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Introduction
As rich sources of flavonoids, carotenoids, vitamin C, folic acid and dietary
fibre, fruits and vegetables can help prevent cardiovascular diseases and cancers
(Amine et al. 2002). According to the world health report that was published by the
WHO (2002), 2.7 million deaths per year can be attributed to low fruit and
vegetable intake.
Apple is the most common fruit crop grown in temperate regions
(FAOSTAT 2012) and apples are affordable and widely available in most parts of
the world. Apple and apple-derived products have been subject of many studies
that have linked their intake to a beneficial effect on many diseases (Hyson 2011).
Several studies have indicated a positive effect of phenolic compounds, which are
abundantly present in apple, on preventing coronary heart disease and cancer
(Hertog et al. 1993; Keli et al. 1996; Gerhauser 2008). The dietary fibres that are
present in fruits like apple seem to decrease the risk for developing coronary heart
disease, stroke, hypertension, diabetes, obesity and some gastrointestinal
diseases (Anderson et al. 2009). Apples have shown to have high anti-oxidant
activity and the intake of apple is associated with a reduced risk for heart disease,
lung cancer, type 2 diabetes, and asthma (Boyer and Liu 2004), substantiating the
beneficial effects of apple consumption on human health.
Quality traits of apple
Besides the health-beneficial properties, a number of other quality traits
should be considered when breeding apple trees. First, traits that influence the
appeal to the consumer are important. These traits concern properties of the fruit,
like appearance, flavour, fruit composition, texture and shelf life. Secondly, for
apple growers, the characteristics of the tree are also important. These are traits
like tree architecture, alternate bearing, plant vigour and resistance to diseases and
abiotic stresses.
Tree architecture is a trait that influences many aspects of apple
production. The right tree shape is necessary to optimise light capture on the scale
of the apple orchard, but also to facilitate the light exposure of the apple fruits.
Maintaining the right tree shape will reduce fruit variation and direct the conversion
of energy into fruits rather than into vegetative structures (Costes et al. 2006).
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Moreover, tree architecture has a direct influence on planting density, fruit yield and
pruning requirements (Kenis and Keulemans 2007).
Use of rootstocks in apple cultivation
During the domestication of apple, quality traits were initially selected for in
seedlings. More than 3800 years ago, grafting was discovered and it became an
important technique in the domestication of apple (Cornille et al. 2012). Using this
propagation technique, it is a lot easier to select for and to control desired traits, as
the genotypes can be preserved despite self-incompatibility (Harris et al. 2002).
Nowadays, all commercial apple cultivars are propagated vegetatively and grafted
onto rootstocks. Only new apple cultivars originate from crossings or are derived
from mutants.
Besides facilitating asexual reproduction, rootstocks are also being used to
directly influence properties of the scion. Rootstocks can influence the size of the
tree, winter hardiness and resistance to pathogens and abiotic stresses (PereiraLorenzo et al. 2009). One of the most commonly used apple rootstocks is Malling 9
(‘M9’) (Zhu et al. 2001). Scions grafted onto this rootstock are 25-35% reduced in
size, giving rise to dwarf trees that are well-suited for high density apple orchards
(Zhu et al. 2001).
‘Wijcik’ apple and apple cultivation
An interesting alternative way to control the growth of apple trees was
proposed by Tobutt in 1985 and makes use of the columnar growth habit of a
mutant of the apple cultivar ‘McIntosh’ called ‘Wijcik’ (Tobutt 1985). ‘Wijcik’ is a
somatic mutant that was identified by the apple grower Anthony Wijcik in 1963 as a
shoot on top of a normal ‘McIntosh’ tree (Fisher 1969; Petersen and Krost 2013).
‘Wijcik’ trees show very little lateral branching, as their axillary buds
develop into spurs (that bear fruits) rather than lateral branches. The trees have
short internodes and a thick stem (Fisher 1969; Tobutt 1985). Because of the
distinct compact nature of the trees, ´columnar´ was distinguished as one of the
four fruiting types of apple that were proposed by Lespinasse (Lespinasse 1992).
Columnar trees need very little pruning and could be planted close together,
resulting in a potential yield increase (Tobutt 1985). The columnar trait was shown
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to be caused by a single dominant locus (Co) (Lapins 1976) that maps on
chromosome 10 (Conner et al. 1997).
Despite the potential benefits of using columnar apple trees in high density
orchards, their use has so far largely been restricted to ornamental purposes.
There are a number of difficulties related to apple breeding in general that have
complicated the introduction of the columnar trait in commercial apple cultivars,
hindering their evaluation in these commercial systems. These difficulties are
discussed below.
Apple breeding challenges
Apple is highly heterozygous (Velasco et al. 2010), making the outcome of
a cross between two apple cultivars unpredictable. Incompatibility and the limited
number of S-alleles available in commercial apple cultivars reduce the number of
compatible parents (Sakurai et al. 2000).
Apple breeding is further complicated by the long generation time and the
space required for maintaining progeny trees. This makes the introduction of new
traits in commercial apple cultivars challenging, even more so when wild apple
species are involved in the cross. Due to genetic drag, it is necessary to perform
many crosses to get rid of the unwanted alleles from the wild species that are
introduced in the progeny. An illustrative example is the introgression of the
dominant gene for scab resistance from wild M. floribunda (HcrVf), that took over
80 years (Joshi et al. 2009).
Trees derived from ´Wijcik´ suffer from the genetic drag of unwanted alleles
as well, leading to undesirable characteristics such as biannual bearing, low sugar
content, soft fruit flesh and susceptibility to apple scab. Some of these traits appear
to be tightly linked to the Co locus (Tobutt 1994; Kenis et al. 2008; Moriya et al.
2009).
Marker assisted selection
In order to facilitate apple breeding, molecular techniques have been
introduced in apple breeding programs. The first detailed genetic map comprising
all 17 chromosomes of apple was constructed by Maliepaard et al. in 1998
(Maliepaard et al. 1998). Since then, many more genetic maps have been
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constructed, which enabled researchers to map agronomically important traits to
the apple genome (Keller-3U]\E\áNRZLF] DQG .RUELQ ). These mapping
experiments have resulted in the identification of genetic loci responsible for
diverse traits, such as disease resistance, self-incompatibility, root suckers, fruit
skin colour, fruit flesh colour, pH, fruit allergens and ethylene production (0DULüHW
al. 2010).
The first molecular marker for the columnar trait was the SSR marker
Co

(SSR ) developed by Hemmat at al. in 1997 (Hemmat et al. 1997). Nine additional
markers were identified by Tian et al., including two SSRs markers (CH3d11 and
COL) and two SCAR markers (SCAR216 and SCAR682) that delimit the Co locus.
The closest marker to Co that was found is the RAPD marker S14412600, at a
distance of 1.9 cM (Tian et al. 2005). Other markers developed are WB82670 (Kim
et al. 2003), Hi01a03 (Silfverberg-Dilworth et al. 2006; Moriya et al. 2009) and
UBC8181000 (Zhu et al. 2007).
The extensive genetic maps that are now available for apple make it
possible to map quantitative trait loci (QTLs) as well. Complex traits, such as fruit
texture physiology (Longhi et al. 2012) and phenolic compound content (Khan et al.
2012), have been mapped in QTL studies in apple.
The ultimate aim of these genetic mapping studies is to identify the
causative genes underlying phenotypes. With the completion of the apple genome
sequence in 2010 (Velasco et al. 2010), a powerful new tool became available for
developing new molecular markers and to find putative candidate genes for the
studied traits. This tool has proven to be essential for the fine mapping studies
targeting the Co region that were performed in subsequent years by Bai et al.,
Moriya et al. and Baldi et al. (Bai et al. 2012; Moriya et al. 2012; Baldi et al. 2013)
In the last years, the knowledge about the genetic basis for agronomically
important traits is steadily increasing. This genetic information can be applied in
breeding programs, for example using marker assisted selection (MAS), to greatly
increase the precision and efficiency of these programs (Dirlewanger et al. 2004).
MAS could help breeders to pick the right parents for crossings, to plan the
subsequent backcrosses and to select promising progeny plants at an early stage,
based on genetic rather than phenotypic evaluation (Collard and Mackill 2008).
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MAS is currently being applied in many apple breeding programs worldwide (Zhu
and Barritt 2008; Folta and Gardiner 2009; Luby et al. 2009; Patocchi et al. 2009).
Although MAS is a promising tool for speeding up apple breeding, the long
juvenile period of apple remains a limiting factor. The period from sowing to seeds
can take from 5 to 12 years (Fischer 1994). Reducing the juvenile phase of apple
would result in a shortened generation cycle.
Flachowsky et al. showed that overexpression of the bpMADS4 gene from
silver birch in apple resulted in plants that flowered within a few months instead of
a couple of years (Flachowsky et al. 2007). Also, transgenic apple trees
overexpressing MdFT1 from apple showed an early flowering phenotype (Tränkner
et al. 2010). In combination with marker assisted selection, these approaches could
significantly speed up apple breeding programs (Flachowsky et al. 2011).
Genetic engineering
If the genes underlying the desired traits are known, an alternative to
classical breeding, or breeding using MAS, would be to make use of genetic
engineering. Using this technique, genes of interest can be transferred directly from
one organism to another by transferring the genes causing the traits, without the
need for performing crosses. Because only these preferred genes are transferred,
the genetic drag of unwanted alleles is avoided. In this way, specific traits can be
targeted while leaving the rest of the plant unchanged.
Transgenic apples have been developed for research purpose since the
development of the first transgenic apple in 1989 by James et al. (James et al.
1989), but transgenic apples have not yet been a commercial success. Recently,
‘Arctic apples’ were developed by Okanagan Specialty Fruits Inc. In these apples,
the polyphenol oxidase (PPO) gene is silenced, using RNA interference, using a
form of genetic engineering (Saurabh et al. 2014). The silencing of PPO leads to a
reduction of bruising and browning of the fruits (Armstrong and Lane 2013). ‘Arctic
apples’ are currently under review by the U.S. Department of Agriculture (USDA) to
get approval to enter the US market. However, there are some controversies
surrounding genetic engineering, with consumers raising concerns about food
safety, environmental effects and ethical implications of using this technique.
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Nielsen proposed to distinguish between different forms of transgenic
organisms, based on the source of the introduced DNA. He introduced the term
‘intragenic’ and ‘famigenic’ for genetically engineered organisms that carry DNA
from sexually compatible species, so DNA that could have been introduced to the
organism through conventional breeding as well (Nielsen 2003). According to
Nielsen, distinguishing between different categories of genetically modified
organisms (GMOs) could improve the opinion of consumers about GMO products,
as many concerns about GMOs have to do with ‘foreign’ DNA being introduced in
the organism.
Following a similar line of thought, the term cisgenic was introduced by
Jochemsen and Schouten (Jochemsen 2000). Cisgenesis was defined as “the
genetic modification of a recipient plant with a natural gene from a crossablesexually compatible-plant”. “The gene includes its introns and is flanked by its
native promoter and terminator in the normal sense orientation”. No ‘foreign’ gene
is present in a cisgenic plant (Schouten et al. 2006a). Schouten et al. argue that
the risks connected to the cultivation and breeding of cisgenic plants are not
greater than the risks related to conventionally bred plants. Therefore, cisgenic
crops should not be treated differently from these conventionally bred crops
(Schouten et al. 2006a; Schouten et al. 2006b), a view that was adopted by The
European Food Safety Authority (EFSA) in a recent report that was published in
the EFSA journal (Andersson et al. 2012).
Columnar-like phenotypes in diverse plant species
Most traits related to tree architecture are under polygenic control and are
therefore investigated in QTL studies (Folta and Gardiner 2009). However, some
genes and major QTLs controlling plant architecture have been identified in fruit
trees and other plants species. Some examples are given below.
The major locus controlling dwarf growth habit of rootstock ‘M9’ of apple
was mapped on chromosome 5 (Pilcher et al. 2008), that has homology with
chromosome 10 that also contains Co. However, the phenotypes from ‘M9’ and
‘Wijcik’ are not the same and inheritance of the dwarfing phenotype is also different
(Pilcher et al. 2008).
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Overexpression of the LEAFY (LFY) gene from Arabidopsis leads to
precocious flowering and the determination of lateral meristems into floral
meristems in diverse species, including the aspen tree (Weigel and Nilsson 1995).
In an attempt to break the juvenile stage of apple, Flachowsky et al. transformed
apple cv. ‘Pinova’ with the LFY gene from Arabidopsis under control of the 35S
promoter. Instead of observing precocious flowering, they saw that overexpression
of LFY leads to a columnar-like phenotype (Flachowsky et al. 2010), suggesting a
possible role for LFY in controlling columnar growth of apple.
Silencing the chalcone synthase (CHS) genes from apple resulted in a
significant reduction in phenylpropanoid levels. Besides having an effect on the
colouring of flowers, fruit and stems, some major changes in plant development
were reported as well. The apple lines in which the CHS genes were silenced had
shortened internodes and smaller leaves. This effect of CHS silencing on the
growth rate of the plants was explained by the inhibitory effect of flavonoids on
auxin transport (Dare et al. 2013).
Columnar-like phenotypes have been described in other (fruit) trees
besides apple. Examples are the ‘pillar’ trait of peach and stumpy poplar. The pillar
trait of peach is characterised compact trees with narrow branch angles that can be
used in high-density production systems (Scorza et al. 2002), similar to Co. This
type of growth was shown to be caused by the gene PpeTAC1, which has
homologs in diverse plant species including Arabidopsis and apple. PpeTAC1 is
located on linkage group 2 of peach, which has no synteny with chromosome 10
from apple (Dardick et al. 2013). Also, the upright phenotype of pillar peach is a
recessive trait and affects branch angle instead of branch length, distinguishing it
from the columnar trait of ‘Wijcik’.
Stumpy poplar emerged from an activation tagging screen performed by
Busov et al. in 2003. The trees have smaller internode lengths, resulting in a
dwarfed plant that bears similarity to ‘Wijcik’. Moreover, they show reduced
branching and reduced branch length. The phenotype of stumpy poplar was shown
to be caused by the over expression of a gibberellin-2 oxidase, an enzyme that is
involved in the deactivation of gibberellin. Decreased levels of active gibberellin
were found in stumpy and application of active gibberellic acid 3 (GA3) could
14
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reverse the dwarfing phenotype of the stumpy mutant (Busov et al. 2003).
Similarly, apple transformed with a construct to overexpress gibberellic acid
insensitive (gai), a repressor of the gibberellin response from Arabidopsis (Peng et
al. 1997), resulted in compact apple trees (Zhu et al. 2008).
Hormonal control of branching
The first hormone to be identified to have a role in the regulation of shoot
branching is auxin. Auxin is required for apical dominance. When the shoot apex
from a plant is removed by decapitation, plants start to branch. When auxin is
applied on the top of the plant (mimicking auxin production by the shoot apical
meristem), axillary bud outgrowth is repressed (Skoog and Thimann 1933). Auxin
is produced in active meristems and transported basipetally, from the shoots to the
root (Blakeslee et al. 2005), and is required for cell division and cell expansion
(Raven et al. 1999).
A more recently identified plant hormone that has an important role in the
regulation of branching is strigolactone. Strigolactone was first identified in root
exudates, as a signal molecule for communication between plants and mycorrhizal
fungi (Akiyama et al. 2005). Mutants of pea and rice that showed more axillary
growth were found to have lower levels of strigolactones. Application of
strigolactones restores their phenotype (Gomez-Roldan et al. 2008; Umehara et al.
2008).
Auxin and strigolactone seem to work together to control shoot branching,
as auxin positively regulates strigolactone biosynthesis genes and strigolactone
levels are reduced upon auxin depletion (Hayward et al. 2009). Application of
strigolactone to axillary buds prevents their outgrowth upon decapitation (Brewer et
al. 2009). It was shown that strigolactone acts as an inhibitor of auxin transport, by
regulating the expression of PIN auxin efflux carriers (Bennet et al. 2006).
Cytokinins are involved in the same network to control shoot branching
(Ongaro and Leyser 2008). They are produced in the shoot and stem of a plant,
move upwards through the plant (Nordstrom et al. 2004) and are stimulators of bud
outgrowth (Sachs and Thimann 1967).
As is clear from the poplar mutant stumpy, gibberellin is another hormone
that can affect plant architecture. In fact, mutations leading in genes homologous to
15

Molecular aspects of columnar growth in apple

gai from Arabidopsis that lead to decreased sensitivity to gibberellin are
responsible for the compact phenotype and increased yields of modern cereals that
were bred during the green revolution in the sixties (Peng et al. 1999). Another
example of how a mutation in this gene can lead to altered plant architecture is the
grapevine dwarf mutant described by Boss and Thomas. This mutant has a dwarf
appearance with short internodes and the tendrils that are normally formed along
the length of the shoot are converted into inflorescences (Boss and Thomas 2002),
bearing resemblance to ‘Wijcik’.
Transcription factors controlling meristem identity
Plant architecture depends on the activation of axillary buds through the
control of plant hormones, but the shape of the plant is also determined by the type
of branches that are formed. The lateral branches of ‘Wijcik’ are not only shorter,
but develop mostly into fruit bearing spurs instead of vegetative branches. In
Arabidopsis, several factors that control the switch from vegetative to floral
meristem identity have been identified.
As already discussed before, LFY is an important transcription factor that
promotes floral fate in Arabidopsis (Weigel et al. 1992). The fact that apple that
over express LFY displayed a columnar-like phenotype (Flachowsky et al. 2010),
suggests that the columnar phenotype of ‘Wijcik’ could indeed be explained by a
change in identity of the axillary buds that leads to the development of spurs
instead of branches.
Other floral meristem identity genes from Arabidopsis are APETALA1
(AP1) CAULIFLOWER (CAL) and FRUITFULL (FUL). The expression of these
genes

is

regulated

through

the

floral

integrators

SUPPRESSOR

OF

OVEREXPRESSION OF CO 1 (SOC1) and Flowering Locus T (FT), whose
expression depend on the perception on environmental and developmental signals
(temperature, light, gibberellins and age) through five distinct genetic pathways.
(Liu et al. 2009; Srikanth and Schmid 2011). The genetic basis for floral meristem
initiation seems to be rather well conserved among plants (Hanke et al. 2007),
meaning that homologs of the floral meristem identity genes in Arabidopsis could
be affected in columnar apple.
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Efforts to identify Co
Many studies have been carried out in order to help the identification of the
genetic basis for columnar growth in apple. The two fine mapping studies that were
recently carried out by Moriya et al. and Bai et al. resulted in the identification of a
region corresponding to respectively 193 and 196 kb in the homologous region
from ‘Golden Delicious’ (Bai et al. 2012; Moriya et al. 2012). The overlap between
these two regions is only around 50 kb.
Additionally, three transcriptome studies have been carried out in order to
better understand the mechanism that leads to columnar growth (Krost et al. 2012;
Zhang et al. 2012; Krost et al. 2013). These studies showed that plant hormones
are likely to be involved in the phenotype of columnar trees. Zhang et al.
highlighted the differential expression of a number of genes coding for DELLA
proteins, which are involved in the response to gibberellin (Zhang et al., 2012),
whereas Krost et al. proposed a link between increased levels of auxin and
cytokinins and the columnar phenotype. Although these studies have been a great
help to focus the search for the Co gene, they have not resulted in the identification
of a clear Co gene candidate.
An interesting property of ‘Wijcik’ is the dominant inheritance of the
columnar trait. There are several mechanisms that could explain the dominant
effect of a mutation (recently described for dominant mutations in Arabidopsis,
(Meinke 2013)), but the most commonly described dominant mutation leads to
increased expression of a gene. Increased expression of the teosinte branched1
(tb1) gene (caused by the insertion of an upstream transposon insertion (Studer et
al. 2011)) from maize was shown to be responsible for the dramatic increase in
apical dominance of cultivated maize (Doebley et al. 1997). A good example of a
dominant mutation in apple, is the rearrangement in the upstream regulatory region
of the transcription factor MYB10. Increased expression of this transcription factor
led to increased levels of anthocyanin, resulting in red-fleshed apple (Espley et al.
2009).
Outline of the thesis
The goal of this thesis is to identify the genetic basis for columnar growth in
apple. Identification of the mutation that led to columnar growth will enable us to
17
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develop a powerful molecular marker that can be used in MAS. The availability of
the Co gene would enable us to directly manipulate (fruit) tree architecture of
varieties that exist already, using gene technology. Moreover, the work described
in this thesis will increase our understanding of the physiological background of
columnar growth
In chapter 2 of this thesis, we will describe the fine mapping of the Co
region. Using a total of over 1500 progeny trees, which are derived from ‘Wijcik’
and that are segregating for the columnar phenotype, we were able to reduce the
Co region to 393 kb in the homologous region from ‘Golden Delicious’.
In chapter 3 of this thesis, we analyse two BAC libraries that were prepared
from genomic DNA from both ‘Wijcik’ and ‘McIntosh’. This sequence comparison
resulted in the identification of a single mutation in ‘Wijcik’ and a subsequent gene
expression analysis of genes present in the Co region resulted in the identification
of MdCo31. We provide evidence for the role of MdCo31 in causing the columnar
phenotype of ‘Wijcik’.
In chapter 4, the insertion in ‘Wijcik’ and the region containing the mutation
are characterised in more detail. We compare the results from our study with the
findings of Otto et al., who, very recently, published a study where they describe
the identification of a 8.2 kb retrotransposon in ‘Wijcik’ (Otto et al. 2013). Also, we
provide a model for the effect of the ‘Wijcik’ insertion on the expression of MdCo31.
In Chapter 5, MdCo31 is investigated more extensively. We show that
constitutive expression of MdCo31 causes a columnar-like phenotype in diverse
plant species like Arabidopsis and tomato and investigate the biochemical function
of the gene, proposing a possible role for MdCo31 in flavonoid or gibberellin
biosynthesis.
The results described in the separate chapters of this thesis will be
discussed in the general discussion at the end of this thesis. In this general
discussion, we compare our results with studies performed by others and suggest
additional experiments that should be performed in order to better understand the
cause for columnar growth.
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$EVWUDFW
,QFUHDVLQJ RXU XQGHUVWDQGLQJ RI WKH JHQHWLF FRQWURO RI WUHH DUFKLWHFWXUH
ZRXOG SRWHQWLDOO\ DOORZ XV WR EHWWHU WDLORU QHZO\ EUHG DSSOH FXOWLYDUV LQ
UHODWLRQ WR DVSHFWV RI ILHOG PDQDJHPHQW VXFK DV SODQWLQJ GHQVLW\ SUXQLQJ
SHVWFRQWURODQGGLVHDVHSURWHFWLRQDOVRKDYLQJDQLQGLUHFWLPSDFWRQ\LHOG
DQGIUXLWTXDOLW\7KHColumnar (Co)ORFXVVWURQJO\VXSSUHVVHVODWHUDOEUDQFK
HORQJDWLRQ DQG LV WKH PRVW LPSRUWDQW JHQHWLF ORFXV LQIOXHQFLQJ WUHH
DUFKLWHFWXUH LQ DSSOH Co KDV SUHYLRXVO\ EHHQ PDSSHG RQ DSSOH OLQNDJH
JURXS  ,Q RUGHU WR REWDLQ ILQH PDSSLQJ RICo, JHQHWLFDOO\ DQG SK\VLFDOO\
WKUHH DGXOW VHJUHJDWLQJ H[SHULPHQWDO SRSXODWLRQV ZLWK D WRWDO RI  )
SODQWV DQG RQH VXEVWDQWLDO \HDU ROG SRSXODWLRQ RI  ) SODQWV ZHUH
SKHQRW\SLFDOO\ DQDO\]HG DQG VFUHHQHG ZLWK QHZO\ GHYHORSHG 665 PDUNHUV
EDVHG RQ WKH µ*ROGHQ 'HOLFLRXV¶ DSSOH JHQRPH VHTXHQFH DYDLODEOH Co ZDV
IRXQG WR FRVHJUHJDWH ZLWK 665 PDUNHU &R5 DQG ZDV FRQILQHG LQ D
UHJLRQ RI  F0 EHWZHHQ 665 PDUNHUV &R5 DQG &R5
FRUUHVSRQGLQJWRNERQWKHµ*ROGHQ'HOLFLRXV¶JHQRPHVHTXHQFH,QWKLV
UHJLRQ  JHQHV ZHUH SUHGLFWHG LQFOXGLQJ DW OHDVW VHYHQ VHTXHQFHV
SRWHQWLDOO\EHORQJLQJWRJHQHVWKDWFRXOGEHFRQVLGHUHGFDQGLGDWHVLQYROYHG
LQFRQWURORIVKRRWGHYHORSPHQW2XUUHVXOWVSURYLGHKLJKO\UHOLDEOHYLUWXDOO\
FRVHJUHJDWLQJ PDUNHUV WR DVVLVW LQ DSSOH EUHHGLQJ WR REWDLQ PRGLILHG WUHH
KDELWDQGOD\WKHIRXQGDWLRQVIRUFORQLQJCo

