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Abstract
The soluble protein content of potato tubers is an important trait for starch potatoes. The soluble protein,
which is a waste product in the industrial starch industry, is used in food and feed applications. A higher
level of soluble protein in tubers is beneficial for the different stakeholders in the potato breeding and
industrial starch industries.
Several candidate genes that might positively affect the soluble protein content trait have been selected.
The candidate genes mainly include transporters of either nitrate/ammonium or amino acids. These
candidate genes were isolated and cloned into overexpression vectors. Due to the limited time of this
thesis project any further steps have not been performed yet. The next steps would include the
transformation of the overexpression vectors into potato plants using agrobacterium mediated
transformation. Transgenic Kardal potato plant lines overexpressing a single candidate gene would then
be analyzed in order to observe the phenotypic effects of overexpression of the gene.
One specific candidate gene, a lysine/histidine transporter, has already been overexpressed in transgenic
Kardal plant lines in a previous project. During this thesis, these transgenic lines have been harvested
after approximately 20 weeks of growth in greenhouse conditions. Several phenotypical traits have been
scored, including fresh/dry weights, total tuber weight, and the amount of tubers. The expression of the
lysine/histidine transporter gene and the soluble protein content in the potato tubers have also been
determined.
Most transgenic lines showed overexpression of the lysine/histidine transporter gene, meaning they had
a significantly higher expression than the control plants. However, none of the traits showed a significant
difference with the control plants. None of the phenotypic traits correlated with the overexpression.
Therefore it has been concluded that the overexpression of this specific candidate gene has no effect on
the soluble protein content of potato tubers in a Kardal background genotype, when grown in greenhouse
conditions.
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Introduction and problem definition
Potato is an important crop worldwide, and is the fifth most produced crop in 2017; after sugarcane,
maize, wheat and rice (FAO, 2019). The main interest of the potato crop is its tubers, which are an
important source of starch, vitamins and minerals (Jørgensen et al, 2006). Besides vitamins and
minerals, potato also contains a relatively high amount of essential amino acids (Chick & Cutting, 1943).
These are amino acids that are not produced by the human body and thus need to be taken in through
food. The tubers can be consumed as food or used for other purposes, such as extracting starch. The
industrial starch industry extracts starch from the potato tubers for starch processing, which leaves
behind a liquid referred to as potato fruit juice (PFJ). PFJ was first considered a waste product, but
contains approximately 1.5% protein (Jørgensen et al, 2006; Ortiz-Medina, 2006). The PFJ contains
many different proteins, including patatins and protease inhibitors. Patatins, a family of glycoproteins,
make up approximately 40% of soluble protein in tubers and are the major storage proteins in potato
(Mignery et al., 1988; Shwery, 2003). It has also been reported that patatins have esterase activity, or
more specifically lipid acyl hydrolase activity (Rosahl et al., 1987; Andrews et al., 1988). Besides
patatins, the most abundant proteins in potato tubers are a group of protease inhibiters (Turrà et al.,
2008; Ussuf et al., 2001). Protease inhibitors are involved in the defense mechanisms of plants by
inhibiting the activity of harmful proteases that are used by pathogens. Patatins and protease inhibiters,
together with all other proteins present in PFJ, could be used for biotechnological applications or
food/feed supplementation (Jørgensen et al, 2006). The relatively high amount of essential amino acids
increases the value of supplementation through potato based products even more. Therefore increasing
the amount of protein present in PFJ would be an added value for potato breeders, growers, and other
stakeholders in the potato industry.

Nitrogen assimilation
An important mineral in plants is nitrogen. Although nitrogen is abundant in the air, plants take up almost
all their nitrogen through nitrogen holding compounds from the soil. Molecular dinitrogen, the nitrogen
that is abundant in the air, is a molecule of two nitrogen atoms that are triple bonded to each other. This
bond cannot be broken by plants, but can be broken by bacteria in the soil or root parts of plants (Takai,
2019). The process of ‘breaking apart’ atmospheric dinitrogen is called nitrogen fixation. The fixed
nitrogen is used by bacteria in order to create nitrogen compounds, such as ammonia and ammonium,
and eventually nitrite and nitrate. These nitrogen compounds are available for plants to be taken up via
the soil, as described in a review article by Mokhele et al. (2011), see figure 1.
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Figure 1: A schematic overview of the nitrogen cycle. Atmospheric nitrogen is converted to
ammonia/ammonium and to nitrite/nitrate by bacteria. Plants take up nitrates because they are unable
to fixate nitrogen from atmospheric nitrogen. Source: mezascienceclass.wordpress.com.
Within the plant, the nitrates that are taken up through the soil are reduced to nitrites by nitrate
reductase enzymes (Cao et al., 2008). As nitrite is toxic, the nitrite is immediately reduced to
ammonium/ammonia by nitrite reductase enzymes (Rosales et al., 2010). Ammonium can also be
directly taken up from the soil (Miller & Cramer, 2004). Ammonium/ammonia is used for synthesis of
glutamine, by incorporating ammonia as amide group into glutamate. Asparagine is synthesized from
glutamine and pyrophosphate by an asparagine synthase enzyme (Lam et al., 1995). Other amino acids
are then synthesized using these building blocks (Lea & Miflin, 2003), see figure 2.

Figure 2: A schematic overview of nitrogen assimilation in higher plants. Nitrogen holding compounds
are taken up through the soil. The nitrogen is assimilated by the synthesis of glutamine and
asparagine, which provide the building blocks to synthesize other amino acids and eventually proteins
and nucleic acids. Source: Lu et al., 2016.
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One way to increase the amount of protein in tubers might be to increase the amount of amino acids in
tubers, because amino acids are needed for protein biosynthesis. Amino acids are synthesized in the
leaves and transported to the tubers via the phloem (Koch et al., 2003). The transportation of amino
acids from the phloem into the tuber is performed by amino acid transporters, such as amino acid
permeases, lysine/histidine transporters, proline and compatible solutes transporters, and cationic amino
acid transporters (Koch et al., 2003). Once the amino acids are in the tuber, they could be used for the
synthesis of proteins or for providing energy by amino acid catabolism (Hildebrandt et al., 2015).
Therefore it is hypothesized that the overexpression of genes encoding for amino acid transporters might
result in an increased amount of protein in potato tubers and PFJ.
Another way to increase protein content in the plant might be to increase nitrogen uptake or nitrogen
use efficiency, because excess nitrogen is stored as amino acids which are used for the biosynthesis of
proteins. A study in rice showed that overexpression of a certain nitrate transporter (OsNRT2.3b)
resulted in 40% higher nitrogen use efficiency and yield (Fan et al., 2016). Overexpression of nitrate
transporters or ammonium transporters in potato might result in an increased amount of nitrogen in the
plant, which in turn could result in an increase of amino acids and protein in the potato plant and tuber.

