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(54) NEMATODE RESISTANCE IN PLANTS

(57) The invention provides a gene, herein termed
Hs4, which encodes a protein, also referred to as Hs4,
which upon presence in plants confers resistance against
plant parasitic nematodes, especially against the beet
cyst nematode Heterodera schachtii Schmidt. Specifical-

ly, the invention provides the use of plants containing the
Hs4 gene for cultivation in the presence of nematodes,
in soil of which the presence of nematodes is unknown
and in soil that is free from nematodes.
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Description

[0001] The present invention relates to a novel resistance gene which upon expression in plants confers resistance
against nematodes, especially of the genus Heterodera, e.g. against the beet cyst nematode Heterodera schachtii
Schmidt. For the purpose of the present invention, the novel resistance gene, and respectively the protein encoded by
the novel resistance gene, is termed Hs4. The invention provides plants which carry the Hs4 gene, a process for breeding
plants using the Hs4 gene as a marker for identifying plants during the breeding process that carry the Hs4 gene, a
process for generating plants that carry the Hs4 gene by genetic manipulation to introduce or modify the Hs4 gene into
plants, and to a nucleic acid construct comprising or consisting of the coding sequence of the Hs4 gene under the control
of a promoter that is active in plants, which promoter can be a constitutive promoter and which promoter preferably is
a promoter that is induced upon nematode infection, e.g. the Hs1 beet cyst nematode resistance gene promotor.

State of the art

[0002] Cai et al., Science vol. 275, 832-834 (1997) describe the cloning of a gene encoding a 282 amino acid protein
that in sugar beet provides resistance against Heterodera schachtii.
[0003] Schulte et al., Mol Gen Genomics (2006) describe the generation of a complete physical map of a wild beet
translocation site in sugar beet and further mention that the resistance gene described in Cai et al., Science (1997), did
not confer complete nematode resistance after transformation into sugar beet.
[0004] Heller et al., Theor Appl Genet 92: 991-997 (1996) describe linkage analysis using restriction fragment length
polymorphism (RFLP) analysis for localizing nematode resistance genes in sugar beets and for identification of markers
linked to the resistance.
[0005] EP 3567111 A1 describes three proteins which upon expression in beets confer nematode resistance. The
proteins have a length of 1084 amino acids, of 1429 amino acids and of 965 amino acids, respectively.
[0006] WO 2014/127835 A1 describes two resistance genes encoding proteins having approx. 929 amino acids for
nematode resistance in beets.
[0007] Savitsky, H. Can. J. Genet. Cytol. 20:177-186 (1978) describes crossing Beta vulgaris and Beta procumbens
resulting in a translocation of part of chromosome 1 of Beta procumbens onto the chromosome 9 of Beta vulgaris.
[0008] Fauser et al., The Plant Journal 79, 348-359 (2014) describes a method and a plasmid for integration of DNA
sections into a plant genome by homologous recombination, making use of CRISPR/Cas methods, especially in a Cas9
expression system plasmid called pChimera.

Object of the invention

[0009] It is an object of the invention to provide an alternative resistance gene that confers resistance against the beet
cyst nematode into plants, especially for highly specific identification of the resistance gene in plants, for introducing the
resistance gene into plants by genetic manipulation, and to provide a plant breeding process in which plants bearing
the resistance gene are identified using the resistance gene as a probe. Preferably, the resistance gene shall provide
high resistance against nematodes, especially in Amaranthaceae.

