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Abstract
Fire blight caused by Erwinia amylovora is a devastating disease in apple orchards
and chemical management prove to be difficult. To avoid the constraints of the conventional breeding process, genetic engineering can be used to transfer resistance
genes from a resistant wild type to a susceptible cultivar, a so called cisgenic approach. So far a single cisgenic apple line carrying the resistance gene FB_MR5 has
been generated and is currently tested in a field trial. The use of a single genotype is
a limiting factor assessing a technology. More cisgenic lines containing FB_MR5 are
available and their inclusion in the field trial would greatly improve the significance of
the experiment. Following a step-by-step principle, new cisgenic lines should first investigated in containment to validate the added trait and verify if other properties
were changed. Such information becomes relevant when applying for a field trial with
these genotypes.
Therefore, in this thesis three FB_MR5 cisgenic lines were investigated to assess
their resistance, the number of FB_MR5 copies they received, and eventually if their
growth has been influenced by the cisgenic approach. Growth of the cisgenic lines
and of the wild type and some of its natural mutants as well as its two parent genotypes were modeled using a Gompertz function and compared. Three more genotypes carrying Rvi15 were also included to assess if the used cisgene influenced
growth. The cisgenic approach was shown to insert one to two copies of the resistance gene and, independently of the number of inserted copies, the plants resulted highly resistant. Difference between single cisgenic genotypes and any of the
natural lines were found only regarding maximal slope (P47) and number of internodes (606.4). Differences between cigenic lines and the wild type in vitro ‘Gala’
were found, but in most of the cases the cisgenic lines did not differ from other natural lines, indicating that the recorded variability is in the range of the natural variability.
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Introduction
The apple is the most important temperate fruit crop in Europe and has been cultivated
in in this continent since the Antiquity (Janick and Moore 1996). The apple production
is threatened by diseases such as powdery mildew, apple scab and especially fire
blight (Grimm et al. 1989). Fire blight is a bacterial disease in apple and pear orchards
caused by the pathogen Erwinia amylovora and was first observed in 1989 in Switzerland (Hasler et al. 2002). The disease is very aggressive, spreads fast and the chemical control has been proved to be difficult. Antibiotics such as streptomycin are very
effective plant protectors but their use in agriculture is controversial (Wolfgang 1998)
Due to the high disease pressure streptomycin was allowed from 2008 to 2015 in Switzerland. However, during the last consecutive years, no new permits were issued for
the antibiotic (admin, 2016). The alternatives chemicals are less effective, phytotoxic
or pose a risk for the environment (Reininger et. al 2016). In the last 20 years the fire
blight disease caused damages of around 100 Mio CHF to the cantons and the Swiss
federation (Bravin 2014). Genetic resistance is an ecologically sound and economically profitable way to
face the fire blight problematic (Robinson and Cowling
1996). However, most of the cultivars on the market,
for example ‘Gala Galaxy’, are highly susceptible to
diseases (Turechek 2004). This is a consequence of
the fact that for a long time breeding programmes focused particularly on optimizing the fruit quality
(Cornille et al. 2014). Only in the last decades of the
previous century, biotic resistance became a more relevant trait (Peil et al. 2011).
Today new apple cultivars can be obtained by traditional breeding, spontaneous mutations and possibly
by genetic engineering. For example, the ‘Gala’ (Original) was developed from a cross of ‘Golden Delicious’
and ‘Kidd’s Orange’. ‘Gala Galaxy’, ‘Royal Gala’ and
in vitro ‘Gala Galaxy’ are natural mutants of ‘Gala’
(Figure 1). In traditional breeding, resistance genes
are introduced by crossing the susceptible cultivar

Figure 1 ‘Gala’ family Source: Giovanni Broggini

with a resistant donor. Resistance donors, for example Malus x robusta 5, are often
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wild apple genotypes bearing small fruits along with other negative traits (Kearsey
1997). After crossing a wild type and an elite cultivar, several rounds of pseudo-backcrossing are needed to get rid of undesired, negative traits from the wild parent. True
backcrossing cannot be done because of self-incompatibility of the apple plant which
makes the process even more complex (Gardiner et al. 2007). The juvenile phase is
the time from the seedling until the plant produces flowers and be crossed further.
Juvenility ranges commonly between three to six years. It can take up to 40 years from
designing the cross to a marketable cultivar due to the long juvenile phase of the apple
plant. Moreover, apple orchards have a long economic lifespan and producers tend to
choose well-tried cultivars (Peil et al. 2011). The traditional breeding process always
leads to a new cultivar with new and distinct characteristics (Gardiner et al. 2007).
Because established cultivars with good agronomic qualities and excellent fruit properties dominate the market, it is difficult for new cultivars to keep up and to meet the
high expectations of producers, storage procedures and consumers (Mac Hardy 2001).
For example, ‘Rewena’ (Richter et al.1999) a traditionally bred cultivar, shows high
levels of resistance to fire blight, but does not fulfil fruit and tree quality requirements
(Rubin and Vanda 2002).
Genetic engineering could provide several benefits for the apple breeding process.
Instead of introgressing resistance genes and creating new cultivars, single traits from
other apple genotypes could be introduced in an elite variety. Therefore, all the good
characteristic traits of the elite cultivar are maintained (Borejsza-Wysocka et al., 2010)
and the development of resistant genotypes can be speeded up, since no time-consuming back-crosses are needed. The direct gene transfer allows us to create gene
pyramids in one elite cultivar and achieve durable resistance while in traditional breeding this is more complicated (Schouten, Krens, and Jacobsen 2006).
The exclusive use of resistance genes derived from wild apple genotypes to
amend existing cultivars would fit the definition of a so-called cisgenic plant. A cisgenic
plant is a genetic modified plant, that only contains genes from sexual compatible donor plants. Currently, most of the genetic modified plants are transgenic, containing
sequences and genes from all different origins, such as from far related plants and
even from other kingdoms (for example from bacteria and fungi). Outcrossing of genes
from genetic modified plants into the environment is one of the main concerns about
genetic engineering (Maghari and Ardekani 2011). By natural gene flow within the species and close relatives of the species, transgenes could reach the genepool of the
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population and might pose a negative impact (de Nijs et al. 2004). Since the outcrossing of cisgenes does not alter the gene pool of the population it is less problematic. In
addition, cisgenic plant seems to be more accepted by the consumers than transgenic
(Lusk and Sullivan 2002 and Gaskell et al. 2011).
Although, the integration of the resistance gene and genomic rearrangement
can result in the interruption of important genes or pathways. This could lead to an
altered phenotype and thus to changes in quality and traits of the plant (Rosati et al.
2008). The European Food Safety Authority (EFSA panel of genetic modified organisms) compared the hazards associated with cisgenic, intragenic and conventionally
bred plants and concluded that hazards associated with cisgenic plants are similar to
the ones linked to conventionally bred plants (EFSA 2012). Nevertheless, the European GMO does not differ between cisgenic and transgenic modified plants and asks
the same biosafety assessment (Schouten, Krens and Jacobsen 2006, Vanblaere et
al. 2014). Relevant data about the line must be collected to get permission for an open
field experiment. This includes information’s about the genetic modification and the
inserted gene, the resistance level, effects of the plant on the environment such as the
growth behaviour and interaction with other organisms (ESFA 2012 and Bauer et al.
2015).