Candidate genes
A previous study by Klaassen et al. (2018) revealed several QTL’s explaining variance in protein content
in potato tubers. Several genes located within these QTL’s have been marked as candidate genes. These
candidate genes have been selected based on the hypothesis to have an effect on potato protein content,
and therefore might be causing the correlation between the genomic region and the phenotype that is
causing the QTL.
The first group of candidate genes are five nitrate transporters, see table I. These genes have been
selected, because an increase in nitrogen uptake might result in an increased protein content. One of
these nitrate transporters is located on chromosome 3, while the other four are located on chromosome
5. These nitrate transporters are called NPF for short, standing for Nitrate transporter 1/Peptide
transporter family. This is a family of low-affinity nitrate transporters present in all major kingdoms of
life (Léran et al., 2014). Some of these low-affinity nitrate transporters, such as AtNPF6.3, have been
found to function in both the low-affinity and the high-affinity nitrate transport systems (Liu & Tsay,
2003). In Arabidopsis thaliana it has been found that besides nitrate, these transporters can also
transport nitrite, peptides, amino acids, dicarboxylates, glucosinolates, auxin, and abscisic acid (Sugiura
et al., 2007; Komarova et al., 2008; Zhou et al., 1998; Nour-Eldin et al., 2012; Krouk et al., 2010;
Kanno et al., 2012). The transportation of these additional components might cause implications when
the transporter gene is overexpressed, as the overexpression of plant hormones like auxin and abscisic
acid cause phenotypic changes like curled leaves, increased height, and longevity (Kim et al., 2013).
Three other candidate genes are the high-affinity nitrate transporter 6.1 and 6.2, and ammonium
transporter 1.3. The isolation and cloning of the two high-affinity nitrate transporters and the ammonium
transporter have already been attempted by previous projects. All three of these genes have been
selected as candidate genes, as they are involved in increasing the amount of nitrogen in the plant, and
therefore possibly increasing amino acid and/or protein content.
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Table I: An overview of all candidate genes included in this thesis report.
Candidate Gene Name
Abbreviation
Spud DB Code
NPF1.3
PGSC0003DMG403002548
Nitrate transporter 1.3
NPF4.4
PGSC0003DMG400017621
Nitrate transporter 4.4

Chromosome
3
5

Nitrate transporter 4.5

NPF4.5

PGSC0003DMG400017620

5

Nitrate transporter 2.10

NPF2.10

PGSC0003DMG400017637

5

Nitrate transporter 1.12

NPF1.12

PGSC0003DMG400015592

5

Aspartate aminotransferase

AST

PGSC0003DMG400020416

7

Ketol-acid reductoisomerase
LysM domain receptor-like
kinase 3
High-affinity nitrate
transporter 6.1
High-affinity nitrate
transporter 6.2
Ammonium transporter 1.3

KARI

PGSC0003DMG400020446

7

LM-RLK3

PGSC0003DMG400002526

3

HAT6.1

PGSC0003DMG401011998

6

HAT6.2

PGSC0003DMG402011998

6

AMT1.3

PGSC0003DMG400018761

3

LHT

PGSC0003DMG400000818

5

Lysine/Histidine transporter

Two candidate genes have been selected on chromosome 7, namely an aspartate aminotransferase and
a ketol-acid reductoisomerase. Aspartate aminotransferase enzymes are involved in amino acid
metabolism, as they catalyze the reversible conversion of aspartate to glutamate (Muttucumaru et al.,
2014). According to de Kraker et al. (2007), the ketol-acid reductoisomerase enzyme is involved in the
biosynthesis of valine and leucine. Another candidate gene, located on chromosome 3, is LysM domain
receptor-like kinase 3, which is involved in nitrogen fixation through nitrogen-fixating root nodules in
legume species (Smit et al., 2007).
The goal for all the above named candidate genes is to isolate and clone them into vectors which are
suitable for agrobacterium mediated transformation, in order to create transgenic plant lines that are
overexpressing one of the candidate genes. In this study, several candidate genes will be isolated and
cloned into vectors, and the effect of overexpression of the final candidate gene, a lysine/histidine
transporter (which has already been successfully cloned and transformed by a previous student), will be
analyzed in a greenhouse experiment. Transgenic lines overexpressing this candidate gene were already
growing in the greenhouse at the start of this thesis project.

Aim of the study
The aim of this study is to uncover the genetics behind protein content related genes and pathways in
potato. This knowledge is beneficial for potato breeders who want to select and breed for higher protein
content in potatoes for the starch industry. An increase in protein content in the PFJ is beneficial for the
potato industrial starch industry and other stakeholders involved in the potato industry.
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Materials and methods
In order to overexpress a gene, the gene must first be isolated and cloned. After cloning, the gene is
inserted into potato plants of the Kardal genotype using agrobacterium mediated transformation. The
successfully transformed plants are then propagated into transgenic plant lines. Two week old plants are
moved to and potted in the greenhouse. These plants are scored phenotypically after 10 and 20 weeks,
and plant samples are processed in the laboratory in order to see the effect of the overexpression of the
gene on several traits, including protein content. This whole process takes far more time than the span
of this thesis project, therefore only two of these steps are performed and described in this thesis. The
first is the isolation and cloning of genes of interest into vectors in the molecular laboratory. The second
part of this thesis is the phenotyping and sampling of Kardal potato plant lines overexpressing a
lysine/histidine transporter in the greenhouse, and the processing of these samples in the biochemical
laboratory and molecular laboratory. The data obtained is analyzed using statistics, and described in this
report.