.H\ZRUGV

7UHHDUFKLWHFWXUH)LQHPDSSLQJCoORFXV*URZWKKDELW

,QWURGXFWLRQ
$SSOH Malus x domestica%RUNK LVRQHRIWKHPRVWZLGHO\FXOWLYDWHGIUXLW
FURSVDURXQGWKHZRUOG,QZRUOGZLGHDSSOHSURGXFWLRQZDVHVWLPDWHGWREH
 PLOOLRQ WRQV )$267$7 )RRG DQG $JULFXOWXUH 2UJDQLVDWLRQ RI WKH 8QLWHG
1DWLRQV KWWSIDRVWDWIDRRUJ  ,W LV WKHUHIRUH QRW VXUSULVLQJ WKDW PDQ\ EUHHGLQJ
SURJUDPV DUH LQ SODFH LQ RUGHU WR LPSURYH DJURQRPLFDOO\ LPSRUWDQW WUDLWV VXFK DV
SURGXFWLYLW\ FURS UHVLVWDQFH DQG WROHUDQFH WR ELRWLF DQG DELRWLF VWUHVVHV DQG IUXLW
TXDOLW\
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$SSOHWUHHDUFKLWHFWXUHLVDQLPSRUWDQWWUDLWDIIHFWLQJSODQWGHQVLW\SUXQLQJ
UHTXLUHPHQWV KDUYHVW HIILFLHQF\ DQG IUXLW \LHOG DQG TXDOLW\ .HQLVDQG .HXOHPDQV
 KRZHYHULWVJHQHWLFFRQWUROLVVWLOOSRRUO\XQGHUVWRRG&RQVLGHUDEOHYDULDELOLW\
KDV EHHQ REVHUYHG DPRQJ DSSOH FXOWLYDUV ZKLFK FDQ EH FODVVLILHG LQWR VHYHUDO
DUFKLWHFWXUDO W\SHV JRLQJ IURP GZDUI WR VSXU DQG FROXPQDU DFFRUGLQJ WR WUHH
JURZWK OHQJWK DQG GLVWULEXWLRQ RI EUDQFKHV DQG IUXLW SRVLWLRQ /HVSLQDVVH DQG
'HORUW/HVSLQDVVH'H:LWHWDO 
,PSURYHG NQRZOHGJH RI EDVLF SODQW ELRORJLFDO SURFHVVHV LQFOXGLQJ SODQW
GHYHORSPHQW  DQG WKH LPSDFW RI JHQRPLFV LV DOUHDG\ PDNLQJ LW SRVVLEOH WR
DFFHOHUDWH WKH VHOHFWLRQ SURFHVV LQ PDQ\ VSHFLHV LQFOXGLQJ DSSOH 7URJJLR HW DO
  HVSHFLDOO\ IRU WUDLWVGLIILFXOW RU H[SHQVLYH WR VHOHFW IRU &RRN DQG 9DUVKQH\
 7KLVLVSDUWLFXODUO\YDOXDEOHIRUDVSHFLHVVXFKDVDSSOHFKDUDFWHULVHGE\D
YHU\ORQJMXYHQLOHSKDVH6SHFLILFDOO\LQDSSOHEUHHGLQJSURJUDPVWKHDYDLODELOLW\
RIPROHFXODUPDUNHUVFORVHO\OLQNHGWRSODQWDUFKLWHFWXUHJHQHVDQGDOOHOHVFRXOGEH
H[SORLWHGE\PDUNHUDVVLVWHGVHOHFWLRQZKLOHWKHDYDLODELOLW\RIWKHJHQHVDQGWKHLU
UHJXODWRU\ VHTXHQFHV ZRXOG SURYLGH WKH EUHHGHU ZLWK WKH RSSRUWXQLW\ WR XVH
JHQHWLFHQJLQHHULQJ
7KHFROXPQDUWUHHKDELWFRUUHVSRQGLQJWRWKH7\SHKDELWDVGHVFULEHGE\
/HVSLQDVVH  VKRZVVSHFLILFFKDUDFWHULVWLFVVXFKDVVKRUWLQWHUQRGHVDQGD
ORZQXPEHURIODWHUDOVKRRWVZLWKDKLJKSHUFHQWDJHRIVKRUWVSXUV /DSLQV 
$QDSSOHPXWDQWVKRZLQJDFROXPQDUKDELWZDVGLVFRYHUHGDVDVSRQWDQHRXVEXG
VSRUW RI µ0F,QWRVK¶ )LVKHU   7KLV PXWDQW ZDV FDOOHG µ:LMFLN¶ RU µ:LMFLN
0F,QWRVK¶ *HQHWLF FRQWURO RI WKH FROXPQDU KDELW LQ µ:LMFLN¶ LV GXH WR D VLQJOH
GRPLQDQW JHQH Co  /DSLQV DQG :DWNLQV  /DSLQV  .HOVH\ DQG %URZQ
  ZKLFK LV WKRXJKW WR LQWHUDFW ZLWK VHYHUDO PRGLILHUV DV VKRZQ E\ WKH
VHJUHJDWLRQ UDWLR RI VRPH FURVVLQJV /DSLQV   DQG WKH LQWHUPHGLDWHW\SH
SKHQRW\SH GHVFULEHG E\ VRPH DXWKRUV +HPPDW HW DO  .LP HW DO  
)XUWKHUPRUH D QXPEHU RI FROXPQDUDVVRFLDWHG SKHQRW\SLF HIIHFWV KDYH EHHQ
GHVFULEHG DW JHQHWLF SK\VLRORJLFDO PRUSKRORJLFDO DQG PLFURVFRSLF OHYHOV .HQLV
DQG.HXOHPDQV=KDQJDQG'DL $7\SHKDELWZKLFKUHVHPEOHVWKH
µ:LMFLN¶PXWDWLRQZDVDOVRLQGXFHGE\RYHUH[SUHVVLRQRIWKH$UDELGRSVLVLFYJHQH
LQWRDSSOHDQGUHJHQHUDWLRQRISODQWV )ODFKRZVN\HWDO 
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,W KDV EHHQ FOHDUO\ UHFRJQLVHG WKDW WKHFROXPQDU KDELW FRXOGEHSURILWDEO\
XVHGLQEUHHGLQJSURJUDPVWRREWDLQFRPSDFWFXOWLYDUVUHTXLULQJOLWWOHRUQRVWDNLQJ
DQG SUXQLQJ ZKLOH WKH DEVHQFH RI ORQJ ODWHUDO VKRRWV FRXOG DOORZ KLJK GHQVLW\
SODQWLQJ -DQLFN HW DO   +RZHYHU WKH VDPH KDELW KDV DOVR EHHQ DVVRFLDWHG
ZLWKQHJDWLYHWUDLWVVXFKDVSRRUIUXLWTXDOLW\DQGVKDSHDQGSURQRXQFHGELHQQLDO
EHDULQJ /DXULDQG/HVSLQDVVH7REXWW 
7KH Co JHQH ZDV ORFDWHG RQ OLQNDJH JURXS  DQG VHYHUDO JURXSV
GHYHORSHGPROHFXODUPDUNHUVLQWKHVXUURXQGLQJVRIWKHJHQH$UDQGRPDPSOLILHG
SRO\PRUSKLF'1$ 5$3'  PDUNHU 2$  ZDV IRXQG WR PDS DW  F0 IURP WKH
Co JHQH &RQQHU HW DO   DQG VXEVHTXHQWO\ WUDQVIRUPHG LQWR D VLPSOH
VHTXHQFH UHSHDW 665  PDUNHU 665&R  +HPPDW HW D   $ VHTXHQFH
FKDUDFWHULVHG DPSOLILHG UHJLRQ 6&$5  PDUNHU 6&%  ZDV REWDLQHG IURP D
5$3' PDUNHU SUHYLRXVO\ IRXQG :%  XVLQJ WKH PDSSLQJ SRSXODWLRQ µ)XML¶ [
µ7XVFDQ¶ .LP HW DO   2WKHU 6&$5 PDUNHUV 6&$5 DQG 6&$5  ZHUH
GHYHORSHG LQ D VHFRQG VWXG\ VWDUWLQJ IURP D 5$3' PDUNHU DQG DQ DPSOLILHG
IUDJPHQWOHQJWKSRO\PRUSKLVP $)/3 PDUNHU 7LDQHWDO 7ZRLQWHUVLPSOH
VHTXHQFH UHSHDW PDUNHUV ,665  ZHUH GHYHORSHG E\ =KX HW DO   XVLQJ D
VHJUHJDWLQJSRSXODWLRQGHULYHGIURPWKHµ)XML¶[µ7HODPRQ¶FURVV7KHCoORFXVZDV
VKRZQ WRFRORFDOLVHZLWK D PDMRU47/ IRU SODQW DUFKLWHFWXUH RQ/* LQFURVVHV
LQYROYLQJRQHSDUHQWFDUU\LQJWKHCoPXWDWLRQ .HQLVDQG.HXOHPDQV 
,QWKHODVWGHFDGHVHYHUDOKLJKO\VDWXUDWHGDSSOHJHQHWLFPDSVKDYHEHHQ
GHYHORSHG FRQWDLQLQJ KLJKO\ LQIRUPDWLYH 665 PDUNHUV /LHEKDUG HW DO 
6LOIYHUEHUJ'LOZRUWK HW DO   DQG 613V 9HODVFR HW DO   $OWKRXJK VXFK
PDSV ZHUH QRW GHYHORSHG XVLQJ H[SHULPHQWDO FURVVHV ZLWK CoVHJUHJDWLQJ
SDUHQWVVHYHUDOPDUNHUVFDQQRZEHHDVLO\IRXQGLQWKHYLFLQLW\RIWKHWDUJHWUHJLRQ
E\ PDS FRPSDULVRQV WHVWHG IRU SRO\PRUSKLVP DQG HYHQWXDOO\ XVHG IRU OLQNDJH
DQDO\VLV )LQDOO\ WKH UHFHQWO\ FRPSOHWHG DSSOH JHQRPH VHTXHQFH 9HODVFR HW DO
 UHSUHVHQWVWKHXOWLPDWHUHVRXUFHIRUWKHGHYHORSPHQWRIQHZPDUNHUVDQGWR
VXSSRUWCoPDSSLQJDQGFORQLQJ
,Q WKLV SDSHU ZH GHVFULEH WKH VDWXUDWLRQ RI WKH Co UHJLRQ DW VXEF0
UHVROXWLRQ ZLWK PROHFXODU PDUNHUV XVLQJ IRXU GLIIHUHQW VHJUHJDWLQJ SRSXODWLRQV
5HOLDEOHFRGRPLQDQW 665 PDUNHUV YLUWXDOO\ FRVHJUHJDWLQJZLWK Co DUHSURYLGHG
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)LQDOO\ZHDQFKRUDQGFRQILQHWKHCoORFXVRQWKHDSSOHJHQRPLFVHTXHQFHDQG
SURYLGHDQLQLWLDOOLVWRISRVVLEOHFDQGLGDWHJHQHV
0DWHULDOVDQGPHWKRGV
3ODQWPDWHULDODQGSKHQRW\SHDQDO\VLV
7KUHH PDWXUH VHJUHJDWLQJ SRSXODWLRQV GHULYHG UHVSHFWLYHO\ IURP WKH
FURVVHV µ*ROGHQ 'HOLFLRXV¶ [ µ:LMFLN¶  LQGLYLGXDOV  \HDUROG SODQWV IURP WKH
WLPH RI JUDIWLQJ  µ*ROGUXVK¶ [ µ:LMFLN¶  LQGLYLGXDOV  \HDUROG SODQWV IURP WKH
WLPH RI JUDIWLQJ  DQG µ*DOD[\¶ [ µ:LMFLN¶  LQGLYLGXDOV  \HDUROG SODQWV IURP WKH
WLPH RI JUDIWLQJ  ZHUH XVHG LQ WKH ILUVW SDUW RI WKLV ZRUN WR GHOLPLW WKH Co WDUJHW
UHJLRQRQ/*7KHWKUHHSRSXODWLRQVZHUHJUDIWHGRQµ0¶URRWVWRFN$GGLWLRQDOO\
WZR \RXQJ VHJUHJDWLQJ SRSXODWLRQV RI  DQG  WRWDO RI   LQGLYLGXDOV
UHVSHFWLYHO\ GHULYLQJ IURP WZR LQGHSHQGHQW µ*ROGHQ 'HOLFLRXV¶ [ µ:LMFLN¶ FURVVHV
SHUIRUPHGLQZHUHXVHGLQWKHVHFRQGSDUWRIWKHZRUNLQRUGHUWRLQFUHDVH
WKH JHQHWLF UHVROXWLRQ RI DQDO\VLV DQG VDWXUDWH WKH Co UHJLRQ $OO SODQWV ZHUH
FODVVLILHG DV FROXPQDU RU VWDQGDUG GXULQJ WKH GRUPDQW VHDVRQ WKURXJK PXOWLSOH
YLVXDO LQVSHFWLRQV 7KH YLVXDO WUHH FKDUDFWHULVWLFV FRQVLGHUHG GXULQJ YLVXDO
LQVSHFWLRQZHUHWKHGLDPHWHURIWKHPDLQVWHP FROXPQDUVVKRZLQJOLWWOHGLIIHUHQFH
EHWZHHQWKHWRSDQGEDVH WKHOHQJWKRIWKHLQWHUQRGHV FROXPQDUVVKRZLQJYHU\
VKRUWLQWHUQRGHV DQGWKHQXPEHUDQGW\SHRIODWHUDOVKRRWV FROXPQDUVVKRZLQJD
FRQVLGHUDEOH PDMRULW\ RI VSXUV  +HPPDW HW DO   )RU WKH SODQWV GHYHORSHG
IURPWKHFURVVHVILQDOSKHQRW\SLQJZDVFDUULHGRXWLQVLQFHH[SUHVVLRQ
RIWKHFROXPQDUWUDLWLVUHGXFHGLQ\RXQJHUVHHGOLQJV 6HH5HVXOWVDQG'LVFXVVLRQ
DQGDOVR.HOVH\DQG%URZQ 
'1$H[WUDFWLRQ
*HQRPLF '1$ ZDV H[WUDFWHG IURP \RXQJ OHDYHV XVLQJ WKH '1HDV\ 
3ODQW .LW 4LDJHQ 9DOHQFLD &$ 86$  )RXU OHDI GLVFV RI  FP GLDPHWHU ZHUH
KDUYHVWHG DQG O\RSKLOLVHG XVLQJ D 6FDQYDF &RRO6DIH O\RSKLOLVHU /DER*HQH
/\QJH'. 7KHGU\PDWHULDOZDVWKHQJURXQGWRDILQHSRZGHUDQGXVHGIRUWKH
H[WUDFWLRQSURFHGXUH
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665PDUNHUDQDO\VLV
)RXU 665 PDUNHUV DYDLODEOH LQ WKH OLWHUDWXUH $8 &+G
+LD+LE ZHUHWHVWHGRQWKUHHGLIIHUHQWVHJUHJDWLQJSRSXODWLRQVLQRUGHU
WR GHOLPLW WKH Co UHJLRQ 7KH 665V ZHUH VHOHFWHG IURP WKRVH GHYHORSHG E\
/LHEKHUG HW DO   DQG 6LOIYHUEHUJ'LOZRUWK HW DO   DQG PDSSLQJ LQ WKH
YLFLQLW\RICo$FFRUGLQJWRWKH+L'5$6 +LJKTXDOLW\'LVHDVH5HVLVWDQW$SSOHVIRU
D 6XVWDLQDEOH $JULFXOWXUH  ZHE VLWH KWWSXVHUVXQLPLLWKLGUDV  665 PDUNHUV
+LD DQG +LE FRQWDLQ WKH VDPH UHSHDW VHTXHQFH DQG LGHQWLFDO IODQNLQJ
UHJLRQV WKHUHIRUH WKH\ ZHUH FRQVLGHUHG WR FKDUDFWHULVH WKH VDPH ORFXV DQG RQO\
+LEZDVXVHGIRUJHQHWLFDQDO\VLV
665 DQDO\VLV ZDV FDUULHG RXW XVLQJ WKH GLUHFW IOXRUHVFHQW SULPHU PHWKRG
6FKXHONHHWDO )RUHDFKSULPHUVHWDIRUZDUGSULPHUZLWKDIOXRUHVFHQWG\H
DW WKH ¶ HQG ZDV V\QWKHVLVHG 6LJPD$OGULFK 6W /RXLV 02 86$  3&5
DPSOLILFDWLRQZDVFDUULHGRXWLQDILQDOYROXPHRIOZLWKORI[EXIIHU
P00J&OP0G173V0RIHDFKSULPHUDQG8RI7DTSRO\PHUDVH
$PSOL7DT *ROG $SSOLHG %LRV\VWHPV )RVWHU &LW\ &$ 86$  $PSOLILFDWLRQ
FRQVLVWHGRIDGHQDWXULQJVWHSDW&IRUPLQIROORZHGE\F\FOHVDW&
IRUV&IRUV&IRUVDQGDILQDOH[WHQVLRQRIPLQDW&3&5
SURGXFWV ZHUH VHSDUDWHG DQG GHWHFWHG XVLQJ D  '1$ DQDO\]HU $SSOLHG
%LRV\VWHPV)RVWHU&LW\&$86$ 7KHVL]HRIWKHGLIIHUHQWDOOHOHVZDVGHWHUPLQHG
XVLQJDQLQWHUQDOVWDQGDUG'1$ 0DVV5XOHU/RZ5DQJH'1$/DGGHU)HUPHQWDV
*OHQ%XUQLH0'86$ 
)RU WKH GHYHORSPHQW RI QHZ 665 PDUNHUVDW WKH Co UHJLRQ WKHJHQRPLF
VHTXHQFH RI µ*ROGHQ 'HOLFLRXV¶ ZDV WDNHQ DQG H[SORLWHG DV D VRXUFH RI SXWDWLYH
PLFURVDWHOOLWH VHTXHQFHV 9HODVFR HW DO   665 VHTXHQFHV ZHUH VHDUFKHG
XVLQJWKH,0([VRIWZDUH 6XUHVKDQG+DPSDSDWKDOX DQGSULPHUSDLUVZHUH
GHVLJQHGLQWKHIODQNLQJUHJLRQRIHDFKVHTXHQFH3&5DPSOLILFDWLRQDQGDPSOLFRQ
VHSDUDWLRQ ZHUH FDUULHG RXW DV GHVFULEHG DERYH 0DUNHU GLVWDQFHV DQG JHQHWLF
PDSV ZHUH FRPSXWHG XVLQJ WKH VRIWZDUH -RLQ0DS 9DQ 2RLMHQ DQG 9RRUULSV
 XVLQJGHIDXOWSDUDPHWHUVHWWLQJV
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&DQGLGDWHJHQHDQDO\VLVDWWKH Co UHJLRQ
:KHQWKHµ*ROGHQ'HOLFLRXV¶JHQRPLFUHJLRQSXWDWLYHO\FRQWDLQLQJ Co ZDV
H[DPLQHG ORRNLQJ IRU 25)V RQO\  WUDQVFULSWV ZLWK D SUHGLFWHG IXQFWLRQ ZHUH
IRXQG LQ WKH JHQH VHW LQ WKH µ*ROGHQ 'HOLFLRXV¶ *HQRPH %URZVHU
KWWSJHQRPLFVUHVHDUFKLDVPDLW  0RUHRYHU WKH OHQJWK RI WKH SUHGLFWHG 25)V
ZDVKLJKO\YDULDEOHJRLQJIURPESWRES7KHUHIRUHLQRUGHUWRLQWHJUDWH
WKH DYDLODEOH 25) SUHGLFWLRQV WKH µ*ROGHQ 'HOLFLRXV¶ JHQRPH VHTXHQFH
FRUUHVSRQGLQJ WR WKH SXWDWLYH Co UHJLRQ ZDV DOVR DQDO\]HG XVLQJ WZR GLIIHUHQW
JHQH SUHGLFWRUV $8*86786 6WDQNH HW DO   DQG *(16&$1 %XUJH DQG
.DUOLQ 
%$&OLEUDU\FRQVWUXFWLRQDQGVFUHHQLQJ
7KH %$& OLEUDU\ ZDV FRQVWUXFWHG DW WKH $PSOLFRQ ([SUHVV ,QF VWDUWLQJ
IURPIUR]HQµ:LMFLN¶OHDIPDWHULDODVGHVFULEHGE\7DRHWDO  7KHUHVWULFWLRQ
HQ]\PHXVHGIRUSDUWLDOGLJHVWLRQZDV+LQG,,,7KHJHQRPLFIUDJPHQWVZHUHFORQHG
LQWR S&&%$& (SLFHQWUH YHFWRU LQ ,QYLWURJHQ '+E 3KDJH 5HVLVWDQW FRPSHWHQW
FHOOV7KHDYHUDJHLQVHUWVL]HHVWLPDWHGE\$PSOLFRQ([SUHVV,QFZDVNE7KH
VWRUDJHPHGLDXVHGZDV/%/HQQR[P0.+32P06RGLXPFLWUDWH
P0 0J62  P0 1+ 62  *O\FHURO  JPO &KORUDPSKHQLFRO LQ
ZHOO SODWHV  OZHOO  )RU WKH VFUHHQLQJ ZLWK 665 PDUNHUV %$& '1$ ZDV
H[WUDFWHG XVLQJ D PRGLILHG DONDOLQH O\VLV PHWKRG  PO RI FXOWXUH ZDV XVHG IRU
HDFK '1$ H[WUDFWLRQ 7KH FXOWXUHG FHOOV ZHUH VSLQQHG GRZQ DQG WKH SHOOHW ZHUH
UHVXVSHQGHG LQ  O RI UHVXVSHQVLRQ EXIIHU  P0 7ULV+&O  P0 ('7$
S+    O RI O\VLV EXIIHU  0 1D2+  6'6  ZDV DGGHG WR WKH
VXVSHQVLRQV$IWHUPLQXWHVLQFXEDWLRQORIFROGQHXWUDOLVDWLRQEXIIHU 0.
DFHWDWHS+  ZDVDGGHGDQG WKHVXVSHQVLRQZDVILOWHUHGXVLQJD81,),/7(5
PLFURSODWH :KDWPDQ  E\ FHQWULIXJDWLRQ 7KH IORZWKURXJK ZDV FROOHFWHG LQ D
81,3/$7( :KDWPDQ  DQG '1$ ZDV SUHFLSLWDWHG E\ DGGLQJ  YROXPH RI
LVRSURSDQRO 7KH '1$ SHOOHW ZDV FROOHFWHG E\ FHQWULIXJDWLRQ ZDVKHG ZLWK 
HWKDQRODQGGLVVROYHGLQORI+23&5DPSOLILFDWLRQRI665VZDVSHUIRUPHGLQ
D YROXPH RI  O LQ [ 3&5 EXIIHU FRQWDLQLQJ  O RI '1$ WHPSODWH  P0
G173V  P0 0J&O  XQLWV RI $PSOL7DT *ROG '1$ SRO\PHUDVH $SSOLHG
%LRV\VWHPV  DQG  P0 RI HDFK SULPHU RI ZKLFK RQH LV )$0 ODEHOHG  7KH
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F\FOLQJ FRQGLWLRQV LQFOXGH DQ LQLWLDO GHQDWXUDWLRQ VWHS RI  PLQXWHV DW  &
IROORZHGE\F\FOHVRIVDW&PLQDW&VDW&DQGDILQDO
H[WHQVLRQSKDVHRIPLQDW&6HTXHQFLQJRIWKH%$&HQGVZDVSHUIRUPHG
XVLQJ0IRUZDUGDQG0UHYHUVHSULPHUV
5HVXOWV
3KHQRW\SLFHYDOXDWLRQRISODQWV
7KUHHPDWXUHZHOOHVWDEOLVKHGSRSXODWLRQVZHUHXVHGWRGHOLPLWWKHH[DFW
Co UHJLRQ  LQGLYLGXDOV EHORQJLQJ WR D  \HDUROG VHJUHJDWLQJ SRSXODWLRQ
GHULYHGIURPWKHµ*ROGHQ'HOLFLRXV¶[µ:LMFLN¶FURVVZHUHFDWHJRULVHGDVFROXPQDU
RU VWDQGDUG 7DEOH   DFFRUGLQJ WR WKH JURZLQJ SDWWHUQ ZLWKRXW DPELJXRXV
SKHQRW\SHV RU PLVVLQJ GDWD 7KH VHJUHJDWLRQ ZDV  FROXPQDU DQG 
VWDQGDUG VLJQLILFDQWO\ GLIIHUHQW IURP WKH H[SHFWHG  UDWLR 3 7DEOH   
SODQWVIURPWKHµ*DOD[\¶[µ:LMFLN¶SRSXODWLRQDQGSODQWVIURPWKHµ*ROGUXVK¶[
µ:LMFLN¶SRSXODWLRQZHUHDOVRHYDOXDWHG3UREDEO\EHFDXVHWKHVHSRSXODWLRQVZHUH
RQO\  \HDUV ROG DW WKH WLPH RI SKHQRW\SLF HYDOXDWLRQ VRPH LQGLYLGXDOV WKUHH
LQGLYLGXDOV IURP µ*ROGUXVK¶ [ µ:LMFLN¶ DQG RQH IURP µ*DOD[\¶ [ µ:LMFLN¶  VKRZHG DQ
LQWHUPHGLDWHSKHQRW\SHDQGFRXOGQRWEHFDWHJRULVHGDVFROXPQDURUVWDQGDUGDQG
ZHUH WKHUHIRUH H[FOXGHG IURP WKH DQDO\VLV )RU WKH µ*ROGUXVK¶ [ µ:LMFLN¶ FURVV WKH
VHJUHJDWLRQ ZDV  FROXPQDU DQG  VWDQGDUG 3  ZKLOH IRU WKH
µ*DOD[\¶[µ:LMFLN¶FURVVWKH&R:7VHJUHJDWLRQGLGQRWGLIIHUVWDWLVWLFDOO\IURPWKH
H[SHFWHGUDWLR 7DEOH 
,Q RUGHU WR DFKLHYH D KLJKHU PDSSLQJ UHVROXWLRQ VXLWDEOH IRU SRVLWLRQDO
FORQLQJ WZR QHZ VHJUHJDWLQJ SRSXODWLRQV ZHUH REWDLQHG LQ  IURP WZR
LQGHSHQGHQWµ*ROGHQ'HOLFLRXV¶[µ:LMFLN¶FURVVHV7KHSRSXODWLRQVRULJLQDWLQJIURP
WKHVH FURVVHV RULJLQDOO\ FRQVLVWHG RI  LQGLYLGXDOV SRSXODWLRQ $  DQG 
LQGLYLGXDOV SRSXODWLRQ %  UHVSHFWLYHO\ 'XH WR WKH LPSRVVLELOLW\ RI DVVLJQLQJ D
UHOLDEOH FROXPQDU VFRUH WR SODQWV GXULQJ WKH ILUVW \HDU RI JURZWK WZR IXUWKHU
HYDOXDWLRQVZHUHSHUIRUPHGLQDQGZLWKSODQWVLQWKHLUVHFRQGDQGWKLUG
\HDURIJURZWK1RQHWKHOHVVDWWKHHQGRIWKHWKLUG\HDUSODQWVLQSRSXODWLRQ$
DQGSODQWVLQSRSXODWLRQ%VWLOOVKRZHGDPELJXRXVSKHQRW\SHVDQGFRXOGQRWEH
FODVVLILHG DV FROXPQDU RU VWDQGDUG 7KH\ ZHUH WKHUHIRUH QRW XVHG IRU JHQHWLF
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PDSSLQJ ,Q WKHVH ODWWHU SRSXODWLRQV WKH Co VHJUHJDWLRQ IUHTXHQFLHV GLG QRW
VWDWLVWLFDOO\GLIIHUIURPWKHH[SHFWHGUDWLR 7DEOH 

7DEOH6HJUHJDWLQJSRSXODWLRQVXVHGDQGSKHQRW\SLFHYDOXDWLRQRIJURZLQJSDWWHUQ
0DWHUQDO
SDUHQW

3DWHUQDO
SDUHQW

$JHDW
HYDOXDWLRQ

5RRW
1XPEHURI
V\VWHP SODQWV
*UDIWHG
µ*ROGHQ¶
µ:LMFLN¶

µ0¶ 

*UDIWHG
µ*DOD[\¶
µ:LMFLN¶

µ0¶ 

*UDIWHG
µ*ROGUXVK¶ µ:LMFLN¶

µ0¶ 

6HOI
µ*ROGHQ¶
µ:LMFLN¶
DQG
URRWHG

6HOI
µ*ROGHQ¶
µ:LMFLN¶
DQG
URRWHG

6WDWLVWLFDOO\VLJQLILFDQWGLIIHUHQFHIURPVHJUHJDWLRQUDWLR

&ROXPQDU

6WDQGDUG

3
YDOXH





 











 













,GHQWLILFDWLRQRIWKH Co UHJLRQ
*HQHWLF PDSSLQJ RI Co ZDV FDUULHG RXW LQ WZR VWHSV ,Q WKH ILUVW VWHS
H[LVWLQJDQGQHZO\GHYHORSHG665PDUNHUVZHUHXVHGWRVFRUHWKUHHSUHH[LVWLQJ
DGXOW SODQW SRSXODWLRQV LQ RUGHU WR FOHDUO\ GHOLPLW Co RQ /*  DW F0UDQJH
UHVROXWLRQ ,Q WKH VHFRQG VWHS E\ WDNLQJ DGYDQWDJH RI WKH ODUJHU QHZ SRSXODWLRQ
CoZDVJHQHWLFDOO\ILQHPDSSHGDQGSK\VLFDOO\PDSSHGRQWKHµ*ROGHQ'HOLFLRXV¶
JHQRPHVHTXHQFH
3XEOLVKHG PDUNHUV +LE &KG DQG $8 /LHEKDUG HW DO
 6LOIYHUEHUJ'LOZRUWK HW DO   ZHUH PDSSHG RQ WKH WKUHH DGXOW
SRSXODWLRQV +LE ZDV ORFDWHG DW  F0 IURP Co LQ µ*ROGHQ 'HOLFLRXV¶ [
µ:LMFLN¶DWF0LQµ*DOD[\¶[µ:LMFLN¶DQGDWRQO\F0IURPCoLQµ*ROGUXVK¶[
µ:LMFLN¶ )LJ$& :KHQ&+GZDVILUVWWHVWHGXQFOHDUUHVXOWVZHUHREWDLQHG
DIWHU DPSOLILFDWLRQ DQG HOHFWURSKRUHVLV OHDGLQJ WR D SRVVLEOH ORVV RI LQIRUPDWLRQ
6LQFHLQDSUHYLRXVZRUN&+GZDVVKRZQWRPDSYHU\FORVHWRCo 0RUL\DHW
DO   D QHZ SULPHU SDLU ZDV GHVLJQHG LQ RUGHU WR LPSURYH WKH UHOLDELOLW\ RI
PDUNHU DQDO\VLV 7KH QHZ 665 PDUNHU ZDV FDOOHG &R5 7DEOH   DQG DIWHU
DQDO\VLV ZDV IRXQG WR FRVHJUHJDWH ZLWK Co )LJ $&  )LQDOO\ $8 ZDV
IRXQGWRPDSWRRGLVWDQWIURPCo GDWDQRWVKRZQ RQWKHRSSRVLWHVLGHRI Co DV
FRPSDUHGWR+LE,QRUGHUWRGHILQHWKHSRUWLRQRI/*FRQWDLQLQJCoRQWKH
VLGHRI$8PRUHSUHFLVHO\QHZ665PDUNHUVZHUHGHYHORSHGE\H[SORLWLQJ
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WKHJHQRPLFVHTXHQFHRIµ*ROGHQ'HOLFLRXV¶DVDVRXUFHRISXWDWLYH665PDUNHUV
8VLQJ WKLV DSSURDFK WZR QHZ 665 PDUNHUV &R/ DQG &R/ 7DEOH  
ZHUH GHYHORSHG DQG PDSSHG RQ WKH GLVWDO VLGH RI Co LQ DOO WKUHH PDSSLQJ
SRSXODWLRQV DW JHQHWLF GLVWDQFHV YDU\LQJ IURP  WR  F0 ZLWK &R/
PDSSLQJIXUWKHUDZD\LQWZRRXWRIWKUHHSRSXODWLRQV )LJ$& 

)LJXUH/LQNDJHPDSVRIWKHUHJLRQVXUURXQGLQJCoLQWKHWKUHHVHJUHJDWLQJSRSXODWLRQVXVHG
$µ*ROGHQ'HOLFLRXV¶[µ:LMFLN¶%µ*DOD[\¶[µ:LMFLN¶&µ*ROGUXVK¶[µ:LMFLN¶0DSVZHUHDOLJQHGXVLQJ
665 PDUNHUV VXFFHVVIXOO\ PDSSHG RQ DOO WKH SRSXODWLRQV 0DS GLVWDQFHV DUH H[SUHVVHG LQ
FHQWLPRUJDQV F0 DQGDUHVKRZQRQWKHOHIW


2QHDGGLWLRQDOURXQGRIPLFURVDWHOOLWHVHDUFKLQJRQWKHµ*ROGHQ'HOLFLRXV¶
JHQRPH VHTXHQFH LQ WKH UHJLRQ EHWZHHQ &R/ DQG +LE HQDEOHG XV WR
GHVLJQ DQG PDS VL[ DGGLWLRQDO 665V &R5 &R5 &R5 &R5
&R5 DQG &R5 7DEOH   )RXU RI WKHVH PDUNHUV &R5 &R5
&R5 &R5  ZHUH IRXQG WR FRVHJUHJDWH ZLWK Co DV QR UHFRPELQDQWV
ZHUHIRXQGLQDQ\SRSXODWLRQ )LJ$& 2QWKHRWKHUKDQGDVLQJOHUHFRPELQDQW
ZDVIRXQGEHWZHHQCoDQG&R5LQµ*ROGUXVK¶[µ:LMFLN¶SODFLQJWKHPDUNHUDW
 F0 SUR[LPDO RI Co )LJ&  6LPLODUO\ &R5 ZDV PDSSHG  RU  F0
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GLVWDO RI Co LQ µ*ROGHQ 'HOLFLRXV¶ [ µ:LMFLN¶ DQG µ*ROGUXVK¶ [ µ:LMFLN¶ SRSXODWLRQV
UHVSHFWLYHO\7KHUHIRUHDFFRUGLQJWRWKHUHVXOWVRIWKHILUVWH[SHULPHQWDOVWHSWKH
JHQRPLF UHJLRQ SXWDWLYHO\ FRQWDLQLQJ WKH JHQH V  UHVSRQVLEOH IRU Co ZDV UHOLDEO\
FRPSULVHGEHWZHHQ&R5DQG&R5VHSDUDWHGE\DSSUR[LPDWHO\F0

7DEOH0DUNHUVPDSSHGLQWKHCoUHJLRQ8QGHUOLQHGDOOHOHVZHUHIRXQGDVVRFLDWHGWRWKHFROXPQDU
SKHQRW\SH
5HSHDW
µ*ROGHQ¶ µ*ROGUXVK¶ µ*DOD[\¶ µ:LMFLN¶
0DUNHU 3ULPHUVHTXHQFHV
VHTXHQFH DOOHOHV DOOHOHV
DOOHOHV DOOHOHV
+LE F: 5'-GCTACAGGCTTGTTGATAACGC-3'


GAA

R: 5'-ACGAATGAAATGTCTAAACAGGC-3'

&R/ F: 5’–AGCCACAAACGGTACATAGC–3’


AT

R: 5’–ATTATTGTTATTTCTCGTTGACG–3’

&R/ F: 5'–ACATCCAATTCCTATTCGGC–3’


AT

R: 5'–TGCTGGATTATATAGTATGGC–3’

&R5 F: 5’–GTTTGCTCTTTTGACTGACGC-3'


GA

R: 5'-CTCAGCTTTTCAGCCATTTCC-3'

&R5 F: 5'-ATCATGGAGGGTCTACTTCG-3'


CT

F: 5'-GAGATTAAGAAAGCGCGAACC-3'

&R5 F: 5'-TAGTGACATATACATGGTGCG-3'


AT

R: 5'-GTTGGAGAATGAGTGACGGC-3'

&R5 F: 5'-ACCTGGTTCCGGTACATAGC-3'


TC

R: 5'-AACCTTCCATGGCAGCAATC-3'

&R5 F: 5'-ACATCATGGTATGACAGAGGTG-3'


CT

R: 5'-TCTAAGCCTGTCAAGATGGC-3'

&R5 F: 5'-TTTATCTGACTAAGGGGAAGG-3'


GA

















 

 









 

 







 



 

























 

 
























































&R5 F: 5'-ATTTTCCCTCTCTTCTGTTGC-3'

AT





 











