the shoots (Figure 17B). At the same time it could be shown
that the plants are still able to take up metals such as Fe
and Zn that are required for plant growth (Figure 18).

CONCLUSION

This Example demonstrates that the silencing of HMA genes 1n
accordance with the present invention does not necessarily
have a negative affect on the uptake of metals that are

required for plant growth and development.

EXAMPLE 9

To develop commercial tobacco varieties with reduced cadmium
content in leaf, crosses were performed between different
tobacco mutants. In particular, plants with a mutation in the
HMA 4 gene from N. sylvestris were crossed with plants with a

mutation in the HMA 4 gene from N. tomentosiformis.

For this purpose both mutants were backcrossed with the elite
lines to eliminate the mutation load in the rest of the

genome, which may cause problems with fertility in the
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progeny. The resulting BCl plants were then crossed to get the
F1 family, possessing two mutated copies at heterozygous

state. All the F1l crosses are described in Figure 12.

The F1 plants resulting from the cross between mutants will be
self-pollinated to obtain an F2 generation, in which
homozygous plants for both mutated/or wild type copies will be
present, including homozygous double mutant plants. These
plants can be backcrossed into elite lines to obtain

homozygous double mutant commercial plant lines.
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Claims

A tobacco plant comprising at least one mutation in a HMA
gene, wherein the non-mutated HMA gene comprises the
nucleotide sequence of SEQ ID NO:1 or a homolog sequence
with at least 90% identity to the sequence of SEQ ID NO:1,
wherein the mutation causes a substitution or a deletion
or an insertion of at least one amino acid 1in the
polypeptide encoded by the nucleotide sequence and wherein
the mutation reduces the heavy metal uptake by the leaves
of the plant by at least 30% in relation to the heavy
metal uptake of plants comprising SEQ ID NO:1 or the

homolog.

The tobacco plant according to claim 1, wherein the

tobacco plant is a Nicotiana tabacum plant.

The tobacco plant according to claim 1 or 2, wherein the
reduction of heavy metal uptake is determined by growing
tobacco plants with and without the mutation under
identical conditions on a liquid medium containing the
heavy metal and comparing the concentration of the heavy
metal in the leaf, stem or shoot of the tobacco plant with
the mutation to the concentration of the heavy metal in
the leaf, stem or shoot of the tobacco plant that does not

have the mutation.

The tobacco plant according to one of claims 1 to 3,
wherein the mutation reduces the uptake of the heavy metal
by at least 40%, at least 50%, at least 75% or at least
95%.

The tobacco plant according to one of claims 1 to 4,
wherein the mutation reduces the uptake of cadmium, lead

Oor arsenic.
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The tobacco plant according to one of claims 1 to 5,
wherein the mutation is a miss-sense, a non-sense mutation

or a splice mutation.

The tobacco plant according to claim 6, wherein the
mutation 1s selected from the group comprising the
mutations: G294A, C576T, G406A, G347A, G363A, G553A,
G290A, C374T, G964A, Gl168A, G1211A, G1126A, C980T,
G1195T, Gl1156A, G1070A, C2302T, G2208A, C2217T, G2190A,
C2206T or C2277T in SEQ ID NO:1 or the homolog.

The tobacco plant according to one of claims 1 to 7,
wherein the plant comprises a mutation in more than one
HMA 4 gene.

The tobacco plant according to one of claims 1 to 8§,
wherein the plant is homozygous for the mutation in the
HMA 4 gene.

The tobacco plant according to one of claims 1 to 9,
wherein the plant is homozygous for mutations in both HMA

4 genes.

A tobacco plant cell derived from a tobacco plant

according to one of claims 1 to 10.

Part of a tobacco plant according to one of claims 1 to
10, wherein the part is a leaf, a lamina, a cut and/or a

cured leaf, root, shoot, stem, flower or seed.

The part of a tobacco plant according to claim 12, wherein

the tobacco plant is a Nicotiana tabacum plant.