Isolation of candidate genes
The first step in the cloning and transformation of candidate genes is obtaining total RNA from the potato
plant. mRNA is used because it no longer contains introns, which are unwanted. The extraction of RNA
from plant material is performed according to the cetyl trimethylammonium bromide (CTAB) method.
The concentration of each sample is determined using a Nanodrop spectrophotometer (Thermo
Scientific). The purity and degradation of each sample is observed by running a small volume of the
sample on a 1.5% agarose gel during gel electrophoreses. The samples are cleared from genomic DNA
using the DNAse I Amplification Grade Kit (Invitrogen), and converted to cDNA using the Multiscribe
Reverse Transcriptase Kit (TaqMan Applied Biosystems). A test PCR is performed to observe the presence
and estimated quantity of cDNA in each sample using Dreamtaq polymerase (Thermo Scientific) and
gene specific primers for the Elongation Factor 1-Alpha gene, see table II. In total, cDNA was isolated
from eight different samples, containing five different tissue types (tuber, leaves, stem, buds, and
flower).
Gene specific primers were designed in order to isolate specific gene sequences from the cDNA samples.
The NCBI primer-BLAST tool is used in order to design two primer sets for each candidate gene (Ye, et
al. 2012). The two primersets include an external primerset (for amplification of the whole gene
sequence) and an internal primerset (for amplification of a small internal part of the gene sequence),
see table III. In preparation for the first cloning step, four extra bases (CACC) are added to each forward
primer of the external primersets. This causes the polymerase to extend the cDNA gene fragments with
these four bases on the 5’ side of the forward strand which is used for ligation into the entry vector.
PCR using Dreamtaq polymerase (Thermo Scientific) is performed to test each primer pair on the five
different tissue types. The correctly working combinations of tissue type and primer pair were then used
for PCR with a high-fidelity proofreading enzyme (depending on the primer pair, either Phusion
polymerase (Thermo Scientific), Pfu polymerase (Promega), or Accuprime polymerase (Invitrogen)).
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Table II: An overview of some of the primers that were used during this thesis, including the gene/plasmid template they were designed for
and what they were used for during this thesis project.
Primer name
Sequence
Template gene/plasmid name
Use
M13 Forward
GTAAAACGACGGCCAG
pENTR plasmid
Colony PCR and sequencing of
pGEM-T Easy plasmid
pENTR and pGEM-T Easy plasmids
M13 Reverse
CAGGAAACAGCTATGAC
Pect083F
GATTTGTAGAGAGAGACTGGTG
Colony PCR and sequencing of
pK7WG2 plasmid
pK7WG2 plasmid
Pect084R
GACGCACAATCCCACTATCC
PrKo290-ccdB-Fw
GATGTCATTTTCGCGGTGGC
Isolating a small fragment of the
ccdB gene
ccdB lethal gene
PrKo291-ccdB-Rv
AGCCGTTATCGTCTGTTTGTG
PrCF226F
CGCGTACAAGGCAACAAGTC
Lysine/Histidine transporter gene
Analyzing expression by qPCR
(PGSC0003DMT400002144)
PrCF227R
GAATGCAACAGGGAAATAACACAG
Pr76F
ATTGGAAACGGATATGCTCCA
Housekeeping gene to standardize
Elongation Factor 1-Alpha gene
expression during qPCR
Pr77R
TCCTTACCTGAACGCCTGTCA
Table III: An overview of primer pairs for each candidate gene. The primers marked with an asterisk were not designed and ordered in this
thesis, as they were already ordered and present in the laboratory before the start of this thesis.
Candidate gene name
Primer name
Sequence
PrKo289-Ni1Fext3
caccATGATTCCGAAAGCAAGGCCTC
PrKo287-Ni1Rext1
GTTGAGTTTGCCTGAGTCTTTCCAC
Nitrate transporter 1.3
PrKo259-Ni1Fint1
GCAAGAATAGGAAACTCCGCTACCC
PrKo260-Ni1Rint1
TTCGATGCCAATGGAAGCATCACTC
PrKo232-Ni2Fext1
caccCACAACACTTTCTTTCAACTTAACTAATGG
PrKo231-Ni2Rext1
TGCGTCTCAACGCCTAACATCTAC
Nitrate transporter 4.4
PrKo233-Ni2Fint1
AGACCGGCCATCAACAATCGTC
PrKo234-Ni2Rint1
TCCACGCGGAGTTGATTCATCG
PrKo235-Ni3Fext1
caccATGCTCATAGCGATCTCCTCTGGT
PrKo236-Ni3Rext1
TTACTTGCTAGATTTGACTGTTGTATACTTG
Nitrate transporter 4.5
PrKo237-Ni3Fint1
CCGCCTAAGGAAACAGAGAGCC
PrKo238A-Ni3Rint1
GTTCGGAGCTGCTTGAAGGTCG
PrKo238B-Ni4Fext1
caccCACATAATAAGGAGAAAATAAAGATATAGT
PrKo239-Ni4Rext1
TGAACTTAGTTAAGCACAAATTCCT
Nitrate transporter 2.10
PrKo240-Ni4Fint1
TCCTGATGAACGTGAGAGTAACGGG
PrKo241-Ni4Rint1
ACCTGGTGGGATCTGGAAATTAGGG
PrKo242-Ni5Fext1
caccATGGGCATAGAAACTCAAGTTGAAGAGA
PrKo243-Ni5Rext1
TTAGGGTTGGCGCCCTGC
Nitrate transporter 1.12
PrKo244-Ni5Fint1
TGGTTGGAAAGTTGGCTTTGGTGTC
PrKo245-Ni5Rint1
GCAACACTTCTCTTAGGAACCCTGC
PrKo246-AspFext1
caccTCGACAAACACGCCATTTTCCTCTC
PrKo247-AspRext1
CCACAGCCTTTCCGTAACTGATTATTG
Aspartate aminotransferase
PrKo248-AspFint1
GCTGGCGGTTTCAACATGGAATATC
PrKo249-AspRint1
AATGTCCCTTCACCTTGAACTGGTG
6

Ketol-acid reductoisomerase

LysM domain receptor-like kinase 3

High-affinity nitrate transporter 6.1

High-affinity nitrate transporter 6.2

Ammonium transporter 1.3

PrKo250-KetFext1
PrKo251-KetRext1
PrKo252-KetFint1
PrKo253-KetRint1
PrKo255-LysmFext1
PrKo256-LysmRext1
PrKo257-LysmFint1
PrKo258-LysmRint1
PrCF216F *
PrCF217R *
PrCF218F *
PrCF219R *
PrCF220F *
PrCF221R *
PrCF222F *
PrCF223R *
Pr052F *
Pr053R *
Pr054F *
Pr055R *

caccCACTTTCATTTGTCTGCTTTCCACTTCAC
AAGCCCTTAATTGCCAGATTGCCTG
CCATATCAACAAAGGGCATGTTGGC
ATCAATGCCACAAAGACACCAGCAG
cacc(A)TGACCCGTTTCACTAAATCTATCA
TATATATGAGGATGCAAGGCAACAC
AGGTACATTTGCGGTAGCTCAGGG
GAGAGTGGTGTGTGGCCTTTGTTC
caccATGGCTGATGTAGAAGGATCAC
AAGATCATCAAACGCGATTTGG
GGTGCTACTCCGTTCACTGCTTG
CAACACGCTTGCCACGCTC
caccGCTGTCCGGTTCATG
TCCGATCAGACACGATTTGG
GGCGATTTACAGAAGACGGGTAC
TGTTCTTCACTTCCCTTGATTGG
caccTCTTGTGTGAAGCAAGGAATAATGG
TGAGGTGTGCACCTTATTATTGTTG
CGGGTTTAATCCTGGATCATTCGAC
CGTCCAAACAAGGTTACAATCCCC
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Cloning of candidate genes
After isolation of the candidate genes, the amplicons are ligated into the TOPO adapted entry clone,
namely pENTR from the pENTR/D-TOPO cloning kit (Invitrogen). This entry clone contains a GTGG site
on the 3’ side of the reverse strand, see figure 3. This GTGG site provides an easier ligation with the
CACC site on the 5’ side of the forward strand of the amplicon, and inserts the amplicon in the correct
orientation. The entry clone contains a Kanamycin resistance gene as selectable marker for bacteria after
the transformation. The entry clone also contains two att sites (L1 and L2), which are required for
Gateway cloning.