R: 5'-ATGGACTTGTATTCCTTAGGG-3'
R: 5'-TCTTGGAAAGACGTGGCACG-3'





)LQHPDSSLQJRIWKH Co UHJLRQDQG25)DQDO\VLV
,QWKHVHFRQGH[SHULPHQWDOVWHSWKHQHZO\GHYHORSHG665VZHUHPDSSHG
LQ UHIHUHQFH WR Co XVLQJ WKH WZR QHZ ODUJH H[SHULPHQWDO SRSXODWLRQV 7DEOH  
GHYHORSHG IRU WKH SXUSRVH $OWKRXJK WKH WZR SRSXODWLRQV RULJLQDWHG IURP GLVWLQFW
FURVVHV DQG ZHUH PDGH XS RI  SRS $  DQG  SRS %  LQGLYLGXDOV
UHVSHFWLYHO\ WKH\ ZHUH WUHDWHG DV D VLQJOH VHJUHJDWLQJ SRSXODWLRQ RI 
LQGLYLGXDOV IRU JHQHWLF PDSSLQJ 7KH JHQHWLF PDS VXUURXQGLQJ WKH Co ORFXV DIWHU
PDSSLQJWKHWZRPDUNHUV &R5DQG&R5 IODQNLQJCoDQGWKHILYH665V
&R5 &R5 &R5 &R5 DQG &R5  SUHYLRXVO\ FR
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VHJUHJDWLQJZLWK&RLVVKRZQLQ)LJ$%DVHGRQWKHVHUHVXOWVCoZDVPDSSHG
EHWZHHQ WZR FRPDSSLQJ 665V &R5 DQG &R5  DQG &R5 LQ D
UHJLRQRIF07KH665PDUNHU&R5ZDVIRXQGWRFRPDSZLWK Co HYHQ
DIWHUWKLVKLJKUHVROXWLRQDQDO\VLV )LJ$ 



)LJXUH  6FKHPDWLF UHSUHVHQWDWLRQ RI WKH UHJLRQ VXUURXQGLQJ Co $ *HQHWLF PDS 1XPEHUV
LQGLFDWH WKH UHFRPELQDQWV IRXQG LQ D VHJUHJDWLQJ SRSXODWLRQ RI  LQGLYLGXDOV GHULYHG IURP WZR
FURVVLQJEHWZHHQµ*ROGHQ'HOLFLRXV¶DQGµ:LMFLN¶%5HSUHVHQWDWLRQRIJHQRPLFUHJLRQVSDQQLQJWKHCo
ORFXV LQ µ*ROGHQ 'HOLFLRXV¶ DV DYDLODEOH IURP WKH DSSOH JHQRPLF VHTXHQFLQJ SURMHFW
KWWSJHQRPLFVUHVHDUFKLDVPDLW 


,Q RUGHU WR HVWLPDWH WKH SK\VLFDO VL]H RI WKH Co UHJLRQ GHOLPLWHG DIWHU WKH
ILQHPDSSLQJUHVXOWVWKHJHQHWLFPDSZDVSURMHFWHGRQWKHJHQRPLFVHTXHQFHRI
µ*ROGHQ 'HOLFLRXV¶ DV DYDLODEOH DW KWWSJHQRPLFVUHVHDUFKLDVPDLW DQG WKH
SRVLWLRQRI&R5&R5&R5DQG&R5FKHFNHG )LJ% %DVHG
RQWKLVSURMHFWLRQ&R5UHVXOWHGNEPRUHGLVWDOWKDQ&R57KHDFWXDO
JHQRPLF UHJLRQ EHWZHHQ &R5 DQG &R5 ZDV HVWLPDWHG WR EH  NE ,I
&R5ZDVFRQVLGHUHGDVWKHPDUNHUGLVWDOO\GHOLPLWLQJWKHCoUHJLRQWKHVL]H
RIWKHJHQRPLFSRUWLRQSXWDWLYHO\FRQWDLQLQJWKHJHQHGHFUHDVHGWRNE
+RZHYHU LW VKRXOG EH QRWHG WKDW WKLV ODVW REVHUYDWLRQ WKH UHODWLYH OLQHDU
RUGHU RI &R5 DQG &R5 RQ WKH FKURPRVRPH  VKRXOG EH WUHDWHG ZLWK
FDXWLRQDVWKHSK\VLFDORUGHURIWKHJHQHVRQWKHFXUUHQWDSSOHJHQRPLFVHTXHQFH
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DVVHPEO\ LV SURQH WR ORFDO HUURUV 7KHUHIRUH IRU WKH SXUSRVHV RI SUHYHQWLRQ WKH
ZKROH UHJLRQ EHWZHHQ &R5 DQG &R5 VKRXOG VWLOO EH FRQVLGHUHG DV WKH
SXWDWLYHCoUHJLRQ
7KH CoFRQWDLQLQJ JHQRPLF VHTXHQFH ZDV H[DPLQHG E\ VHDUFKLQJ IRU
RSHQ UHDGLQJ IUDPHV 25)V  $ WRWDO RI  SXWDWLYH 25)V ZHUH IRXQG VHH
VXSSRUWLQJ PDWHULDO 7DEOH 6  $PRQJ WKH JHQH IXQFWLRQV FRGHG E\ WKH SXWDWLYH
25)V ZH LGHQWLILHG DW OHDVW RQH 0<% WUDQVFULSWLRQ IDFWRU VHYHUDO $3(5)OLNH
WUDQVFULSWLRQ IDFWRUV D SRVVLEOH 1$0 WUDQVFULSWLRQ IDFWRU DQ DX[LQLQGXFHG JHQH
DQGDEDVLFKHOL[ORRSKHOL[ E+/+ SURWHLQ
,Q RUGHU WR SK\VLFDOO\ LVRODWH WKH DFWXDO UHJLRQ SXWDWLYHO\ FRQWDLQLQJ Co D
µ:LMFLN¶EDFWHULDODUWLILFLDOFKURPRVRPH %$& OLEUDU\ZDVFRQVWUXFWHGDQGVFUHHQHG
XVLQJDOOWKH665PDUNHUVDYDLODEOH,QDOO%$&FORQHVZHUHLGHQWLILHGIRUWKH
DOOHOHLQFRXSOLQJZLWKCo6HTXHQFLQJRIWKH%$&HQGVDOORZHGWKHPDSSLQJDQG
RULHQWDWLRQ RI WKH FRQWLJV RQ WKH FRUUHVSRQGLQJ UHJLRQ RI µ*ROGHQ 'HOLFLRXV¶
JHQRPH $FFRUGLQJ WR WKH UHVXOWV REWDLQHG D PLQLPXP RI IRXU %$& FORQHV
:) :, :. :(  ZHUH QHFHVVDU\ WR FRPSOHWHO\ VSDQ WKH
SXWDWLYHCoUHJLRQ )LJ 

)LJXUH:LMFLNEDFWHULDODUWLILFLDOFKURPRVRPH %$& FRQWLJVVSDQQLQJWKHCoUHJLRQ3RVLWLRQ
RIWKH665PDUNHUVRQWKHFRUUHVSRQGLQJUHJLRQRIWKHµ*ROGHQ'HOLFLRXV¶JHQRPHLVLQGLFDWHG EODFN
OLQH )0IRUZDUG%$&LQVHUWHQG50UHYHUVH%$&LQVHUWHQG
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'LVFXVVLRQ
3KHQRW\SLFDQDO\VLVDQGVHJUHJDWLRQUDWLR
,QWKLVZRUNGLIIHUHQWSRSXODWLRQVVHJUHJDWLQJIRUWKHCoORFXVZHUHXVHG
,QRUGHUWRDFFXUDWHO\GHOLPLWWKHSRVLWLRQRIWKHCoJHQHRQ/*LQWKHILUVWSDUW
RIWKLVVWXG\WKUHHSUHH[LVWLQJLQWHUQDOO\DYDLODEOHSRSXODWLRQVRIDGXOWSODQWVZHUH
XWLOLVHG7KHDYDLODELOLW\RIDGXOWSODQWVZDVFUXFLDOWRFRUUHFWO\SKHQRW\SHWKHSODQWV
DQG EXLOG D UHOLDEOH IUDPHZRUN JHQHWLF PDS DW WKH Co ORFXV VLQFH WKH FROXPQDU
KDELWLVIXOO\SKHQRW\SLFDOO\H[SUHVVHGRQO\DIWHUVHYHUDO\HDUVRISODQWJURZWK .LP
HWDO7LDQHWDO=KXHWDO 
)RU WZR RI WKH SRSXODWLRQV µ*ROGHQ 'HOLFLRXV¶ [ µ:LMFLN¶ DQG µ*ROGUXVK¶ [
µ:LMFLN¶  D VWDWLVWLFDOO\ VLJQLILFDQW 3  GHYLDWLRQ IURP WKH H[SHFWHG 
VHJUHJDWLRQ UDWLR EHWZHHQ FROXPQDU DQG VWDQGDUG SODQWV  ZDV IRXQG ,Q ERWK
FDVHVWKHVWDQGDUGSODQWVRXWQXPEHUHGWKHFROXPQDUSODQWV$GHYLDWLRQIURPWKH
H[SHFWHG VHJUHJDWLRQ UDWH ZDV SUHYLRXVO\ REVHUYHG DW WKH Co ORFXV LQ GLIIHUHQW
PDSSLQJSRSXODWLRQVDQGDWWULEXWHGWRWKHVHJUHJDWLRQRIXQOLQNHGPRGLILHUJHQHV
/DSLQV0RUL\DHWDO ,QRXUFDVHLWLVDOVRQRWLFHDEOHWKDWWZRRXWRI
WKH WKUHH JUDIWHG SRSXODWLRQV VKRZHG D GHYLDWHG VHJUHJDWLRQ UDWLR ZKHUHDV WKH
ODUJHU µ*ROGHQ 'HOLFLRXV¶ [ :LMFLN¶ SRSXODWLRQV XWLOLVHG IRU ILQH PDSSLQJ ZHUH QRW
JUDIWHG DQG GLG QRW VKRZ DQ\ GHYLDWLRQ 7ZR SRVVLEOH H[SODQDWLRQV IRU WKLV
REVHUYDWLRQDUHL LQWHUDFWLRQ HSLVWDVLV RIWKHCoJHQHZLWKRQHRUPRUHXQNQRZQ
ORFL LL  LQFRPSOHWH SHQHWUDQFH RI WKH &ROXPQDU SKHQRW\SH FDXVHG E\ D PDVNLQJ
HIIHFWRULQWHUDFWLRQGXHWRWKHJUDIWLQJSURFHVVDQGRUWRWKHURRWVWRFN+RZHYHU
ERWKH[SODQDWLRQVGRQRWVHHPWRILWRXUUHVXOWVVLQFHLQERWKFDVHV HSLVWDVLVDQG
JUDIWLQJLQGXFHGLQFRPSOHWHSHQHWUDQFH WKHPROHFXODUJHQRW\SLQJRIWKHPDSSLQJ
SRSXODWLRQVVKRXOGKDYHUHYHDOHGSODQWVZLWKµ0F,QWRVK:LMFLN¶KDSORW\SHDWWKHCo
FKURPRVRPH UHJLRQ DQG ZLWK µVWDQGDUG¶ SKHQRW\SH 6XFK SODQWV ZHUH QRW
REVHUYHG2QHDOWHUQDWLYHPRUHOLNHO\H[SODQDWLRQLVWKDWDORVVRI&ROXPQDUSODQWV
RFFXUUHGGXULQJWKHSURFHVVHVRIJUDIWLQJDQGRUWKHHDUO\SKDVHRIILHOGFXOWLYDWLRQ
EHFDXVHRIWKHLUZHDNRUDEQRUPDOJURZWKSRVVLEO\HQKDQFHGE\WKHUHGXFHGYLJRU
RIWKHXWLOLVHGURRWVWRFN µ0¶ 
$FOHDULQGLFDWLRQRIWKHLQIOXHQFHRISODQWDJHRQFROXPQDUSKHQRW\SHZDV
REVHUYHGZKHQWZRQHZµ*ROGHQ'HOLFLRXV¶[µ:LMFLN¶VHJUHJDWLQJSRSXODWLRQVZHUH
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REWDLQHG'XULQJWKHILUVWDQGVHFRQG\HDURIJURZWKRQO\VRPHRIWKHLQGLYLGXDOV
FRXOG EHXQDPELJXRXVO\FDWHJRULVHG DV FROXPQDU RU VWDQGDUG DV DOVRSUHYLRXVO\
REVHUYHGE\RWKHUV +HPPDWHWDO.LPHWDO0RUL\DHWDO 7KLV
GLIILFXOW\LQFODVVLI\LQJSODQWVLQWRRQHRIWKHWZRSKHQRW\SLFFODVVHVZDVFRQILUPHG
LQ RXU VWXG\ HYHQ LQ WKH WKLUG \HDU RI HYDOXDWLRQ ZKHQ D WRWDO RI  LQGLYLGXDOV
ZHUH H[FOXGHG IURP IXUWKHU DQDO\VLV EHFDXVH WKH\ VWLOO VKRZHG DQ LQWHUPHGLDWH
SKHQRW\SH +RZHYHU WKH UHPDLQLQJ LQGLYLGXDOV VKRZHG D FOHDU  FROXPQDU YV
VWDQGDUGVHJUHJDWLRQUDWLR
&RILQHDQGSK\VLFDOPDSSLQJ
7KH JHQHWLF FKDUDFWHULVDWLRQ RI WKH Co ORFXV SUHVHQWHG KHUH KDV VHYHUDO
SRWHQWLDOO\ LQWHUHVWLQJ LPSOLFDWLRQV )LUVW WKH GHYHORSPHQW RI PROHFXODU PDUNHUV
YLUWXDOO\ FRVHJUHJDWLQJ WR WKH PRVW LPSRUWDQW DSSOH WUHH DUFKLWHFWXUH ORFXV IXOO\
H[SUHVVHG RQO\ DW WKH DGXOW VWDJH RI GHYHORSPHQW ZLOO PDNH LW SRVVLEOH WR DSSO\
IXOO\ HIILFLHQW PDUNHUDVVLVWHG VHOHFWLRQ 0$6  DW WKH VHHGOLQJ VWDJH 7KLV VKRXOG
UHOHYDQWO\ UHGXFH WKH FRVWV RI EUHHGLQJ SURJUDPV GHVLJQHG WR LQWURGXFH WKH
FROXPQDUWUDLWLQWRQHZFXOWLYDUV .KDQHWDO&KDJQpHWDO 6HFRQGO\
PDSSLQJWKHCoORFXVWRDSK\VLFDOO\GHOLPLWHGFKURPRVRPHUHJLRQLVWKHVWDUWLQJ
SRLQWIRULWVSRVLWLRQDOFORQLQJ&ORQLQJCoZRXOGSURYLGHLQYDOXDEOHLQVLJKWLQWRWKH
PROHFXODU FHOOXODU DQG SK\VLRORJLFDO FRQWURO DQG H[SUHVVLRQ RI DSSOH WUHH
DUFKLWHFWXUH DQG ZRXOG HYHQWXDOO\ PDNH LW SRVVLEOH WR PDQLSXODWH WKH WUDLW XVLQJ
JHQHWLFHQJLQHHULQJ
$OWKRXJKSUHYLRXVZRUNVKDYHPDGHLWSRVVLEOHWRPDSVHYHUDOPROHFXODU
PDUNHUV LQ WKH VXUURXQGLQJV RI Co .LP HW DO  7LDQ HW DO  =KX HW DO
 0RUL\D HW DO   QRQH UHDFKHG D UHVROXWLRQ VXLWDEOH IRU LWV SRVLWLRQDO
FORQLQJ7KLVQRWZLWKVWDQGLQJLQWKLVZRUNZHWRRNDGYDQWDJHRIPDUNHUVDYDLODEOH
LQ WKH OLWHUDWXUH LQ RUGHU WR SURFHHG WRZDUGV ILQH DQG SK\VLFDO PDSSLQJ ,W ZDV
GHFLGHG WR FRQVLGHU WKH 665 PDUNHU W\SH DORQH VLQFH LW LV RQH RI WKH PRVW
LQIRUPDWLYH DQG HIIHFWLYH W\SHV RI PDUNHUV ,Q RUGHUWR GHOLPLW WKH JHQRPLF UHJLRQ
FRQWDLQLQJ Co PROHFXODU PDUNHUV DYDLODEOH LQ WKH OLWHUDWXUH RQ ERWK VLGHV RI Co
ZHUHLQLWLDOO\VHDUFKHG$FFRUGLQJWRRXUGDWDRIWKHPDUNHUVWHVWHGRQO\+LE
ZDV PDSSHG RQ RQH VLGH RI Co DW OHVV WKDQ  F0 IURP WKH JHQH ,QGHHG
$8 ZDV IRXQG WR PDS RQ WKH RSSRVLWH VLGH WR +LE EXW WKH GLVWDQFH
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IURP Co ZDV FRQVLGHUHG H[FHVVLYH ZKLOH &+G ZKLFK ZDV WUDQVIRUPHG LQWR
&R5ZDVVKRZQWRFRPDSZLWKCoLQDOOWKHSRSXODWLRQVH[DPLQHG
7KH GHYHORSPHQW RI WZR QHZ 665 PDUNHUV &R/ DQG &R/  RQ
WKHVDPHVLGHDV$8EXWFORVHUWRCoHQDEOHGWKHFRQVWUXFWLRQRIJHQHWLF
PDSVHQFRPSDVVLQJ WKHCo UHJLRQ LQDOO WKUHH PDSSLQJ SRSXODWLRQV )LJ   7KH
VL]H RI WKHVH SDUWLDO PDSV YDULHG DFFRUGLQJ WR WKH SRSXODWLRQ XVHG ,Q µ*ROGHQ
'HOLFLRXV¶[µ:LMFLN¶ LQGLYLGXDOV WKHGLVWDQFHEHWZHHQ&R/DQG+LE
ZDV HVWLPDWHG WR EH  F0 $ VLPLODU UHVXOW ZDV IRXQG LQ µ*DOD[\¶ [ µ:LMFLN¶ 
LQGLYLGXDOV ZKHUHWKHGLVWDQFHZDVF0+RZHYHUWKHGLVWDQFHZDVRQO\F0
LQµ*ROGUXVK¶[µ:LMFLN¶ LQGLYLGXDOV 'LIIHUHQFHVLQWKHOHQJWKRIJHQHWLFPDSV
REVHUYHGIRUWKHVDPHFKURPRVRPHUHJLRQLQGLIIHUHQWVHJUHJDWLQJSRSXODWLRQVDUH
UHODWLYHO\ FRPPRQ DQG FDQ SUREDEO\ EH DVFULEHG WR VDPSOLQJ DQG JHQHWLF IDFWRUV
FRQWUROOLQJUHFRPELQDWLRQIUHTXHQFLHVERWKORFDOO\DQGJHQRPHZLGH 'ROLJH]HWDO
9H]]XOOLHWDO0RUL\DHWDO 
,QRUGHUWRUHGXFHWKHSXWDWLYHCoUHJLRQDQGVDWXUDWHLWZLWK665PDUNHUV
WKH DYDLODELOLW\ RI WKH µ*ROGHQ 'HOLFLRXV¶ JHQRPLF VHTXHQFH 9HODVFR HW DO  
SURYHG WR EH D SRZHUIXO WRRO DV LW FRXOG EH GLUHFWO\ VHDUFKHG IRU SXWDWLYH UHSHDW
VHTXHQFHV ,Q WKLV ZD\ VL[ QHZ 665 PDUNHUV ZHUH GHYHORSHG DQG PDSSHG
0RUHRYHU LW ZDV SRVVLEOH WR VHSDUDWH DQG RULHQW 665 PDUNHUV &R5 DQG
&R5)LJ% WKDWKDGUHPDLQHGOLQNHGHYHQDIWHUDQDO\VLVRIWKHSODQW
SRSXODWLRQ+HUHLWVKRXOGEHQRWHGWKDWWZRPRUHZRUNVGHVFULELQJWKHILQHJHQHWLF
PDSSLQJRIWKHCoORFXVZHUHSXEOLVKHGGXULQJWKHSUHSDUDWLRQRIWKLVSDSHU %DLHW
DO  0RUL\D HW DO   7KH WZR JURXSV LGHQWLILHG WZR GLIIHUHQW QRW
RYHUODSSLQJJHQRPLFUHJLRQVDVFRQWDLQLQJCoWKHUHIRUHOHDYLQJDVPDOOGHJUHHRI
XQFHUWDLQW\DERXWWKHDFWXDOSRVLWLRQRIWKHJHQH7KHGDWDSUHVHQWHGLQRXUZRUN
DUH ZHOO LQ DJUHHPHQW ZLWK WKH GDWD SUHVHQWHG E\ 0RUL\D HW DO :KHQ D PDUNHU
GHVFULEHG E\ %DL HW DO DV FRVHJUHJDWLQJ ZLWK Co &  ZDV WHVWHG RQ
RXU SRSXODWLRQV WKUHH UHFRPELQDQWV ZHUH IRXQG GDWD QRW VKRZQ  SODFLQJ WKH
PDUNHURXWVLGHWKHCoUHJLRQRQWKHVDPHVLGHRICoDV&R5
7KHDOLJQPHQWRIWKHJHQHWLFDQGSK\VLFDOPDSVDWWKHCoUHJLRQLQGLFDWHG
WKDW D FKURPRVRPH UHJLRQ RI  F0 FRUUHVSRQGHG WR  NE SK\VLFDOJHQHWLF
GLVWDQFHUDWLR NEF0 7KLVLVVLPLODUWRZKDWKDVSUHYLRXVO\EHHQREVHUYHGLQ
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DSSOH DW WKH VFDE UHVLVWDQFH Vf ORFXV  NEF0 WR  NEF0 3DWRFFKL HW DO
 $ORZHUDQGPRUHIDYRUDEOHUDWLRZDVIRXQGLQDVLPLODUZRUNFKDUDFWHUL]LQJ
WKH VFDE UHVLVWDQFH Vr2 ORFXV *DOOL HW DO   ,Q WKH ODWWHU FDVH WKH REVHUYHG
SK\VLFDOJHQHWLFGLVWDQFHUDWLRZDVNEF0
25)DQDO\VLV
:KHQ WKH SXWDWLYH 25)V SUHVHQW LQ WKH SK\VLFDO JHQRPLF UHJLRQ
FRPSOHWHO\ DVVRFLDWHG ZLWK Co ZHUH VHDUFKHG DQG DQDO\]HG VHH VXSSRUWLQJ
PDWHULDO7DEOH6 VHYHUDOSRWHQWLDOO\LQWHUHVWLQJCoFDQGLGDWHJHQHVZHUHIRXQG
3XWDWLYH WUDQVFULSWLRQ IDFWRUV ZHUH LGHQWLILHG EHORQJLQJ WR IRXU GLIIHUHQW FODVVHV
0<% E+/+ $3(5) DQG 1$0 3ODQW 0<% WUDQVFULSWLRQ IDFWRUV DUH RQH RI WKH
EHVW NQRZQ WUDQVFULSWLRQ IDFWRU IDPLOLHV )HOOHU HW DO   DQG DUH FKDUDFWHULVHG
E\WKHSUHVHQFHRIRQHWRIRXURUPRUHLPSHUIHFW0<%UHSHDWVWKDWFDQIXQFWLRQLQ
'1$ELQGLQJDQGSURWHLQSURWHLQLQWHUDFWLRQ0<%WUDQVFULSWLRQIDFWRUVDUHWKRXJKW
WR EH LQYROYHG LQ D QXPEHU RI SK\VLRORJLFDO SURFHVVHV VXFK DV IODYRQRLG
ELRV\QWKHVLV &]HPPHO HW DO   LQIORUHVFHQFH GHYHORSPHQW =KDQJ HW DO
 VKRRWPRUSKRJHQHVLVDQGOHDISDWWHUQLQJ *XRHWDO E+/+SURWHLQV
DUH DQRWKHU ZLGHO\ VWXGLHG JURXS RI WUDQVFULSWLRQ IDFWRUV WKDW LQ SODQWV KDYH EHHQ
IRXQG WR UHJXODWH LPSRUWDQW GHYHORSPHQWDO DQG SK\VLRORJLFDO SURFHVVHV VXFK DV
JLEEHUHOOLQUHVSRQVH /HHHWDO DQWKHUGHYHORSPHQW =KDQJHWDO DQG
IUXLW GHYHORSPHQW 7DQL HW DO   7KH $3(5) WUDQVFULSWLRQ IDFWRU IDPLO\ KDV
PDLQO\EHHQLQYROYHGLQSODQWVWUHVVUHVSRQVH ;XHWDO EXWLQVRPHFDVHV
PHPEHUV RI WKLV JURXS KDYH EHHQ UHODWHG WR JLEEHUHOOLQ ELRV\QWKHVLV <DQR HW DO
 VHHGJHUPLQDWLRQ <DPDJLVKLHWDO DQGURRWGHYHORSPHQW .LWRPLHW
DO   1$0 SURWHLQV DUH SODQWVSHFLILF WUDQVFULSWLRQ IDFWRUV WKDW KDYH EHHQ
IRXQGWRFRQWUROVHYHUDOGHYHORSPHQWDOSURFHVVHVVXFKDVVKRRWDSLFDOPHULVWHP
GHYHORSPHQW 6RXHUHWDO$LGDHWDO FHOOH[SDQVLRQLQIORZHURUJDQV
6DEORZVNL DQG 0H\HURZLW]   DQG DX[LQGHSHQGHQW IRUPDWLRQ RI ODWHUDO URRWV
;LHHWDO 7KHUHIRUHJHQHVEHORQJLQJWRRQHRIDQ\RIWKHDERYHPHQWLRQHG
WUDQVFULSWLRQ IDFWRUV IDPLOLHV FRXOG EH FRQVLGHUHG SXWDWLYH FDQGLGDWH JHQHV
FRQWUROOLQJWKHCoKDELWLQDSSOH0RUHRYHUDJHQHVKRZLQJDKLJKVLPLODULW\WRWKH
1* SURWHLQFRGLQJ JHQH IDPLO\ ZDV SUHGLFWHG LQVLGH WKH Co UHJLRQ 1*OLNH
SURWHLQVDUHZLGHO\FRQVHUYHGDPRQJSODQWVSHFLHVDUHDX[LQLQGXFLEOHDQGKDYH
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EHHQ IRXQG WR EH LQYROYHG LQ URRW IRUPDWLRQ %XVRY HW DO   7KHUHIRUH D
SRVVLEOHUROHRIVXFKSURWHLQVLQFRQWUROOLQJWUHHDUFKLWHFWXUHFDQQRWEHUXOHGRXW
,W VKRXOG EH QRWHG WKDW WKH SK\VLFDO FKDUDFWHULVDWLRQ RI WKH Co ORFXV DQG
WKHUHVXOWLQJOLVWRIFRGLQJVHTXHQFHVLVEDVHGH[FOXVLYHO\RQWKHµ*ROGHQ'HOLFLRXV¶
JHQHWLF EDFNJURXQG DQG KDSORW\SHV DQG QRW RQ WKRVH RI µ0F,QWRVK¶ RU µ0F,QWRVK
:LMFLN¶7KHUHIRUHFRQVLGHULQJWKHUHODWLYHO\KLJKUDWHRIJHQHWLFGLYHUVLW\SUHVHQWLQ
DSSOH LQFOXGLQJ D VXSSRVHGO\ KLJK OHYHO RI SUHVHQFHDEVHQFH JHQH YDULDWLRQ
EHWZHHQ GLIIHUHQW KDSORW\SHV 9HODVFR HW DO   WKH SK\VLFDO VWUXFWXUH RI WKH
ORFXV DQG LWV FRGLQJ FRQWHQW GHVFULEHG KHUH VKRXOG EH WUHDWHG ZLWK FDXWLRQ 7KLV
ZLOO RQO\ EH FODULILHG E\ VHTXHQFLQJ WKH CoPXWDWHG KDSORW\SH LQ µ:LMFLN¶ $V D
PDWWHURIIDFWWKHFRQVWUXFWLRQRID%$&OLEUDU\VWDUWLQJIURPµ:LMFLN¶OHDIPDWHULDO
DOORZHGWKHLGHQWLILFDWLRQRIIRXU%$&FORQHVFRPSOHWHO\VSDQQLQJWKHSXWDWLYH Co
UHJLRQ 7KLV FDQ EH FRQVLGHUHG D JRRG LQGLFDWLRQ DERXW WKH IHDVLELOLW\ RI WKH
VXEVHTXHQW FKDUDFWHULVDWLRQ VWHS $FFRUGLQJ WR WKH SUHOLPLQDU\ UHVXOWV SUHVHQWHG
KHUHLWVHHPVWKDWWKHVWUXFWXUHRIµ:LMFLN¶CoUHJLRQFRXOGEHTXLWHVLPLODUWRWKH
NQRZQRQHRIµ*ROGHQ'HOLFLRXV¶DVDOOWKH%$&HQGVFRXOGEHFRUUHFWO\IRXQGDQG
SRVLWLRQHG RQ WKH µ*ROGHQ 'HOLFLRXV¶ UHIHUHQFH JHQRPH )XUWKHU LQGLFDWLRQV DERXW
WKH OHQJWK DQG WKH JHQHFRQWHQW RI WKH µ:LMFLN¶ CoUHJLRQZLOO FRPH RQO\ DIWHU WKH
FRPSOHWHVHTXHQFLQJRIWKH%$&FORQHV
,QFRQFOXVLRQWKHGDWDREWDLQHGLQWKLVZRUNDOORZHGXVWRLGHQWLI\DUHJLRQ
RI  NE RQ DSSOH /* SXWDWLYHO\ FRQWDLQLQJ WKH PDLQ JHQH UHVSRQVLEOH IRU WKH
FROXPQDUKDELWWUHHWUDLW$FFRUGLQJWRWKHJHQRPLFVHTXHQFHRIµ*ROGHQ'HOLFLRXV¶
 SURWHLQFRGLQJ JHQHV ZHUH SUHGLFWHG DQG DQQRWDWHG LQ WKH UHJLRQ LQFOXGLQJ DW
OHDVW VHYHQ GLIIHUHQW JHQHV FRGLQJ IRU SURWHLQ IXQFWLRQV ZKLFK FDQ EH UHODWHG WR
SODQW GHYHORSPHQW :H FRQVLGHU WKHVH UHVXOWV WR EH D YDOXDEOH VWDUWLQJ SRLQW IRU
IXWXUHSRVLWLRQDOFORQLQJVWHSVDVLQGLFDWHGDOVRE\REWDLQLQJWKHSK\VLFDOFRYHUDJH
RI WKH µ:LMFLN¶ Co UHJLRQ ,Q RUGHU WR DFWXDOO\ LGHQWLI\ WKH PXWDWLRQ UHVSRQVLEOH IRU
WKH FROXPQDU KDELW DQG SURGXFH D UHOLDEOH FDQGLGDWH JHQH D PRUH H[WHQVLYH
DQDO\VLVLVVWLOOUHTXLUHGSRVVLEO\LQFOXGLQJWKHFRPSDULVRQZLWKWKHFRUUHVSRQGLQJ
JHQRPLFUHJLRQRIVWDQGDUGµ0F,QWRVK¶
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$FNQRZOHGJPHQWV
7KH DXWKRUV ZRXOG OLNH WR WKDQN 'U 3LHUOXLJL 0DJQDJR IRU KLV HVVHQWLDO
FRQWULEXWLRQ LQ GHYHORSLQJ WKH VHJUHJDWLQJ SRSXODWLRQV DQG /XFD 3LQHOOL IRU KLV
WHFKQLFDOKHOS
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5HIHUHQFHV
$LGD 0 7 ,VKLGD HW DO   *HQHV LQYROYHG LQ RUJDQ VHSDUDWLRQ LQ
$UDELGRSVLV DQ DQDO\VLV RI WKH FXSVKDSHG FRW\OHGRQ PXWDQW 7KH 3ODQW
&HOO2QOLQH  
%DL 7 < =KX HW DO   )LQH JHQHWLF PDSSLQJ RI WKH &R ORFXV FRQWUROOLQJ
FROXPQDU JURZWK KDELW LQ DSSOH 0ROHFXODU *HQHWLFV DQG *HQRPLFV
  