Figure 2 Simplified transformation process. The resistance gene is isolated and integrated in a plasmid. The plasmid
is taken up by the bacterium, infects the plant and inserts the gene. Source: Giovanni Broggini
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Kost et al. (2015) created the C44.4.146 (C44) line, the first prototype of a cisgenic
plant with increased resistance against European strains of Erwinia amylovora. The
inserted gene FB_MR5 is from the wild apple genotype Malus x robusta 5 (Fahrentrapp
et al. 2012). The gene regulated by its native promotor (2000 base pairs) and terminator (1500 base pairs) was introduced by an agrobacterium-mediated transformation
(Figure 2) using the binary vector p9-Dao-FLPi (Würdig et al. 2015). Together with the
FB_MR5 gene a cassette with three transgenes (Nptll, Flp and dao1) was introduced.
The Npt gene is commonly used as selection marker and selects plant cells with successful transformation. The Flp gene codes for a recombinase whose activity is activated by heat shock and cuts out the transgene cassette. Applying accordingly to the
definition of Schouten et al. (2006) cisgenic plant with increased fire blight resistance
resulted. The C44 line was molecular, physiological and morphological characterised.
The molecular characterisation of C44 showed that 358 foreign base pairs (bp) on the
3’-end and 94 bp on the 5’-end of the vector were inserted. Through the similar process
but with a pMF1 vector (Schaart et al. 2004) Broggini et al. (2014) produced the cisgenic lines pC47M1 (p47), pC49i3 (p49) and pC53B (p53) containing the FB_MR5
gene and the cisgenic lines 603.1, 603.4, 605.5 and 606.4 bearing the apple scab
resistance gene Rvi15. Cisgenic lines generated with pMF1 display less vector-derived
(and therefore not apple own) sequences in the final product when compared to lines
generated with p9-Dao-FLPi (Schaart et al. 2011).
The FB_MR5 resistance gene is coding for a CC-NBS-LRR resistance protein. This
class of resistance proteins gives the plant the ability to recognize the pathogen and
activate plant defence in time (McHale et al. 2006). It is a major resistance gene and
the pathogen can overcome the resistance by single nucleotide change in its effector
AvrRPT2EA (Vogt et al. 2013). In North America, virulent strains of Erwinia amylovora
already developed (Paulin and Lespinasse 1989).
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To evaluate cisgenic apple lines, they must be cultivated in an open field, in orchards
that are managed alike a conventional production. In 2015, Agroscope got permission
to test the line C44 created by Kost et al. (2015) in a field trial. The open field experiment is located at the protected site of Agroscope Reckenholz Zürich (Romeis et. al
2013). The cisgenic line grows along with six different ‘Gala’ mutants in a block design.
The aim of the field trial is to get more information about the risks and benefits of cisgenic plants. This includes comparison of tree, flower and fruit growth, germination
capacity, pollen vitality and biomolecules of cisgenic plant with natural apple mutants.
In addition, relevant results for the investigation of biosafety such as the influence on
other organisms are collected. The biggest constraint of this experiment is the fact that
a single line has been used, and only investigating more lines can help to draw a conclusion about the technology.

Therefore, more cisgenic lines should be included in the field trial, if possible with different inserted genes. Three more lines carrying the same cisgenen FB_MR5 as C44
are currently available. Before a field trail application for these lines can be submitted,
relevant information about the plants must be generated in containment, following a
step-by-step principle. The collected information would then be included in the technical annex B of a putative field trial permit application submitted to FOEN (Federal
Office for the Environment), including information’s about the introduced trait, the inserted sequences, the expression level of the gene and alteration of other traits such
as the growth behaviour.
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This bachelor thesis deals with three topics of the technical annex B. In a first experiment the copy number and the transcription level of the FB_MR5 gene is investigated.
The p-lines are compared to accessions from traditional breeding containing the
FB_MR5 gene and Gala Galaxy is used as a control. Since quantitative PCR is well
established it is the method of choice. In the second experiment, it is verified that the
gene transfer resulted in cisgenic lines showing enhanced fire blight resistance. Actively growing shoots of the p-lines, the susceptible control ‘Gala Galaxy’ and the resistant control ‘Enterprise’ are inoculated by and symptoms are recorded for three
weeks. The third experiment investigates, if other properties have been changed by
the cisgenic transformation, particularly if the cisgenic lines results invasive. Plants
with high growth rates have a fitness advantage if released to the environment and
could become invasive in an ecosystem (Craine and Dybzinski 2013). In a setup, like
the field trial, natural ‘Gala’ mutants, as well as parents of ‘Gala’, and eight different
cisgenic lines, four with FB_MR5 and four with Rvi15 are compared. Two different cisgene were included to find out whether the introduced gene has an impact on growth.
The growth experiment includes the measurement of the shoot length over a period of
18 weeks, one-time measurement of width and length of the leaves and internode
counting. The growth of each plant is modelled with a Gompertz curve and the parameters of the curves were statistically analysed. The Gompertz curve is the model of
choice since it is as the growth curve of plants logistic, not symmetrical about the inflection point and has a decreasing growth rate (Erickson 1967).