Tobacco product comprising a tobacco plant according to
one of claims 1 to 10 or a part of a tobacco plant

according to claim 12 or 13.
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Tobacco product according to claim 14, wherein the tobacco
product is a cut tobacco, tobacco extract or reconstituted
tobacco or a smokeless tobacco product, 1like snus or

snuff.

Smoking article comprising tobacco plants according to one
of claims 1 to 10 or parts of a tobacco plant according to
claims 12 to 13.

Smoking article according to claim 16, which 1s a
cigarette, a small c¢igar, «cigarillo, a cigar or a

simulated smoking article containing tobacco.

Method for generating a tobacco plant comprising:

(a) screening a library of tobacco plants obtained by
mutagenesis for at least one mutation in a HMA gene,
wherein the non-mutated HMA gene comprises the
nucleotide sequence of SEQ ID NO:1 or a homolog
thereof, wherein the mutation causes a substitution
or a deletion or an insertion of at least one amino
acid in the polypeptide encoded by the nucleotide
sequence and wherein the mutation reduces the heavy
metal uptake by the leaves of the tobacco plant by at
least 30% in relation to the heavy metal uptake of
plants comprising SEQ ID NO:1 or the homolog;

(b) crossing the tobacco plant having a mutation in the
HMA gene with a commercial Nicotiana tabacum
production plant; and

(c¢) identifying offspring with the mutation in the HMA
gene;

(d) repeating steps (b) and (c).
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Figure 5/1

Collection Nucleogide .Amino—?cid. SIFT
Target Identification®|change change score®
Hma-AS BB1 6NN E1-110 CH15T G86= 1
Hma-AS BB1 6NN E1-397 G2%94A G41D 0
Hma-AS |BB16NN E2-90 ch76T L107F 0
Hma-AS |BB16NN E2-1 C620T Y1l21= 1
Hma-AS |BB16NN E2-425 G406A W78* 0
Hma-AS |BB16NN E2-229 G220A A40T 0,02
Hma-AS |BB16NN E3-32 G579A V1081 0,01
Hma-AS |BB16NN E3-1071 C356T L62= 1
Hma-AS |BB16NN E3-176 G401A V771 0,01
Hma-AS |BB16NN E3-217 C515T G8e= 1
Hma-AS |BB16NN E3-271 G347A E59K 0
Hma-AS |BRB16NN E3-422 G530A K91= 1
Hma-AS BB1 6NN E3-309 G363A G64D 0
Hma-AS BB1 6NN E3-372 G616A R120K 0,09
Hma-AS BB1 6NN E3-1144 G579A V1081 0,01
Hma-AS BYQ2 450 G553A co9Y 0
Hma-AS BYO2 695 GbH23A S89N 0,03
Hma-AS BYQ2 793 GbH82A E109K 0,02
Hma-AS BYQ2 802 C3e4T G64d= 1
Hma-AT |[BB16NN E1-9 G434A intron -
Hma-AT BB1 6NN E1-314 Ch56T A100V 0,3
Hma-AT |BB16NN E2-357 G2S0A A40T 0
Hma-AT |BB16NN E2-454 G570A A105T 0,04
Hma-AT |BB16NN E2-24 G370A S566= 1
Hma-AT |BB16NN E2-453 G542A LO5b= 1
Hma-AT |BB16NN E3-1211 G370A 566= 1
Hma-AT |BB16NN E3-1315 G555A A100T 0,4
Hma-AT |BB16NN E3-888 G537A A94T 0,02
Hma-AT |BB16NN E3-1038 C346T D58= 1
Hma-AT |BYO02 390 C374T P68S 0
Hma-AT [BYO2 493 C508T intron -
Hma-AT BYOQZ 769 G290A A40T 0
Hma-AT BYQZ2 874 ChH71T A105V 0,62
Hma-AT BYQ2 1336 Ch76T L107F 0
Hma-AT |[V4K1 273 G367A E6b= 1
Hma-AT ([V4K1 751 Gbh55A A100T 0,4
Hma-AT ([V4K1 303 Gh4d6A E97K 0,23
Hma-B BB1 6NN E1-84 Cl001A~* P144H 0,06
Hma-B BB1 6NN El1-276 G1168A E200K 0
Hma-B BB1 6NN E1-508 GI1211A G214E 0
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Collection Nucleogide .Amino—fcid. SIFT
Target Identification®|change change score®
Hma-B BB1oNN E1-521 Gl1168A E200K 0
Hma-B BB1 6NN E2-204 C983T Al138V 0,01
Hma-B BB1oNN E2-341 Gll26A Al86T 0
Hma-B BB1oNN E2-289 G1078A Al170T 0,03
Hma-B BB1oNN E3-163 Cc980T S137L 0
Hma-B BYQ2 71 Gl271A S234N 0,08
Hma-B BYQ2 320 G1170A E200= 1
Hma-B BYO02 355 CO983T A138V 0,26
Hma-B BYO02 399 Gl126A Al18B6T 0
Hma-B BYO2 505 Cl203T D211= 1
Hma-B BYO2 772 G1195T* A210S 0
Hma-B BYO2 805 Gl1le61lA E197= 1
Hma-B BYO2 936 Gl156A Al96T 0
Hma-B BYO02 1024 G1l062A vVied= 1
Hma-B BY02 1445 G1O070A ClevyY 0
Hma-B BY02 1468 G964A splicing -
Hma-B V4K1 767 C962T intron -
Hma-DT BB1 6NN E1-7 C2272T A360V 0,4
Hma-DT BB1 6NN E3-640 C2302T A370V 0
Hma-DT BB1oNN E3-1370 G2190A G333R 0
Hma-DT BB1oNN E3-259 G2208A D339N 0
Hma-DT BB1oNN E3-277 C2217T R342%* 0
Hma-DT BB1oNN E3-319 G2190A G333R 0
Hma-DT BB1 6NN E3-1155 C2207T 5338= 1
Hma-DT BB1 6NN E3-1274 C2184T P331S 0,39
Hma-DT BB1 6NN E3-1275 C2206T S338F 0
Hma-DT BYO02 506 G2271A A360T 0,03
Hma-DT BYO2 835 G2276A G328E 0,14
Hma-DS BB1 6NN E3-906 G2242A R350K 0,21
Hma-DS BYO2 416 Cc2277T L362F 0
Hma-DS BYO2 560 G2252A K353= 1