Description of the invention

[0010] The invention achieves the object by the features of the claims, and especially provides a gene, herein termed
Hs4, which encodes a protein, also referred to as Hs4, having an amino acid sequence having a homology of at least
50%, e.g. of at least 60%, of at least 70%, preferably of at least 80%, preferably of at least 85%, more preferably of at
least 90% or of at least 95%, most preferably of at least 98% or 99% to MEAVFWIILLNFVIYGAE HLGRVEEIRTLYLI-
HDRPAWYQFVTSAFCHYNWNHLCNNLF FLYIFGKLVEEEVGGFYLWYYYILTAVGSNLVSWSLLPRSGS
SAGASGAVFGLFAISFSVKLLLRDRCPDNKEDWRRFLEVIIL GHFVLQRMMEALHGSNAMVNANGVIDPALVPWVN-
HIAHLA GAVVGMSLVIIPHDIRRRLSVNNCLPP (SEQ ID N0:1), especially of the amino acid sequence of SEQ ID NO:
1, which upon presence in plants confers resistance against plant parasitic nematodes, especially against the beet cyst
nematode Heterodera schachtii Schmidt. Specifically, the invention provides the use of plants containing the Hs4 gene
for cultivation in the presence of nematodes, in soil of which the presence of nematodes is unknown and in soil that is
free from nematodes, which nematodes preferably are Heterodera schachtii.
[0011] The protein HS4 can be expressed from a cDNA having a DNA sequence having a homology of at least 80%,
preferably of at least 85%, more preferably of at least 90% or of at least 95%, most preferably of at least 98% or 99%
to SEQ ID NO: 2, or from a sequence containing exons and introns, e.g. a sequence having a homology of at least 80%,
preferably of at least 85%, more preferably of at least 90% or of at least 95%, most preferably of at least 98% or 99%
to SEQ ID NO: 3, or having the sequence of SEQ ID NO: 3.
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[0012] Plants carrying the Hs4 gene show only little or no yield penalty, i.e. less or no deterioration of yield in production,
when cultivated in nematode-free soil, preferably also in nematode-infested soil, compared to wild-type plants without
the Hs4 gene cultivated in nematode-free soil. Especially preferred are plants carrying the Hs4 gene alone after genetic
modification or as part of a small translocation from the P. procumbens which can be obtained after crossing different
translocation lines or by mutagenesis.
[0013] Preferably, a plant containing the Hs4 gene contains e.g. only a DNA portion containing the Hs4 gene encoding
section and regulatory genetic elements for its expression, which DNA portion consists of at maximum 3 kbp, more
preferably at maximum 2.7 kbp, or more preferred of at maximum 1 kbp. The DNA portion containing the Hs4 gene
encoding section and regulatory genetic elements for its expression can be introduced into the plant as a small trans-
location, e.g. from P. procumbens, or by genetic manipulation. Most preferably, the plant in addition to its original DNA
only contains the Hs4 gene comprising or consisting of regulatory genetic elements functionally linked to a coding
sequence encoding the Hs4 gene product, wherein the regulatory genetic elements preferably include a promoter that
is induced by presence of nematodes, optionally at least one enhancer in 5’ of the coding sequence or in 5’ of the
promoter. Accordingly, the plant, e.g. in comparison to the genome of the nematode-susceptible cultivar, essentially
contains no additional DNA in excess of the Hs4 gene, which comprises or consists of a coding sequence for the Hs4
protein and functionally linked regulatory genetic elements. Preferably, the plant containing the Hs4 gene can contain
an insert comprising the Hs4 gene, which insert has a size of at maximum 100,000 bp, more preferably of at maximum
10,000 bp. The size of the insert can e.g. be determined in comparison to the genome of the plant prior to the integration
of the insert comprising the Hs4 gene.
[0014] A preferred promoter that is functionally linked to the nucleic acid sequence encoding the protein having a
homology of at least 50%, e.g. of at least 60%, of at least 70%, preferably of at least 80%, preferably of at least 85%,
more preferably of at least 90% or of at least 95%, most preferably of at least 98% or 99% to SEQ ID NO: 1, or of SEQ
ID NO: 1, is the promoter of SEQ ID NO: 4. As an alternative, the promoter having a homology, e.g. of at least 50%,
preferably of at least 80%, more preferably of at least 85%, more preferably of at least 90% or of at least 95%, most
preferably of at least 98% or 99% to SEQ ID NO: 4, or comprising or consisting of SEQ ID NO: 4, can be comprised in
an expression cassette encoding another protein, e.g. a protein conferring resistance against plant parasitic nematodes,
and the expression cassette comprising the promoter can be present in a plant, e.g. by genetic manipulation or by a
translocation event.
[0015] Preferably, the plant is a member of Amaranthaceae, of Brassicaceae, of Solanaceae, or of Poaceae, e.g.
Graminae, especially barley, wheat and rice. Although the invention is not limited to a specific cultivar, the plant preferably