%XUJH&DQG6.DUOLQ  3UHGLFWLRQRIFRPSOHWHJHQHVWUXFWXUHVLQKXPDQ
JHQRPLF'1$-RXUQDORIPROHFXODUELRORJ\  
%XVRY9%50HLODQHWDO  $FWLYDWLRQWDJJLQJRIDGRPLQDQWJLEEHUHOOLQ
FDWDEROLVP JHQH *$ R[LGDVH  IURP SRSODU WKDW UHJXODWHV WUHH VWDWXUH
3ODQW3K\VLRORJ\  
&KDJQp'&0&DUOLVOHHWDO  0DSSLQJDFDQGLGDWHJHQH 0G0<% 
IRUUHGIOHVKDQGIROLDJHFRORXULQDSSOH%0&JHQRPLFV  
&RQQHU3-6. %URZQHWDO  5DQGRPO\DPSOLILHG SRO\PRUSKLF'1$
EDVHG JHQHWLF OLQNDJH PDS RI WKUHH DSSOH FXOWLYDUV -RXUQDO RI $PHULFDQ
6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH  
&RRN ' 5 DQG 5 . 9DUVKQH\   )URP JHQRPH VWXGLHV WR DJULFXOWXUDO
ELRWHFKQRORJ\ FORVLQJ WKH JDS EHWZHHQ EDVLF SODQW VFLHQFH DQG DSSOLHG
DJULFXOWXUH&XUUHQW2SLQLRQLQ3ODQW%LRORJ\  
&]HPPHO 6 5 6WUDFNH HW DO   7KH JUDSHYLQH 550<% WUDQVFULSWLRQ
IDFWRU9Y0<%)UHJXODWHVIODYRQROV\QWKHVLVLQGHYHORSLQJJUDSHEHUULHV
3ODQW3K\VLRORJ\  
'H:LW,1&RRNHWDO  &KDUDFWHUL]DWLRQRIWUHHDUFKLWHFWXUHLQWZR\HDU
ROG DSSOH VHHGOLQJ SRSXODWLRQV RI GLIIHUHQW SURJHQLHV ZLWK D FRPPRQ
FROXPQDU JHQH SDUHQW ;, (XFDUSLD 6\PSRVLXP RQ )UXLW %UHHGLQJ DQG
*HQHWLFV
'ROLJH] $ $) $GDP%ORQGRQ HW DO   $Q LQWHJUDWHG 665 PDS RI
JUDSHYLQH EDVHG RQ ILYH PDSSLQJ SRSXODWLRQV 7KHRUHWLFDO DQG $SSOLHG
*HQHWLFV  
)HOOHU $ . 0DFKHPHU HW DO   (YROXWLRQDU\ DQG FRPSDUDWLYH DQDO\VLV RI
0<% DQG E+/+ SODQW WUDQVFULSWLRQ IDFWRUV 7KH 3ODQW -RXUQDO    

)ODFKRZVN\ + & +DWWDVFK HW DO   2YHUH[SUHVVLRQ RI /($)< LQ DSSOH
OHDGV WR D FROXPQDU SKHQRW\SH ZLWK VKRUWHU LQWHUQRGHV 3ODQWD   

*DOOL3*$/%URJJLQLHWDO  +LJKUHVROXWLRQJHQHWLFPDSRIWKH5YL
9U DSSOHVFDEUHVLVWDQFHORFXV0ROHFXODU%UHHGLQJ  
*XR 0 - 7KRPDV HW DO   'LUHFW UHSUHVVLRQ RI .12; ORFL E\ WKH
$6<00(75,& /($9(6 FRPSOH[ RI $UDELGRSVLV 7KH 3ODQW &HOO   

+HPPDW 0 1 ) :HHGHQ HW DO   $ '1$ PDUNHU IRU FROXPQDU JURZWK
KDELWDWLQDSSOHFRQWDLQVDVLPSOHVHTXHQFHUHSHDW-RXUQDORI$PHULFDQ
6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH
-DQLFN - DQG - 1 0RRUH   )UXLW EUHHGLQJ WUHH DQG WURSLFDO IUXLWV -RKQ
:LOH\ 6RQV
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.HOVH\ ' DQG 6 %URZQ    0F,QWRVK :LMFLN  D FROXPQDU PXWDWLRQ
RI 0F,QWRVK DSSOH SURYLQJ XVHIXO LQ SK\VLRORJ\ DQG EUHHGLQJ UHVHDUFK
)UXLWYDULHWLHVMRXUQDO 86$ 
.HQLV . DQG - .HXOHPDQV   47/ DQDO\VLV RI JURZWK FKDUDFWHULVWLFV LQ
DSSOH;,(XFDUSLD6\PSRVLXPRQ)UXLW%UHHGLQJDQG*HQHWLFV
.HQLV . DQG - .HXOHPDQV   6WXG\ RI WUHH DUFKLWHFWXUH RI DSSOH Malus [
domestica %RUNK  E\ 47/ DQDO\VLV RI JURZWK WUDLWV 0ROHFXODU %UHHGLQJ
  
.KDQ0$&('XUHOHWDO  'HYHORSPHQWRIPROHFXODUPDUNHUVOLQNHG
WRWKH )LHVWD OLQNDJHJURXSPDMRU47/IRUILUHEOLJKWUHVLVWDQFHDQGWKHLU
DSSOLFDWLRQIRUPDUNHUDVVLVWHGVHOHFWLRQ*HQRPH  
.LP0<.-6RQJHWDO  'HYHORSPHQWRI5$3'DQG6&$5PDUNHUV
OLQNHG WR WKH &R JHQH FRQIHUULQJ FROXPQDU JURZWK KDELW LQ DSSOH 0DOXV
SXPLOD0LOO 7KH-RXUQDORI+RUWLFXOWXUDO6FLHQFH %LRWHFKQRORJ\   

.LWRPL<+,WRHWDO  7KHDX[LQUHVSRQVLYH$3(5)WUDQVFULSWLRQIDFWRU
&52:1 5227/(66 LV LQYROYHG LQ FURZQ URRW LQLWLDWLRQ LQ ULFH WKURXJK
WKH LQGXFWLRQ RI 2V55 D W\SH$ UHVSRQVH UHJXODWRU RI F\WRNLQLQ
VLJQDOLQJ7KH3ODQW-RXUQDO  
/DSLQV .   6SXU W\SH JURZWK KDELW LQ  DSSOH SURJHQLHV >*HQHWLF
WUDQVPLVVLRQ@-RXUQDO$PHULFDQ6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH
/DSLQV . DQG 5 :DWNLQV   *HQHWLFV RI FRPSDFW JURZWK KDELW 5HSRUW RI
HDVWPDOOLQJUHVHDUFKVWDWLRQIRU
/DSLQV . 2   ,QKHULWDQFH RI FRPSDFW JURZWK W\SH LQ DSSOH -RXUQDO RI
$PHULFDQ6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH
/DXUL3DQG-/HVSLQQDVVH  7KHUHODWLRQVKLSEHWZHHQFXOWLYDUIUXLWLQJW\SH
DQG IUXLWLQJ EUDQFK FKDUDFWHULVWLFV LQ DSSOH WUHHV 9 ,QWHUQDWLRQDO
6\PSRVLXPRQ2UFKDUGDQG3ODQWDWLRQ6\VWHPV
/HH66/HHHWDO  2YHUH[SUHVVLRQRI35(DQGLWVKRPRORJRXVJHQHV
DFWLYDWHV JLEEHUHOOLQGHSHQGHQW UHVSRQVHV LQ $UDELGRSVLV WKDOLDQD 3ODQW
DQGFHOOSK\VLRORJ\  
/HVSLQDVVH'  /HSRPPLHU$PpOLRUDWLRQGHVHVSqFHVYpJpWDOHVFXOWLYpHV
REMHFWLIV HW FULWqUHV GH VpOHFWLRQ $ *DOODLV DQG + %DQQHURW 3DULV
(GLWLRQV4XDH±
/HVSLQDVVH - DQG - 'HORUW   $SSOH WUHH PDQDJHPHQW LQ YHUWLFDO D[LV
DSSUDLVDO DIWHU WHQ \HDUV RI H[SHULPHQWV ,,, ,QWHUQDWLRQDO 6\PSRVLXP RQ
5HVHDUFKDQG'HYHORSPHQWRQ2UFKDUGDQG3ODQWDWLRQ6\VWHPV
/LHEKDUG5 % .ROOHU HW DO   &UHDWLQJD VDWXUDWHG UHIHUHQFH PDS IRU WKH
DSSOH 0DOXV [ GRPHVWLFD %RUNK  JHQRPH 7KHRU $SSO *HQHW   

0RUL\D6+,ZDQDPLHWDO  'HYHORSPHQWRIDPDUNHUDVVLVWHGVHOHFWLRQ
V\VWHPIRUFROXPQDUJURZWKKDELWLQDSSOHEUHHGLQJ-RXUQDORI-DSDQHVH
6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH
0RUL\D 6 . 2NDGD HW DO   )LQH PDSSLQJ RI &R D JHQH FRQWUROOLQJ
FROXPQDUJURZWKKDELWORFDWHGRQDSSOH 0DOXVîGRPHVWLFD%RUNK OLQNDJH
JURXS3ODQW%UHHGLQJ  
0XGXQXUL 6 % DQG + $ 1DJDUDMDUDP   ,0([ ,PSHUIHFW 0LFURVDWHOOLWH
([WUDFWRU%LRLQIRUPDWLFV  
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2RLMHQ - : DQG 5 9RRUULSV   -RLQ0DS YHUVLRQ  VRIWZDUH IRU WKH
FDOFXODWLRQRIJHQHWLFOLQNDJHPDSV8QLYHUVLW\DQG5HVHDUFK&HQWHU
3DWRFFKL $ % 9LQDW]HU HW DO   &RQVWUXFWLRQ RI D  NE %$& FRQWLJ
VSDQQLQJ WKH JHQRPLF UHJLRQ FRQWDLQLQJ WKH DSSOH VFDE UHVLVWDQFH JHQH
9I0ROHFXODUDQG*HQHUDO*HQHWLFV0**  
6DEORZVNL 5 : DQG ( 0 0H\HURZLW]   $ +RPRORJ RI 12 $3,&$/
0(5,67(0 ,V DQ ,PPHGLDWH 7DUJHW RI WKH )ORUDO +RPHRWLF *HQHV
$3(7$/$3,67,//$7$&HOO  
6FKXHONH 0   $Q HFRQRPLF PHWKRG IRU WKH IOXRUHVFHQW ODEHOLQJ RI 3&5
IUDJPHQWV1DWXUH%LRWHFKQRORJ\  
6HJXUD9&&LODVHWDO  'LVVHFWLQJDSSOHWUHHDUFKLWHFWXUHLQWRJHQHWLF
RQWRJHQHWLFDQGHQYLURQPHQWDOHIIHFWVPL[HGOLQHDUPRGHOOLQJRIUHSHDWHG
VSDWLDODQGWHPSRUDOPHDVXUHV1HZ3K\WRORJLVW  
6LOIYHUEHUJ'LOZRUWK ( & / 0DWDVFL HW DO   0LFURVDWHOOLWH PDUNHUV
VSDQQLQJWKHDSSOH 0DOXV[GRPHVWLFD%RUNK JHQRPH7UHHJHQHWLFV 
JHQRPHV  
6RXHU ( $ YDQ +RXZHOLQJHQ HW DO   7KH 1R $SLFDO 0HULVWHP *HQH RI
3HWXQLD,V5HTXLUHGIRU3DWWHUQ)RUPDWLRQLQ(PEU\RVDQG)ORZHUVDQG,V
([SUHVVHGDW0HULVWHPDQG3ULPRUGLD%RXQGDULHV&HOO  
6WDQNH 0 5 6WHLQNDPS HW DO   $8*86786 D ZHE VHUYHU IRU JHQH
ILQGLQJLQHXNDU\RWHV1XFOHLF$FLGV5HV VXSSO ::
7DQL(()OHPHWDNLVHWDO  VWXG\RID63$78/$OLNHE+/+WUDQVFULSWLRQ
IDFWRU H[SUHVVHG GXULQJ SHDFK 3UXQXV SHUVLFD  IUXLW GHYHORSPHQW 3ODQW
3K\VLRO%LRFKHP
7DR 4 $ :DQJ HW DO   2QH ODUJHLQVHUW SODQWWUDQVIRUPDWLRQFRPSHWHQW
%,%$& OLEUDU\ DQG WKUHH %$& OLEUDULHV RI -DSRQLFD ULFH IRU JHQRPH
UHVHDUFK LQ ULFH DQG RWKHU JUDVVHV 7KHRUHWLFDO DQG $SSOLHG *HQHWLFV
  
7REXWW.5  %UHHGLQJFROXPQDUDSSOHVDW(DVW0DOOLQJ$FWD+RUWLFXOWXUD

7URJJLR 0 $ *OHDYH HW DO   $SSOH IURP JHQRPH WR EUHHGLQJ 7UHH
JHQHWLFV JHQRPHV  
9HODVFR 5 $ =KDUNLNK HW DO   7KH JHQRPH RI WKH GRPHVWLFDWHG DSSOH
0DOXV[GRPHVWLFD%RUNK 1DWXUH*HQHWLFV  
9H]]XOOL 6 0 7URJJLR HW DO   $ UHIHUHQFH LQWHJUDWHG PDS IRU FXOWLYDWHG
JUDSHYLQH 9LWLVYLQLIHUD/ IURPWKUHHFURVVHVEDVHGRQ665DQG
613EDVHGPDUNHUV7KHRUHWLFDODQG$SSOLHG*HQHWLFV  
;LH 4 * )UXJLV HW DO   $UDELGRSVLV 1$& WUDQVGXFHV DX[LQ VLJQDO
GRZQVWUHDP RI 7,5 WR SURPRWH ODWHUDO URRW GHYHORSPHQW *HQHV 
'HYHORSPHQW  
<DPDJLVKL . . 7DWHPDWVX HW DO   &+2772 D GRXEOH $3 GRPDLQ
SURWHLQRI$UDELGRSVLVWKDOLDQDUHJXODWHVJHUPLQDWLRQDQGVHHGOLQJJURZWK
XQGHU H[FHVV VXSSO\ RI JOXFRVH DQG QLWUDWH 3ODQW DQG FHOO SK\VLRORJ\
  
<DQR5<.DQQRHWDO  &+2772DSXWDWLYHGRXEOH$3(7$/$UHSHDW
WUDQVFULSWLRQ IDFWRU LV LQYROYHG LQ DEVFLVLF DFLGPHGLDWHG UHSUHVVLRQ RI
JLEEHUHOOLQ ELRV\QWKHVLV GXULQJ VHHG JHUPLQDWLRQ LQ $UDELGRSVLV 3ODQW
3K\VLRORJ\  
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=KDQJ:<6XQHWDO  5HJXODWLRQRI$UDELGRSVLVWDSHWXPGHYHORSPHQW
DQG IXQFWLRQ E\ '<6)81&7,21$/ 7$3(780 '<7  HQFRGLQJ D
SXWDWLYHE+/+WUDQVFULSWLRQIDFWRU'HYHORSPHQW  
=KDQJ < * &DR HW DO   &KDUDFWHUL]DWLRQ RI $UDELGRSVLV 0<%
WUDQVFULSWLRQ IDFWRU JHQH $W0<% DQG LWV SRVVLEOH UHJXODWLRQ E\ /($)<
DQG$*/-RXUQDORI*HQHWLFVDQG*HQRPLFV  
=KDQJ < DQG + 'DL   &RPSDULVRQ RI SKRWRV\QWKHWLF DQG PRUSKRORJLFDO
FKDUDFWHULVWLFVDQGPLFURVWUXFWXUHRIURRWVDQGVKRRWVEHWZHHQFROXPQDU
DSSOH DQG VWDQGDUG DSSOH WUHHV RI K\EULG VHHGOLQJV 3K\WRQ5HYLVWD
,QWHUQDFLRQDOGH%RWDQLFD([SHULPHQWDO
=KX < ' : =KDQJ HW DO   (YDOXDWLRQ RI LQWHUVLPSOH VHTXHQFH UHSHDW
DQDO\VLV IRU PDSSLQJ WKH &R JHQH LQ DSSOH 0DOXV SXPLOD 0LOO  7KH
-RXUQDORI+RUWLFXOWXUDO6FLHQFH %LRWHFKQRORJ\  
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7DEOH63XWDWLYH25)VSUHGLFWHGLQVLGHWKHCoUHJLRQ,QEROGWKHWUDQVFULSWVEHORQJLQJWRSRVVLEOHFDQGLGDWHJHQHV

25)
25)
6HTXHQFHQDPH *HQRPH%URZVHU
$8*86786
*(16&$1
ES 
ES 
LQWHJUDVH
 LQWHJUDVH
 SXWDWLYH0<%WUDQVFULSWLRQIDFWRU
MDP0000897594 0<%WUDQVFULSWLRQIDFWRU  SXWDWLYH0<%WUDQVFULSWLRQIDFWRU
 SUHP51$VSOLFLQJIDFWRU6/8
 SUHP51$VSOLFLQJIDFWRU6/8$OLNH
MDP0000326311 P51$VSOLFLQJIDFWRU

MDP0000524262 3$%3LQWHUDFWLQJPRWLI
SXWDWLYH&2%/
 SXWDWLYH&2%/
'1$PLVPDWFKUHSDLU
 '1$PLVPDWFKUHSDLUSURWHLQ0VK
 '1$PLVPDWFKUHSDLUSURWHLQ0VK
MDP0000136858
SURWHLQ
LQRUJDQLFSKRVSKDWHWUDQVSRUWHU
 SKRVSKDWHWUDQVSRUWHUSXWDWLYH

MDP0000367163 SKRVSKDWHWUDQVSRUWHU
SXWDWLYH
 DFWLQGHSRO\PHUL]LQJIDFWRU
MDP0000284965 DFWLQGHSRO\PHUL]LQJIDFWRU  DFWLQGHSRO\PHUL]LQJIDFWRU
83)SURWHLQ&RUIKRPRORJ
 83)SURWHLQ&RUIKRPRORJ
 SKRVSKDWHWUDQVSRUWHUSXWDWLYH
 SKRVSKDWHWUDQVSRUWHU
MDP0000508371 SKRVSKDWHWUDQVSRUWHU
SXWDWLYHUHYHUVHWUDQVFULSWDVH
PDLQWHQDQFHRI

MDP0000186457
FKURPRVRPH

 $3(5)WUDQVFULSWLRQIDFWRU
 $3(5)WUDQVFULSWLRQIDFWRU
MDP0000855671 $3WUDQVFULSWLRQIDFWRU
$3(5)WUDQVFULSWLRQIDFWRU
 $3(5)WUDQVFULSWLRQIDFWRU
SXWDWLYHUHYHUVHWUDQVFULSWDVH

JDJSROSRO\SURWHLQ
 3XWDWLYHJDJSROSRO\SURWHLQ
SXWDWLYHSRO\SURWHLQ

SXWDWLYH=LQFNQXFNOHFRQWDLQLQJ
SURWHLQ
HWK\OHQHUHVSRQVLYHWUDQVFULSWLRQ
 HWKUHVSRQVLYHWUDQVFULSWLRQIDFWRU

MDP0000187369 $3WUDQVFULSWLRQIDFWRU
IDFWRU
HWK\OHQHUHVSRQVLYHWUDQVFULSWLRQ
 HWKUHVSRQVLYHWUDQVFULSWLRQIDFWRU 
MDP0000286915 $3WUDQVFULSWLRQIDFWRU
IDFWRU
ULERQXFOHDVH(
 ULERQXFOHDVH(
5,1*+ILQJHUSURWHLQ$7/

SXWDWLYH&2%/
 SXWDWLYH&2%/

6XSSRUWLQJPDWHULDO































25)
ES 
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MDP0000934869

MDP0000139773

MDP0000934866

MDP0000287209

MDP0000927091

MDP0000187760

1$0WUDQVFULSWLRQIDFWRU
EDVLFKHOL[ORRSKHOL[
SURWHLQ

JDOSKRVSKDWH
XULG\O\OWUDQVIHUDVH

SURWHLQDXWRSKDJ\
KRPRORJ\WRNLQHVLQOLJKW
FKDLQ
ULQJILQJHUSURWHLQ




EDVLFKHOL[ORRSKHOL[SURWHLQ





IRUPDWHWHWUDK\GURIRODWHOLJDVH

















JDOSKRVSKDWHXULG\OWUDQVIHUDVH

NLQHVLQOLJKWFKDLQSXWDWLYH
5,1*+ILQJHUSURWHLQ$7/OLNH
SXWDWLYHUHYHUVHWUDQVFULSWDVH
DX[LQLQGXFHGSURWHLQ1*





K\RVF\DPLQHGLR[\JHQDVHOLNH
SXWDWLYHUHYHUVHWUDQVFULSWDVH
SXWDWLYH&2%/
DXWRSKDJ\UHODWHGSURWHLQOLNH

EDVLFKHOL[ORRSKHOL[FRQWDLQLQJ
SURWHLQ
JDOSKRVSKDWHXULG\OWUDQVIHUDVH


IRUPDWHWHWUDK\GURIRODWHOLJDVH
SXWDWLYH

ULQJILQJHUSURWHLQSXWDWLYH
SXWDWLYHUHYHUVHWUDQVFULSWDVH
DX[LQLQGXFHGSURWHLQ1*

NLQHVLQOLJKWFKDLQSXWDWLYH

SXWDWLYHUHYHUVHWUDQVFULSWDVH
SXWDWLYH&2%/
DXWRSKDJ\UHODWHGSURWHLQOLNH
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&KDSWHU

(YLGHQFH IRU UHJXODWLRQ RI FROXPQDU KDELW LQ DSSOH
E\DSXWDWLYH2*)H ,, R[\JHQDVH

New Phytologist   S 

3LHWHU - :ROWHUV +HQN - 6FKRXWHQ 5LFFDUGR 9HODVFR $]HGGLQH 6L$PPRXU
3DROR%DOGL
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6XPPDU\
x
x

x
x

8QGHUVWDQGLQJ WKH JHQHWLF PHFKDQLVPV FRQWUROOLQJ FROXPQDUW\SH
JURZWK LQ WKH DSSOH PXWDQW µ:LMFLN¶ ZLOO SURYLGH LQVLJKWV RQ KRZ WUHH
DUFKLWHFWXUHDQGJURZWKDUHUHJXODWHGLQIUXLWWUHHV
,QDSSOHFROXPQDUW\SHJURZWKLVFRQWUROOHGE\DVLQJOHPDMRUJHQHDW
WKH Columnar Co  ORFXV %\ FRPSDULQJ WKH JHQRPLF VHTXHQFH RI WKH
Co UHJLRQ RI µ:LMFLN¶ ZLWK LWV ZLOGW\SH µ0F,QWRVK¶ D QRYHO QRQFRGLQJ
'1$HOHPHQWRIESVSHFLILFWR3\UHDHZDVIRXQGWREHLQVHUWHGLQ
DQLQWHUJHQLFUHJLRQRIµ:LMFLN¶
([SUHVVLRQ DQDO\VLV RI VHOHFWHG JHQHV ORFDWHG LQ WKH YLFLQLW\ RI WKH
LQVHUWLRQ UHYHDOHG WKH XSUHJXODWLRQ RI WKH MdCo31 JHQH HQFRGLQJ D
SXWDWLYH2*)H ,, R[\JHQDVHLQD[LOODU\EXGVRIµ:LMFLN¶
&RQVWLWXWLYH H[SUHVVLRQ RI MdCo31 LQ Arabidopsis thaliana UHVXOWHG LQ
FRPSDFW SODQWV ZLWK VKRUWHQHG IORUDO LQWHUQRGHV D SKHQRW\SH
UHPLQLVFHQWRIWKHRQHREVHUYHGLQFROXPQDUDSSOHWUHHV:HFRQFOXGH
WKDW MdCo31 LV D VWURQJ FDQGLGDWH JHQH IRU WKH FRQWURO RI FROXPQDU
JURZWKLQµ:LMFLN¶


.H\ZRUGV 7UHH DUFKLWHFWXUH FROXPQDU JHQH Co  Malus x domestica DSSOH 
µ:LMFLN¶2*)H ,, R[\JHQDVH

,QWURGXFWLRQ
7UHHDUFKLWHFWXUHH[HUWVDFRQVLGHUDEOHLQIOXHQFHRQIUXLW\LHOGDQGGLUHFWO\
DIIHFWV WKH DPRXQW RI ZRUN UHTXLUHG IRU RUFKDUG PDLQWHQDQFH LQFOXGLQJ SUXQLQJ
WUDLQLQJDQGWUHHVXSSRUWV\VWHPVZKLFKUHSUHVHQWDPDMRUFRVWIRUDSSOHJURZHUV
5RP DQG %DUULWW  %DUULWW  /HVSLQDVVH DQG 'HORUW  :QVFKH DQG
/DNVR   &ROXPQDU WUHHV VXFK DV WKH DSSOH PXWDQW µ:LMFLN¶ KDYH EHHQ
SURSRVHGDVDQLQWHUHVWLQJVROXWLRQIRUFUHDWLQJKLJKGHQVLW\RUFKDUGVGHVSLWHWKH
FROXPQDUKDELWEHLQJOLQNHGWRXQGHVLUDEOHWUDLWVVXFKDVDOWHUQDWHEHDULQJ /RRQH\
DQG /DQH  'DYHQSRUW  .HQLV DQG .HXOHPDQV   µ:LMFLN¶ ZDV ILUVW
LGHQWLILHG LQ WKH V DV D VKRRW RI D QRUPDO µ0F,QWRVK¶ WUHH DQG H[KLELWV D
SURQRXQFHG FROXPQDU SKHQRW\SH ZLWK VKRUW LQWHUQRGHV DQG D WKLFN VWHP $[LOODU\
EXGV XVXDOO\ GHYHORS LQWR VSXUV UDWKHU WKDQ ODWHUDO EUDQFKHV UHVXOWLQJ LQ D WUHH
EHDULQJ IUXLWV FORVH WR WKH VWHP )LVKHU  7REXWW   1HYHUWKHOHVV WKH
GHYHORSPHQW RI ORQJ VLGH VKRRWV IURP VSXUV DOVR RFFXUV LQ FROXPQDU WUHHV IRU
LQVWDQFHZKHQWKHFHQWUDOOHDGHULVFXWRUGDPDJHG,QWKLVSDUWLFXODUFDVHVRPH



Evidence for regulation of columnar habit in apple by a putative 2OG-Fe(II) oxygenase

VSXUV QHDU WKH WRS FDQ JURZ DQG JLYH ULVH WR VKRRWV H[KLELWLQJ D FROXPQDU
SKHQRW\SH VXJJHVWLQJ WKDW ODWHUDO EXGV DUH XQGHU WLJKW DSLFDO FRQWURO 3HWHUVHQ
DQG.URVW 
7KHFROXPQDUSKHQRW\SHZDVVKRZQWREHFDXVHGE\DVLQJOHGRPLQDQW
DOOHOH QDPHG Co PDSSLQJ RQ FKURPRVRPH  &RQQHU HW DO   'LIIHUHQW
VWXGLHV KHOSHG WR QDUURZ GRZQ WKH JHQHWLF ZLQGRZ IRU WKH Co UHJLRQ %DL HW DO
 0RUL\D HW DO  %DOGL HW DO   %DOGL HW DO.   LGHQWLILHG D
FDQGLGDWH UHJLRQ GHOLPLWHG E\ WKH 665 PDUNHUV &R5 DQG &R5 ZKLFK
VSDQV  NE LQ WKH KRPRORJRXV UHJLRQ RI WKH µ*ROGHQ 'HOLFLRXV¶ JHQRPH
VHTXHQFH 9HODVFR HW DO  DQG RYHUODSVZLWK WKH NE UHJLRQ LGHQWLILHGE\
0RUL\DHWDO  
,QSDUDOOHORWKHUVDWWHPSWHGWRLGHQWLI\WKHCoJHQHXVLQJJHQHH[SUHVVLRQ
SURILOLQJZLWK51$VHTZKLFKUHVXOWHGLQWKHLGHQWLILFDWLRQRIVHYHUDOFDQGLGDWHVIRU
WKH Co JHQH ZLWK UROHV LQ SODQW KRUPRQH VLJQDOOLQJ LQ SDUWLFXODU '(//$ SURWHLQV
LQYROYHGLQWKHUHJXODWLRQRIWKHJLEEHUHOOLQSDWKZD\ =KDQJHWDO $VLPLODU
DSSURDFKZDVXVHGWRSURSRVHDFRUUHODWLRQEHWZHHQF\WRNLQLQVDQG,$$ LQGROH
DFHWLF DFLG  DQG WKH FROXPQDU SKHQRW\SH .URVW HW DO  3HWHUVHQ DQG .URVW
 