Figure 5/2
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Mean
cadmium % of wild type Effective -value Significative
accumulation | yp P difference
(ng/g)
2775 525,0 ok x 2 0.0042 Ves
277Htz 232,6 44,3 4 '
4258 207,0 ok x 4 0.0247 Ves
425M 36,1 17,4 4 '
90S 77,2 ok x 3 0.0513 No
90M 25,7 33,3 3 '

Figure 9
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Amino
Collection | Identification Mutated gene Nucleotide change acid SIFT score

change
BB16NN 90 Alpha C576T L107F 0
BB16NN 425 Alpha G406A W78* 0

BY02 1468 Alpha G964A splicing N.D.

BB16NN 277 Beta C2217T R342* 0
BB16NN 1275 Beta C2206T S338F 0

Figure 13
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A
Primer pair Name Sequence
1 HpEx11FwXhol | CCCGCTCGAGtgagagcaagtcaggtcatccga
HpEx11RevKpnl | CGGGGTACCctgtggtacatccagctctiga
5 HpEx11FwXbal | TGCTCTAGAtgagagcaagtcaggtcatccga
HpEx11RevClal CCCATCGATctgtggtacatccagctcttga
B.

tgagagcaagtcaggtcatccgatggcagecgctetggtggactatgcacaatcaaattecgttgagecaaagectgatagagttgageagtttc
aaaattttcctggtgaagggatatttggaagaattgatggaatggaaatctatgtcgggaataggaaaatttcttcaagagetggatgtaccaca

g8

Figure 15



WO 2012/041913 PCT/EP2011/066882

21/23

OCS terminator  nwoti(s819)

Bam HI
Hind |

Clal

INTRON Amp resistance
Kpni
: pHANNIBAL

EcoRl
Xhol

CaMV 35S
Promoter

Figure 16

SUBSTITUTE SHEET (RULE 26)