The following question arise for the experimental investigation in this thesis for the
cisgenic lines pC47M1, pC49i3 and pC53B:
•

What is the number of copies of the cisgene FB_MR5 and how strong is the
cisgene transcription level?

•

How do the three cisgenic lines react to an inoculation with Erwinia amylovora?

•

Are cisgenic apple lines and the wild type differing in their growth behaviour? If
differences are found, then how big are these in the context of the variation
found among natural apple mutant?
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Material and Methods
Molecular Characterisation
Young leaves that are fully expanded were collected on the 27th of April on the following genotypes: in vitro cultivated ‘Gala’, which builds the genetic stock for the cisgenic
transformation, ‘Gala Galaxy’, the cisgenic lines p47, p49, p35 and C44 (Broggini et.
al 2015) and the fire blight resistant accessions 0804/5, 0802/168 the second generation of a crossing between Malus x robusta 5 and the fire blight susceptible cultivar
‘Idared’ (Agroscope Wädenswil, apple breeding program by Kellerhals). For each genotype sinlge leaves (three biological replicates) for RNA and DNA were collected. The
samples were immediately frozen in fluid nitrogen and stored in the freezer at -80°
degrees. For DNA and RNA, the frozen plant tissue was mechanically homogenized
with glass beads using the Fastprep® 101 Cell Homogenizer (Thermo Savant, Carlsbad, USA). The DNA was extracted using Qiagen DNeasy Plant Mini Kit (Qiagen, Düsseldorf, Germany) following the DNeasy Plant Handbook protocol 06/2015. DNA was
then subjected to qPCR to estimate the number of inserted copies in each of the investigated genotypes.
The RNA was extracted and purified using Quick-RNA Mini-Prep following the instruction manual of Quick-RNA MiniPrep (Zygmo Research Corp., Irvine, USA). The RNA
was converted to cDNA by a Reverse Transcriptase using the Fermenta’s first strand
minus H cDNA synthesis kit (Thermo Fisher scientific Inc. ©, Waltham, USA). Afterwards, a second DNAse treatment was performed to eliminated further DNA contaminations (DNAse Ambion ® Life Technologies, Carlsbad, USA). A negative control to
assess possible contamination with genomic DNA was then generated omitting the
addition of the Reverse Transcriptase to the reaction (no RT control).
The copy number and transcription level of FB_MR5 gene in different genotypes
were determined by RT-qPCR using the primers FB_MR5q1 forward, FB_MR5q1 reverse

and

the

Taqman

probe

with

the

sequence

YYE-

TGGCTTCCATTTCAAACGGATCACAGA-BHQ1 (Fahrentrapp 2012). EF1a primer
pairs and Taqman probe was taken as a reference (Gusberti et al. 2012). The DNA
respectively the cDNA was diluted 1:10 with water. 5 µl of diluted sample and 15 µl of
TaqMan Fast Universal Master Mix was used for the qPCR on ViiA Ruo qPCR device
(Thermo Fisher scientific Inc. ©, Waltham, USA). For each sample, except no Reverse
Transcriptase control for the RNA, three technical replicates were created.
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The output of the qPCR is the cycle number (CT-value) after which the fluorescence
of the PCR product achieves a certain threshold. For calculating the efficiencies, a 1:10
dilution series 100 up to 10-6 of the DNA of genotype C44 was used and the CT-values
were plotted against the negative logarithm of the concentration. 40 PCR cycles were
run each 15 second for 95 degrees and one minute for 60 degrees. The results of the
qPCR were analysed by the HRM Software Module for ViiA 7 System (ThermoFisher
Scientific Inc ©, Waltham, USA) and by excel (Microscoft ® Version 15.28, USA). The
copy number and the transcription level of the resistance gene was calculated as a
ratio (Formula 2) from the CT-values of each reaction well, as it is described by Pfaffl
et al. (2001) in comparison to C44 which is known to carry a single copy. In theory, the
PCR-product doubles each cycle (100 percent). In practice, the efficiency (E), the rate
with which the amount of PCR product increases each cycle, is often smaller and is
calculated based on slope of the standard curve (Formula 1). For the calculation of the
ratio (Formula 2) C44 was taken as the control, FB_MR5 as the target and EF1a as
the reference. To quantify the DNA or RNA of the plant extraction Nano Drop 1000
(ThermoFisher Scientific Inc ©, Waltham, USA) was used.

Formula 1 Efficiency calculation

Formula 2 CT Ratio calculation
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Fire blight inoculation
The experiment was performed in a biosafety level two greenhouse at Agroscope
Wädenswil to prevent spreading of the pathogen in the environment. With each twelve
replicated cisgenic lines p47, p49 and p53 (Broggini et al. 2015), the susceptible cultivar ‘Gala Galaxy’ and the fire blight tolerant wild type ‘Enterprise’, a commonly used
resistance control (Kellerhals et al. 2014), were grafted on M9 rootstocks the 12th of
December and potted on the 4th calendar week of 2017. The cabin was heated on the
7th calendar week. The youngest leaves of each plant were inoculated with E. amylovora strain EA222_JKI with a concentration of approximately 2 billion bacteria per millilitre (OD600nm = 1.053 in phosphate-buffered saline -PBS) on the 23rd of March. The
following genotypes were tested: the positive control ‘Gala Galaxy’, the cisgenic lines
p53, p49, p47 (Broggini et al. 2015). The inoculations were performed with scissors as
described by Peil et al. (2007). The shoot length was measured on the day of inoculation and together with the necrosis once a week for the following three weeks. Necrosis
was divided by shoot length was calculated as percentage lesion length (PLL).
Growth experiment
For the experiment following genotypes were investigated: The wild type ‘Gala Galaxy’
in vitro cultivated, the cisgenic lines C44, p47, p49 and p53 containing the LRRreceptor resistance gene FB_MR5 produced by Broggini et al. (2015), the cisgenic
apple scab resistant lines 603.1, 604.3 605.5, 606.4 with gene Rvi15 produced by
Schouten et al. (2014), the natural mutants from the Gala family ‘Gala Galaxy’ and
‘Royal Gala’ and the parents of Gala ‘Golden Delicious’ and ‘Kidd’s Orange’. Ten replicates of each genotype were grafted on the 19th of December 2016 and then potted
during the 4th calendar week of 2017. The greenhouse cabin was heated from the 7th
calendar week (Information about the regulation of the green house data appendix
3.1). To avoid differences in the bud wood material, the material was gained from
plants that have been growing one year in the same greenhouse. Always two plant of
each genotype were installed randomly in each of the five wagons (arrangement appendix 3.2). The wagons were rotated once a week. The shoot length was measured
once a week over a period of 18 week. The experiment started on the 9th of March and
ended on the 6th of July.
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The shoot length growth of each plant was modelled individually with the Gompertz
function (Formula 3). The curve is characterized by the three constants: lag phase (l),
upper asympthote (A) and the maximal growth rate (µ). The lag phase stands for the
starting point of the shoot growth, the maximal growth rate is the maximal slope of the
growth curve and the upper asymptote is the maximal height the plants are approaching. In addition, length and width of three leaves per plant were measured and internodes were counted on the 16th of June. Length x width x 0.71 was used to calculate
the leaf area (Bringe et al. 2005). One leave was taken from the lowermost third, one
from the middle third and the last from the upper third.