8QGHUVWDQGLQJ WKH JHQHWLF PHFKDQLVPV FRQWUROOLQJ FROXPQDU JURZWK KDELW
ZLOO KHOS GHVLJQ QRYHO VWUDWHJLHV WR GHYHORS QHZ DSSOH FXOWLYDUV IRU KLJKGHQVLW\
SODQWLQJ ZKLOH DYRLGLQJ WKH LQWURGXFWLRQ RI XQGHVLUDEOH FKDUDFWHUV OLQNHG WR WKH
FROXPQDUORFXV
7KXV LQ WKLV LQYHVWLJDWLRQ ZH FRPSDUHG WKH VHTXHQFHV RI D %$& OLEUDU\
FRQWDLQLQJ WKH Co UHJLRQ RI WKH PXWDQW µ:LMFLN¶ ZLWK WKH RQH SUHSDUHG IURP WKH
FRUUHVSRQGLQJ ZLOGW\SH FXOWLYDU µ0F,QWRVK¶ DQG DQ LQVHUWLRQ RI  ES ZDV
LGHQWLILHGLQWKHµ:LMFLN¶JHQRPHZKLFKZDVDEVHQWLQWKHZLOGW\SH
:HDQDO\VHGWKHH[SUHVVLRQSDWWHUQVRIWKHVL[JHQHVLGHQWLILHGZLWKLQWKH
 NE UHJLRQ VXUURXQGLQJ WKH LQVHUWLRQ DQG IRXQG RQO\ RQH JHQH MdCo31 
HQFRGLQJ D SXWDWLYH 2*)H ,,  R[\JHQDVH ZKLFK ZDV GLIIHUHQWLDOO\ H[SUHVVHG
EHWZHHQµ0F,QWRVK¶DQGµ:LMFLN¶EXGV:HWKHQLQYHVWLJDWHGWKHELRORJLFDOIXQFWLRQ
RI WKLV JHQH E\ H[SUHVVLQJ LW FRQVWLWXWLYHO\ LQ Arabidopsis thaliana DQG REVHUYHG
WKDW WUDQVIRUPHG SODQWV H[KLELWHG SKHQRW\SHV UHPLQLVFHQW RI WKH RQH REVHUYHG LQ
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µ:LMFLN SURYLGLQJ DQ HYLGHQFH IRU WKH UROH RI MdCo31 LQ UHJXODWLQJ WKH FROXPQDU
W\SHJURZWKLQDSSOH
0DWHULDOVDQGPHWKRGV
3ODQWPDWHULDODQGJURZWKFRQGLWLRQV
$SSOH Malus x domestica%RUNK WUHHVZHUHJURZQDQGPDLQWDLQHGDWWKH
RUFKDUG³*LDURQL´EHORQJLQJWRWKH)RQGD]LRQH(GPXQG0DFK )(0 DWWKH,VWLWXWR
$JUDULR GL 6DQ 0LFKHOH DOO¶$GLJH ,$60$  ORFDWHG LQ ,WDO\ ODWLWXGH 
ORQJLWXGH   µ0F,QWRVK¶ DQG µ:LMFLN¶ WUHHV )LVKHU   ZHUH REWDLQHG
IURP WKH GHSDUWPHQW RI IUXLW WUHHV DQG ZRRG\ SODQW VSHFLHV DW WKH 8QLYHUVLW\ RI
%RORJQD '&$81,%2 ,WDO\  DQG JUDIWHG RQ µ0¶ URRWVWRFN 7KH FURVV EHWZHHQ
µ:LMFLN¶DQGµ*ROGHQ'HOLFLRXV¶ZDVSHUIRUPHGXVLQJµ:LMFLN¶SROOHQJLYLQJULVHWRD
VHJUHJDWLQJ SRSXODWLRQ RI  SODQWV )LJ 6  $[LOODU\ EXGV IURP VL[\HDU ROG
µ:LMFLN¶ [ µ*ROGHQ 'HOLFLRXV¶ WUHHV DQG WZR\HDU ROG µ0F,QWRVK¶ DQG µ:LMFLN¶ WUHHV
ZHUH KDUYHVWHG DW WKH HQG RI 0DUFK DQG OHDYHV IURP WKH VDPH WUHHV LQ 0D\
$UDELGRSVLVSODQWV&ROXVHGLQWKLVVWXG\ZHUHJURZQLQ*6VRLO 0DQQD,WDOLD 
DQGUDLVHGDW& KRIPROPVOLJKWKRIGDUN 
%$&OLEUDU\FRQVWUXFWLRQDQGVHTXHQFLQJ
7KH µ0F,QWRVK¶ %$& OLEUDU\ ZDV SUHSDUHG E\ $PSOLFRQ H[SUHVV 3XOOPDQ
:$ 86$  IURP OHDI PDWHULDO DQG XVLQJ WKH VDPH PHWKRG DV GHVFULEHG IRU WKH
µ:LMFLN¶%$&OLEUDU\ %DOGLHWDO 7KH665PDUNHUVXVHGLQ%DOGLHWDO  
DQGQRYHORQHVLQGLFDWHGLQ7DEOH6ZHUHXVHGWRVFUHHQWKH%$&OLEUDULHV%$&
SODVPLGVZHUHSXULILHGXVLQJWKH3ODVPLG0LGLNLW 4,$*(1 DQGVHTXHQFHGRQD
*6 )/; 7LWDQLXP SODWIRUP 5RFKH  7KH UHDGV ZHUH DVVHPEOHG XVLQJ 1HZEOHU
$VVHPEOHU VRIWZDUH 5RFKH  DQG 0,5$ DVVHPEOHU &KHYUHX[ HW DO   XVLQJ
WKH µ*ROGHQ 'HOLFLRXV¶ JHQRPH DV D UHIHUHQFH 7KH UHVXOWLQJ FRQWLJV ZHUH MRLQHG
WRJHWKHU XVLQJ 6DQJHU VHTXHQFLQJ 7KH DVVHPEOHG VHTXHQFHV RI µ0F,QWRVK¶ DQG
µ:LMFLN¶ 1&%, $FFHVVLRQ QXPEHU .) DQG .)  ZHUH FRPSDUHG E\
DOLJQPHQWXVLQJ66$+$ 1LQJHWDO DQGYLVXDOLVHGXVLQJ,*9 5RELQVRQHW
DO 
*OLPPHU+00 ZDV XVHG WR LGHQWLI\ 25)V LQ WKH µ:LMFLN¶ Co UHJLRQ VHTXHQFH
0DMRURVHWDO *HQHSUHGLFWLRQVDQGIXOOOHQJWKF'1$VHTXHQFHVIURPWKH
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µ*ROGHQ'HOLFLRXV¶CoUHJLRQZHUHXVHGDVDUHIHUHQFH3UHGLFWHGJHQHVLQWKHCo
UHJLRQ ZHUH DQQRWDWHG E\ SHUIRUPLQJ D %/$67[ VHDUFK DJDLQVW WKH $UDELGRSVLV
SURWHLQ GDWDEDVH 5KHH HW DO   DQG E\ FDUU\LQJ RXW D FRQVHUYHG SURWHLQ
GRPDLQVHDUFKXVLQJ1&%,¶V&RQVHUYHG'RPDLQ'DWDEDVH 0DUFKOHU%DXHUHWDO
  $ %/$67 VHDUFK LQ *HQH%DQN GDWDEDVHV IRU WKH  ES LQVHUWLRQ
VHTXHQFHZDVSHUIRUPHG0DWFKHVZHUHIRXQGRQO\RQWKHDSSOHDQGSHDUJHQRPH
:X HW DO   $SSOH DQG SHDU JHQRPH FRQWLJV FRQWDLQLQJ WKH LQVHUWLRQ ZHUH
DOLJQHGXVLQJ0(*$ 7DPXUDHWDO 
51$H[WUDFWLRQDQGT573&5DQDO\VLV
7RWDO 51$ ZDV LVRODWHG IURP DSSOH EXGV DQG OHDYHV XVLQJ WKH 3ODQW
VSHFWUXP NLW 6LJPD$OGULFK  DQG IURP $UDELGRSVLV OHDYHV XVLQJ 75, UHDJHQW
6LJPD$OGULFK  F'1$V ZHUH V\QWKHVLVHG IURP  J RI WRWDO 51$ SUHYLRXVO\
VXEMHFWHG WR '1$VH WUHDWPHQW XVLQJ WKH VXSHUVFULSW 9,/2 F'1$ V\QWKHVLV NLW
DFFRUGLQJ WR WKH PDQXIDFWXUHU¶V LQVWUXFWLRQV /LIH 7HFKQRORJLHV  5HDO7LPH 3&5
UHDFWLRQV ZHUH SHUIRUPHG XVLQJ 6<%5 JUHHQ FKHPLVWU\ 3ODWLQXP 6<%5 *UHHQ
T3&56XSHU0L[8'*/LIH7HFKQRORJLHV ZLWKWKHSULPHUSDLUVOLVWHGLQ7DEOH6
7UDQVFULSWOHYHOVZHUHQRUPDOLVHGWRWKHUHIHUHQFHJHQHV $FWLQ /LDQG<XDQ 
DQGMd_4592:1:a %RWWRQHWDO IRUDSSOHDQGTIP41-like .XWWHUHWDO 
IRU $UDELGRSVLV 'DWD ZHUH DQDO\VHG XVLQJ WKH FRPSDUDWLYH &W PHWKRG 3IDIIO
 
%LQDU\YHFWRUFRQVWUXFWLRQDQGSODQWWUDQVIRUPDWLRQ
MdCo31 ZDV DPSOLILHG IURP WRWDO 51$ RI µ:LMFLN¶ XVLQJ WKH 6XSHU6FULSW
2QH6WHS573&56\VWHP /LIH7HFKQRORJLHV DQGWKHSULPHUVLQGLFDWHGLQ7DEOH
6DQGFORQHGLQWRWKHS(175'YHFWRUXVLQJWKHS(175'7232FORQLQJNLW /LIH
7HFKQRORJLHV  S(175'0G&R ZDV UHFRPELQHG ZLWK WKH S+*: YHFWRU
.DULPLHWDO XVLQJWKH*DWHZD\/5&ORQDVH,,NLW /LIH7HFKQRORJLHV WRJLYH
ULVH WR S3UR60G&R $UDELGRSVLV WUDQVIRUPDQWV ZHUH SURGXFHG E\ WKH IORUDO
GLS PHWKRG XVLQJ Agrobacterium tumefaciens VWUDLQ *9 FDUU\LQJ WKH 7'1$
ELQDU\YHFWRUS3UR60G&R &ORXJKDQG%HQW 
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'HYHORSPHQWDQGWHVWLQJRI665PDUNHUV
7KH µ*ROGHQ 'HOLFLRXV¶ JHQRPH ZDV XVHG WR VHDUFK IRU SRWHQWLDO 665V
XVLQJ,0([VRIWZDUH 0XGXQXUL 1DJDUDMDUDP 3RWHQWLDO665VZHUHWHVWHG
RQ JHQRPLF '1$ RI  FROXPQDU DQG VWDQGDUG SURJHQ\ WUHHV GHULYLQJ IURP D
µ:LMFLN¶ [ µ*ROGHQ 'HOLFLRXV¶ FURVV SHUIRUPHG LQ  LQ RUGHU WR FRQILUP FR
VHJUHJDWLRQ RI WKH PDUNHU ZLWK WKH FROXPQDU SKHQRW\SH 3&5 DPSOLILFDWLRQ RI
665VZDVSHUIRUPHGLQDYROXPHRIOLQ[3&5EXIIHUFRQWDLQLQJORI'1$
WHPSODWH  P0 G173V P0 0J&O  XQLWV RI $PSOL7DT *ROG '1$
SRO\PHUDVH /LIH 7HFKQRORJLHV  DQG  P0 RI HDFK SULPHU WKH IRUZDUG SULPHU
ZDV )$0 ODEHOOHG DW WKH ¶ HQG  7KH F\FOLQJ FRQGLWLRQV LQFOXGH DQ LQLWLDO
GHQDWXUDWLRQVWHSRIPLQDW&IROORZHGE\F\FOHVRIVDW&PLQ
DW&VDW&DQGDILQDOH[WHQVLRQSKDVHRIPLQDW&3&5F\FOLQJ
ZDVFDUULHGRXWXVLQJDQ$SSOLHG%LRV\VWHPV7KHUPDO&\FOHU3&5SURGXFWV
ZHUH VHSDUDWHG DQG GHWHFWHG XVLQJ D  '1$ DQDO\]HU $SSOLHG %LRV\VWHPV 
7KHVL]HRIWKH3&5SURGXFWVZHUHGHWHUPLQHGE\FRPSDULVRQZLWKWKH*HQH6FDQ
 /,= 6L]H 6WDQGDUG $SSOLHG %LRV\VWHPV  XVLQJ *HQH0DSSHU Y VRIWZDUH
$SSOLHG%LRV\VWHPV 
&UHDWLRQRI%$&FRQWLJVFRYHULQJWKHCo UHJLRQ
3ODWH SRROV ZHUH SUHSDUHG IURP DOO %$& SODWHV RI WKH µ0F,QWRVK¶ DQG
µ:LMFLN¶ %$& OLEUDULHV '1$ ZDV LVRODWHG XVLQJ D PRGLILHG DONDOLQH O\VLV SURWRFRO
%ULHIO\ DIWHU UHVXVSHQGLQJ WKH EDFWHULDO SHOOHW RI  PO FXOWXUH LQ  O RI
UHVXVSHQVLRQEXIIHU P07ULV+&OP0('7$S+  ORIO\VLVEXIIHU
0 1D2+  6'6  ZDV DGGHG $IWHU DQ LQFXEDWLRQ RI  PLQ  O RI FROG
QHXWUDOLVDWLRQEXIIHU 0.DFHWDWHS+  ZDVDGGHGDQGWKHVXVSHQVLRQILOWHUHG
E\FHQWULIXJDWLRQXVLQJD81,),/7(5PLFURSODWH :KDWPDQ RQWRSRID81,3/$7(
:KDWPDQ  7KH IORZWKURXJK ZDV FROOHFWHG LQ WKH 81,3/$7( DQG '1$ ZDV
SUHFLSLWDWHGE\DGGLQJYROXPHRILVRSURSDQRO7KH'1$SHOOHWZDVFROOHFWHGE\
FHQWULIXJDWLRQZDVKHGZLWKHWKDQRODQGGLVVROYHGLQORI+27KHSODWH
SRROV ZHUH VFUHHQHG XVLQJ 665 PDUNHUV GHYHORSHG IRU WKH Co UHJLRQ 5RZ DQG
FROXPQ SRROV ZHUH SUHSDUHG IURP WKH SRVLWLYH SODWHV DQG VFUHHQHG LQ RUGHU WR
LGHQWLI\ WKH SRVLWLYH FORQHV 7KH 3&5 FRQGLWLRQV ZHUH WKH VDPH DV GHVFULEHG
DERYH IRU WKH 665 DQDO\VLV %$& HQGV RI WKH SRVLWLYH FORQHV ZHUH VHTXHQFHG
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XVLQJ 0 IRUZDUG DQG 0 UHYHUVH SULPHUV 7KH %$& HQGVHTXHQFHV DQG 665
PDUNHULQIRUPDWLRQZDVXVHGWRDQFKRUWKH%$&FORQHVRQWKHµ*ROGHQ'HOLFLRXV¶
JHQRPH
6HTXHQFLQJDQGDVVHPEO\RI%$&LQVHUWVHTXHQFHV
%$&SODVPLGVZHUHSXULILHGIURPPOFXOWXUHVXVLQJWKH3ODVPLG0LGLNLW
4,$*(1  2QH J RI HDFK %$& SODVPLG ZDV XVHG IRU VHTXHQFLQJ RQ D  *6
)/; 7LWDQLXP VHTXHQFHU 5RFKH  $IWHU FOHDQLQJ DQG WULPPLQJ RI WKH UHDGV D
K\EULGDVVHPEO\ZDVSHUIRUPHGFRPELQLQJWKHUHVXOWVRIWKH1HZEOHU$VVHPEOHU
VRIWZDUH 5RFKH  DQG 0,5$ DVVHPEOHU &KHYUHX[ HW DO   7KH UHVXOWLQJ
FRQWLJVZHUHRUGHUHGXVLQJWKHµ*ROGHQ'HOLFLRXV¶JHQRPHDVDUHIHUHQFH,QRUGHU
WRMRLQWKHFRQWLJVSULPHUVZHUHGHVLJQHGRQWKHFRQWLJHQGV 7DEOH6 DQGXVHG
IRU 6DQJHU VHTXHQFLQJ WKHUHE\ ILOOLQJ WKH JDSV EHWZHHQ WKH FRQWLJV :KHQ ILUVW
FRPSDUHGWKHDVVHPEOHGCo VHTXHQFHRIµ0F,QWRVK¶DQGµ:LMFLN¶UHYHDOHGDVPDOO
QXPEHURIGLIIHUHQFHVPDLQO\613V%\YLVXDOO\FRPSDULQJWKHVHTXHQFHVZLWKWKH
XQGHUO\LQJUHDGVDOPRVWDOOGLIIHUHQFHVZHUHHOLPLQDWHG2WKHUGLIIHUHQFHVWKDW
ZHUHGLIILFXOWWRDVVHVVXVLQJUHDGVZHUHFKHFNHGE\6DQJHUVHTXHQFLQJDQG
FRUUHFWHG PDQXDOO\ $IWHU WKLV ODVW FRUUHFWLRQ WKH  ES LQVHUWLRQ LQ µ:LMFLN¶
UHPDLQHGDVWKHRQO\GLIIHUHQFHFRPSDUHGWR0F,QWRVK
51$DQDO\VLVDQGT573&5
7KH LQWHJULW\ RI WKH 51$ ZDV DVVHVVHG E\ ORDGLQJ / RI 51$ RQ DQ
DJDURVH JHO DQG 51$ FRQFHQWUDWLRQV ZHUH PHDVXUHG XVLQJ WKH 1DQRGURS 
LQVWUXPHQW 7KHUPR6FLHQWLILF F'1$ZDVV\QWKHVLVHGIURPJRI51$XVLQJWKH
9,/2 F'1$ V\QWKHVLV NLW ,QYLWURJHQ  7KH UHDFWLRQ ZDV ILUVW LQFXEDWHG DW URRP
WHPSHUDWXUHIRUPLQWKHQIRUKDW&DQGWKHUHDFWLRQZDVWHUPLQDWHGE\
DQLQFXEDWLRQIRUPLQDW&
7KH UHDOWLPH 3&5 UHDFWLRQV ZHUH FDUULHG RXW RQ D 9LL$  UHDOWLPH 3&5
V\VWHP /LIH 7HFKQRORJLHV  XVLQJ 6<%5 JUHHQ FKHPLVWU\ 3ODWLQXP 6<%5 *UHHQ
T3&56XSHU0L[8'*/LIH7HFKQRORJLHV /RIGLOXWHGF'1$  ZDVXVHGLQ
HDFK3&5UHDFWLRQ5HDFWLRQFRQGLWLRQVLQFOXGHGDQLQFXEDWLRQIRUPLQDW&
IROORZHGE\PLQDW&DQGF\FOHVRIDQLQFXEDWLRQDW&IRUVIROORZHG
E\VDW&&WYDOXHVZHUHFDOFXODWHGE\WKH9LL$VRIWZDUHEDVHGRQWKH&W
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YDOXHVREWDLQHGIURPWKUHHWHFKQLFDOUHSOLFDWHVSHUVDPSOH6SHFLILFDPSOLILFDWLRQRI
WKH WHPSODWH ZDV FRQILUPHG E\ LQFOXGLQJ D QRQWHPSODWH FRQWURO IRU HDFK SULPHU
SDLU DQG E\ LQFOXGLQJ D PHOWFXUYH DQDO\VLV DW WKH HQG RI WKH UHDOWLPH 3&5
UHDFWLRQ)RUWKHDQDO\VLVFRPSDULQJWKHH[SUHVVLRQOHYHOVRIFDQGLGDWHCo JHQHV
EHWZHHQ ZLOGW\SH µ0F,QWRVK¶ DQG µ:LMFLN¶ WKUHH LQGHSHQGHQW ELRORJLFDO UHSOLFDWHV
ZHUH XVHG WR FDOFXODWH WKH H[SUHVVLRQ YDOXHV )RU WKH JHQH H[SUHVVLRQ DQDO\VLV
FRQFHUQLQJWKHVHJUHJDWLQJSRSXODWLRQWKHWKUHHLQGHSHQGHQWELRORJLFDOUHSOLFDWHV
DUHGLVSOD\HGVHSDUDWHO\7KHF'1$IURPHDFKVDPSOHFRPHVIURPDPL[RISODQW
PDWHULDOGHULYHGIURPLQWDFWD[LOODU\EXGVDWWKHJUHHQWLSVWDJHFROOHFWHGIURP
GLIIHUHQW EUDQFKHV RI WKH VDPH WUHH $ QXPEHU RI UHIHUHQFH JHQHV IURP OLWHUDWXUH
ZHUH WHVWHG DV KRXVHNHHSLQJ JHQHV $FWLQ /L  <XDQ   DQG Md_4592:1:a
%RWWRQ HW DO   ZHUH IRXQG WR EH WKH PRVW VWDEO\ H[SUHVVHG LQ WKH VWXGLHG
H[SHULPHQWDOFRQGLWLRQVDQGZHUHWKHUHIRUHXVHGDVUHIHUHQFHJHQHV7KHUHVXOWV
ZHUHDQDO\VHGXVLQJWKHFRPSDUDWLYH&WPHWKRG 3IDIIO WDNLQJLQWRDFFRXQW
WKHSULPHUHIILFLHQFLHVRIDOOWKHJHQHVWHVWHGZKLFKZHUHFDOFXODWHGXVLQJGLOXWLRQ
FXUYHV7KHUHODWLYHMdCo31H[SUHVVLRQOHYHOVLQWKH3UR60G&R$UDELGRSVLV
OLQHVZHUHQRUPDOLVHGWR&ROXVLQJ7,3OLNHDVDUHIHUHQFHJHQH .XWWHUHWDO
 
5HVXOWVDQGGLVFXVVLRQ
%$&FORQHVFRYHULQJWKHJHQRPLFCoUHJLRQRIµ:LMFLN¶DQGµ0F,QWRVK¶ZHUH
LGHQWLILHGE\VFUHHQLQJWKHUHVSHFWLYH%$&OLEUDULHVZLWKVSHFLILFPDUNHUVLQGLFDWHG
LQ7DEOH67KH%$&HQGVRIDOOSRVLWLYHFORQHVLQFRXSOLQJSKDVHZLWKCoZHUH
VHTXHQFHGDQGXVHGWRDQFKRUWKHFRUUHVSRQGLQJ%$&VWRWKHµ*ROGHQ'HOLFLRXV¶
JHQRPHFUHDWLQJDPLQLPXPWLOLQJSDWKRI%$&FORQHVVSDQQLQJWKHFRPSOHWH Co
UHJLRQH[FHSWIRUDVPDOOSRUWLRQRINEWKDWZDVQRWFRYHUHGE\WKHµ0F,QWRVK¶
%$&OLEUDU\ )LJD 7KHVHOHFWHG%$&FORQHVZHUHVHTXHQFHGXVLQJZLWKDQ
DYHUDJHFRYHUDJHRI[UHVXOWLQJLQDILUVWDVVHPEO\FRPSRVHGRIFRQWLJVIRU
WKH FRPSOHWH Co UHJLRQ RI µ:LMFLN¶ DQG RQO\ VL[ IRU WKH FRUUHVSRQGLQJ UHJLRQ LQ
µ0F,QWRVK¶7KHJDSVEHWZHHQFRQWLJVDQGWKHNEVHJPHQWQRWFRYHUHGE\WKH
µ0F,QWRVK¶ %$& FORQHV ZHUH VHTXHQFHG E\ 6DQJHU VHTXHQFLQJ 7KXV WKH
VHTXHQFHV RI WKH µ:LMFLN¶ DQG µ0F,QWRVK¶ Co UHJLRQ ZHUH FRYHUHG E\ WZR FRQWLJV
HDFK QDPHG :L&:L& DQG 0F&0F& UHVSHFWLYHO\ )LJ D  ,Q ERWK
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JHQRW\SHVWKHWZRFRQWLJVFRXOGQRWEHMRLQHGDVWKH\ZHUHVHSDUDWHGE\DORQJ
VHTXHQFHRIUHSHWLWLYH'1$ )LJD 
7KHVHTXHQFHVRI:L&:L&DQG0F&0F&ZHUHFRPSDUHGJHQHVQDPHG
MdCo1 WR MdCo43 ZHUH SUHGLFWHG LQ WKH Co UHJLRQ HQFRGLQJ SURWHLQV DQG
HQ]\PHV ZLWK GLYHUVH IXQFWLRQV 7DEOH 6  $V µ:LMFLN¶ RULJLQDWHG IURP D VRPDWLF
PXWDWLRQLQµ0F,QWRVK¶ )LVKHU ZHH[SHFWHGWKHWZRVHTXHQFHVWREHDOPRVW
LGHQWLFDO DSDUW IURP WKH PXWDWLRQ WKDW OHG WR FROXPQDU JURZWK ,QGHHG DIWHU
FRUUHFWLRQRIVHTXHQFLQJHUURUVWKHRQO\GLIIHUHQFHIRXQGZDVDQLQVHUWLRQRI
ES LQ µ:LMFLN¶ )LJ D  7KLV LQVHUWLRQ IDOOV ZLWKLQ WKH VPDOOHU SXWDWLYH Co UHJLRQ
GHVFULEHGE\0RUL\DHWDO  ZKRXVHGVHJUHJDWLQJSRSXODWLRQVIURPGLIIHUHQW
SDUHQWVLQDJUHHPHQWZLWKRXUUHVXOWV
,QRUGHUWRFRQILUPWKHSUHVHQFHRIWKHLQVHUWLRQLQWKHµ:LMFLN¶JHQRPHDQG
WR H[FOXGH SRVVLEOH DUWHIDFWV WKDW FRXOG KDYH RFFXUUHG GXULQJ %$& OLEUDU\
FRQVWUXFWLRQ RU GXULQJ WKH DVVHPEO\ RI  UHDGV VHOHFWLYH DPSOLILFDWLRQV ZHUH
SHUIRUPHG RQ JHQRPLF '1$ RI µ0F,QWRVK¶ DQG µ:LMFLN¶ XVLQJ VSHFLILF SULPHUV
LQGLFDWHG LQ 7DEOH 6 :KHQ SULPHUV VSDQQLQJ WKH JHQRPLF IODQNLQJ UHJLRQV DQG
WKHLQVHUWVHTXHQFHZHUHGHVLJQHGDWWKH¶DQG¶HQGVRIWKHLQVHUWLRQVSHFLILF
3&5 SURGXFWV RI  ES ¶ &5  DQG RI  ES 7&&5 ¶  UHVSHFWLYHO\ ZHUH
REWDLQHGRQO\LQµ:LMFLN¶ )LJE :KHQDPSOLILFDWLRQZDVSHUIRUPHGXVLQJSULPHUV
GHVLJQHG LQ WKH FRUH UHJLRQ &57&  D 3&5 SURGXFW RI  ES ZDV REWDLQHG LQ
µ0F,QWRVK¶DVZHOOVXJJHVWLQJWKHSUHVHQFHRIVLPLODUHOHPHQWVDWRWKHUORFDWLRQVLQ
WKHDSSOHJHQRPH )LJE $%/$67VHDUFKDJDLQVWWKHDSSOHUHIHUHQFHJHQRPH
FRQILUPHG WKDW PRUH WKDQ  VHTXHQFHV ZLWK VLPLODULWLHV WR WKH µ:LMFLN¶ LQVHUWLRQ
DUH GLVWULEXWHG WKURXJKRXW WKH Malus FKURPRVRPHV &RPSDULVRQ RI WKHVH
VHTXHQFHV E\ DOLJQPHQW UHYHDOHG WKDW WKH µ:LMFLN¶ LQVHUWLRQ KDV D FRQVHUYHG
VHTXHQFHRIFDESDWWKH¶HQGIROORZHGE\DOHVVFRQVHUYHG7&ULFKUHJLRQ
DQG D KLJKO\ FRQVHUYHG VWUHWFK RI  ES DW WKH ¶ HQG )LJ D 6XSSRUWLQJ
LQIRUPDWLRQ )LJ 6  7KHUHIRUH WKH µ:LMFLN¶ LQVHUWLRQ PLJKW EH D QRYHO W\SH RI
PRELOH'1$HOHPHQWODFNLQJWKHWHUPLQDOLQYHUWHGUHSHDWV 7,5 WKDWDUHQRUPDOO\
SUHVHQW LQ WUDQVSRVRQV %HQQHW]HQ   0RUHRYHU LW VHHPV WR EH FRQVHUYHG
RQO\LQ3\UHDHVLQFHVLPLODUVHTXHQFHVZHUHIRXQGLQPyrus.
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)LJXUH%$&VHTXHQFHDVVHPEO\DQGLGHQWLILFDWLRQRIµ:LMFLN¶LQVHUWLRQ$7KHORFDWLRQRIWKHCo
UHJLRQ GHOLPLWHGE\665PDUNHUV&R5DQG&R5 RQFKURPRVRPHRI*ROGHQ'HOLFLRXVLV
VKRZQ DW WKH WRS RI WKH ILJXUH -XVW EHORZ DQ HQODUJHPHQW RI WKH Co UHJLRQ LV VKRZQ LQGLFDWLQJ WKH
SRVLWLRQ RQ WKH *ROGHQ 'HOLFLRXV JHQRPH  RI WKH 665 PDUNHUV XVHG WR VFUHHQ WKH µ0F,QWRVK¶ DQG
µ:LMFLN¶ %$& OLEUDU\ 7KH DVVHPEO\ RI WKH %$& FORQHV FRYHULQJ WKH Co UHJLRQ UHVXOWHG LQ WZR FRQWLJV
ERWKLQµ0F,QWRVK¶ µ0F&¶DQGµ0F&¶GLVSOD\HGLQEOXH DQGµ:LMFLN¶ µ:L&¶DQGµ:L&¶GLVSOD\HGLQ
UHG 7KHORFDWLRQRIWKHLQVHUWLRQLQµ:LMFLN¶LVLQGLFDWHGRQ0F&DQGRQ:L&3ULPHUVXVHGWRGHWHFW
WKHSUHVHQFHRIWKHLQVHUWLRQLQµ:LMFLN¶DQGµ0F,QWRVK¶DQGWKHQDPHVRIWKHFRUUHVSRQGLQJDPSOLILFDWLRQ
SURGXFWV DUH LQGLFDWHG RQ WKH µ:LMFLN¶ LQVHUWLRQ % 6SHFLILF DPSOLILFDWLRQ RI WKH LQVHUW VHTXHQFH IURP
JHQRPLF '1$ RI µ:LMFLN¶ µ:L¶  DQG µ0F,QWRVK¶ µ0F¶  7KH GLIIHUHQW DPSOLILFDWLRQ SURGXFWV DUH LQGLFDWHG
DERYH HDFK ODQH :KHQ RQH SULPHU ZDV GHVLJQHG RXWVLGH DQG RQH LQVLGH WKH LQVHUW VHTXHQFH
DPSOLILFDWLRQ SURGXFWV IUDJPHQWV µ¶&5¶ DQG µ7&&5¶¶  ZHUH RQO\ GHWHFWHG LQ :LMFLN :KHQ ERWK
SULPHUV ZHUH GHVLJQHG ZLWKLQ WKH LQVHUW VHTXHQFH DQ DPSOLILFDWLRQ SURGXFW IUDJPHQW µ&57&¶  ZDV
GHWHFWHGLQµ:LMFLN¶DVZHOODVLQ0F,QWRVK