PCT/EP2011/066882

22/23

Number of

WO 2012/041913

2222222222
3333333333

ianssiee T\\\\\\\\\H
mnmw%y%msn% 4 D§§a
RIttH T W m &§§§§@§W
L __________ L ________ __________ —

Figure 17B



PCT/EP2011/066882

WO 2012/041913

23/23

Zine

—~

P2

: : L8

@
>

425M

Figure 18A

iron

E §
.§
... B
-
. \\\\\\\\\\\\\\\\\\\\\\\\ ;

N

Figure 18B



INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/066882

A. CLASSIFICATION OF SUBJECT MATTER

INV. C12N15/82 C12N9/14
ADD.

According to International Patent Classification (IPC) or to both national classification and IPG

B. FIELDS SEARCHED

Co7K CI12N

Minimum documentation searched (classification system followed by classification symbols)

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic data base consulted during the international search (name of data base and, where practical, search terms used)

EPO-Internal, BIOSIS, Sequence Search, EMBASE, WPI Data

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

the whole document

Arabidopsis thaliana",
NEW PHYTOLOGIST,

XP002624128,
ISSN: 0028-646X

A WONG CHONG KUM EDWIN ET AL:
ATPases are the major mechanism for
root-to-shoot Cd translocation in

vol. 181, no. 1, 2009, pages 71-78,

X WO 2009/074325 Al (PHILIP MORRIS PROD 1-18
[CH]) 18 June 2009 (2009-06-18)

"UMA P-type 1-18

_/__

Further documents are listed in the continuation of Box C.

See patent family annex.

* Special categories of cited documents :

"A" document defining the general state of the art which is not
considered to be of particular relevance

"E" earlier document but published on or after the international
filing date

"L" document which may throw doubts on priority claim(s) or
which is cited to establish the publication date of ancther
citation or other special reason (as specified)

"Q" document referring to an oral disclosure, use, exhibition or
other means

"P" document published prior to the international filing date but
later than the priority date claimed

"T" later document published after the international filing date
or priority date and not in conflict with the application but
cited to understand the principle or theory underlying the
invention

"X" document of particular relevance; the claimed invention
cannot be considered novel or cannot be considered to
involve an inventive step when the document is taken alone

"Y" document of particular relevance; the claimed invention
cannot be considered to involve an inventive step when the
document is combined with one or more other such docu-
m%r.llts, rs{uch combination being obvious to a person skilled
in the art.

"&" document member of the same patent family

Date of the actual completion of the international search

16 November 2011

Date of mailing of the international search report

01/12/2011

Name and mailing address of the ISA/

European Patent Office, P.B. 5818 Patentlaan 2
NL - 2280 HV Rijswik

Tel. (+31-70) 340-2040,

Fax: (+31-70) 340-3016

Authorized officer

Kania, Thomas

Form PCT/ISA/210 (second sheet) (April 2005)

page 1 of 3




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/066882

C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT

Category* | Citation of document, with indication, where appropriate, of the relevant passages

Relevant to claim No.

A VERRET F ET AL: "Overexpression of AtHMA4
enhances root-to-shoot translocation of
zinc and cadmium and plant metal
tolerance",

FEBS LETTERS,

vol. 576, no. 3,

22 October 2004 (2004-10-22), pages
306-312, XPOO4605705,

ELSEVIER, AMSTERDAM, NL

ISSN: 0014-5793, DOI:
10.1016/J.FEBSLET.2004.09.023

A MILLS R F ET AL: "The plant PlB-type
ATPase AtHMA4 transports Zn and Cd and
plays a role in detoxification of
transition metals supplied at elevated
levels",

FEBS LETTERS,

vol. 579, no. 3,

31 January 2005 (2005-01-31), pages
783-791, XP004725196,

ELSEVIER, AMSTERDAM, NL

ISSN: 0014-5793, DOI:
10.1016/J.FEBSLET.2004.12.040

A HANTKENNE MARC ET AL: "Evolution of metal
hyperaccumulation required cis-regulatory
changes and triplication of HMA4",