Figure 3: Two schematic overviews of the pENTR plasmid, containing a kanamycin resistance gene,
the attL1 and attL2 gateway cloning sites, and a GTGG overhang (sticky end). Source: ThermoFisher
Scientific (left) and addgene.org (right).
The ligation product is then transformed into competent Escherichia coli of the DH5-Alpha strain,
according to the heat shock transformation protocol from the Library Efficiency DH5α Competent Cells
Kit (Invitrogen). The transformation product is plated on LB growth medium containing agar and
kanamycin. After overnight incubation at 37°C, single colonies are tested for the presence of the insert
using PCR. Positive colonies are cultured in liquid medium (LB growth medium containing kanamycin).
After overnight incubation at 37°C, the QIAprep Spin Miniprep kit (Qiagen) is used in order to isolate
plasmid DNA from the bacteria. This purified DNA is then used for sequencing, which is outsourced to
the Macrogen Company.
Gateway cloning is used for the cloning of the insert from the entry clone to the destination vector, see
figure 4. The destination vector (pK7WG2) contains two att sites (R1 and R2), see figure 5. The purified
plasmid DNA of correctly isolated and ligated inserts is used for an LR reaction, using the Gateway LR
Clonase II Enzyme Mix kit (Invitrogen). The attL sites in the entry clone are switched with the attR sites
in the destination vector, which moves the inserted gene from the entry clone to the destination vector.
The ccdB gene, which is present in the destination vector in between the attR sites, is moved to the
entry clone. As the ccdB gene is lethal for E. coli, it is a selectable marker for positive selection of
bacterial colonies containing the correctly transformed plasmid (because bacteria containing a noncloned destination vector containing the ccdB gene will not survive, neither will bacteria containing the
correctly cloned entry clone as it then contains the ccdB gene).
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Figure 4: The LR reaction of Gateway cloning. The attL sites in the entry clone and the attR sites in
the destination vector are switched by the LR clonase enzyme mix, meaning the gene in the entry
clone is cloned to the destination vector (then referred to as expression clone). The entry clone
receives the ccdB gene, which is lethal for E. coli, and therefore is a selectable marker for bacterial
colonies containing the correctly cloned expression clone without containing any vector with the ccdB
gene. Source: blog.addgene.org.
The destination vector (pK7WG2) contains a spectinomycin/streptomycin resistance gene, see figure 5.
This resistance gene is used as selectable marker for bacterial colonies containing the expression vector.
The vector also contains left and right borders, which are required for agrobacterium mediated
transformation, therefore this vector is suitable for agrobacterium transformation (as published by Karimi
et al., 2002). The final construct that will be delivered into the plant cells contains the gene of interest
controlled by a P35S promoter and a T35S terminator, and a selectable marker gene that provides
kanamycin resistance. This kanamycin resistance gene is a selectable marker for correctly transformed
plants during tissue culturing (after agrobacterium mediated transformation).
Figure 5: A schematic
overview of the destination
vector: pK7WG2, containing a
spectinomycin/streptomycin
resistance gene, attR1 and
attR2 sites with the ccdB gene
in between, left and right
borders (LB and RB) for
agrobacterium mediated
transformation, and a
kanamycin resistance gene as
selectable marker during
tissue culturing. Source:
Karimi et al. (2002).
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Cloning of HAT6.1 and AMT1.3 candidate genes
Two of the candidate genes, HAT6.1 and AMT1.3, are thought to be lethal genes. This hypothesis was
made after several tries of cloning these genes into pENTR (during both a previous project and this thesis
project), while the only bacteria growing on the growth medium plates were colonies with either an
empty plasmid or a plasmid with the insert in the reverse orientation. This suggests that colonies with
an insert in the correct orientation do not survive, most likely because the protein that is produced by
the insert is lethal for E. coli. However, the multiplication of the plasmid inside E. coli is essential for this
cloning method, therefore the cloning of a lethal gene is not possible with the method described above.
A different method is used for the cloning of such genes, using the principle of gene silencing through
the expression of a reverse complement sequence (RNAi), which is expressed in a second plasmid. This
will trigger the RNAi gene silencing system in the bacteria, which hypothetically should disable the toxic
effect of the lethal genes.
The already available internal primers of the HAT6.1 and AMT1.3 genes are used in order to obtain a
small fragment of the gene sequence. To test if this made up method is viable, the exact same procedure
is also performed for the ccdB gene, which is known to be lethal to E. coli bacteria. Additional primers
were designed to isolate a small sequence of the ccdB gene, see table II. These three primer pairs were
used in combination with the Advantage 2 Polymerase mix (Clontech Laboratories Takara Bio), as a highfidelity polymerase enzyme without proofreading was required. A non-proofreading polymerase adds an
additional nucleotide (an adenine) to the end of a newly synthesized DNA strand, which is required for
TA cloning. These sequences were then ligated into the pGEM-T Easy entry clone (Promega), using the
pGEM-T Easy Vector System kit (Promega). The pGEM-T Easy plasmid contains an ampicillin/carbenicillin
resistance gene, see figure 6. It is essential that the two entry clones have a different antibiotic resistance
gene to ensure that the bacteria do not discard one of the plasmids.
After sequencing (outsourced to the Macrogen Company) colonies with the correctly ligated insert (in
the reverse orientation) were grown in liquid medium (LB growth medium containing carbenicillin).
Competent cells have been created using overnight grown cultures of LB medium containing carbenicillin
and one of the correct colonies. Creating these competent cells makes it possible to transform a second
plasmid into the bacteria. The transformation to insert the second plasmid into bacteria and the bacteria
culturing steps of E. coli are performed similar to the method described above for the pENTR plasmid.
The same method as described earlier is used in order to clone the entire gene sequence (in the correct
orientation). The only two essential differences are that the competent cells with the reversed insert in
the pGEM-T Easy plasmid are used instead of regular competent cells, and the carbenicillin antibiotic is
added to each step involving growth medium.
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Figure 6: A schematic overview of the pGEM-T Easy entry clone, containing an ampicillin/carbenicillin
resistance gene. No att sites or left/right borders are present in the plasmid, therefore it should not
interfere with Gateway cloning or agrobacterium mediated transformation. Source: addgene.org.
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Phenotyping of transgenic LHT plant lines
One of the candidate genes, a lysine/histidine transporter (PGSC0003DMG400000818), has been cloned
and transformed into Kardal genotype potato plants by a previous student. During this thesis project,
transgenic lines overexpressing this LHT gene have been grown in the greenhouse for 20 weeks. These
plants have been phenotypically scored and analyzed in the laboratory to study the effect of
overexpression of this specific gene on several traits, including protein content. The phenotyping and
sampling were performed after approximately 10 weeks of growth for the halfway harvest (the second
week of September 2019) and after approximately 20 weeks for the end harvest (the third week of
November 2019).
The halfway harvest contained 18 Kardal genotype control plants and 6 plants for each transgenic line
(each of 26 transgenic lines is a product of an independent transformation using the same construct).
The end harvest contained 15 Kardal genotype control plants and 5 plants for each transgenic line. In
total 319 plants were grown, of which 174 for the halfway harvest and 145 for the end harvest.
During the halfway harvest the plants have been phenotypically scored on several traits, including
chlorophyll content, flowering stage, shoot length, shoot weight, leaf fresh and dry weight, amount of
tubers, and tuber dry and fresh weight. Additionally, samples have been taken from the leaves, tubers
and stem parts, which were stored at -80 °C until further analyses. The remaining of the tubers were
harvested and grinded in order to obtain potato fruit juice (PFJ). The PFJ was stored at -20 °C until
further use.
During the end harvest the plants were already wilting, which is why all phenotypically scoring of
aboveground-parts was not performed during the end harvest. Traits that were scored include the
amount of tubers, tuber fresh and dry weight, root length, and root fresh and dry weight. Additionally,
samples have been taken from the tubers and root parts, which were stored at -80 °C until further
analyses. Similar to the halfway harvest, the remaining of the tubers were harvested and grinded to
obtain PFJ, which was stored at -20 °C until further use.