Formula 3 Gompertz growth function with the three curve parameters lag phase l, maximal amplitude A and maximal growth rate µ

All the statistical analysis was conducted using R (R Development Core Team 2011).
The data was tested on normal distribution using a Shapiro-test and a QQ-plot. Even
though the Shapiro-test is significant, a parametric test is chosen when the QQ-plot
shows a normal distribution. As datasets, do not follow parametric distribution, transformations such as squaring and raising to the power of -1 were used. For parametric
data an ANOVA was used for the testing. For non-parametric distributions separate
Wilcoxon tests with Holm correction were investigated to minimize false positive. For
correlation analysis between two factors a linear model was chosen. For the Gompertz
models the gcFit() function of the ‘grofit’ package (Kahm et al. 2010) and for comparison of the ANOVA outputs the ‘multcomp’ package was used (Hothorn et al. 2016). All
tests were performed on a significance level of alpha= 0.05.
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Results and Discussion
Molecular Characterisation
Copy number of FB_MR5
Amplification efficiency of the target gene FB_MR5 and reference gene EF1a was calculated of a dilution series of the DNA of C44 (undiluted to 10-7). Best linear fit was
found between dilution 10-1 and 10-3, with slopes of -3,85 and -3,66 for FB_MR5 and
EF1a (Diagram 1). The efficiency (E) of the target gene FB_MR5 was calculated as
81.52 percent (E= 1.82) and of the reference gene as EF1 81.94 percent (E=1.82).

CT

standard curve
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35
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25
20
15
10
5
0

y = -3.8472x + 37.189

y = -3.862x + 35.726

0

0.5

1

1.5

2

2.5

3

3.5

-Log(conc.)
EF1

MR5

Diagram 1 Standard curves for calculation of the efficiencies of FB_MR5 and EF1. (CT values appendix 1)

C44 was shown to carry only a single copy of the resistance gene (Kost et al. 2015)
and the copy number for the other genotypes were calculated relatively to the CT-ratio
of C44. The negative control in vitro ‘Gala’ and ‘Gala Galaxy’ showed a signal for the
elongation factor and no signal for the FB_MR5 gene. Therefore, the CT-ratio was set
equal to zero (Diagram 2). The cisgenic line p47, p53 and the conventional bred accession 0804/5 had an average ratio of 0.91, 0.96 and 1.0. This is within the CT- ratio
variation of C44. Hence the lines 0804/5, p47 and pC53B contain one copy of the
resistance gene. The CT-ratio of p49 is 1.6. and not in the variance of C44 anymore.
A CT-value of 1.6 is achieved if the lower bound of the CT-value of C44 is doubled. In
addition, the plant can have either one or two copies of the gene and 1.6 is closer to
tow than to one. It is deducted that the line p49 has two copies of the resistance gene.
The genotype 0802/168 shows the same low CT-ratio of 0.08 resistance gene copies
in all the three biological replicates.
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Copy Number of FB_MR5
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Diagram 2 CT ratio of resistance gene and reference gene of the different genotypes. C44 was set as one and the
other CT ratios were relatively adjusted. The CT ratio was calculated per the Formula 2 in Material and Methods

Transcription level of FB_MR5
The first qPCR showed no results for the cDNA in the resistance gene and no or a very
late signal (high CT-value) in the elongation factor. Since the amplification of the DNA
for the dilution line worked for both genes it is safe to assume that the qPCR work
properly. The RNA content of the leaf extracts was measured with NanoDrop and in
all samples RNA concentrations from 17 ng/µl to 98 ng/µl were found. In case the
transformation from RNA to cDNA has failed, the transformation procedure was repeated and the qPCR was run for more cycles to detect later signals (low cDNA concentrations). Nevertheless, no results were detected for the FB_MR5 gene. It seems
that the concentrations of the RNA were too low to be amplified.