bretschneideri 5HKG EXW QRW LQ RWKHU5RVDFHDH JHQHUD IRUZKLFK ZKROH JHQRPH
VHTXHQFHVH[LVW )LJ6 7KHIDFWWKDWERWKHQGVDUHKLJKO\FRQVHUYHGVXJJHVWV
WKDW WKH LQVHUWLRQ PLJKW RFFXU WKURXJK D \HW XQNQRZQ WUDQVSRVLWLRQEDVHG
PHFKDQLVP
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7KHµ:LMFLN¶LQVHUWLRQRFFXUUHGLQDQLQWHUJHQLFUHJLRQDQGWKHUHIRUHGLGQRW
GLVUXSW WKH FRGLQJ UHJLRQ RI DQ\ JHQH 0RUHRYHU WKH LQVHUWLRQ LWVHOI GRHV QRW
FRQWDLQDQ\RSHQUHDGLQJIUDPHUDLVLQJWKHTXHVWLRQRQKRZWKHLQVHUWLRQFDXVHV
WKH FROXPQDU SKHQRW\SH RI µ:LMFLN¶ 2QH SRVVLEOH H[SODQDWLRQ LV WKDW WKH LQVHUWLRQ
LQIOXHQFHV WKH H[SUHVVLRQ RI QHLJKERXULQJ JHQHV 7R YHULI\ WKLV K\SRWKHVLV ZH
WHVWHG E\ T573&5 WKH H[SUHVVLRQ RI DOO JHQHV ORFDWHG  NE XSVWUHDP DQG
GRZQVWUHDP RI WKH LQVHUWLRQ 8QOLNH VWDQGDUG WUHHV PRVW RI WKH EXGV SUHVHQW RQ
FROXPQDU VWHPV GHYHORS LQWR VKRUW VSXUV LQVWHDG RI ODWHUDO EUDQFKHV VXJJHVWLQJ
WKDW UHJXODWLRQ RI WKH FROXPQDU SKHQRW\SH WDNHV SODFH DW DQ HDUO\ VWDJH RI EXG
GHYHORSPHQW)RUWKLVUHDVRQ\RXQJEXGVDWWKHJUHHQWLSVWDJHZHUHVHOHFWHGIRU
H[SUHVVLRQ DQDO\VLV DQG OHDI WLVVXH ZDV XVHG DV D FRQWURO $PRQJ WKH VL[ JHQHV
ORFDWHG ZLWKLQ WKH  NE UHJLRQ FRQWDLQLQJ WKH LQVHUWLRQ )LJ D  RQO\ MdCo31
1&%, $FFHVVLRQ QXPEHU .)  ZDV IRXQG WR EH GLIIHUHQWLDOO\ H[SUHVVHG
VKRZLQJ D IROG LQGXFWLRQ LQ µ:LMFLN¶ EXGV FRPSDUHG WR µ0F,QWRVK¶ ZKHUHDV WKH
P51$OHYHOVLQOHDYHVRIERWKJHQRW\SHVZHUHQHJOLJLEOH )LJE 7KLVVXJJHVWV
DQLQYROYHPHQWRIMdCo31LQFRQWUROOLQJWKHFROXPQDUSKHQRW\SH,QDGGLWLRQZH
FKHFNHG WKH H[SUHVVLRQ RI DOO WUDQVFULSWLRQ IDFWRUV SUHGLFWHG LQVLGH WKH FRPSOHWH
 NE Co UHJLRQ MdCo4, MdCo16, MdCo25 DQG MdCo26  7DEOH 6  DV WKH\
FRXOG KDYH D SRWHQWLDO UROH LQ SODQW GHYHORSPHQW 1R GLIIHUHQFHV EHWZHHQ
µ0F,QWRVK¶ DQG µ:LMFLN¶ WUHHV ZHUH IRXQG GDWD QRW VKRZQ  WKHUHIRUH H[FOXGLQJ D
UROHIRUVXFKJHQHVLQFRQWUROOLQJFROXPQDUSKHQRW\SH
7KH LQFUHDVHG H[SUHVVLRQ RI MdCo31 LQ D[LOODU\ EXGV RI µ:LMFLN¶ LV LQ
DJUHHPHQW ZLWK WKH GRPLQDQW LQKHULWDQFH RI WKH FROXPQDU SKHQRW\SH 0RUHRYHU
WKHIDFWWKDWWKHH[SUHVVLRQRIMdCo31VHHPVWREHEXGVSHFLILFLVLQDFFRUGDQFH
ZLWK WKH VXSSRVHG IXQFWLRQ RI FRQWUROOLQJ VKRRW GHYHORSPHQW $GGLWLRQDOO\ D VWULFW
FRUUHODWLRQEHWZHHQWKHSUHVHQFHRIWKHLQVHUWLRQDQGDQLQFUHDVHGH[SUHVVLRQRI
MdCo31LQFROXPQDUWUHHVFRPSDUHGWRVWDQGDUGWUHHVRIDVHJUHJDWLQJSRSXODWLRQ
GHULYHGIURPDµ*ROGHQ'HOLFLRXV¶[µ:LMFLN¶FURVVFRQILUPHGWKDWKLJKH[SUHVVLRQRI
MdCo31LQEXGVLVDJHQHUDOIHDWXUHRIFROXPQDUWUHHVDQGQRWDSHFXOLDUIHDWXUH
RIµ:LMFLN¶ )LJ 
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)LJXUH$QQRWDWLRQRILQVHUWUHJLRQDQGT3&5UHVXOWV$µ:LMFLN¶.EUHJLRQ UHGEDU FRQWDLQLQJ
WKH LQVHUWLRQ WKH KRPRORJRXV UHJLRQ IURP µ0F,QWRVK¶ EOXH EDU  DQG VWUXFWXUH RI MdCo31 7KH
FRQVHUYHG ',2;B1 OLNH DQG 2*)H,,BR[\JHQDVH OLNH GRPDLQV WRJHWKHU ZLWK WKH SUHGLFWHG H[RQV DUH
VKRZQ JUH\ ER[HV  7KH SRVLWLRQ RI WKH SUHGLFWHG JHQHV ZLWKLQ WKH FDQGLGDWH UHJLRQ LV LQGLFDWHG E\
\HOORZ DUURZV MdCo31 LV GHSLFWHG LQ OLJKW EOXH % T3&5 DQDO\VLV RI WKH SUHGLFWHG JHQHV ZLWKLQ WKH
FDQGLGDWHUHJLRQLQEXGDQGOHDIPDWHULDOIURPµ0F,QWRVK¶DQG:LMFLN([SUHVVLRQOHYHOVDUHFDOFXODWHG
EDVHG RQ WKUHH ELRORJLFDO UHSOLFDWHV DQG WKH VWDQGDUG GHYLDWLRQV DUH LQGLFDWHG E\ HUURU EDUV *HQH
H[SUHVVLRQ LQ µ:LMFLN¶ UHG EDU  LV QRUPDOLVHG DJDLQVW WKH H[SUHVVLRQ RI WKH FRUUHVSRQGLQJ JHQH LQ
µ0F,QWRVK¶ EOXHEDU 6DPSOHVIRUZKLFKWKHH[SUHVVLRQOHYHOLVEHORZWKHOLPLWIRUUHOLDEOHTXDQWLILFDWLRQ
DUHPDUNHGµQG¶ QRWGHWHFWDEOH 


7KH ¶ &5 DQG 7&&5 ¶ 3&5 SURGXFWV FRXOG EH XVHG DV PROHFXODU PDUNHUV LQ
PDUNHUDVVLVWHGVHOHFWLRQIRUFROXPQDUW\SHJURZWKLQDSSOH6XFKDPDUNHUFRXOG
EH XVHG WR SUHGLFW FROXPQDU JURZWK LQ VHJUHJDWLQJ SURJHQLHV ZLWK DEVROXWH
DFFXUDF\DQGZRXOGHQDEOHDSSOHEUHHGHUVWRLGHQWLI\SODQWVFDUU\LQJWKHCo ORFXV
IURPµ:LMFLN¶HYHQZKHQRIIVSULQJRIµ0F,QWRVK¶ZHUHLQYROYHGLQWKHFURVV
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)LJXUHMdCo31H[SUHVVLRQDQGLQVHUWDPSOLILFDWLRQLQVWDQGDUGDQGFROXPQDUSURJHQ\WUHHV
$ ([SUHVVLRQ RI MdCo31 LQ EXGV RI VWDQGDUG EOXH EDUV  DQG FROXPQDU WUHHV UHG EDUV  ([SUHVVLRQ
OHYHOVDUHFDOFXODWHGEDVHGRQWKUHHELRORJLFDOUHSOLFDWHVDQGWKHVWDQGDUGGHYLDWLRQVDUHLQGLFDWHGE\
HUURUEDUV%6SHFLILFDPSOLILFDWLRQRILQVHUWVHTXHQFHSURGXFHGD3&5SURGXFWIRUFROXPQDUSURJHQ\
WUHHVRQO\7KHSULPHUVXVHGIRUDPSOLILFDWLRQZHUHIDQG-:,U


$ VHDUFK IRU GRPDLQV FRQWDLQHG LQ WKH MdCo31 SURWHLQ UHYHDOHG WZR
VLJQLILFDQW PDWFKHV D QRQKDHP GLR[\JHQDVH LQ PRUSKLQH V\QWKHVLV 1WHUPLQDO
',2;1 PRWLIDQGDR[RJOXWDUDWHDQG)H ,, GHSHQGHQWR[\JHQDVH 2*)H ,, 
R[\JHQDVH  GRPDLQ )LJ D  0HPEHUV RI WKH JHQH IDPLO\ FRQWDLQLQJ WKHVH
GRPDLQV FDWDO\VH WKH R[LGDWLRQ RI RUJDQLF VXEVWUDWHV DQG ZHUH VKRZQ WR EH
LQYROYHG LQ WKH ELRV\QWKHVLV RI HWK\OHQH IODYRQRLGV JLEEHUHOOLQV DQG GHIHQFH
DJDLQVW GRZQ\ PLOGHZ 3UHVFRWW DQG -RKQ  YDQ 'DPPH HW DO  
,QWHUHVWLQJO\DSRSODUWUHHZLWKDFROXPQDUOLNHKDELWFDOOHGstumpyZDVLGHQWLILHG
GXULQJDQDFWLYDWLRQWDJJLQJVFUHHQWKDWFDXVHGDFRQVWLWXWLYHH[SUHVVLRQRID*$
R[LGDVHLQYROYHGLQJLEEHUHOOLQFDWDEROLVPUHVXOWLQJLQUHGXFHGOHYHOVRIJLEEHUHOOLQ
%XVRY HW DO   $OWHUQDWLYHO\ IODYRQRLGV KDYH EHHQ VKRZQ WR LQKLELW DX[LQ
WUDQVSRUWDPHFKDQLVPWKDWLVWKRXJKWWREHUHTXLUHGIRUD[LOODU\EXGRXWJURZWKDQG
LQYROYHGLQWKHKLJKDSLFDOGRPLQDQFHW\SLFDORIFROXPQDUWUHHV %URZQHWDO
3UXVLQNLHZLF] HW DO  3HWHUVHQ DQG .URVW   6RPH LQVLJKWV WRZDUGV WKH
SRVVLEOH UROH RI JLEEHUHOOLQ LQ FRQIHUULQJ D FROXPQDUOLNH SKHQRW\SH ZHUH DOUHDG\
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SURSRVHG E\ WZR UHFHQW WUDQVFULSWRPH VWXGLHV KRZHYHU QRQH RI WKH GHVFULEHG
FDQGLGDWHJHQHVFRUUHVSRQGVWRMdCo31 =KDQJHWDO.URVWHWDO 
$OWKRXJK D UROH RI MdCo31 LQ JLEEHUHOOLQ PHWDEROLVP RU IODYRQRLG
ELRV\QWKHVLVFRXOGSRVVLEO\H[SODLQWKHSKHQRW\SHRIµ:LMFLN¶LWGRHVQRWSURYLGHLQ
LWVHOIDFDXVDOOLQNEHWZHHQWKHRYHUH[SUHVVLRQRIMdCo31 DQGWKHFROXPQDUKDELW
7UDQVIRUPDWLRQ RI DSSOH DQG IUXLW WUHHV LQ JHQHUDO UHTXLUHV D ORQJ UHJHQHUDWLRQ
WLPH 0RUHRYHU SKHQRW\SHV UHODWHG WR WUHH DUFKLWHFWXUH DUH YLVLEOH RQO\ DIWHU
VHYHUDO\HDUV7KHUHIRUHZHFKRVHWRXVH$UDELGRSVLVLQRUGHUWRFKDUDFWHULVHWKH
UROH RI MdCo31 LQ SODQW GHYHORSPHQW 7KH FRGLQJ VHTXHQFH RI MdCo31 ZDV
H[SUHVVHG LQ Arabidopsis thaliana LQ D FRQVWLWXWLYH PDQQHU  K\JURP\FLQ
UHVLVWDQWWUDQVIRUPDQWVZHUHREWDLQHGDQGWKUHHLQGHSHQGHQW7VHJUHJDWLQJOLQHV
QDPHG 3UR60G&R WR  ZHUH VHOHFWHG IRU IXUWKHU DQDO\VLV )LJ 6  $OO
WKUHHOLQHVH[SUHVVHGMdCo3151$DWKLJKOHYHOVDQGVKRZHGDUDWKHUQRUPDOOHDI
SKHQRW\SH EXW ODWHU DW PDWXULW\ GLVSOD\HG VKRUW LQIORUHVFHQFH VWHPV )LJ D WR
F ,QDOOWKUHHOLQHVWKHREVHUYHGPDUNHGUHGXFWLRQLQRYHUDOOKHLJKWZDVSULPDULO\
GXH WR D FD WKUHHIROG VKRUWHQLQJ 3  LQ IORUDO LQWHUQRGHV D SKHQRW\SH
UHPLQLVFHQWRIWKHRQHREVHUYHGLQFROXPQDUSODQWV )LJG 2YHUDOORXUUHVXOWV
VWURQJO\VXSSRUWWKHK\SRWKHVLVWKDWMdCo31LVUHVSRQVLEOHIRUWKHFROXPQDUKDELW
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)LJXUH3KHQRW\SHVDQGMdCo31H[SUHVVLRQLQArabidopsisSODQWVRYHUH[SUHVVLQJMdCo31$
7RS YLHZ RI URVHWWHV RI ZHHN ROG Arabidopsis &RO DQG WKUHH LQGHSHQGHQW WUDQVIRUPDQWV
RYHUH[SUHVVLQJMdCo317KHZKLWHEDUFRUUHVSRQGVWRFP%6LGHYLHZRIWKHVDPHArabidopsis
SODQWVZHHNVODWHU7KH ZKLWH EDUFRUUHVSRQGVWRFP&([SUHVVLRQOHYHORI MdCo31LQWKHWKUHH
Arabidopsis OLQHV RYHUH[SUHVVLQJ MdCo31 FRPSDUHG WR &RO (UURU EDUV LQGLFDWH WKH VWDQGDUG
GHYLDWLRQ',QWHUQRGHOHQJWKRIWKHLQIORUHVFHQFHV7KHPHDQLQWHUQRGHGLVWDQFHZDVFDOFXODWHGIRU
LQIORUHVFHQFHV SHU Arabidopsis OLQH (UURU EDUV LQGLFDWH WKH VWDQGDUG HUURU RI WKH PHDQ $VWHULVNV
LQGLFDWHDVLJQLILFDQWGLIIHUHQFHIURP&RO 6WXGHQW¶V7WHVW3 
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,QVXPPDU\RXUZRUNGHVFULEHVWKHLGHQWLILFDWLRQRIDESLQVHUWLRQLQ
WKHCoUHJLRQRIµ:LMFLN¶WKDWFRUUHODWHVZLWKWKHRYHUH[SUHVVLRQRIMdCo31FRGLQJ
IRU D SXWDWLYH 2*)H ,,  R[\JHQDVH 7KH RYHUH[SUHVVLRQ RI MdCo31 LQ µ:LMFLN¶
EXGV SURYLGHV D SODXVLEOH H[SODQDWLRQIRU WKH GRPLQDQW JDLQRIIXQFWLRQRI WKH Co
JHQH +RZHYHU KRZ WKH LQVHUWLRQ LQIOXHQFHV WKH H[SUHVVLRQ OHYHO RI MdCo31
UHPDLQVXQFOHDUDQGQHHGVWREHLQYHVWLJDWHGLQWKHIXWXUH1HYHUWKHOHVVDIXUWKHU
OLQH RI HYLGHQFH VXSSRUWLQJ WKH LQYROYHPHQW RI MdCo31 LQ FRQWUROOLQJ SODQW
LQWHUQRGH OHQJWK ZDV SURYLGHG E\ WUDQVIRUPDWLRQ H[SHULPHQWV XVLQJ $UDELGRSVLV
7DNHQWRJHWKHUWKHUHVXOWVSUHVHQWHGLQWKLVSDSHUOHWXVFRQFOXGHWKDWMdCo31LV
DYHU\UHOLDEOHFDQGLGDWHJHQHIRUFRQWUROOLQJWKHFROXPQDUKDELWLQDSSOH
$FNQRZOHGJHPHQWV
:H WKDQN 3LHUOXLJL 0DJQDJR IRU SURYLGLQJ DQG PDLQWDLQLQJ WKH µ0F,QWRVK¶
DQG µ:LMFLN¶ WUHHV DV ZHOO DV WKH VHJUHJDWLQJ SRSXODWLRQ :H DOVR WKDQN WKH )(0
VHTXHQFLQJ SODWIRUP DW &5, IRU VHTXHQFLQJ WKH %$& FORQHV :H WKDQN WKH
$XWRQRPRXV 3URYLQFH RI 7UHQWR 3$7  IRU ILQDQFLDO VXSSRUW WR $6$ *%3) *) 
DQGWKH*03)3K'VFKRROIRUIXQGLQJWKHVFKRODUVKLSRI3-::HDOVRWKDQNWKH
7HFKQRORJLFDO7RS,QVWLWXWH*UHHQ*HQHWLFVLQFROODERUDWLRQZLWK,QRYD)UXLW%9IRU
IXQGLQJ +-6 :H WKDQN 'DQLHO -DPHV 6DUJHQW DQG 1DGD âXUEDQRYVNL IRU WKHLU
FULWLFDO FRPPHQWV $OO DXWKRUV SDUWLFLSDWHG WR WKH GHVLJQ RI WKH VWXG\ 3-:
SHUIRUPHGWKHH[SHULPHQWV$6$3%DQG3-:ZURWHWKHSDSHU
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5HIHUHQFHV
%DL 7 < =KX HW DO   )LQH JHQHWLF PDSSLQJ RI WKH &R ORFXV FRQWUROOLQJ
FROXPQDU JURZWK KDELW LQ DSSOH 0ROHFXODU *HQHWLFV DQG *HQRPLFV
  
%DOGL33-:ROWHUVHWDO  *HQHWLFDQGSK\VLFDOFKDUDFWHULVDWLRQRIWKH
ORFXV FRQWUROOLQJ FROXPQDU KDELW LQ DSSOH 0DOXV î GRPHVWLFD %RUNK 
0ROHFXODU%UHHGLQJ  
%DUULWW%+  ,QWHQVLYHRUFKDUGPDQDJHPHQW:DVKLQJWRQ86$*RRG)UXLW
*URZHUV
%HQQHW]HQ - /   7UDQVSRVDEOH HOHPHQW FRQWULEXWLRQV WR SODQW JHQH DQG
JHQRPHHYROXWLRQ3ODQW0ROHFXODU%LRORJ\  
%RWWRQ$*(FFKHUHWDO  6LJQDOLQJSDWKZD\VPHGLDWLQJWKHLQGXFWLRQRI
DSSOHIUXLWOHWDEVFLVVLRQ3ODQW3K\VLRORJ\  
%URZQ'($05DVKRWWHHWDO  )ODYRQRLGVDFWDVQHJDWLYHUHJXODWRUV
RI DX[LQ WUDQVSRUW LQ YLYR LQ DUDELGRSVLV 3ODQW 3K\VLRORJ\    

%XVRY9%50HLODQHWDO  $FWLYDWLRQWDJJLQJRIDGRPLQDQWJLEEHUHOOLQ
FDWDEROLVP JHQH *$ R[LGDVH  IURP SRSODU WKDW UHJXODWHV WUHH VWDWXUH
3ODQW3K\VLRORJ\  
&KHYUHX[ % 7 :HWWHU HW DO   *HQRPH VHTXHQFH DVVHPEO\ XVLQJ WUDFH
VLJQDOV DQG DGGLWLRQDO VHTXHQFH LQIRUPDWLRQ *HUPDQ &RQIHUHQFH RQ
%LRLQIRUPDWLFV+DQQRYHU
&ORXJK 6 - DQG $ ) %HQW   )ORUDO GLS D VLPSOLILHG PHWKRG IRU
$JUREDFWHULXPPHGLDWHG WUDQVIRUPDWLRQ RI $UDELGRSVLV WKDOLDQD 3ODQW -
  
&RQQHU3-6. %URZQHWDO  5DQGRPO\DPSOLILHG SRO\PRUSKLF'1$
EDVHG JHQHWLF OLQNDJH PDS RI WKUHH DSSOH FXOWLYDUV -RXUQDO RI $PHULFDQ
6RFLHW\IRU+RUWLFXOWXUDO6FLHQFH  
'DYHQSRUW7/  3URFHVVHVLQIOXHQFLQJIORUDOLQLWLDWLRQDQGEORRPWKHUROH
RISK\WRKRUPRQHVLQDFRQFHSWXDOIORZHULQJPRGHO+RUW7HFKQRORJ\  

)LVKHU ' 9   6SXUW\SH VWUDLQV RI 0F,QWRVK IRU KLJK GHQVLW\ SODQWLQJ
%ULWLVK&ROXPELD)UXLW*URZHU V$VVRFLDWLRQ4XDUW5HS
.DULPL0',Q]HHWDO  *$7(:$<YHFWRUVIRU$JUREDFWHULXPPHGLDWHG
SODQWWUDQVIRUPDWLRQ75(1'6LQ3ODQW6FLHQFH  
.HQLV . DQG - .HXOHPDQV   6WXG\ RI WUHH DUFKLWHFWXUH RI DSSOH Malus [
domestica %RUNK  E\ 47/ DQDO\VLV RI JURZWK WUDLWV 0ROHFXODU %UHHGLQJ
  
.URVW&53HWHUVHQHWDO  (YDOXDWLRQRIWKHKRUPRQDOVWDWHRIFROXPQDU
DSSOH WUHHV 0DOXV [ GRPHVWLFD  EDVHG RQ KLJK WKURXJKSXW JHQH
H[SUHVVLRQVWXGLHV3ODQW0RO%LRO  
.XWWHU & + 6FK|E HW DO   0LFUR51$PHGLDWHG UHJXODWLRQ RI VWRPDWDO
GHYHORSPHQWLQ$UDELGRSVLV3ODQW&HOO  
/HVSLQDVVH-0DQG-)'HORUW  5HJXODWLRQRIIUXLWLQJLQDSSOHUROHRIWKH
FRXUVHDQGFURZQHGEULQGOHV$FWD+RUWLFXOWXUD
/L-DQG5<XDQ  1$$DQGHWK\OHQHUHJXODWHH[SUHVVLRQRIJHQHVUHODWHG
WRHWK\OHQHELRV\QWKHVLVSHUFHSWLRQDQGFHOOZDOOGHJUDGDWLRQGXULQJIUXLW
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DEVFLVVLRQ DQG ULSHQLQJ LQ µ'HOLFLRXV¶ DSSOHV -RXUQDO RI 3ODQW *URZWK
5HJXODWLRQ  
/RRQH\ 1 ( DQG : ' /DQH   6SXUW\SH JURZWK PXWDQWV RI 0F,QWRVK
DSSOH$UHYLHZRIWKHLUJHQHWLFVSK\VLRORJ\DQGILHOGSHUIRUPDQFH$FWD
+RUWLFXOWXUD
0DMRURV : + 0 3HUWHD HW DO   7LJU6FDQ DQG *OLPPHU+00 WZR RSHQ
VRXUFH DE LQLWLR HXNDU\RWLF JHQHILQGHUV %LRLQIRUPDWLFV    

0DUFKOHU%DXHU$6/XHWDO  &''D&RQVHUYHG'RPDLQ'DWDEDVHIRU
WKH IXQFWLRQDO DQQRWDWLRQ RI SURWHLQV 1XFOHLF $FLGV 5HVHDUFK
 'DWDEDVH,VVXH '
0RUL\D 6 . 2NDGD HW DO   )LQH PDSSLQJ RI &R D JHQH FRQWUROOLQJ
FROXPQDUJURZWKKDELWORFDWHGRQDSSOH 0DOXVîGRPHVWLFD%RUNK OLQNDJH
JURXS3ODQW%UHHGLQJ  
0XGXQXUL 6 % DQG + $ 1DJDUDMDUDP   ,0([ ,PSHUIHFW 0LFURVDWHOOLWH
([WUDFWRU%LRLQIRUPDWLFV  
1LQJ = $ - &R[ HW DO   66$+$ D IDVW VHDUFK PHWKRG IRU ODUJH '1$
GDWDEDVHV*HQRPH5HVHDUFK  
3HWHUVHQ5DQG&.URVW  7UDFLQJDNH\SOD\HULQWKH UHJXODWLRQRISODQW
DUFKLWHFWXUH 7KH FROXPQDU JURZWK KDELW RI DSSOH WUHHV 0DOXV [
GRPHVWLFD 3ODQWD  
3IDIIO0:  $QHZPDWKHPDWLFDOPRGHOIRUUHODWLYHTXDQWLILFDWLRQLQUHDO
WLPH573&51XFOHLF$FLGV5HVHDUFK  
3UHVFRWW $ * DQG 3 -RKQ   ',2;<*(1$6(6 0ROHFXODU VWUXFWXUH DQG
UROH LQ SODQW PHWDEROLVP $QQXDO 5HYLHZ RI 3ODQW 3K\VLRORJ\ DQG 3ODQW
0ROHFXODU%LRORJ\
3UXVLQNLHZLF]36&UDZIRUGHWDO  &RQWURORIEXGDFWLYDWLRQE\DQDX[LQ
WUDQVSRUW VZLWFK 3URFHHGLQJV RI WKH 1DWLRQDO $FDGHP\ RI 6FLHQFHV
  
5KHH 6 < : %HDYLV HW DO   7KH $UDELGRSVLV ,QIRUPDWLRQ 5HVRXUFH
7$,5  D PRGHO RUJDQLVP GDWDEDVH SURYLGLQJ D FHQWUDOL]HG FXUDWHG
JDWHZD\ WR $UDELGRSVLV ELRORJ\ UHVHDUFK PDWHULDOV DQG FRPPXQLW\
1XFOHLF$FLGV5HVHDUFK  
5RELQVRQ - 7 + 7KRUYDOGVGRWWLU HW DO   ,QWHJUDWLYH JHQRPLFV YLHZHU
1DWXUH%LRWHFKQRORJ\  
5RP & 5 DQG % %DUULWW   6SXU GHYHORSPHQW RI C'HOLFLRXV  DSSOH DV
LQIOXHQFHGE\SRVLWLRQZRRGDJHVWUDLQDQGSUXQLQJ+RUW6FLHQFH  

7DPXUD . ' 3HWHUVRQ HW DO   0(*$ PROHFXODU HYROXWLRQDU\ JHQHWLFV
DQDO\VLV XVLQJ PD[LPXP OLNHOLKRRG HYROXWLRQDU\ GLVWDQFH DQG PD[LPXP
SDUVLPRQ\PHWKRGV0ROHFXODUELRORJ\DQGHYROXWLRQ  
7REXWW.5  %UHHGLQJFROXPQDUDSSOHVDW(DVW0DOOLQJ$FWD+RUWLFXOWXUD

YDQ 'DPPH 0 5 3 +XLEHUV HW DO   $UDELGRSVLV '05 HQFRGHV D
SXWDWLYH2*)H ,, R[\JHQDVHWKDWLVGHIHQVHDVVRFLDWHGEXWUHTXLUHGIRU
VXVFHSWLELOLW\WRGRZQ\PLOGHZ3ODQW-  
9HODVFR 5 $ =KDUNLNK HW DO   7KH JHQRPH RI WKH GRPHVWLFDWHG DSSOH
0DOXV[GRPHVWLFD%RUNK 1DWXUH*HQHWLFV  
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:X - = :DQJ HW DO   7KH JHQRPH RI WKH SHDU 3\UXV EUHWVFKQHLGHUL
5HKG *HQRPH5HV  
:QVFKH-1DQG$1/DNVR  7KHUHODWLRQVKLSEHWZHHQOHDIDUHDDQG
OLJKW LQWHUFHSWLRQ E\ VSXU DQG H[WHQVLRQ VKRRW OHDYHV DQG DSSOH RUFKDUG
SURGXFWLYLW\+RUW6FLHQFH  
=KDQJ < - =KX HW DO   &KDUDFWHUL]DWLRQ RI WUDQVFULSWLRQDO GLIIHUHQFHV
EHWZHHQ FROXPQDU DQG VWDQGDUG DSSOH WUHHV XVLQJ 51$6HT 3ODQW
0ROHFXODU%LRORJ\5HSRUWHU  
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6XSSRUWLQJPDWHULDO
7DEOH66HTXHQFHVRISULPHUVXVHGLQWKLVVWXG\


3ULPHUQDPH

3ULPHUVHTXHQFH ¶¶ 


3ULPHUVXVHGWRFRPSOHWHWKHµ0F,QWRVK¶DQGµ:LMFLN¶%$&DVVHPEO\

-VHT670&I

CCGACCACAGCTACGAAAAT

-VHT670&U

AAAAACTAAAAACGTTTAACCAAACA

-VHT670&I

AAAGAACATGGAAGTTGATAATTGG

-VHT670&I

AAAGGCACTGCATAGGAAGAA

-VHT670&I

CACACTTAAGGGGGAATGTTG

-VHT670&U

GGGGACACTCTCTTGATCGT

-VHT670&U

CAGAAGGATTAATGTCACAACAATTT

-VHT:L&I

TCATTCTTTTTGCTACTTCGTTGA

-VHT:L&I

AGCTCGGGGATCATATAGGC

-VHT:L&U

GTCCCTTAACTTTGTACACCTCA

-VHT:L&I

AAACCTTGTAATTTCATGCATTTTT

-VHT:L&I

GTACCTGGAGCTTTTCGTTAAA

-VHT:L&I

TGCCCAAAATACCCCTATTG

-VHT:L&U

TCTTCTTGTTATGGGTAAATTATTCTC

-VHT:L&I

TGGTTCATCCAAACCTTCAA

-VHT:L&U

CTTCCAAGTCTTCGGTCGAG

-VHT:L&U

TAGGCCAAACTGCGTCCT

-VHT:L&I

AAAACCATTCCTTCAAAAGTGAT

-VHT:L&U

GTTACTCAGGGGTGGCTCTG

-VHT:L&I

CAATTTGCTCTAGCCCATGT

-VHT:L&I

AGCCCAAAACTCCTCATTCA

-VHT:L&I

CGCCGTAAGAGGGAATAGAC

-VHT:L&I

GGAAAACAGGATGGCCACTA

-VHT:L&I

CATGATTCACAATATGGTTTTTGA

-VHT:L&I

GCAAATAATTTACGTACACTTTGAAT

-VHT:L&I

CGGAGATGGTGTGCCTATTC

-VHT:L&U

TTACTCCAGCGGCAACTTCT

-VHT:L&I

CTCGTCTCCAATCAAATTGTGT

-VHT:L&U

GCATTTCCATATGCCTAACCA

-VHT:L&I

TCAAATTATTTTGCCTAATGAGAA

-VHT:L&U

AAATTTAGTTCAAACATTTCGCAGT

-VHT:L&I

GGCAAGATAGACTTTATGAACCAAA
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-VHT:L&I