Soluble protein content analysis of transgenic LHT plant lines
The collected PFJ of both the halfway and end harvest were analyzed using the iTag method (Sprint iTAG
Technology Rapid Protein Analysis, CEM Corporation) and an Infinite 200 Pro Plate Reader
spectrophotometer (Tecan). All samples were measured in duplicate. This yielded the percentage of
soluble protein content (SPC) in PFJ. The following formula was used in order to correct for the moisture
content of the potato and obtain the SPC of the potato (obtained from an article by Klaassen et al.,
2018):
𝑆𝑃𝐶 𝑖𝑛 𝑝𝑜𝑡𝑎𝑡𝑜 =

1 − 𝐹𝑟𝑒𝑠ℎ 𝑡𝑜 𝑑𝑟𝑦 𝑤𝑒𝑖𝑔ℎ𝑡 𝑟𝑎𝑡𝑖𝑜
𝑆𝑃𝐶 𝑖𝑛 𝑃𝐹𝐽

Expression analysis of transgenic LHT plant lines
The expression of the overexpressed gene was measured using qPCR. The samples that were stored at
-80 °C during both harvests were used for RNA isolation. The RNA isolation and DNAse treatment were
performed following the same protocols as described in the gene isolation method. The iScript cDNA
Synthesis kit (Bio-rad) has been used for cDNA synthesis. A test PCR was performed to observe the
presence and estimated quantity of cDNA in each sample using Dreamtaq polymerase (Thermo Scientific)
and gene specific primers for the Elongation Factor 1-Alpha gene, see table II.
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The cDNA samples were used for qPCR, using iQ SYBRGreen Supermix (Bio-rad). Two primer pairs were
used, namely the lysine/histidine transporter primerset to measure the expression of the overexpressed
gene and the Elongation Factor 1-Alpha primerset as a housekeeping gene for normalization of the LHT
gene expression. Averages of the LHT and EF1α duplicates have been used to calculate the ΔCt value,
see the formula below. The ΔΔCt values have been obtained by subtracting the average ΔCt value of the
Kardal control plants of the ΔCt values of each individual sample, see the formula below (obtained from
an article by Livak and Schmittgen, 2001). This resulted in a maximum of 6 and 5 ΔΔCt values per
transgenic line for the halfway and end harvest, respectively.
ΔCt = Average Ct of dulpos LHT gene − 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝐶𝑡 𝑜𝑓 𝑑𝑢𝑝𝑙𝑜𝑠 𝐸𝐹1𝛼 𝑔𝑒𝑛𝑒
ΔΔCt = ΔCt of individual sample − Average ΔCt of Kardal control samples
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Results
Isolation and cloning of candidate genes
Primers were designed for each of the initial eight candidate genes, in order to amplify the gene and
isolate it from cDNA, see table III. The external and internal primer pairs, as well as combinations of
external and internal primers, have been tested on cDNA originating from mRNA of five different tissue
types, including leaf, tuber, flower, buds, and stem. The results vary per primer pair, see table IV.
Nitrate transporter 1.3 was isolated using primer pair 286 x 287. After cloning of the amplicon into
pENTR and transforming it to E. coli, sequencing of single colonies revealed that many STOP codons
were present in the first part of the sequence. This part of the sequence is reported in the SPUD database
upstream of the gene coding sequence in the 5’ UTR. However, this 5’ UTR contained a start codon that
was in-frame with the rest of the gene coding sequence, which led to the hypothesis that this extra
sequence was an extra exon. The many STOP codons present in this extra sequence revealed that this
sequence does not actually belong to the gene, rejecting the hypothesis. A new forward primer, primer
289, was designed in order to isolate the gene sequence without the extra part. Using primer pair 289
x 287, the nitrate transporter 1.3 gene has been successfully isolated. The amplicon of primers 289 x
287 has been ligated into pENTR and transformed to E. coli. After sequencing, the isolated plasmid DNA
of a single colony containing the correctly ligated entry clone was used for an LR Gateway cloning
reaction, successfully cloning the gene sequence into the destination vector. Sequencing showed that
three out of four colonies contained the correctly cloned expression vector.
Three of the candidate genes (nitrate transporter 2.10, aspartate aminotransferase, and ketol-acid
reductoisomerase) showed the correct bands using the internal primer pairs, while not (consistently)
showing results using the external primer pairs, see table IV. Combinations of internal and external
primers have been tested to determine which specific primers were compromising the results.
Primer combination 238B x 241 showed no results, while primer combination 240 x 239 did. Thereby
revealing that primer 238B is blocking the amplification of the nitrate transporter 2.10 gene when the
external primer combination is used (primers 238B x 239).
Primer combination 246 x 249 showed results, while primer combination 248 x 247 did not. Thereby
revealing that primer 247 is blocking the amplification of the aspartate aminotransferase gene when the
external primer combination is used (primers 246 x 247).
Neither combination of external and internal primers for the ketol-acid reductoisomerase gene showed
results, therefore revealing that both external primers do not anneal/function correctly.
None of the three genes have been isolated or cloned. New external primers would have to be designed
in order to continue the progress of isolating and cloning these genes.
The remaining four candidate genes (Nitrate transporter 4.4, 4.5, and 1.12, and LysM domain receptorlike kinase 3) showed no results for both the internal and external primer pairs. To exclude the chance
that the genes were not expressed and thereby not present in the cDNA, these primers have been tested
on gDNA as well. Even then, none of the primers showed result.
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Table IV: An overview of the primer pairs for isolation of candidate genes. The second column displays
the primers used (the numbers correlate to the primer names in table I). The second column also displays
whether the primer pair amplifies the whole gene (external primer pairs) or only part of the gene (internal
primer pair).
Candidate gene
Primer combination
Result
289 x 287