Discussion Molecular Characterization
The cisgenic lines C44, p47 and p53 and the accession 0804/5 were shown one copy
of the resistance gene (Diagram 2). The line p49 seems to have two copies while the
line 0802/168 showed an abnormal CT-ratio value of about 0.08. The transcription level
of the resistance gene FB_MR5 couldn’t be determined in this trial.
One to two copies of the transferred gene are typical for Agrobacterium mediated
transformations. Ingham et al. (2001) analyzed the copy number of almost 300 agrobacteria mediated transformations in the maize plant with real-time qPCR and found
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in 70 percent of the plants one copy, in 21 percent two copies and just in 8 percent
more than two copies. By using direct gene transfer with, for example microinjection
and gene pistol, often many more copies are inserted (Kohli et al. 2003). Theoretically,
more copies of a gene should lead to a higher transcription level. It has been observed
that defense mechanisms in the plant against foreign DNA can spontaneously silence
inserted DNA transcriptionally and post-transcriptionally. More inserted copies can
lead to more silencing by the plant (Stam, Mol and Kooter 1996). Thus, having only
one to a few copies of the gene could be advantageously.
The line 0802/168 is an accession between a heterozygote parent containing the resistance gene FB_MR5 and a susceptible parent (Agroscope Wädenswil, apple breeding program by Kellerhals). As for the line 0805/5 it should be heterozygote in the resistance gene and contain one copy of it. The CT values of the resistance gene are
comparable to the CT values of the control C44 (CT around 25). Moreover, the results
of NanoDrop showed DNA concentrations in the similar range (C44 42 ng/µl and
0802/168 27 ng/µl). However, the signal for the elongation factor is earlier than in the
other genotypes (C44 has for the EF1 a CT of around 26 and 0802/168 around 22
cycles). This can also be observed if concentration of EF1 and FB_MR5 are calculated
out of the CT values with the standard curve (Diagram 1). Probably, there is a difference in the reference gene and this leads to the extraordinary high concentration of
the EF1 DNA and to a too low CT-ratio (Formula 2). Same has been observed for the
resistance gene donor Malus x robusta 5 (Personal communication Giovanni Broggini
ETH Zürich).
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Fire Blight inoculation
Results
Before the inoculation, each twelve plants of the genotypes p47, p49, p53, ‘Enterprise’,
‘Gala Galaxy’, so in total 60 plants have been placed in the same greenhouse cabin.
Three plants didn’t bud and weren’t inoculated (‘Gala Galaxy’ 6, p53 7, p49 8). At the
beginning of the experiment all the plants were healthy and showed no symptoms of
diseases or nutrients deficiency. All the plants were inoculated by scissors-inoculation.
To get usable data all plants should be in a similar state of growth and have a comparable growth rate. Therefore, all plants that were smaller than twelve centimetres the
day of inoculation, weren’t considered in the statistics per the common procedures for
fire blight assessment at Agroscope. (‘Gala Galaxy’ 4 and 9, p53 5,9 and 12, p49
1,7,9,10, and 11, Enterprise 6,7 and 12).

Figure 3 Three representative examples of each genotype three weeks after the inoculation. From left to right:
‘Enterprise’, ‘Gala Galaxy’, p47, p49, p53
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Before the inoculation, there was no significant difference in the shoot length between
the genotypes (diagram 3a, smallest p-value 0.34 ‘Enterprise’-p47, other p-values appendix 4.1). Three weeks after the inoculation (diagram 3b), a very significant difference in the shoot length was found between the susceptible ‘Gala Galaxy’ and the
three cisgenic lines (p-value smaller than 10^-4) and between ‘Enterprise’ and the cisgenic lines (p-value smaller than 0.005). No significant difference was found within the
cisgenic lines (p-values: 0.99, 084, 094) and between ‘Gala Galaxy’ and ‘Enterprise’
(p-value: 0.3). The cisgenic lines and ‘Enterprise’ continued growing after the inoculation, whereas ‘Gala Galaxy’ grew in the first days after the inoculation and then stopped
(Diagram 4a).

Diagram 3 Development of shoot length. At the beginning of the experiment the shoot length showed no parametric
distribution (Shapiro-Test p-value 0.022). 7 Wilcoxon-Tests with Holm-correction were used. At the end of the experiment (weeks 3) the shoot length showed a parametric distribution (Shapiro-Test p-value 0.1). An ANOVA was
used for the analysis (p-values appendix 4.1 and 4.2).
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Only the susceptible control ‘Gala Galaxy’ showed necrotic lesions in the stem
and typical fire blight symptoms such as browning, bending and drying out (Figure 3).
Neither the control Enterprise nor all cisgenic lines showed necrosis in the stems (appendix 2). Necrosis on the inoculated leaf were observed, but the infection didn’t
achieve the stem. Already one week after the inoculation, all ‘Gala Galaxy’ showed
shoot necrosis. (Diagram 4b). After three weeks, the necrosis covered in most of the
‘Gala Galaxy’ plants between 80 to100 percent of the shoot (median 100 percent). In
all ‘Gala’ plants, at least 50 percent of the shoot length was necrotic.

Diagram 4 Development of shoot length and percentage lesion length in ‘Gala Galaxy’. The data was not statistically tested because the necrosis of all except ‘Gala Galaxy’ was equal to zero.