is a cultivar of one of the aforementioned genera. Optionally, from the plants according to the invention there are excluded
Patellifolia procumbens, formerly known as Beta procumbens, and/or Patellifolia patellaris.
[0016] The plant may be a hybrid or a doubled haploid plant, which do not occur in nature.
[0017] Analysis of the Hs4 gene product revealed that upon presence in a plant the Hs4 gene expresses a protease.
Currently it is assumed that the efficacy of the Hs4 gene to provide resistance against nematodes is based on a detrimental
effect of the protease activity on nematodes or on the functioning of the nematode feeding sites. Accordingly, the invention
also relates to plants expressing Hs4, wherein Hs4 has protease activity and confers resistance against plant parasitic
nematodes.
[0018] As the present invention provides the amino acid sequence of the causative gene product for nematode resist-
ance, analysis of plant material for determining the presence of a nucleic acid sequence encoding the causative gene
product has become feasible by nucleic acid analytical methods, or by immunological methods that are specific for the
Hs4 gene product. The identification of the Hs4 gene therefore allows the use of in vitro methods for determining the
nematode resistance of a plant, and therefore facilitates the identification of plants that carry the nematode resistance
in plant breeding, e.g. reducing the necessity for determining nematode resistance in nematode infection experiments.
[0019] The resistance gene Hs4 can be used for identifying plants that carry a nucleic acid sequence encoding the
Hs4 gene, e.g. using nucleic acid sequences that hybridize to a nucleic acid sequence encoding a protein having a
homology of at least 80%, preferably of at least 85%, more preferably of at least 90% or of at least 95%, most preferably
of at least 98% or 99% to SEQ ID NO: 1. Processes for identifying the presence of nucleic acid sequences are generally
known, e.g. processes using hybridization of nucleic acid probes that are specific, e.g. in PCR, Southern hybridization,
or DNA sequencing.
[0020] The use of the resistance gene Hs4 in a process for analysis of plants in respect of the presence of a nucleic
acid encoding the Hs4 gene is useful e.g. in processes for plant breeding for identifying plants that have acquired the
Hs4 gene. Processes for plant breeding can comprise or consist of crossing plants and selecting offspring plants that
carry the Hs4 gene.
[0021] Further, the invention relates to a process for genetically manipulating plants by integrating a nucleic acid
sequence encoding the Hs4 gene into the plant genome, and also relates to the genetically manipulated plants, e.g.
obtainable by genetic manipulation. According to an embodiment of the invention, genetically manipulated plants contain
an insert which essentially consists of the Hs4 gene including regulatory genetic elements for expression of a protein of
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SEQ ID NO: 1, with essentially no additional DNA sections. E.g. the insert preferably contains or consists of the coding
sequence arranged under the control of a promoter, which preferably is a promoter that is induced by presence of
nematodes, e.g. the promoter of SEQ ID NO: 4, and a terminator.
[0022] Generally, genetically manipulated plants according to the invention contain an insert comprising the Hs4 gene
which is integrated into the plant genome by genetic manipulation.
[0023] Methods for genetic manipulation of plants for integrating DNA into plant genomes are generally known, e.g.
using Agrobacterium containing a plasmid which comprises a DNA section encoding the Hs4 gene for transformation
of plants using inoculation of the plants with the Agrobacterium. Alternatively or additionally, integration of DNA sections
into the plant genome can be obtained by genome editing, e.g. CRISPR-Cas based methods.
[0024] Methods for genetic manipulation of native protease genes with >80% DNA sequence homology to the Hs4
gene by genome editing, e.g. CRISPR-Cas based methods. Single or oligonucleotide mutations can be induced in Hs4
homologs of crop plants, preferably from the plant families Amaranthaceae, Brassicaceae, Poaceae, Solanaceae, whose
Hs4 homologs originally are without a function as a nematode resistance gene, in order to alter their function into a
nematode resistance gene, which preferably encodes a protein having a homology of at least 50%, e.g. of at least 60%,
of at least 70%, preferably of at least 80%, preferably of at least 85%, more preferably of at least 90% or of at least 95%,
most preferably of at least 98% or 99%, or consisting of, SEQ ID NO: 1, which protein preferably is a protease.
[0025] The Hs4 gene of the invention has the advantage of being of plant origin, and to encode a protein that does
not significantly impair yield of cultivated plants, e.g. of sugar beets.
[0026] The invention is now described in greater detail by way of examples. In the examples, the resistance gene
product is also referred to as the Hs4 gene.