External

259 x 260

Internal

238B x 239

External

240 x 241

Internal

246 x 247

External

248 x 249

Internal

250 x 251

External

252 x 253

Internal

232
233
235
237
242
244
255
257

External
Internal
External
Internal
External
Internal
External
Internal

Nitrate transporter 1.3

Nitrate transporter 2.10

Aspartate
aminotransferase
Ketol-acid
reductoisomerase
Nitrate transporter 4.4
Nitrate transporter 4.5
Nitrate transporter 1.12
LysM domain receptorlike kinase 3

x
x
x
x
x
x
x
x

231
234
236
238A
243
245
256
258

Isolated successfully using cDNA from flower
tissue
Shows correct band using cDNA from tuber,
flower, buds, and stem tissue
Showed results once, but could not be
reproduced
Shows correct band using cDNA from tuber
tissue
Showed results once, but could not be
reproduced
Shows correct band using cDNA from tuber and
buds tissue
Showed no results
Shows correct band using cDNA from buds
tissue
Showed no results
Shows vague band using cDNA from leaf tissue
Showed no results
Showed no results
Showed no results

Primers for another candidate gene, the high-affinity nitrate transporter 6.2 gene, were already present
in the laboratory. The external primer pair PrCF220F x PrCF221R was designed by a previous student to
isolate the entire gene sequence, see table III. The previous student did not successfully clone the gene
sequence into the entry clone. Therefore, the isolation and cloning of this gene is retried during this
thesis project. Using the same primer combination, 220 x 221, the gene sequence has been isolated
successfully. The amplicon has been cloned into the pENTR vector, which has been transformed into
competent E. coli. However, upon sequencing of the plasmid DNA extracted from single colonies, the
correct gene sequence was not found.
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Cloning of HAT6.1 and AMT1.3 candidate genes
The reverse complement sequence of the ccdB lethal gene has been isolated using primers 290 x 291,
see table II, in order to test if the method is used for the HAT6.1 and AMT1.3 genes is viable. The
amplicon of the ccdB gene has been ligated into the pGEM-T Easy plasmid, which has been transformed
into regular competent E. coli cells. After sequencing, a single colony containing the pGEM-T Easy plasmid
with the ccdB insert in the reverse complement orientation has been used to make new competent cells.
The destination vector, without any insert, already contains the full ccdB lethal gene. The destination
vector has been transformed into competent cells containing the pGEM-T Easy plasmid with the reversed
complement ccdB sequence insert. After bacteria culturing on LB growth medium containing antibiotics
for both plasmids, several bacteria colonies were growing. PCR with primers specific for each plasmid
showed that both plasmids were indeed in these colonies, demonstrating that this method works as
expected and could be used for the HAT6.1 and AMT1.3 candidate genes.
The internal primers for both candidate genes were used for isolation of small parts of their gene
sequences (primers 218 x 219 for high-affinity nitrate transporter 6.1 and primers 054 x 055 for
ammonium transporter 1.3). Both amplicons have been ligated into the pGEM-T Easy plasmid and
transformed into regular competent E. coli cells. Sequencing of plasmid DNA extracted from single
colonies revealed several colonies with correctly ligated and cloned inserts (containing the gene sequence
in the reverse complement orientation). The creation of competent cells and the transformation with the
pENTR vector containing the full gene sequence have not been performed yet.
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Phenotyping and analyses of transgenic LHT plant lines
The effect of overexpression of the LHT gene in Kardal genotype plants has been studied in this thesis
project by phenotyping and analyses of transgenic plant lines during two separate harvests, namely the
halfway harvest (HH) and end harvest (EH). Several traits have been phenotypically scored in the
greenhouse, including tuber weight, the amount of tubers, and the fresh/dry weight ratio (FW/DW ratio)
of tubers and leaves, the shoot length and weight (only in HH), and the FW/DW ratio of the roots (only
in EH). The soluble protein content (SPC) of the tuber has been determined for each plant in the
biochemical laboratory. The expression level of the LHT gene in the tuber has been determined for each
plant (normalized with the Elongation Factor 1-Alpha housekeeping gene) in the molecular laboratory.
A One-way ANOVA shows that there is a significant difference in relative expression of the LHT gene
between transgenic lines that were harvested during the end harvest, see appendix 1. All transgenic
lines showed higher average expression than the Kardal control plants, see figure 7. Using a Bonferroni’s
LSD test with the critical value of significance level α=0.05 (LSD = 3.963), it has been determined that
the relative expression of 19 out of 26 transgenic lines is significantly higher than the Kardal control
plants. Screenshots of the Genstat Twentieth Edition output of both tests are provided in appendix 1.

Relative Expression of the LHT Gene per Transgenic Line
8

Relative Expression of LHT (-ΔΔCt)

7
6
5
4
3
2
1
0

Figure 7: The average expression of the LHT gene per transgenic line, relative to the expression of the
Kardal control plants. The color of the bars represents whether the transgenic line is significantly
different from the Kardal control (on the far left), in which the difference is significant for the blue
bars, but not significant for the gray bars, according to a Bonferroni’s LSD test with a critical value of
3,963. The error bars represent the standard deviation of the –ΔΔCt values of individual samples of
which the average values are taken of.
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The relative expression of the LHT gene of the end harvest plants has been plotted against several traits,
including SPC, tuber weight, amount of tubers, and the FW/DW ratio of tubers, roots, and leaves, see
figure 8 and appendix 2. The scatterplots suggest that none of the traits are correlating with the relative
expression of the LHT, as the increase of expression on the X axis does not increase or decrease the
level of the plotted trait on the y axis.