Discussion Fire Blight Inoculation
By inserting the cisgene FB_MR5 with genetic engineering the very susceptible cultivar
‘Gala Galaxy’ was transformed into the highly resistant genotypes p47, p49 and p53.
In all biological replicates the three p-lines showed a high resistance level like ‘Enterprise’, which belonged to the most resistance genotype in the study of Kellerhals et al.
(2017) where they compared the shoot susceptibility of the Swiss apple resources. The
PLL for the p-lines and ‘Enterprise’ was in all biological replicated equal to zero.
Kost et al. (2015) did three inoculation experiment with scissor and syringe inoculation for the C44 line (first methods in separate experiments and then for the direct
comparison together). Like in this experiment, they found a significant difference between the susceptible wild type and the cisgenic line with the FB_MR5 gene. Unlike
the cisgenic p-lines investigated in this work, the cisgenic line showed necrotic lesions
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in the stem. For scissor inoculation, the PLL was up to 40 percent and for syringe
inoculation up to 70 percent (median PLL scissor zero and 20 percent and for syringe
30 and 20 percent). For ‘Gala Galaxy’, the median of PLL in all three experiment
(around 80 percent) was lower than in this trial (100 percent). Therefore, it is deduced
that the three lines p47, p49 and p53 are more resistant to the race EA222_JKI of
Erwinia amylovora than C44. To prove the hypothesis the four lines must be directly
compared in a further experiment.
Even though, Ruz, Moragrega and Montesinos (2008) considered scissor inoculation
as the simplest inoculation practice for fire blight, a repetition of the experiment with
syringe inoculation should be consider, since in the experiment of Kost etl. al (2015)
the shoot length lesions of the cisgenic genotypes tend to be higher when inoculated
with syringe. In addition, since fire blight infection happens often during flowering
trough the blossom and the study of Horner et al. (2014) indicates that flower and shoot
resistance do not correlate well, the lines should be tested on resistance by blossom
inoculation.
The FB_MR5 gene is a major resistance gene and the pathogen can overcome
the resistance by a single nucleotide change in its effector as it already happened in
North America. The introduction of single major gene resistance leads to boom and
bust cycles which aren’t sustainable (MacDonald and Linde 2002). The introduction of
one major resistance gene is just the first step in process of creating resistance with
genetic engineering. The aim is a durable resistance for example by creating gene
pyramids, cassettes or using quantitative resistance. Currently FB_MR5 is the only
functional proven gene for resistance. Several strong QTL’s haven been identified by
Emeriewen et al. (2017) and now further studies are needed to characterize putative
underlying major resistance genes and make them usable for genetic engineering.
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Growth Experiment
14 Genotypes with each ten replicates were installed in the greenhouse to monitor the
growth behaviour. The bud break was recorded for each plant from the 4th calendar
week. Two plants did not bud (p49 plant 7, ‘Kidd’s Orange’ plant 4). The shoot length
of the plants was measured over a period of 18 weeks once a week from the 9th of
March to the 6th of July. Leaf size and leaf length were measured and internodes were
counted on the 16th of June. Over the whole growth period no fungal and bacterial
infections or nutrient deficiencies were observed. Some plants had thripses and were
treated with insecticides (treatments 10.3.17 and 26.5.17). For the second treatment,
the light was switched off from the 26th until the 29th of May. From the 12th to the 14th
of May the irrigation system was turned off by accident. Eight plants dried and died
during the experiment although they were irrigated. This phenomenon has been observed in this green house before and may due to an unknown disease, probably be a
soil borne pathogen (603.1 plants 2 and 9, 604.3 plant 7, C44 plants 3 and 8, p47 plant
6, plant 49 plant 5, plant p53 4). This plants were excluded for all the statistical analysis.
Two plants branched early and had several shoots (‘Gala Galaxy’ plant 6 and 604.3
plant 5). Some plants stopped growing earlier than the other plants and stayed small
(C44 plant 2, ‘Royal Gala’ plant 4 and 5, p49 plant 1 and 3, ‘Kidd’s Orange’ plant 3,
‘Gala Galaxy’ plant 9, 604.3 plant 2, p53 plant 8 and p47 plant 5). These outliers were
identified in the Gompertz modeling process and excluded as well as the branched
plants for the statistical analysis of shoot length modelling, internodes and leaves.
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Bud break
The date of the bud break of each plant was recorded and transformed in Julien days
(begin of counting 01.01.2017). Between the first plant that budded and the last one,
there is a time difference of three months (first bud break 08.02.17 and last 08.05.17).
The data was not parametric and was transformed by power of -1 to become parametric and an ANOVA was used for the analysis. In vitro ‘Gala’ didn’t differ from p47, p49
and p53 in the bud break time (Diagram 5). Two significances groups were found:
606.4 and ‘Golden Delicious’ budded earlier than 605.5, p47 and ‘Royal Gala’.

Diagram 5 Boxplots of bud break sorted after mean of genotype. The data was not parametric and transformed by
the power of -1Shapiro-Test of 1/Julien days was 0.041 but the QQ-plot showed a sufficient normal distribution
(appendix 5.1.2.). An ANOVA was run for testing (p-values appendix 5.1.4.).

25
Shoot length final measurement (06.07.17)
Based on the observation that the growth of the most plants stopped, the shoot length
experiment was finished with the 18th measurement on the 6th of July. The data was
cubic transformed, since the data wasn’t parametric distributed and an ANOVA was
applied. At the end of the experiment, all cisgenic lines expect the line C44 were significantly higher than the natural genotype ‘Royal Gala’ (Diagram 6). P47, p49 and p53
were not distinguishable from in vitro ‘Gala Galaxy’. From the p-lines only one line p47
was significantly higher than the cisgenic line C44. The cisgenic line 606.4 had the
highest median and is significantly different from all natural mutants and the cisgenic
line C44. There was no significant difference within the natural genotypes. With a pvalue of 0.06 ‘Kidd’s Orange’ was barely not different from ‘Royal Gala’.

Diagram 6 Shoot length sorted after mean of genotypes at the end of the experiment (06.07.17) For the statistical
analysis, the data was cubic transformed to get a parametric distribution (p-value Shapiro-test 0.033, QQ-plot
showed parametric distribution, appendix 5.1.1.). An ANOVA was used for testing (p-values appendix 5.1.3.).

Correlation of bud break and height at final measurement (06.07.17)
The difference in height vary between the genotypes may due to different quantity in
days of growth, instead of higher growth rate. A correlation between the final length of
the plants and the bud break was tested. A linear correlation (y= -0.25x +85.99) between the bud break and the final height of the plants was found which was highly
significant (p-value 1.05*10^-11) bud explained only 31 percent of the data variation
(diagram appendix 5.1.5.). Plants that budded earlier show the tendency to grow
higher.
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Gompertz model
The growth curve of all plants was individually fitted with a Gompertz model (Annex
5.4). As an example, the growth curves of 603.1 are shown (Diagram 7). The differences in the three parameters, maximal growth rate, lag phase and upper asymptote,
between the genotypes were tested on significant differences between the genotypes.

Diagram 7 Modelled growth curves
of genotype 603.1 as an example for
the growth curve modelling. Each
curve represents an induvial plant.
For 603.1 eight biological replicates
were modeled. The time is in Julien
days with starting date 01.01.17.
The plots for the other curves are in
the appendix 5.4.1.

The data of the lag phase
was

normally

distributed

and an ANOVA was used to
find differences between
the genotypes. By trend, the
lag phase of cisgenic plants
is longer than that of the natural genotypes (Diagram 8). In vitro ‘Gala’ shows no difference to p47, p49 and p53. The p-lines only differed significantly from ‘Golden Delicious’.

Diagram 8 Boxplots of lag phase of the growth curves. The Shapiro-test showed parametric distribution (p-value
0.13). An ANOVA was used for the statistical analysis (p-values appendix 5.4.4).
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The distribution of the max slope data was parametric. Therefore, an ANOVA was
used. The maximal slope of the growth curves varies from 0.8 to 2.1. By trend, the
cisgenic lines, except the line C44, have a higher growth rate in the linear growth phase
than the natural genotypes (Diagram 9). All of them are significantly different from
‘Gala’ and ‘Golden Delicious’. From the p-lines only p47 differs from in vitro ‘Gala Galaxy’. Moreover, p47 differs from all the natural genotypes. Within the natural genotypes
and C44 there is no significant difference. Within the cisgenic lines without C44 also
no difference can be found. C44 does not differ from any natural genotype and is significantly smaller than the cisgenic genotypes 603.1, 606.4 and p47.