AGACACCTCATGTGGGAAAAA

-VHT:L&U

CCTGCATAACCTTTCTTCATCA

-VHT:L&I

GACGAAAATTGACTGCACGA

-VHT:L&I

GGATTACGCAATGTAATCATAGTTCT

-VHT:L&U

CTTCACTCACGCACGTCCTA

-VHT:L&I

CATCTTTAGGGATGTGTTTTACG

-VHT:L&I

TCAACGTTGCAAAATCTATCAAA

-VHT:L&U

GCATCCTACGTTCACCTTCG

-VHT:L&I

CCTGGATCTAAAAGCCCCATA

-VHT:L&I

GCTAGAGGGTTCTTCTCCACA

-VHT:L&I

AAAAACCACCCTCAAATTTCC

-VHT:L&U

GCTTTGAGAAGGGGTGAGAA

-VHT:L&I

CAACAATGTGCCTCGACACT

-VHT:L&I

CAAGATTCGAAGAACGATGC

-VHT:L&U

CATCACCTTTCATCACATTTCA

-VHT:L&I

TTTTTCGTCTCAGAGTCATACCT

-VHT:L&I

TGGAAGACATTAAATAAAAGGGTAAAA

-VHT:L&U

CATAAATTTTGAAGGTCTAGCTACCA

-VHT:L&I

ACTGCATATTTGCCACGTCA

-VHT:L&U

TTCCCTCGGCTTTTTATTGA

-VHT:L&I

TTGGTTTGAACATCCCCTTT

-VHT:L*$3&I

TGGTCTTTTCCTTGGAGGAGT

-VHT:L*$3&U

TGACAGCCTTGTTTAAACGGTA

-VHT:L*$3&I

AGTGGCTGTGCTCAGTGATG

-VHT:L*$3&U

GCATTGGAGGAGGAGGGTAA


665PDUNHUVXVHGIRUVFUHHQLQJWKH%$&OLEUDULHV


665VL]H ES 
FROXPQDUVWDQGDUG
TAGTGACATATACATGGTGCG

&R5D
GTTGGAGAATGAGTGACGGC

&RRUGLQDWHVWDUWRQ
FKURPRVRPHG


&R5D

ACCTGGTTCCGGTACATAGC
AACCTTCCATGGCAGCAATC





&R5D

ACATCATGGTATGACAGAGGTG
TCTAAGCCTGTCAAGATGGC





-&R

TCGTTGCTCAATTACTGGCTA
AGGAATGCACAAATCCTCCA





-&RE

TGTTGAGGGATTTTTCAGACG
GCACTCCCACCCCACTACTA





-&RE

ACCCGAGACCTACCGCTTAT
TTTGAATGTGGTCCCTAGCC
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&R5D

TTTATCTGACTAAGGGGAAGG
ATGGACTTGTATTCCTTAGGG





-&RE

GCACCCCCAGATTTCAACT
GCTACTGCTGATGGCCTCTC





-&RE

CTGAACATAACACCCTATACTTTGAA
GACTTCAAACCTGAAGGGATAAAA





&R5DF

ATTTTCCCTCTCTTCTGTTGC
TCTTGGAAAGACGTGGCACG






3ULPHUVXVHGWRVHTXHQFHWKHSDUWRIWKHµ0F,QWRVK¶Co UHJLRQWKDWZDVQRWFRYHUHGE\
WKH%$&OLEUDU\

-VHT670*I

AACTGTCAGGAATCGGAATAGG

-VHT670*U

TCAACATCATTCTTGCCATCTT

-$6670*I

TGTAAACGTGCTTTCAGCAAA

-$6670JU

AGAAGAGTTCCGGTGAGCAA

-VHT670*I

CACGTGTCAATGTCAGAATGAA

-VHT670*U

CGTCCACAGAGTAGAGTTCTCA

-$6670JI

TCAGGAAACAATGGGGTTCT

-$6670JU

TGGTGAAAATGATGGGGTTT

-VHT670JI

TTGGCCCAAAATCCAAATAA

-VHT670JU

CTTCAAGTTTTCATGGGTGATG

-$6670JI

TCCATTGGAGGAAACAAAGC

-$6670JU

TTGTGGTCTCCAGTTCAACG

-VHT670JI

TGCATCGAATCCTCAAATCA

-VHT670JU

ATGGTCCGTATGGAAGGTGA

-$6670JI

GGCGTCAATATTGGTGATCC

-$6670JU

AAACTAGCATAATAGATCGAAATCTCA

-VHT670JI

TGCTCTCAATTCGACTGTGG

-VHT670JU

GTTCTCGCGATCTCTTCAGG

-$6670JI

ACGCATCATGCATCAAACAG

-$6670JU

CCAATATGGGTGCCTCGTTA

-VHT670JI

GACTTGCTGCTTCGTGCATA

-VHT670JI

ACGTCCACGGAATAGAGGAG

-VHT670JU

TTTTAAACCCAAGACCTCCTCA

-$6670JI

GACTCAACAACAACAACAACAACA

-$6670JU

GGAAGTCAAGCCGATACCAC

-VHT670JI

AGGCCGACTGAAGAATTTGA

-VHT670JU

CTTACCCTGGCATTGCTCTC

-$6670JU

TCTAACAAAGTTGAGACTACTTTTCCA
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3ULPHUVXVHGIRUT573&5VDQG3&5VRQJHQRPLF'1$

CTCCTAGAGGCCCGAGATG
0G&R
TGCCGTGAGTTTCCTATTCC
0G&R

ACTGTGGAGGTCGGAAACC
AAGGCTCGTAAATGCCACAG

0G&R

GGATGGGGAAGGGATTAGAG
GGAGACTGAGGAAGGCACAT

0G&R

CCGTCTGTGGAACGACACTT
ATGCGTGTCATTTTGTGTGC

0G&R

CATAAAATGCCCCGAAAAGA
CAGAAGAATGAGCAGGGTGAG

0G&R

CCCCGAAGAGACAAGGAAAC
CCAGAATGACAGACCCCAAT
TGACCGAATGAGCAAGGAAATTACT
TACTCAGCTTTGGCAATCCACATC

0G$FWLQ
0GBD

GTCGAAATGGTCAGCGGTAG
GCAATGGCAAACTCCACCTT

$W7,3OLNH

GTGAAAACTGTTGGAGAGAAGCAA
TCAACTGGATACCCTTTCGCA

$W$FWLQ

TCCCTCAGCACATTCCAGCAG
AACGATTCCTGGACCTGCCTCATC






3ULPHUVXVHGIRUµ:LMFLN¶LQVHUWDPSOLILFDWLRQ 
&RRUGLQDWHRQFKURPRVRPHG
&UI

CCTGGATCTAAAAGCCCCATA



-:,U

AACCAAACACCCACCCATTA




I

GCTAGAGGGTTCTTCTCCACA

-:,U

GTAGGAGAGTCCGGGGAAAG

I

TGATCTACACAGACAGTTTTGACG

U

GCTTTGAGAAGGGGTGAGAA


3ULPHUVXVHGIRUFORQLQJMdCo31
FDFF0G&RI

CACCATGGAGACATTAGATCAG

0G&RU


TTAGCTACTCGAGAGGCTTAAAACC

D

665PDUNHUZDVXVHGLQ%DOGLHWDO  
+RPRORJXHRI665PDUNHUZDVGHVFULEHGE\0RUL\DHWDO  
c
+RPRORJXHRI 665PDUNHUZDVGHVFULEHGE\%DLHWDO ( 
d
&RRUGLQDWH VWDUW RI WKH IRUZDUG SULPHU RQ FKURPRVRPH  RI WKH *ROGHQ 'HOLFLRXV JHQRPH
KWWSJHQRPLFVUHVHDUFKLDVPDLW 


E
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7DEOH6*HQHSUHGLFWLRQVIURPWKHCoUHJLRQDQGWKHLUSXWDWLYHIXQFWLRQ

6WDUW
3UHGLFWLRQ
&RQWLJ
3RVLWLRQ 'HVFULSWLRQ

*HQH,'D

MdCo1

:L&



&KURPRVRPHVHJUHJDWLRQ$73DVH

MDP0000143705

MdCo2

:L&



WUDQVORFDVHLQQHUPHPEUDQHVXEXQLW

MDP0000143705

MdCo3

:L&



SUHGLFWHGSURWHLQ

MDP0000254095

MdCo4

:L&



P\EGRPDLQSURWHLQ

MDP0000897594

MdCo5

:L&



'1$PLVPDWFKUHSDLUSURWHLQ

MDP0000524262

MdCo6

:L&



3URWHLQRIXQNQRZQIXQFWLRQ'8) MDP0000284965

MdCo7

:L&



3URWHLQRIXQNQRZQIXQFWLRQ

MDP0000090747

MdCo8

:L&



DFWLQGHSRO\PHUL]LQJIDFWRU

MDP0000329966

MdCo9

:L&



SKRVSKDWHWUDQVSRUWHU

MDP0000942873

MdCo10

:L&



51$VH+OLNHSURWHLQ

MDP0000508375

MdCo11

:L&



SUHGLFWHGSURWHLQ

MDP0000265238

MdCo12

:L&



SUHGLFWHGSURWHLQ

MDP0000852896

MdCo13

:L&



SUHGLFWHGSURWHLQ

MDP0000186457

MdCo14

:L&



SUHGLFWHGSURWHLQ

MDP0000852890

MdCo15

:L&



SUHGLFWHGSURWHLQ

QI

MdCo16

:L&



$3WUDQVFULSWLRQIDFWRU

MDP0000855671

MdCo17

:L&



5HWURWUDQVSRVRQSURWHLQ

MDP0000440636

MdCo18

:L&



5HWURWUDQVSRVRQSURWHLQ

QI

MdCo19

:L&



5HWURWUDQVSRVRQSURWHLQ

QI

MdCo20

:L&



SUHGLFWHGSURWHLQ

QI

MdCo21

:L&



SUHGLFWHGSURWHLQ

QI

MdCo22

:L&



SUHGLFWHGSURWHLQ

QI

MdCo23

:L&



SUHGLFWHGSURWHLQ

MDP0000776816

MdCo24

:L&



F\VWHLQHULFK5/.

QI

MdCo25

:L&



$3WUDQVFULSWLRQIDFWRU

MDP0000286915

MdCo26

:L&



$3WUDQVFULSWLRQIDFWRU

MDP0000187369

MdCo27

:L&



SUHGLFWHGSURWHLQ

QI

MdCo28

:L&



3URWHLQRIXQNQRZQIXQFWLRQ

QI

MdCo29

:L&



5,1*8ER[VXSHUIDPLO\SURWHLQ

MDP0000766466

MdCo30

:L&



SUHGLFWHGSURWHLQ

QI

MdCo31

:L&



2*)H ,, R[\JHQDVHIDPLO\SURWHLQ

MDP0000687812

MdCo32

:L&



5HWURWUDQVSRVRQSURWHLQ

MDP0000687812

MdCo33

:L&



5,1*8ER[VXSHUIDPLO\SURWHLQ

MDP0000927098

MdCo34

:L&



MDP0000927097

MdCo35

:L&



9DFXRODUSURWHLQVRUWLQJSURWHLQ
7HWUDWULFRSHSWLGHUHSHDWOLNH
VXSHUIDPLO\SURWHLQ




MDP0000187760
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MdCo36

:L&



$XWRSKDJ\SURWHLQ

MDP0000927091

MdCo37

:L&



SUHGLFWHGSURWHLQ

MDP0000832682

MdCo38

:L&



MdCo39

:L&



MdCo40

:L&



SUHGLFWHGSURWHLQ
QI
QRGXOLQ0W1(DP$OLNHWUDQVSRUWHU
MDP0000912170
IDPLO\SURWHLQ
SUHGLFWHGSURWHLQ
MDP0000912172

MdCo41

:L&



IRUP\OWHWUDK\GURIRODWHV\QWKHWDVH

MDP0000139773

MdCo42

:L&



SUHGLFWHGSURWHLQ

MDP0000598647

MdCo43

:L&
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D
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)LJXUH 6 2YHUYLHZ RI WKH SURJHQ\ SRSXODWLRQ GHULYHG IURP WKH FURVV EHWZHHQ µ*ROGHQ
'HOLFLRXV¶ DQG ¶:LMFLN¶ WKDW ZDV SHUIRUPHG LQ  7KLV SRSXODWLRQ ZDV XVHG WR WHVW WKH &R
VHJUHJDWLRQRIWKHQHZO\GHYHORSHG665PDUNHUVGHVFULEHGLQWKLVSDSHU7KHSKHQRW\SH 6VWDQGDUG
&FROXPQDU DQGWKHSUHVHQFHRIWKHLQVHUWLVVKRZQEHORZHDFKSURJHQ\WUHHQVLQGLFDWHVDWUHHWKDW
KDVQRWEHHQVFRUHG
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)LJXUH6FRQWLQXHG
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)LJXUH 6 $OLJQPHQW RI FRQWLJV FRQWDLQLQJ WKH  ES LQVHUWLRQ $Q DOLJQPHQW RI WKH JHQRPLF
UHJLRQRIµ:LMFLN¶FRQWDLQLQJWKHLQVHUWLRQZLWKWKHFORVHVWPDWFKHVIURPµ*ROGHQ'HOLFLRXV¶ VWDUWLQJ
ZLWK0'& DQGWKUHHPDWFKHVIURPPyrus bretschneideri5HKG JL 
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)LJXUH6*HQRPLF3&5RQ&RODQGWKHWKUHH3UR60G&R$UDELGRSVLVOLQHV7KHSULPHUV
GHVFULEHGIRUT573&5TXDQWLILFDWLRQRIMdCo31ZHUHDOVRXVHGWRGHWHFWWKHSUHVHQFHRIMdCo31LQ
WKH$UDELGRSVLVSODQWVE\3&5$FWLQZDVLQFOXGHGDVDFRQWUROXVLQJWKHSULPHUVLQGLFDWHGLQ7DEOH
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Abstract
The dominantly inherited columnar trait of 'Wijcik' apple is caused by a
somatic mutation in apple cv. 'McIntosh'. By comparing the genomic
sequences of 'McIntosh' and 'Wijcik', an insertion was found in the Co region
that was mapped in 'Wijcik'. This insertion was shown to be associated with
increased expression of a gene, MdCo31, located more than 15 kb
downstream. A discrepancy was found between the size of the insertion as
described by Wolters et al. in 2013 and as described almost two months later
by Otto et al. (2013). This discrepancy is solved in this chapter and the
mutation that is involved in the columnar phenotype of 'Wijcik' is
characterised in more detail. The 'Wijcik' insertion is classified as a nonautonomous retrotransposon of 8.2 kb, which inserted into the 5’ LTR of
another retrotransposon of 4.0 kb that was already present in the 'McIntosh'
genome. Using the LTR sequences of the retrotransposons, copies of both
elements are identified throughout the 'Golden Delicious' genome. Elements
similar to the retrotransposon that was found in 'McIntosh' show a
preference for inserting in gene rich regions, while the element that was
found inserted in 'Wijcik' does not show such a preference. The 'Wijcik'
mutation is another example of how transposons can affect specific
properties of their host, but the mechanism by which the 'Wijcik' transposon
leads to increased expression of MdCo31 is still unknown. Addressing this
question would be a very interesting topic for further studies.

Introduction
Although genome sizes vary greatly among different plant species (from
the ~125-megabase genome of Arabidopsis to the largest sequenced plant
genome so far, the 2.3-gigabase genome of maize) (The Arabidopsis Genome
Initiative 2000; Schnable et al. 2009), the total gene number is rather constant
among different plant species. Only a relatively small part of the Arabidopsis
genome is formed by repetitive DNA, whereas repetitive DNA represents the major
part of the maize genome (Meyers et al. 2001).
82

Genomic characterisation of the 'Wijcik' mutation

The non-coding part of the genome was long regarded as junk DNA, but
recent research has showed that this non-coding part can have an important
function. Although only 3% of the human genome consists of genes, an estimated
80% of that genome is believed to perform a functional role (ENCODE Project
Consortium 2012).
Two major classes of repetitive elements exist. The first class comprises
the elements that are generated by the host itself, through recombination or the
replication machinery. These elements include terminal repeats and tandem
repeats. The second class is formed by transposable elements (TEs), which can
replicate independent of the host replication machinery (Jurka et al. 2005). The
expansion of TEs is responsible for the main difference in size between plant
genomes (Bennetzen et al. 2005).
Apple has an estimated complete genome size of 742.3 megabases (Mb)
and consists for 67% of repetitive DNA. The major part of this repetitive DNA,
approximately 42.4% of the apple genome, is formed by TEs (Velasco et al. 2010).
Two classes of TEs can be recognised: retrotransposons, which replicate
through an RNA intermediate, and DNA transposons, which replicate through a
DNA intermediate (Finnegan 1989). Wicker et al. proposed a classification system
in which a distinction is made between retrotransposons and DNA transposons and
two further subclasses of DNA transposons: those that copy themselves for
insertion and those that leave the original insertion site to move to another place in
the genome. These classes are further divided in different orders, based on the
insertion mechanism of the elements (Wicker et al. 2007).
On a more detailed level, TEs are grouped into superfamilies, according to
large-scale features such as the structure of protein or non̻coding domains and
size of the target site duplication (TSD). Superfamilies are subsequently divided
into families, based on DNA sequence conservation which is generally high in the
coding parts (the open reading frames, ORFs) of TEs, such as the integrase
domain, reverse transcriptase, or capsid protein. Non-autonomous elements have
lost some or all of the ORFs found in autonomous elements and depend on their
autonomous partners for transposition. As the termini of the elements are required
for transposition, these parts are generally well conserved (Wicker et al. 2007).
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Movement of TEs has greatly affected the content of plant genomes,
making up the majority of plant DNA, and have likely played an important role in
plant genome evolution. Not only do TEs provide additional DNA to the genome, or
do they disrupt existing genes; they are also able to affect the expression of
neighbouring genes (Lisch 2013). They can mediate genome rearrangements and
move (parts of) genes to new genomic contexts (Lisch 2013). TE activity is under
epigenetic control and this control can affect host gene expression as well. An
interesting hypothesis states that TEs were the original targets of epigenetic
regulation and that this mechanism was later adapted to control the expression of
host genes (Slotkin and Martienssen 2007). Some examples of these different
effects of TE insertions on the host will be given below.
The insertion of a TE close to a gene can disrupt the promoter of the gene
or affect repressor or enhancer elements. Such a mutation was found in maize,
where the insertion of a Mutator (Mu) TE in a conserved sequence in the intron of 1
knotted1 led to overexpression of that gene (Greene et al. 1994).
Naito et al. (2006) showed a big expansion of the DNA transposon mPing
in some rice strains and, in a subsequent study, showed that the mPing element
has a preference for inserting into the first 1-5 kilobases (kb) upstream of the
transcription start site of genes. The mPing insertion affects the expression of
those genes, making them stress-inducible (Naito et al. 2009). A preference for
inserting in the 5’ flanking region of genes has been described for other TEs as
well, for example for the Mu and Mutator–like TEs (Pack-MULEs) (Liu et al. 2009;
Jiang et al. 2011), suggesting that these elements also target the 5’ region of
genes and are able to affect the expression of these genes.
Capturing of gene fragments by TEs and the movement of these fragments
to new places in the genome was reported for helitrons in maize and Mutator like
elements (MULEs) in rice (Juretic et al. 2005; Morgante et al. 2005). In theory, this
movement could lead to new combinations of ORFs. When the SUN gene got
copied by a retrotransposon to a new genomic context in tomato, this resulted in
increased expression of that gene and in an elongated fruit shape (Xiao et al.
2008).
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Activity of TEs is under epigenetic control by post-transcriptional silencing
and chromatin modifications, mediated through small interfering RNAs (siRNAs)
(Slotkin and Martienssen 2007). A number of studies have demonstrated that this
epigenetic control of TEs can alter the expression of genes close by. An example is
the post-transcriptional silencing of FLOWERING LOCUS C (FLC) in the early
flowering Landsberg erecta (Ler) accession of Arabidopsis, that is due to the
insertion of a MULE in an intron of that gene (Liu et al. 2004). Spreading of
methylation (to control TE activity) from TE insertions to the surrounding area is
another mechanism that can lead to changes in expression of genes around TEs
(Martienssen and Baron 1994; Iida et al. 2004).
The insertion of TEs can result in alterations in gene expression and
possibly in novel coding sequences, but the most likely effect is deleterious.
Although TE movement is normally prevented by the host, it is clear from the many
TEs present in plant genomes that they do manage to escape this control
occasionally. Several studies showed that the control of TE movement is released
under stress, a mechanism that is hypothesised to be employed by the host to
generate diversity to adapt to new conditions (McClintock 1984; Levin and Moran
2011; Shapiro 2011).
The ‘Wijcik’ mutation was already briefly described in chapter 3 of this
thesis. In that chapter, we performed a sequence comparison between the ‘Wijcik’
and the ‘McIntosh’ Co region and identified a single difference between the two
cultivars: a 1956 bp insertion in ‘Wijcik’. We also showed that many copies of
similar sequences are present in the ‘Golden Delicious’ genome.
Otto et al. (2013) compared the Co region between ‘McIntosh’ and ‘Wijcik’
as well and described an insertion in ‘McIntosh’ at the exact same position as the
insertion that we identified in our study (Wolters et al., 2013). They, too, concluded
that this insertion in ‘Wijcik’ is the only genomic difference between the ‘McIntosh’
and ‘Wijcik’ Co region. However, the insertion described by Otto et al. is 8.2 kb and
not 1956 bp, as was reported by us. From both studies, though, it is clear that a
TE-like sequence is responsible for the columnar growth of ‘Wijcik’.
The precise conditions that led to the TE insertion in ‘Wijcik’ are unknown,
but the mutation was reported to occur spontaneously. ‘Wijcik’ originated as a
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single upright shoot at the top of a 50-year-old ‘McIntosh’ tree (Fisher 1969). About
50% of the progeny trees derived from a cross from the ‘Wijcik’ mutant with
‘Golden Delicious’ displayed a similar growth habit, indicating its monogenic,
dominant character (Fisher 1969). The past 50 years have shown that columnar
growth is a very stable trait. Grafts from the original ‘Wijcik’ shoot that are
maintained at the germplasm collection of Fondazione Edmund Mach, and at other
places, still show the same phenotype that was originally described by Fisher
(1969). This stability already suggested that the Co mutation is a genetic and not
only an epigenetic mutation, although the genetic mutation may have induced
epigenetic changes.
The presence of the ‘Wijcik’ insertion was correlated with an increase in
transcription of MdCo31, a gene 15.6 kb downstream of the insertion. The
increased transcription of MdCo31 in columnar trees provides a good explanation
for the dominant character of the columnar trait. No increased transcription was
found for the predicted genes between the insertion and MdCo31 (Wolters et al.
2013). We expected to find an effect on a gene close to the mutation, but, as also
shown in the ENCODE project, regulatory elements are not necessarily close to the
affected gene (Sanyal et al. 2012). An interesting example, with some parallels to
the ‘Wijcik’ insertion, is the retrotransposon Hopscotch in maize that inserted
around 60 kb upstream of the teosinte branched1 gene. The retrotransposon
insertion caused increased expression of that gene, resulting in increased apical
dominance and a reduction in branching (Studer et al. 2011).
In this chapter, we compared the results of the two studies performed by
Wolters et al. (2013) and Otto et al. (2013), which both show that the ‘Wijcik’ Co
region contains an insertion that is not present in the Co region of ‘McIntosh’. We
characterised this insertion in more detail and looked at homologous sequences
from 'Golden Delicious'. We also had a closer look at the region surrounding the
'Wijcik' insertion and showed that this region contains another retrotransposon that
has homologs in the 'Golden Delicious' genome. In addition to characterising the
‘Wijcik’ mutation, possible explanations for the effect of the ‘Wijcik’ insertion on the
expression of MdCo31 are discussed, together with experiments that could be
performed to test these hypotheses.
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Materials and methods
PCR
PCRs were performed on an Applied Biosystems 2720 Thermal Cycler
using 5 PRIME Taq DNA Polymerase in a total volume of 20 μl. For amplification of
'McIntosh' DNA, BAC clone STM80E16 was used, and for amplification of 'Wijcik'
DNA, BAC clone W11K19 was used (both are described in chapter 3 of this thesis).
Cycling conditions included an initial denaturation step of 5 min at 95 °C followed
by 32 cycles of 30 s at 95 °C, 1 min at 60 °C and 2 min at 72 °C, terminating in a
final

extension

step

of

5

min

at

72

°C.

Primers

PPTr

(5’-

GAGGGTCACATAGGGGGAAG-3’) and PBSf (5’-TCCCTCAGCTCCATTTGAAC3’) were designed on the PPT and PBS of the 8.2. kb retrotransposon described by
Otto et al. (2013).
Analysis of homologous retrotransposons from ‘Golden Delicious’ and gene
density
The consensus long terminal repeat (LTR) sequences of the two nested
retrotransposons from ‘Wijcik’ were blasted in the genome of ‘Golden Delicious’
(Velasco et al. 2010). The locations of the LTR matches were stored as tabular
blast output files and a python script was developed to search for LTR matches on
the same contig, within 10 kb from each other. Sequences containing 2 LTRs and
varying in length between 3 and 10 kb were considered putative retrotransposons
and were extracted from the ‘Golden Delicious’ genome using the BEDtools suite
(Quinlan and Hall 2010).
A similar approach was used to look at the gene density around the
complete retrotransposons that were identified in the previous step, the LTRs of the
‘Wijcik’ insertion and 500 randomly picked locations on the ‘Golden Delicious’
genome. Gene locations were taken from the GFF-file published with the ‘Golden
Delicious’ genome (Velasco et al. 2010).
Results
The 'Wijcik' insertion
In the previous chapter, we stated that the ‘Wijcik’ insertion has a length of
1956 bp, whereas Otto et al. (2013) described an 8.2 kb retrotransposon insertion.
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In Fig. 1a, both results are compared next to each other. Strikingly, the size of the
LTRs of the retrotransposon that was described by Otto et al. (1951 bp) is very
similar to the size of the 1956 insertion that was described by us. When comparing
both sequences, it turns out that the 1951 bp LTR that was described by Otto et al.
is completely contained within the sequence of the 1956 insertion. The remaining 5
bp (AGGAC) preceding the insertion matches the last 5 bp of the 1956 bp insertion
and is identical to the TSD described by Otto et al. This observation led us to
question our previous findings.
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Figure 1. Investigating the correct size of the ‘Wijcik’ insertion. A. Comparison of the ‘Wijcik’
insertion described by Wolters et al. (2013) (top) and the insertion described by Otto et al. (2013)
(bottom). The size of the LTR of the retrotransposon that was described by Otto et al. is identical to the
size of the insertion described by Wolters et al. (1951 bp, not counting the TSD, target site duplication).
The location of the polypurine tract (PPT) and the primer binding site (PBS) are indicated on the
retrotransposon described by Otto et al. The locations of the primers used in the PCR that is displayed
in (B) and (C) are indicated on the two different depictions of the ‘Wijcik’ insertion. B. A PCR using
primers 29f1 and 30r, designed on DNA flanking the insertion, resulted in a PCR product of around 400
bp when genomic DNA of ‘McIntosh’ (Mc) was used as a template and around 2300 bp when genomic
DNA of ‘Wijcik’ (Wi) was used. This result suggests that the ‘Wijcik’ insertion is around 2 kb and not 8.2
kb. C. PCR products were obtained for Wi template when primers were used that should specifically
amplify the insertion that was described by Otto et al. and that should not result in amplification products
for the insertion described by Wolters et al. As expected, no PCR products were obtained for Mc
template. These results indicate that Wolters et al. made a mistake in assembling the insertion and that
the insertion was correctly described by Otto et al. D. Explanation for the conflicting results of the PCRs
shown in (B) and (C). PCR fragments that were derived from the 5’ long terminal repeat (LTR) could reanneal to the 3’ LTR and vice versa. In this way, new DNA template was formed that contained both
primer sites flanking the LTR only, instead of the complete transposon. In subsequent cycles, this
shorter fragment would have amplified better than the original template containing the 8.2 kb sequence.