LHT Expression vs %SPC

Kardal Control

Transgenic LHT

Soluble Protein Contect (%)
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5,00

6,00

7,00

8,00

Relative Expression of LHT (-ΔΔCt)
Figure 8: The relative expression of the LHT gene plotted against the soluble protein content
percentage of tubers. Kardal control plants have been marked red, all transgenic LHT lines have been
marked blue. There is no visible correlation between the two traits.
A One-way ANOVA for all end harvest plants using the SPC as Y-variate and the genotype as treatment
shows an F-probability of 0.053, meaning that there is just barely no significant difference between the
soluble protein content between the transgenic lines and the Kardal control plants. A Bonferroni’s LSD
test shows that all 26 transgenic lines are not significantly different. Repeating the same One-way ANOVA
(using the SPC as Y-variate and the genotype as treatment), but this time only for the end harvest
control plants and the transgenic lines that showed a significant difference in expression, shows a Fprobability of 0.240, meaning there is no significant difference in soluble protein content between the
Kardal control plants and the transgenic lines that overexpress the LHT gene. Screenshots of the Genstat
Twentieth Edition output of these four statistical tests are provided in appendix 3. In total, 10 out of 26
transgenic lines showed a lower SPC than the Kardal control, see figure 9.
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Percentage of Soluble Protein Content per Transgenic Line
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LHT 32
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LHT 11

LHT 63

0,00

Transgenic LHT Lines
Figure 9: The average soluble protein content per transgenic line. The gray bar represents the
average of the Kardal control plants. The error bars represent the standard deviation of the SPC values
of individual samples of which the average values are taken of.
As already shown by figure 8 and the figures in appendix 2, none of the phenotypically scored traits are
correlating with the relative expression of the LHT gene. One-way ANOVA and Bonferroni’s LSD tests
have been performed for the soluble protein content (appendix 3) and for each of the phenotypically
scored traits for the end harvest (data not shown). None of the transgenic lines are significantly different
from the Kardal control plants in any of the traits. Therefore it can be concluded that the overexpression
of the LHT gene does not have a significant effect on the soluble protein content, or on any of the
phenotypically scored traits for the end harvest.

19

Discussion and conclusions
Several candidate genes that may affect soluble protein content in potato have been cloned and
transformed, in order to overexpress each single candidate gene in transgenic potato plant lines. These
candidate genes include genes involved with nitrogen uptake and transportation, such as nitrate and
ammonium transporters and amino acid transporters. One of the candidate genes, a lysine/histidine
transporter, was already overexpressed in Kardal genotype potato plants. The effect of the
overexpression of this candidate gene has been observed in a greenhouse experiment, in which the
expression of the candidate gene, the soluble protein content of potatoes, and several phenotypically
scored traits have been analyzed.

Isolation and cloning of candidate genes
The first candidate gene, nitrate transporter 1.3, was successfully isolated and cloned into the expression
vector in E. coli. Next steps will include the transformation of the expression vector containing the coding
sequence of the candidate gene to Agrobacterium tumefaciens, followed by the agrobacterium mediated
transformation of the construct to potato plant tissue. Transgenic lines will be developed through tissue
culture, and eventually a greenhouse experiment to observe the phenotypic effects of the overexpression
of this candidate gene.
Two other candidate genes, high-affinity nitrate transporter 6.1 and ammonium transporter 1.3, have
been hypothesized to be lethal for E. coli. This hypothesis has been made, because several cloning and
transforming attempts resulted in colonies with either the reversed insert or no insert at all, but no
colonies with the correct insert in the correct orientation. A test have been conducted using the ccdB
gene, which is known to be lethal. A small sequence of the ccdB gene has been cloned into a second
entry clone in reverse complement orientation, in order to silence the ccdB gene that will be inserted in
the correct orientation in the primary entry clone. The test showed positive results for this method,
meaning colonies transformed with both plasmids were able to grow on LB medium containing antibiotics
for both plasmids. Small sequences of the two hypothetically lethal candidate genes have been isolated
and cloned into pGEM-T Easy vectors, and transformed to E. coli. Next steps will include the creation of
competent cells from overnight grown E. coli cultures with the pGEM-T Easy vector containing one of the
small sequences of the candidate genes in reverse orientation, followed by the transformation with the
pENTR vector. This should result in silencing (through RNAi) of the lethal gene during the cloning and
multiplication steps in bacteria. Additionally, it should not interfere with the agrobacterium mediated
transformation, as the pGEM-T Easy plasmid is not suitable for such transformation. Neither should the
extra plasmid interfere with Gateway cloning, as it has no att sites. Therefore, the final construct that is
inserted in the plant should not contain any parts of the pGEM-T Easy plasmid.
Based on the results of the test with the ccdB gene, it is expected that colonies containing both the
pGEM-T Easy vector with a small reversed sequence and the pENTR vector with the full gene sequence
will be able to grow on LB medium containing antibiotics for both plasmids. However, might this method
fail, another approach to clone these possibly lethal genes is to insert a gene sequence that has been
isolated from gDNA into the entry clone. This could work, because a gDNA sequence still contains introns,
which cannot be spliced by E. coli (Berg et al., 2002). Therefore the protein that is produced will be
majorly different and possibly not toxic.
The High-affinity nitrate transporter 6.2 gene was isolated with primer pair PrCF220F x PrCF221R. The
amplicon was cloned into the pENTR vector, which was transformed to E. coli. However, upon sequencing
of the plasmid DNA extracted from single colonies, the correct gene sequence was not found. Instead, a
gene sequence was found that corresponds to a sequence in the reducer of SoxR (rsx) gene complex of
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E. coli and several other bacteria (according to NCBI BLAST searches, with 99% similarity and 99,94%
identity). The rsx gene complex sequence that has been found was located in between the sequences of
the entry clone (in the same sequencing reads), confirming it was ligated into the vector. The sequence
of the forward primer (PrCF220F) was found on both ends of the rsx gene complex sequence in the
sequencing reads, meaning the rsx gene complex sequence was already present during PCR. This is
likely caused by a contamination of any of the PCR components with a sample/bacteria containing the
rsx gene complex sequence.
The isolating and cloning of the gene was redone with new material, in order to get rid of the
contamination. However, sequencing of the PCR product and plasmid DNA of single colonies revealed
that the same rsx gene complex sequence was again present in the entry clone. It is remarkable,
however, that the correct sequence of the gene of interest was not found during sequencing, and thus
was never amplified during PCR. This suggests that the primers are not functioning correctly, even if no
contamination would be present in the PCR components. Designing new primers for the high-affinity
nitrate transporter 6.2 gene would possibly solve this problem.
The isolating and cloning of the other candidate genes has not been successful. One logical reason for
this might be the lack of annealing of (one of the two) primers during PCR. This lack of annealing happens
when the wrong annealing temperature is used or when too many mismatches between the primer and
the template are present. These mismatches can be present because the reference sequence (which was
used in order to design the primers) deviates from the genome sequence of the Kardal plants used in
this study. This difference in sequence can be caused by random mutations or by different allele variants
of the gene. A next step in isolating these candidate genes would be to design and test new primer pairs
and combinations of primers. Once a coding sequence of a candidate gene has been isolated, the process
of cloning and transformation can be continued like described in the methods section.