Diagram 9 Diagram 9 Boxplots of the max slope of the growth curves. The data is parametric distributed (Shapirotest p-value 0.16). An ANOVA was used for the analysis (p-values appendix 5.4.3).
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For the upper asymptote, the data was transformed by squaring to get a normal distribution and an ANOVA was run. The upper asymptote varies from 80 centimetres to
160 centimetres with some outliner above. In general, the upper asymptote is higher
than the heights of the final measurement. Four significance groups were found of
which two divide the genotypes into two groups: cisgenic lines without C44 but with the
‘Gala’ parent’s (group a) and the ‘Gala’ mutants with the cisgenic line C44 (group d).
All cisgenic lines except 603.1 and 605.5 were higher than C44 (Diagram 10).

Diagram 10 Boxplots of the upper asymptote (A). The data was transformed by squaring. With a p-value of 0.046
in the Shapiro-test the data was slightly not parametric. But the QQ-plot showed a good parametric distribution
(Appendix 5.4.2). An ANOVA was used for the analysis (p-values appendix 5.4.5)
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Leaf length, width and area
In total 351 leaves, three of each of the 117 plants, were analysed. One leaf from the
top, one from the middle and one from the bottom third of the shoot was measured and
were analysed together. Since the data shows parametric distribution, an ANOVA was
the method of choice for the statistical analysis. The leaf width varied from four centimetres up to almost nine centimetres. The test showed that all genotypes are in a
single significance class (Diagram 11).

Diagram 11 Boxplots of plant leaf width ordered after mean. The data had a parametric distribution (Shapiro-test pvalue 0.24). An ANOVA was used for the statistical analysis (p-values appendix 5.2.2.)
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The leaf length was also normally distributed and tested with an ANOVA. Leave length
from ten, up to 16 centimetres were found. Leaves of natural genotypes seems to be
longer than that of cisgenic plants (Diagram 12). The leafs of in vitro ‘Gala’ are significantly longer than that of all the cisgenic lines. In addition, ‘Gala’, ‘Royal Gala’, ‘Gala
Galaxy’ and ‘Golden Delicious’ are different from the cisgenic lines p49 and p53. No
significant differences were found between the ‘Kidd’s Orange’ and all cisgenic lines.

Diagram 12 Boxplots of plant leaf length ordered after mean. The data was normally distributed (Shapiro-test pvalue 0.34). An ANOVA was used for the statistical analysis (p-values appendix 5.2.1.)
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The leaf area was calculated by multiplying the length x width with 0.71, the correction
factor for apple leaves (Bringe et al. 2005). The data of the leaf area was normal distributed and tested with an ANOVA. The leaf area varied from 30 cm2 up to over 100
cm2. By trend the natural genotypes have a higher leaf area than the cisgenic genotypes (Diagram 13). In the leaf area, all the cisgenic lines except 605.3 and 605.5. are
significantly different from in vitro ‘Gala Galaxy’. The natural genotypes ‘Kidd’s Orange’, ‘Golden Delicious’, ‘Royal Gala’ and ‘Gala Galaxy’ don’t differ from any cisgenic
line.

Diagram 13 Boxplots of plant leaf area ordered after mean. The leaf area was calculated by multiplication of length
and width and correction with the factor 0.71 (Bringe et. al 2005) The data was normally distributed (Shapiro-test
p-value 0.40) and an ANOVA was used (p-values appendix 5.2.3).

32
Internodes
The number of internodes varies from 25 to 54 and the parametric data was tested
with an ANOVA (Diagram 14). All the cisgenic lines except C44 and 605.5 had significantly more internodes than in vitro ‘Gala Galaxy’. 606.4 had significantly more internodes than all the natural genotypes. The cisgenic lines p49, 604.3, 603,1, p53 and
p47 differed from all the natural genotypes except ‘Kidd’s Orange’. No difference was
found, neither among the natural genotypes nor within the lines p47, p49 and p53.

Diagram 14 Boxplots number of internodes ordered after mean. The data was parametric (Shapiro-test p-value
0.38) and an ANOVA was used for the statistics (p-values appendix 5.3.1.).
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The average internode distance was calculated by dividing the plant height of measurement 15 by the number of internodes. The data showed parametric distribution and
was analysed with an ANOVA. The length of the internodes varies from 1.5 to almost
4 centimetres. None of the cisgenic p-lines differs from in vitro ‘Gala Galaxy’. P47 has
in average the longest internodes of the cisgenic lines. The internodes are significantly
longer than the ones of ‘Royal Gala’, ‘Gala’ and C44 (Diagram 15).