Example 1: Analysis of the presence of the Hs4 gene in a plant

[0027] As an example for analytical methods for determining the presence of specific nucleic acid sequences encoding
a protein having a homology of at least 80% to SEQ ID NO: 1, the DNA from leaf samples or root samples from sugar
beets was purified. The DNA was analysed by PCR, using the primer of SEQ ID NO: 5 and SEQ ID NO: 6, which between
them specifically hybridize to a section of the natural Hs4 gene, comprising the first exon and part of the 5’UTR of SEQ
ID NO: 3. Generally, primer pairs that are specific for amplifying a portion of a known DNA sequence, can be designed
using generally available computer programmes on the Hs4 gene sequence. Amplification conditions were annealing
at 58°C, polymerase synthesis at 72°C for 60s, denaturing at 94°C for 30s, for 35 cycles. The amplification product had
a size of 194bp.

Example 2: Generating a plant that contains the Hs4 gene by genetic manipulation

[0028] Transfer of the resistance gene Hs4 into plants can be made using a Ti plasmid and Agrobacterium tumefaciens
or a Ri plasmid and Agrobacterium rhizogenes, wherein the plasmid comprises an expression cassette encoding the
Hs4 gene product.
[0029] Alternatively, a nucleic acid sequence encoding a protein of at least 50% homology, preferably of at least 80%
homology, more preferably of at least 89% homology to SEQ ID NO: 1 can be integrated into the genome of a plant
using a CRISPR-Cas based method.
[0030] Another method for introducing the nematode resistance gene Hs4 into a plant which originally is devoid of the
functional Hs4 gene, especially into sugar beets, more preferably into sugar beet varieties, comprises the steps of
crossing the plant with a Hs4 gene containing plant and from offspring of the crossing selecting those that contain the
Hs4 gene in combination with a desired combination of traits of the plant which originally is devoid of the functional Hs4
gene. The presence of the Hs4 gene can be determined by analysing plant material according to Example 1.