NATURE (LONDON),

vol. 453, no. 7193, May 2008 (2008-05),
pages 391-399-METHODS, XP002624129,

ISSN: 0028-0836

A HUSSAIN DAWAR ET AL: "P-type ATPase heavy
metal transporters with roles in essential
zinc homeostasis in Arabidopsis",

PLANT CELL,

vol. 16, no. 5, 1 May 2004 (2004-05-01),
pages 1327-1339, XP002495497,

AMERICAN SOCIETY OF PLANT PHYSIOLOGISTS,
ROCKVILLE, MD, US

ISSN: 1040-4651, DOI: 10.1105/TPC.020487

A W0 2005/090583 Al (COMMISSARIAT ENERGIE
ATOMIQUE [FR]; RICHAUD PIERRE [FR]; VERRET
FREDER) 29 September 2005 (2005-09-29)

A MILLS REBECCA F ET AL: "Functional
expression of AtHMA4, a P1B-type ATPase of
the Zn/Co/Cd/Pb subclass.",

PLANT JOURNAL,

vol. 35, no. 2, July 2003 (2003-07), pages
164-176, XP002624130,

ISSN: 0960-7412

1-18

1-18

1-18

1-18

1-18

1-18

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 2 of 3




INTERNATIONAL SEARCH REPORT

International application No

PCT/EP2011/066882
C(Continuation). DOCUMENTS CONSIDERED TO BE RELEVANT
Category* | Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.
A WO 2009,/074843 Al (COMMISSARIAT ENERGIE 1-18

ATOMIQUE [FR]; RICHAUD PIERRE [FR]; GRAVOT
ANTOIN) 18 June 2009 (2009-06-18)

Form PCT/ISA/210 (continuation of second sheet) (April 2005)

page 3 of 3



International application No.

INTERNATIONAL SEARCH REPORT

PCT/EP2011/066882
Box No. | Nucleotide and/or amino acid sequence(s) (Continuation of item 1.c of the first sheet)
1. With regard to any nucleotide and/or amino acid sequence disclosed in the international application and necessary to the claimed
invention, the international search was carried out on the basis of:
a. (means)
oh paper
in electronic form
b. (time)
in the international application as filed
together with the international application in electronic form
D subsequently to this Authority for the purpose of search
2. D In addition, in the case that more than one version or copy of a sequence listing and/or table relating thereto has been filed
or furnished, the required statements that the information in the subsequent or additional copies is identical to that in the
application as filed or does not go beyond the application as filed, as appropriate, were furnished.
3. Additional comments:

Form PCT/ISA/210 (continuation of first sheet (1)) (July 2009)



INTERNATIONAL SEARCH REPORT

Information on patent family members

International application No

PCT/EP2011/066882
Patent document Publication Patent family Publication

cited in search report date member(s) date

WO 2009074325 Al 18-06-2009  CN 101952442 A 19-01-2011
co 6280552 A2 20-05-2011
EP 2231861 Al 29-09-2010
US 2009183280 Al 16-07-2009
WO 2009074325 Al 18-06-2009

WO 2005090583 Al 29-09-2005 AT 491796 T 15-01-2011
CA 2560220 Al 29-09-2005
DK 1725668 T3 04-04-2011
EP 1725668 Al 29-11-2006
JP 2007529217 A 25-10-2007
US 2009155911 Al 18-06-2009
WO 2005090583 Al 29-09-2005
WO 2005093078 Al 06-10-2005

WO 2009074843 Al 18-06-2009  CN 101896608 A 24-11-2010
EP 2231862 Al 29-09-2010
US 2011023177 Al 27-01-2011
WO 2009074843 Al 18-06-2009

Form PCT/ISA/210 (patent family annex) (April 2005)




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - claims
	Page 35 - claims
	Page 36 - claims
	Page 37 - drawings
	Page 38 - drawings
	Page 39 - drawings
	Page 40 - drawings
	Page 41 - drawings
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - wo-search-report
	Page 61 - wo-search-report
	Page 62 - wo-search-report
	Page 63 - wo-search-report
	Page 64 - wo-search-report