Diagram 15 Boxplots internode distances ordered after mean. The height of the plants a day before internodes
counting (measurement 15) was dived by the number of internodes to get the average internode distance. The
Shapiro-test was significant (p-value 0.0019) but the QQ-plot showed a good parametric distribution (appendix
5.3.3.). An ANOVA was used (p-values appendix 5.3.2.).
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Discussion Growth Experiment
By trend, the cisgenic lines p47, p49 and p53 belonged to the higher plants at the end
of the experiment (Diagram 6) and budded relatively late (Diagram 5). However, they
did not statistically differ from in vitro ‘Gala Galaxy’. P47 was significantly later than the
genotype 604.3 which achieved a similar final height. As a logical consequence p47
should have a high growth rate, that it can achieve the same height in less time. By
modelling the curves the assumption could be confirmed. In the linear growth phase
p47 grew faster than all the natural genotypes. The lines p49 and p53 were also fast
growing but did not statistically differed from all the natural genotypes except ‘Gala’
and ‘Golden Delicious’. The three cisgenic lines had more but no longer internodes
than in vitro ‘Gala’ (Diagram 14 and 15) Therefore, the additional centimetres in height
are achieved by producing more internodes. No difference between the genotypes was
found for the leaf width (Diagram 11). For the leaf length and area, the three lines
where significant smaller than in vitro ‘Gala Galaxy’ (Diagram 12 and 13). In none of
the tested growth characteristics a significant difference was found within the three
cisgenic lines. Although the lines differ from their wild type in vitro ‘Gala’, in shoot
length, leaf length and for p47 in the growth rate, the differences can be assumed as
natural variability of the apple plant as the lines are not distinguishable from ‘Gala’
parent ‘Kidd’s Orange’ in all characteristics except for the growth rate of p47. Although
the cisgenic line p47 grew significantly faster than all the natural genotypes this does
not mean that line must pose a danger for the environment. For invasive behaviour,
more than fast growth is needed, such as high seed production and fast switch from
vegetative to generative growth (Baker 1965).
In this trial, the results for line C44 of the growth experiment in the permission
report were confirmed (Kost et al. 2015 and Bauer et. al 2015). The p-lines were not
distinguishable from the apple scab resistant lines 603.1 604.4, 605.5, 606.5, which
were also produced with the pmf1 vector, except small differences in leaf length and
area. Considering the are no differences between the p-lines and the apple scab resistant lines, it is concluded that there is no difference due to the FB_MR5 and Rvi15
gene regarding the vegetative growth behaviour.
In general, the start of the growth in the model is later than the bud break. The
plants need some time to develop the first leaves before they can expand vertically. If
we consider that the development at the beginning is the same for all genotypes, the
shift between bud break and lag phase should be the same. A linear model which
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explains 81 percent of the variance and slope one was found between the two factors
bud break and lag phase (appendix 5.4.6). We can assume that the growth model has
a good fit regarding the lag phase. The upper asymptote of the curve theoretically
represents the final height of the plants. In most of the models the upper asymptote is
between zero to 15 cm higher than the real height of the plants (histogram of differences in appendix 5.4.7). And this despite of the fact that most of the plants were not
growing actively at the end of the experiment. The overestimation of the final height
may due to irregularities in the growth curve. The irrigation system was turned off once
for three days by accident and the light had to be switch off once for the chemical
treatment over a period for three days. These two events could be the main reason for
the irregular growth of the trees. Thus, the program tries to find the Gompertz curve
with the best fit for the irregular growth data and overestimates the upper asymptote.
A good example is the plant ‘Golden Delicious’ plant 5 which was 1.5 meters on the
final measurement and an upper asymptote was calculated of 2 meters (diagram 16
right). For other plants for example ‘Royal Gala plant 1 the Gompertz model and the
growth of the plant match (diagram 16 left).

Diagram 16 Fit of Growth Model. On the left example for mismatch between growth model and final height and on
the right an example for a good approach.

The upper asymptote of the model would have fit probably better if the plants have
been measured two to three weeks longer since the computer program would better
recognize the flatting of the growth. To find out whether the difference of the lag phase
to the bud break has an influence on the overestimation of the final height or vice versa,
a linear model, the correlation of the difference between lag phase and bud break and
the difference between upper asymptote and the final height of the plants, was tested.
A linear model, which indicates positive correlation between the differences was found.
However, the model explained only five percent of the variation and it is concluded that
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a bad estimate of the lag phase doesn’t results in a bad estimate of the upper asymptote (appendix 5.4.8).
Espley et al. (2013) investigated leaf width and length and internode distance of
transgenic plants containing a gene which influences the anthocyanin pathway compared to ‘Royal Gala’. In comparison to the growth experiment of this thesis, leaf
length of ‘Royal Gala’ was with an average of ten centimetres and leaf width around
five centimetres much smaller. Otherwise the internodes length was with 13 centimetres four times higher than in this study. The results for the transgenic line were in the
same range. Since no information’s about the root stock, environmental conditions,
the age of the trees or how they have selected the leaves are given, it is not possible
to find the reason for the disagree of the results. However, the difference shows how
high the variability within a genotype can be.
It is more effort to record the dynamic growth of plants, by measuring them each week
over a period of 18 weeks and modelling it, than it is to measure plants just once when
they finished growing. To justify the undertaking, the growth modelling should add relevant information’s about the plant growth to the study. Considering that the quality of
the fit showing differences from plant to plant, the significance of the model is imitated,
especially for the upper asymptote. Nonetheless, without the model, no conclusion
about the maximal growth rate of the plant could be draw. Therefore, the high growth
rate of p47, the only case where a p-line differs from all the natural genotypes, would
not have been recognized. In conclusion, the modelling of the growth can bring additional information for characterizing the growth behaviour if the data is carefully collected but the effort is proportional high to the gained knowledge.
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Conclusion
We verified the lines p47, p49 and p53 to carry the FB_MR5 gene either single or
double T-DNA insertion. This is accord previous findings of agrobacterium-mediated
transformations. The insertion of the resistance gene transformed the susceptible wild
type in vitro ‘Gala’ into fire blight resistant lines, independently of the copy number. The
transcription level could not be determined. To our knowledge, this growth experiment
is the most extensive growth investigation for comparing the vegetative growth of cisgenic lines with natural genotypes. Even though significant differences in growth characteristics were found between the natural and cisgenic genotypes, it is assumed as
natural variability of the apple plant, since no differences to the ‘Gala’ parent ‘Kidd’s
Orange’ were found except for the growth rate of p47, which differed from all natural
genotypes. Nevertheless, for invasive behaviour more than fast growth is needed.
Since little difference was found between the lines containing the Rvi15 and the lines
with the FB_MR5 it is concluded that the inserted gene has no influence on the growth.
Overall the cisgenic lines do not differ from the natural genotypes in the growth behaviour except some differences in single plants which due to somoclonal variation during
the in vitro cultivation. (Larkin and Scowcroft 1981). Nevertheless, differences in vigour
also occur in the F1 generation of traditional crossing (National Research Council
2004) and can be sorted out or down regulated by choosing an adequate rootstock
(Ferree and Knee 1997). Breeding is always connected with a risk due to uncertainty.
The results of this thesis agrees with the conclusion of numerous other studies (National Research Council 2004, Schouten, Krens and Jacobsen 2006), that there is no
difference in risk between the cisgenic approach and traditional breeding.
In conclusion, cisgenic transformation of apple plants could be a good tool to
support the classical breeding of fire blight resistant cultivars. The results of this bachelor thesis lay the foundation for the risk assessment of the cisgenic lines p47, p49 and
p53 which is needed for an eventual permission of the open field experiments. Now
further aspects must be examined, such as toxicology and effects on other organisms,
to complete the evaluation and get an approval for the open field experiment.
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