Example 3: Nematode resistance is caused by the Hs4 gene

[0031] The sugar beet (Beta vulgaris) variety Nemata, which is known as nematode resistant, was genetically manip-
ulated to inactivate the Hs4 gene specifically. The inactivation of the Hs4 gene directly resulted in nematode susceptibility
of the plants.
[0032] In short, target sites for integration were identified manually. As target sites, SEQ ID NO: 7 and SEQ ID NO: 8
were used, which target the exon region of the sugar beet. These target sites were cloned into the pChimera vector
(described by Fauser et al., 2014, kindly provided by Prof. Dr. Holger Puchta to the Plant Breeding Institute, CAU Kiel).
A single guide RNA having SEQ ID NO: 9 and SEQ ID NO: 10 were cloned into the vector p201G (described by Jacobs
et al. 2015, obtainable from Addgene) separately and transformed into Agrobacterium rhizogenes. Leaf stalks of the
sugar beet were inoculated with the transformed A. rhizogenes, and obtained hairy roots were kept on Gamborg B5
medium for two weeks. Hairy roots were tested for mutation in or around target sites by PCR using SEQ ID NO: 11 and
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SEQ ID NO: 12 as primers and were confirmed by Sanger sequencing. Hairy roots were then inoculated with 250 of J2
Heterodera schachtii nematodes, and after four weeks of subsequent cultivation in the dark, female nematodes in hairy
roots were counted under the binocular.
[0033] The susceptibility of the plants after specific inactivation of the Hs4 gene demonstrates that this gene confers
resistance against nematodes.
[0034] Analysis of the originally nematode resistant sugar beet was by PCR, showing the presence of the Hs4 gene.
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Claims

1. Process for analysis of a plant in respect of resistance against nematodes, characterized by analysing nucleic
acids of the plant for containing a nucleic acid sequence encoding a protein having a homology of at least 80 % to
SEQ ID NO: 1.

2. Process according to claim 1, characterized in that the protein of SEQ ID NO: 1 is encoded by a nucleic acid
sequence having a homology of at least 80 to SEQ ID NO: 3 or to SEQ ID NO: 2.

3. Resistance gene against plant parasitic nematodes encoding a protein having a homology of at least 80% to SEQ
ID NO: 1.

4. Resistance gene according to claim 3, characterized by the nucleic acid sequence encoding a protein having a
homology of at least 80% to SEQ ID NO: 1 being arranged under the control of a promoter having SEQ ID NO: 4.

5. Resistance gene according to one of claims 3 and 4, characterized in that the protein is encoded by a nucleic acid
sequence having a homology of at least 80% to SEQ ID NO: 3 or to SEQ ID NO: 2.

6. Resistance gene according to one of claims 3 and 4, characterized in that it is comprised in a plasmid vector
suitable for gene transfer into plant cells.

7. Resistance gene according to one of claims 3 to 6 for use in protecting plants of the genera of Amaranthaceae, of
Brassicaceae, of Poaceae, or of Solanaceae against nematodes.

8. Plant, genetically manipulated to contain a gene conferring resistance against plant parasitic nematodes, charac-
terized in that the gene encodes a protein having a homology of at least 80% to SEQ ID NO: 1.

9. Plant according to claim 8, characterized in that the gene encoding the protein having a homology of at least 80%
to SEQ ID NO: 1 is functionally arranged under the control of a promoter having SEQ ID NO: 4.

10. Plant, genetically manipulated to contain a gene conferring resistance against plant parasitic nematodes, charac-
terized in that the gene is under the control of a promoter having a homology of at least 80% to SEQ ID NO: 4.

11. Plant according to one of claims 8 to 10, characterized in that the gene conferring resistance against plant parasitic
nematodes is comprised in a DNA portion inserted into the plant genome, which DNA portion consists of at maximum
3 kbp.

12. Plant, obtained by a process comprising the step of crossing plants, one of which is a cultivar and the other one of
which contains a resistance gene against plant parasitic nematodes encoding a protein having a homology of at
least 80% to SEQ ID NO: 1, and the step of selecting offspring plants by identifying offspring plants that contain the
resistance gene against plant parasitic nematodes encoding a protein having a homology of at least 80% to SEQ
ID NO: 1.

13. Plant according to claim 12, characterized in that the offspring plant has essentially all traits of the cultivar and in
addition is genetically manipulated such that the resistance gene against plant parasitic nematodes is comprised
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in a DNA portion inserted into its genome, which DNA portion consists of at maximum 3 kbp.

14. Plant, genetically manipulated to comprise an expression cassette encoding a gene, characterized in that the
expression cassette contains a promoter having a homology at least 80 % to SEQ ID NO: 4, or the promoter
comprising or consisting of SEQ ID NO: 4.
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