Analyses of transgenic LHT lines
Transgenic potato lines overexpressing lysine/histidine transporter (PGSC0003DMG400000818) have
been studied during this thesis project. Several traits have been analyzed and phenotypically scored,
including tuber weight, fresh/dry weight ratios, soluble protein content of the tubers, and the expression
of the LHT gene. Most transgenic lines (19 out of 26) showed significantly higher relative expression of
the LHT gene, compared to the Kardal control plants. However, none of the analyzed or phenotypically
scored traits correlate to the higher expression of the LHT gene. None of the analyzed and phenotypically
scored traits themselves show a significant difference between the Kardal control plants and the
transgenic lines.
During the analysis of the soluble protein content in the halfway harvest it was revealed that transgenic
line LHT 54 was the only line showing significantly higher SPC than the Kardal control plant (data not
shown). The same line also showed the highest (but not significantly different) SPC during the end
harvest analysis, even though the expression of the LHT gene in this line is not significantly higher than
the Kardal control plants, according to the qPCR expression analysis. It is known that agrobacterium
mediated transformation inserts the construct at one or multiple random positions in the plant genome
(Reece, 2003). Therefore, a hypothesis for the fact that line LHT 54 shows a higher SPC is that the
inserted gene has interrupted a locus that normally has a negative effect on SPC.
The exact function of the LHT gene in potato is yet unknown. In Arabidopsis thaliana Lysine/histidine
transporter genes are known to be high-affinity transporters of amino acids (Hirner et al., 2006). At first
a study by Chen and Bush (1997) stated that the LHT1 gene in A. thaliana mainly transports lysine and
histidine. However, other studied later on reported that the gene has a much higher affinity for
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transportation and uptake of neutral and acidic amino acids (Lee and Tegeder, 2004; Hirner et al., 2006;
Svennerstam et al., 2007). In this thesis project it is concluded that a LHT gene in potato has no effect
on soluble protein content, however, direct analysis of amino acids has not been performed. It would be
interesting to see if the amounts and proportions of amino acids is any different in potato lines
overexpressing the LHT gene compared to the Kardal control plants.
The overexpression of the LHT gene had no significant effect on the soluble protein content or any other
analyzed/scored traits. A possible reason might be that one or more enzymes, which are situated after
LHT in the metabolic pathway, are limiting the rate of the pathway and thereby restricting the phenotypic
effect of the overexpression of the LHT gene. Another reason could be that the functional enzyme in the
metabolic pathway is a dimer of the LHT protein and a protein from another gene, in which case the
overexpression of the other gene might also be required to observe a more clear effect. If this is the
case, it would be interesting to see the effect of a knock-out/knock-down of the LHT gene in potato. A
previous study in A. thaliana reported that lht1 mutant lines show retarded growth, however soluble
protein content was not measured in this study (Hirner et al., 2006). If soluble protein content is changed
in knock-out/knock-down plants, it would confirm that somehow the LHT gene affects soluble protein
content.
The LHT gene that has been analyzed in this project is located on chromosome 5. A study by Klaassen
et al. (2018), which was used in order to select candidate genes, reported several QTL’s in the potato
genome that influence soluble protein content, among which the QTL on chromosome 5 that is overlaying
the LHT gene. However, it is unsure if the LHT gene is actually causing the correlation between the
genotype and phenotype that causes the QTL. Other (candidate) genes within the same QTL should be
analyzed in a similar way, which will reveal what genes affect soluble protein content.
None of the analyzed or phenotypically scored traits show a significant difference between the Kardal
control plants and the transgenic lines, and neither of these traits show correlation with the
overexpression of the LHT gene. Therefore, it is concluded that the overexpression of this specific
candidate gene has no effect on the soluble protein content of potato tubers in a Kardal background
genotype, when grown in greenhouse conditions.

Future research
Future research might include finishing the cloning of the candidate genes described in this thesis. This
will include the cloning of the two possibly lethal candidate genes (HAT6.1 and AMT1.3) using the gene
silencing method described in the methods section. It will also include the transformation of the
expression vector containing the nitrate transporter 1.3 candidate gene to Agrobacterium tumefaciens.
It might also include designing and ordering new primers for several of the other candidate genes that
already failed in the gene isolation step. Future research will likely also include the creation of Kardal
potato plant lines overexpression one of the candidate genes. Whenever transgenic potato plant lines
overexpressing one of the candidate genes have been created successfully, they can be used in
greenhouse experiments to observe the effect of the overexpression of the gene, similar to the method
described in this report.
Future research might also include further analyses on the overexpression of the LHT gene. As mentioned
before, it would be interesting to see if the amounts and proportions of amino acids are any different in
potato lines overexpressing the LHT gene compared to the Kardal control plants. The function of the LHT
gene in a Kardal genotype potato plant can also be further studied by creating knockout/knockdown
lines, in order to observe the effect of absence of the transporter on protein content and other traits in
a greenhouse experiment. Future research might also include the cloning and overexpressing (or
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knockout) of other genes within the QTL’s of Klaassen’s study (Klaassen et al., 2018), to further analyze
the effect of specific genes on protein content in potato tubers and potato fruit juice.
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Appendix 1
Screenshots of the Genstat Twentieth Edition output of the One-way ANOVA and Bonferroni’s LSD test,
using the relative expression (-ΔΔCt) as Y-variate and the genotype (transgenic lines) as treatment.

Appendix 2
Scatterplots showing the (lack of) correlation between the relative expression of the LHT gene and one
of the following traits: tuber weight, tuber count, and the FW/DW ratios of tubers, roots, and leaves.
Kardal control plants have been marked red, all transgenic LHT lines have been marked blue. There is
no visible correlation between the relative expression of the LHT gene and any of the traits displayed.
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Appendix 3
Screenshots of the Genstat Twentieth Edition output of two One-way ANOVA’s and two Bonferroni’s LSD
tests. The screenshots with yellow outlines were performed on all plants, the screenshots with green
outlines were performed on only the control plants and the transgenic lines that overexpress the LHT
gene.