After finding the ‘Wijcik’ insertion, we performed several control PCRs on
the BAC plasmids containing the Co region of ‘McIntosh’ and ‘Wijcik’ and on
genomic DNA of ‘McIntosh’, ‘Wijcik’ and columnar and standard trees derived from
the ‘Golden Delicious’ x ‘Wijcik’ cross. These PCRs showed a clear correlation
between presence of the insert and the columnar phenotype (Wolters et al. 2013).
Interestingly, a PCR using primers designed on both ends flanking the ‘Wijcik’
insertion resulted in PCR products of a bit more that 2 kb (not published),
suggesting that the insertion was correctly described by Wolters et al. (2013) and a
lot smaller than the 8.2 kb that was reported by Otto et al. (2013).
To rule out all doubts about the size of the insertion, the PCR using the
primers designed on both flanking parts of the ‘Wijcik’ insertion was repeated on
BAC clones containing the Co region (Fig. 1b). This PCR should amplify the
complete insertion. Additionally, new primers (PPTr and PBSf) were designed on
the polypurine tract (PPT) and the primer binding site (PBS) of the retrotransposon
described by Otto et al, which should not be present in the 1956 bp insertion (Fig.
1c).
As observed before, the PCR using primers designed on the regions
flanking the ‘Wijcik’ insertion resulted in PCR products that were slightly larger than
2 kb (Fig. 1b), suggesting that the ‘Wijcik’ insertion is around 2 kb. Surprisingly, the
PCRs using primers specific for the 8.2 kb retrotransposon also yielded the
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products that would be expected if this element was present at the ‘Wijcik’ insert
site (Fig. 1c). These results seem to conflict each other.
To better understand these contradicting results, we went back to the
original 454 reads that were used to assemble the Co region of ‘Wijcik’. Alignment
of these reads to the 8.2 kb retrotransposon showed that this sequence was
completely covered, indicating that there is a missing piece in the assembly of the
‘Wijcik’ insertion that was part of Wolters et al. (2013). Because the 5’ LTR of the
8.2 kb retrotransposon is 100% identical to the 3’ LTR (Otto et al. 2013) and
because the LTRs are a lot longer (1951 bp) than the maximum length of the 454
reads (806 bp), it looks like the assembly incorrectly collapsed on the LTR of the
retrotransposon.
The PCR product suggesting that the insert is 1956 bp instead of 8.2 kb in
length could be an artefact. As we expected to amplify a 1956 bp insertion, the
elongation phase of that PCR lasted only 2 min. In 2 min, it is not possible to
amplify the full 8.2 kb retrotransposon, but many PCR fragments are produced
from the terminal parts (the LTRs) of the retrotransposon. In the next round of
PCR, fragments derived from the 5’ LTR can re-anneal to the 3’ LTR and vice
versa. This way, new DNA template could be formed that contains both primer
sites that flank a single LTR only, instead of the complete element. Because of the
smaller size of this template, it would amplify better than the original template
containing the 8.2 kb sequence in subsequent amplification cycles (summarised in
Fig. 1d).
With this explanation for the 2 kb fragments obtained in the PCR displayed
in Fig. 1b, the fact that the PCR displayed in Fig. 1c matches with the findings of
Otto et al. (2013) and after the identification of 454 reads among the reads
obtained from the BAC clone containing the ‘Wijcik’ insertion that cover the
complete 8.2 kb retrotransposon, it can be concluded that the discrepancy between
the results obtained in chapter 3 of this thesis and the results described by Otto et
al. is explained by an assembly error and a PCR artefact. The correct size of the
‘Wijcik’ insertion is 8.2 kb.
The 8.2 kb insertion happened inside another piece of repetitive DNA of
about 350 bp. A closer look at this 350 bp sequence, and its surrounding region,
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revealed a second match of a very similar sequence around 3.2 kb downstream.
The presence of a TSD at the 5’ and the 3’ of the two repetitive sequences
indicates that this sequence is another retrotransposon with LTRs of 348 bp. A
gene fragment is contained within this retrotransposon that was annotated before
as MDP0000766466 and named MdCo29 in the previous chapter. The complete
size of this ‘McIntosh’ retrotransposon is 3959 bp. The 8.2 kb ‘Wijcik’
retrotransposon inserted in the 5’ LTR of this smaller retrotransposon, resulting in a
nested TE in ‘Wijcik’, as presented in Fig. 2.

Figure 2. Correct depiction of the ‘Wijcik’ mutation. The mutation that resulted in columnar growth of
‘Wijcik’ (red) is an insertion of an 8.2 kb retrotransposon in the LTR of another, 4.0 kb, retrotransposon
that was already present in ‘McIntosh’ (blue). Primer binding site (PBS), polypurine tract (PPT), long
terminal repeats (LTRs) and target site duplications (TSDs) are indicated in the figure.

Similar TEs in ‘Golden Delicious’
Both retrotransposons that were identified contain small ORFs, which
seem to correspond to fragments of genes, but they do not contain the typical
ORFs that are necessary for autonomous replication of the elements. They contain
a PPT (a sequence rich in purines that is cleaved during reverse transcription and
used as a primer to initiate syntheses of the plus strand of the retrotransposon
DNA) (Petropoulos 1997; Otto et al. 2013) and a PBS (the binding site for a tRNA
that functions as the primer for reverse transcriptase to initiate synthesis of the
minus strand of the DNA for replication). The two elements can thus be classified
as large retrotransposon derivatives (LARDs, (Kalendar et al. 2004)), or, according
to the classification system that was proposed by Wicker et al. (2007), as class I
elements belonging to the LTR order. Until the identification of their autonomous
partners, it will not be possible to assign them to an existing superfamily or family.
We will refer to the 8.2 kb retrotransposon as ‘Wijcik’ retrotransposon and to the
smaller 4.0 kb retrotransposon as ‘McIntosh’ retrotransposon.
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In an attempt to identify similar elements (and to possibly identify the
autonomous partners), a BLAST search for LTRs of the two retrotransposons was
performed against the ‘Golden Delicious’ genome. This BLAST search resulted in
the identification of 137 LTR matches for the ‘Wijcik’ retrotransposon and 305
matches for the ‘McIntosh’ retrotransposon LTR sequence.
As complete retrotransposons are delimited by LTRs, a subsequent
analysis is performed to identify sequences that are flanked by two LTRs within 10
kb from each other. The results of this analysis are displayed as a graph in Fig. 3.
The distance (in kb) from the LTRs that were identified during the BLAST search is
shown on the horizontal axis and the number of LTRs with a second similar LTR
match at that location is displayed on the vertical axis. As can be concluded from
this figure, many elements homologous to the ‘McIntosh’ retrotransposon are
present in the ‘Golden Delicious’ genome, but there is only one element present
that has two LTRs with homology to the ‘Wijcik’ retrotransposon. The size of this
second element is only 4.8 kb, a lot less than the 8.2 kb of the ‘Wijcik’ insertion. As
the typical ORFs for autonomous retrotransposons are also absent in this
sequence, this cannot be the autonomous partner of the ‘Wijcik’ retrotransposon.

Figure 3. Second LTR matches around LTR locations. Graph depicting the number of LTRs that
have a second LTR match at a distance from 0 to 10 kb from the ‘Wijcik’ retrotransposon-like LTR (red)
or the ‘McIntosh’-like retrotransposon LTR (blue).
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A total of 40 ‘McIntosh’-like retrotransposon sequences were detected in
the ‘Golden Delicious’ genome, which range in length from around 3-4 kb (Fig. 4,
see Table 1 for an overview of the locations of these elements and find a summary
of the locations of both elements in Fig. 5). A BLASTX search was performed
against these 40 elements, in order to find candidate autonomous partners of the
‘McIntosh’ retrotransposon. Around 75% of the 40 elements have good matches to
fragments of proteins from the Uniref90 protein database (Suzek et al. 2007), but
no complete genes were detected inside the ‘McIntosh’ retrotransposon and no
retrotransposon domains were identified in any of them.

Figure 4. ‘McIntosh’-like element lengths. Size distribution of the 40 ‘McIntosh’ retrotransposon-like
sequences that were found in the ‘Golden Delicious’ genome.

TE insert sites
The ‘Wijcik’ retrotransposon moved only about 50 years ago. To see if the
‘McIntosh’ and ‘Wijcik’ retrotransposon-like sequences are still active, the insert
sites of the elements identified in the ‘Golden Delicious’ genome were compared to
‘McIntosh’, using Illumina reads derived from genomic DNA of ‘McIntosh’ that were
produced as part of a bigger project to identify single nucleotide polymorphisms in
diverse apple cultivars. Thus, the presence of the elements identified in ‘Golden
Delicious’ was verified in ‘McIntosh’. Additionally, the corresponding ‘vacant’ sites
(before insertion of the retrotransposons) were searched for in ‘McIntosh’. This
analysis did not result in the identification of any differences between ‘Golden
Delicious’ and ‘McIntosh’.
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Figure 5. Overview of the distribution of the ‘McIntosh’-like retrotransposons and ‘Wijcik’
retrotransposon-like LTRs over the 17 chromosomes of ‘Golden Delicious’. ‘McIntosh’-like
retrotransposons are indicated in black, ‘Wijcik’ retrotransposon-like LTRs in red.

As explained in the introduction, TEs can affect the expression of genes in
their vicinity and some TEs show a preference for inserting close to genes (Liu et
al. 2009; Naito et al. 2009; Jiang et al. 2011). The insertion of the ´Wijcik´
retrotransposon was shown to be correlated with increased expression of MdCo31
in chapter 3. To see if the TEs identified in ‘Golden Delicious’ could be potential
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gene regulators, similar to the mPing element that was identified in rice (Naito et al.
2009), a gene density analysis was performed around these elements. 500
locations that were picked randomly in the ‘Golden Delicious’ genome were
included in the analysis to show the average gene density in the genome. The
gene density was examined in blocks of 5 kb in a total region of 50 kb around the
LTRs that show similarity to the ´Wijcik´ and ‘McIntosh’-like retrotransposon and
the 500 randomly picked locations in the ‘Golden Delicious’ genome. The results
are displayed in Fig. 6.

Figure 6. Gene density around ‘Golden Delicious’ genome locations. The average number of
genes in intervals of 5 kb around ‘McIntosh’-like retrotransposon LTRs (blue), ‘Wijcik’ retrotransposonlike LTRs (red) and randomly picked positions (grey) in the ‘Golden Delicious’ genome.

Around the 1950 bp LTRs that are similar to the LTRs in the ‘Wijcik’
retrotransposon, the gene density is around 0.72 genes/5 kb. Around the randomly
picked locations, the gene density is about 0.75, very similar to the number for the
‘Wijcik’ retrotransposon-like LTR locations, so it seems that this element has no
preference for inserting close to genes. The ´McIntosh´-like retrotransposon
sequences, however, do seem to have a preference for inserting into gene rich
regions. The average gene density around the LTRs of these retrotransposons is
about 1.10 genes/5 kb. The peak at the location of the retrotransposon itself can be
explained by the presence of ORFs of gene fragments inside the retrotransposon,
which are often annotated as genes in the ‘Golden Delicious’ gene predictions.
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Table 1. Overview of the locations of the 40 retrotransposons that bear similarity to the 'McIntosh'
retrotransposon that were identified in the 'Golden Delicious' genome
Name

GD contig

start

McIntosh1

MDC007740.273 30764 34589 -

-

-

McIntosh2

MDC013825.249

-

-

McIntosh3

MDC004651.427

2790

6747 -

-

-

McIntosh4

MDC008041.193

5165

9627 +

-

-

McIntosh5

MDC011766.735

2239

4935 -

-

-

McIntosh6

MDC025235.40

8634 12601 -

chr2

13044369 13048336

McIntosh7

MDC021955.80

6696 10543 +

chr2

15181238 15185085

McIntosh8

MDC004448.281

2322

6771 +

chr2

35342756 35347205

McIntosh9

MDC011766.720

345

2978 -

chr3

10444238 10446871

McIntosh10 MDC021353.148

2686

6423 +

chr3

23690989 23694726

McIntosh11 MDC001196.307

5456

9365 +

chr3

28197997 28201906

McIntosh12 MDC029659.16

1929

5437 -

chr4

921402

924910

McIntosh13 MDC007239.507

5554

9599 -

chr4

6810708

6814753

McIntosh14 MDC011832.263

1733

5906 +

chr4

15407720 15411893

McIntosh15 MDC011287.339 16219 20758 -

chr4

16315500 16320039

McIntosh16 MDC012792.364

5895 11305 -

chr4

17193419 17198829

McIntosh17 MDC013219.318

5836

9510 +

chr5

19960689 19964363

McIntosh18 MDC011373.251

7237 11053 +

chr5

21005990 21009806

McIntosh19 MDC013503.290

9698 12807 +

chr6

16891710 16894819

McIntosh20 MDC002608.621

3593

7922 +

chr7

17393595 17397924

McIntosh21 MDC021393.441 16572 20677 -

chr6

17752338 17756443

McIntosh22 MDC014206.69

chr8

4139

end

orientation chromosome start

7976 +

8023 12019 +

end

547004

551000

7266438

7269958

McIntosh23 MDC006328.490

2782

6302 +

chr8

McIntosh24 MDC021955.78

3934

7772 +

chr8

17276132 17279970

McIntosh25 MDC022206.381 14362 18118 -

chr8

26474169 26477925

McIntosh26 MDC008101.327

chr8

29280369 29284100

4562

8293 +

McIntosh27 MDC008995.306 10728 14783 -

chr9

16625859 16629914

McIntosh28 MDC009292.256 13322 17271 +

chr10

18796841 18800790

McIntosh29 MDC008101.323

5569 +

chr11

19066775 19070771

18093 21910 -

chr11

24626736 24630553

McIntosh31 MDC013297.192 22015 26073 +

chr11

26411660 26415718

McIntosh32 MDC012795.433

9843 +

chr11

28712042 28716338

McIntosh33 MDC017110.186 24472 28592 -

chr12

13288971 13293091

McIntosh30 MDC037014.7

96

1573

5547
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McIntosh34 MDC009334.243 21650 25863 -

chr13

4299583

4303796

McIntosh35 MDC021754.182 14694 18564 +

chr13

8267463

8271333

McIntosh36 MDC017873.442

7636 11346 +

chr13

11807546 11811256

McIntosh37 MDC011267.253 33551 38138 +

chr13

17657023 17661610

McIntosh38 MDC021221.287

6943 +

chr14

25074401 25077915

McIntosh39 MDC008573.596 34910 38939 +

3429

chr15

37696716 37700745

McIntosh40 MDC015244.92

chr16

4119

8087 -

4609410

4613378

Discussion
The results described in this chapter show that there was a mistake in the
assembly of the insertion that is responsible for the columnar phenotype of ‘Wijcik’
apple earlier described by Wolters et al. (2013). After comparing the results from
the previous chapter with the findings of Otto et al. (2013) and after a review of the
analysis that lead to the mistake in the assembly, a correct depiction of the ‘Wijcik’
mutation has been presented in Fig. 2.
The assembly error can be explained by the size of the LTRs of the ‘Wijcik’
retrotransposon. The LTR sequences are almost 2 kb. Because the 454 reads are
too short to span the complete LTR, it was possible for the assembly to collapse on
this sequence. Also, the PCR that was designed to amplify the complete ‘Wijcik’
insertion produced PCR fragments that could re-anneal to both sides of the
retrotransposon, leading to an incorrect interpretation of the insert size in a control
PCR. This could not have happened for the shorter LTRs of the ‘McIntosh’
element.
Looking at the ‘Golden Delicious’ genome, it seems that the assembly error
is rather common in the genome assembly, as many single LTRs can be found that
are flanked by TSDs. In fact, although many LTRs homologous to the ‘Wijcik’
retrotransposon are present in the ‘Golden Delicious’ genome, only one sequence
is found that is flanked by two LTRs like the ‘Wijcik’ retrotransposon. A second
explanation for the low number of elements homologous to the ‘Wijcik’ insertion
found in the ‘Golden Delicious’ genome is the fact that more than 70% of the
contigs containing a similar LTR sequence is smaller than 10 kb, indicating that
many contigs probably contain only a part of the complete retrotransposon. The
‘McIntosh’-like retrotransposons are smaller in size and have shorter LTRs, making
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them easier to assemble. This is illustrated by the fact that many homologous
elements could be identified in the apple genome.
The LTRs of the ‘Wijcik’ retrotransposon VWDUW ZLWK ƍ-TG̻3ƍ and end with
ƍ-CA̻3ƍ ZKHUHDV WKH /75V RI WKH ‘McIntosh’-like retrotransposon VWDUW ZLWK ƍTG̻3ƍ DQGHQGZLWKƍ-CAA̻3ƍ7KH\ERWKKDYHD 4-5 bp TSD and a recognizable
PBS and PPT, looking like typical LTR retrotransposons (Wicker et al. 2007).
However, no ORFs could be identified in the retrotransposons that could enable
them to replicate, meaning that they are non-autonomous elements. The ‘Wijcik’
retrotransposon would have needed the help of an autonomous partner when it
moved 50 years ago.
It proved to be difficult to identify such an autonomous partners of the
'McIntosh' and the 'Wijcik' retrotransposon in the ‘Golden Delicious’ genome. An
alternative to the in silico approach that was carried out here, a PCR-based
approach could help to elucidate the autonomous partners. By using combinations
of PCR primers designed on the LTR sequences of the retrotransposons and
primers designed on the conserved sequences of ORFs that would be expected to
be present in autonomous elements, it might be possible to amplify and identify the
sequences of the autonomous partners.
Although no ORFs specific for retrotransposons could be detected in the
two nested elements, or in the homologous elements from ‘Golden Delicious’,
many ORFs were found in the ‘McIntosh’-like retrotransposon from ‘Golden
Delicious’. Those ORFs corresponded to gene fragments, but it is unclear where
these fragments originated from. They could have been captured from other places
in the host genome, like was found for the Pack-MULEs in rice (Juretic et al. 2005)
and helitrons in maize (Morgante et al. 2005), but a BLAST search in the apple
gene set did not result in the identification of the original genes from which the
fragments could have been derived.
The LTRs of the ´Wijcik´ retrotransposon are 100% identical, supporting its
recent integration in the ‘McIntosh’ genome. The 350 bp LTRs of the ‘McIntosh’
share 95% identity, demonstrating that this element inserted at an earlier time point
in the ‘McIntosh’ genome. An attempt was made to compare the retrotransposon
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content of ‘Golden Delicious’ and ‘McIntosh’, but no differences were found,
suggesting that movement of these elements is not that common. It would be
interesting to perform a more extensive analysis, looking at a bigger number of
cultivars and focussing on the integration sites of the retrotransposons identified in
this study, to see if differences can be observed between different cultivars. If such
differences could be identified, these results could also be used to assess the
effect of the integration of these retrotransposons on the expression of surrounding
genes.
The effect of the 'Wijcik' insertion on the expression of MdCo31, and its
subsequent effect on plant development, is another example of how TEs can
contribute to phenotypic changes in their host. Many of such examples were
already described in the introduction of this chapter. How the ‘Wijcik’ insertion
affects the expression of MdCo31 is still unclear. The effect could be explained by
a stimulating effect of the presence of the ‘Wijcik’ retrotransposon on the
expression of MdCo31, or by the disrupting effect of the ‘Wijcik’ insertion on the
‘McIntosh’ retrotransposon. In the first scenario, an enhancing element is present in
the ‘Wijcik’ retrotransposon, whereas the second scenario can be explained by the
presence of an inhibitor in the ‘McIntosh’ retrotransposon. The gene density
analysis that was carried out in this chapter shows no preference for inserting close
to gene-rich areas for the ‘Wijcik’ transposon, but the ‘McIntosh’ retrotransposon
does seem to have a preference for inserting in such areas.
Whether the effect of the mutation in ‘Wijcik’ and the expression of
MdCo31 is due to the insertion of the ‘Wijcik’ retrotransposon or due to the
disruption of the ‘McIntosh’ retrotransposon, the mutation site and MdCo31 have to
be in close proximity to each other for the effect to occur (schematically displayed
in Fig. 7). In an alternative explanation, MdCo31 is under control of an enhancing
or repressing element at a different location of the ‘McIntosh’ genome. The
insertion in ‘Wijcik’ could have changed the DNA organisation, leading to a change
in the interaction between MdCo31 and this controlling element. In all explanations,
the conformation of the chromatin seems to be important to explain the effect of the
‘Wijcik’ insertion on the expression of MdCo31.
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A technique that could be used to see if the insertion in ‘Wijcik’ led to a
change in chromatin conformation is Chromosome Conformation Capture (3C)
(Dekker et al. 2002). The first step in 3C is to crosslink DNA and proteins using
formaldehyde. Next, the DNA is fragmented by digesting it with a restriction
enzyme, after which the DNA molecules are religated. This ligation step results in
many different ligation products, but fragments that are physically close (due to
DNA conformation mediated through protein interactions) are more likely to ligate
to each other. The potential interactions can be investigated using PCR based
assays on the resulting 3C templates using primers designed on restriction site
junctions. In plants, 3C has been used to investigate the chromatin looping in the
booster 1 (b1) locus of maize (Louwers et al. 2009). A detailed protocol for
performing 3C experiments and experiments based on 3C technologies was
recently published (Hövel et al. 2012).
Although we showed a sequence difference between ‘McIntosh’ and
‘Wijcik’, and although the stability of the columnar phenotype already suggested a
genomic mutation rather than an epigenetic mutation only, it would still be
interesting

to

investigate

the

epigenetic

landscape

around

the

‘Wijcik’

retrotransposon and MdCo31. The ‘Wijcik’ insertion could have had an effect on
the epigenetic marks of the Co region. A simple way to test this would be to make
use of isoschizomers of restriction enzymes that are sensitive and non-sensitive to
DNA methylation (for example MspI/HpaII). After separate digestion with the methyl
sensitive and the insensitive enzyme, PCRs on the restriction sites within the
region of interest would show whether these sites were methylated. Alternatively,
bisulphite sequencing or chromatin immunoprecipitation experiments could be
carried out to investigate and compare DNA and histone methylation between
‘McIntosh’ and ‘Wijcik’.
A suitable restriction enzyme for the 3C assay could be EcoRI, which
performs well in 3C experiments (Simonis et al. 2007) and which has many
restriction sites in the ‘Wijcik’ region. The MspI/HpaII combination could be used for
the methylation sensitive digestion. The restriction sites of these enzymes in a
region of 60 kb surrounding the ´Wijcik´ insertion are displayed in Fig. 7. Using both
methods, candidate loci could be identified that are responsible for the regulation of
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MdCo31 expression. Once these loci have been identified, their effect on the
expression of MdCo31 could be tested using reporter gene assays.

Figure 7. Organisation of the region around the ‘Wijcik’ insertion. If the ‘Wijcik’ insertion contains
an enhancer, or if the disrupted ‘McIntosh’ motif contained a repressor that lost its functionality due to
the ‘Wijcik’ insertion, chromatin folding could be responsible for bringing the regulatory element and
MdCo31 close to each other, as schematically drawn in (A). B. Different views of a region of 60 kb
around the ‘Wijcik’ insertion are shown. At the top, the location of the ‘Wijcik’ retrotransposon (red) and
the disrupted ‘McIntosh’ retrotransposon (blue) are indicated. Below, the locations of the gene
predictions in the Co region (chapter 2) are depicted in red. The locations of MspI/HpaII and EcoRI
restriction sites in the 60 kb region are shown at the bottom. These restriction sites could be used to
investigate DNA methylation of the region, or to perform a 3C assay.
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Abstract
Earlier work showed that increased expression of a putative 2OG-Fe(II)
oxygenase, MdCo31, is likely to be the underlying cause of columnar growth
in apple, which occurs in a mutant of cv. 'McIntosh' called 'Wijcik'. Enzymes
belonging to the 2-oxoglutarate-dependent dioxygenase (2OGD) family are
involved in oxidation and hydroxylation reactions of organic substrates. The
2-OGD family is vast and contains members with important and well
characterised functions in plant development, but also includes specialised
enzymes and uncharacterised genes. In this chapter, we show that MdCo31
expression has a comparable phenotypic effect on the development of
diverse species, suggesting a conserved function of MdCo31. Nonetheless,
no well-characterised homologs were found in these species. 2-OGDs can
have roles in the pathways leading to biosynthesis of gibberellic acid (GA)
and flavonoids and these compounds could be responsible for the
phenotype resulting from MdCo31 expression. Profiling of phenolic
compounds in columnar apple trees and standard apple trees showed
increased levels of rutin in columnar trees and elevated levels of luteolin
were found in Arabidopsis plants that constitutively expressed MdCo31.
However, no effect of these compounds was found when they were added to
medium that was used to grow Arabidopsis seedlings that could explain how
MdCo31 affects plants development. Conversely, application of active GA on
Arabidopsis plants constitutively expressing MdCo31 almost completely
abolished the effect of MdCo31, suggesting a role for MdCo31 in GA deactivation. Whether MdCo31 is involved in flavonoid biosynthesis, GA
biosynthesis, or another process is still unknown and a number of
experiments are discussed to further investigate this topic.

Introduction
MdCo31 putatively codes for a 2OG-FeII oxygenase (Wolters et al. 2013).
The 2-oxoglutarate-dependent dioxygenase (2OGD) family is vast, with 130
members in Arabidopsis (Kawai et al. 2014) and 263 2OGD genes in apple
according to the PLAZA 2.5 predictions (Van Bel et al. 2012).
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2OGDs catalyse the oxidation and hydroxylation of organic substrates,
often using 2-oxoglutarate as a co-substrate. In addition to 2-oxoglutarate, they
2+

require Fe

for optimal substrate conversion (Prescott and John 1996). The family

includes well characterised genes with essential roles in the biosynthesis of
flavonoids, gibberellic acid (GA), alkaloids and ethylene, but also includes many
uncharacterised genes for which the biochemical function is unknown (Kawai et al.
2014).
Because of the many 2OGDs present in plant genomes, their functional
diversity and their highly divergent amino acid sequences, the classification of the
different enzymes is complicated. A phylogenetic classification of 2OGDs from
diverse species ranging from green algae to angiosperms was published very
recently, in which a distinction is made between 3 different classes of 2OGDs. The
largest class, DOXC, consists of 57 clades, of which 31 were found in only one of
the 6 species analysed (Kawai et al. 2014), suggesting specialised functions for
many 2OGDs.
Regarding the columnar growth of ‘Wijcik’, the role of 2OGDs in flavonoid
and GA biosynthesis is particularly interesting. Several examples exist of columnarlike phenotypes that are due to GAs or flavonoids. The most striking example is
stumpy poplar, in which overexpression of a GA2-oxidase leads to a phenotype
that is very similar to that of ‘Wijcik’, with reduced internode length, reduced
branching and shorter branches (Busov et al. 2003). Support for the role of
flavonoids in a columnar-like phenotype in apple came from a recent study where
the chalcone synthase (CHS) genes were silenced (Dare et al. 2013). Besides
having an effect on plant colouring, CHS silencing resulted in small plants,
characterised by short internodes and smaller leaves. In the next section, we will
describe the pathways leading to the biosynthesis of GAs and flavonoids in more
detail, while focusing on the role of 2OGDs in these pathways.
GAs are well-known regulators of plant growth, and plants with reduced
levels of active GAs or a reduced response to GA show dwarf phenotypes (Peng et
al. 1997; Peng et al. 1999; Boss and Thomas 2002; Busov et al. 2003). GAs are
produced through the diterpenoid pathway in plants. Three different classes of
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enzymes are involved in this pathway: terpene synthases (TPSs), cytochrome
P450 monooxygenases (P450s), and several types of 2OGDs.
The TPSs are responsible for the conversion of geranylgeranyl
diphosphate to ent-kaurene. The subsequent conversion of ent-kaurene to GA12 is
mediated through the P450s. The next steps in GA biosynthesis are carried out by
2OGDs mainly (Yamaguchi 2008).
Many different forms of GA exist in plants, of which most are precursors or
deactivated forms of the principle active forms of GA, GA1 and GA4. GA4
production starts directly from GA12, whereas GA1 is produced from GA53 that is
produced through C13-hydroxylation of GA12. The genes encoding GA13-oxidases
have been identified very recently in rice and do not belong to the 2OGD class
(Magome et al. 2013).
The later steps in the GA biosynthesis pathway are carried out by several
2OGD classes that include GA20-oxidases, GA3-oxidases and GA2-oxidases.
GA12 and GA53 are processed through sequential oxidation of C-20 by GA20oxidases while GA1 and GA4 are produced from GA20 and GA9 by GA3-oxidases.
The active forms of GA are deactivated by GA2-oxidases mainly (Hedden and
Thomas 2012). A possible GA2-oxidase activity of MdCo31 would result in
decreased levels of active GAs in ‘Wijcik’, in which expression of this gene was
found to be increased in axillary buds that were harvested in spring. A role for
MdCo31 in a different part of the GA pathway could possibly affect the balance
between other forms of GA.
2OGDs also have roles in flavonoid biosynthesis. Flavonoids can
negatively regulate auxin transport (Brown et al. 2001; Peer and Murphy 2007) and
auxin transport is believed to be required for outgrowth of axillary buds
(Prusinkiewicz et al. 2009), providing a possible mechanism for causing the
columnar phenotype of ‘Wijcik’. A role for auxin in columnar growth of apple was
also hypothesised by Petersen et al. (2013), who suggested to compare the rate of
auxin transport between columnar and standard trees to see if auxin transport rate
differs between these plants (Petersen and Krost 2013).
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Figure 1. 2OGDs and the flavonoid pathway. Adapted from Martens et al. (2010) and the KEGG
pathway. p-coumaroyl-CoA is converted to the chalcone backbone that forms the basis of flavonoid
compounds. Solid arrows indicate conversion steps that can be mediated through 2OGD enzymes,
whereas dotted arrows indicate conversion step that are mediated by enzymes belonging to other
classes (between brackets). Luteolin is produced through the flavone branch of the flavonoid pathway,
whereas rutin is produced in the flavonol branch. CHS: chalcone synthase, CHI: chalcone isomerase,
F3H: flavanone 3-ß-hydroxylase, FNSI/FNSII: flavone synthase I/II, FLS: flavonol synthase, DFR:
dihydroflavonol 4-reductase, ANS: anthocyanidin synthase.

The flavonoid biosynthesis pathway is part of the phenylpropanoid
pathway, where phenylalanine is transformed in p-coumaroyl-CoA. This pathway,
starting from p-coumaroyl-CoA and leading to production of the different classes of
flavonoids, is summarised in Fig. 1. CHS is the first flavonoid specific enzyme and
is responsible for the conversion of p-coumaroyl-CoA into the chalcone scaffold
that forms the backbone of all flavonoids. Chalcones are converted to flavanones
(such as naringenin and eriodictyol) through chalcone isomerase (CHI). Different
oxidation reactions, mediated by several isomerases, reductases, hydroxylases
and including 2OGDs, lead to the different flavonoid subclasses (Ferreyra et al.
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2011). Four different types of 2OGDs are active in the flavonoid pathway:
IODYDQRQH ȕ-hydroxylase (FHT, or F3H), flavonol synthases (FLS) flavone
synthase 1 (FNS1) and leucoanthocyanidin dioxygenase (LDOX or ANS) (Cheng et
al. 2014).
FHT is responsible for the conversion of flavanones into dihydroflavonols,
that can be converted to flavonols through the action of F3H, or, alternatively, to
anthocyanidins through DFR (dihydroflavonol 4-reductase) and ANS (Martens et al.
2010). The 2OGD FNSI mediates the conversion of flavanones into flavones in
Apiaceae only (Gebhardt et al. 2005). This conversion is mediated by the P450
FNSII in other species (Lee et al. 2008).
The 2OGDs from the flavonoid pathway show overlapping substrate
specificity and all 2OGDs involved in the pathway can accept naringenin as a
substrate (Cheng et al. 2014). FLS and ANS have a broader substrate specificity
and accept the flavanone substrates that are processed by FHT and FNSI. The
substrate specificity of FNSI and F3H is more restricted (Martens et al. 2010). If
MdCo31 has a role in the flavonoid pathway, this could affect the levels of
flavonoids that act as negative regulators of auxin transport.
The biochemical function of MdCo31 was investigated in this chapter.
Besides in apple, we studied the function of MdCo31 in Arabidopsis and tomato.
Arabidopsis plants were used to test the hypothesis that MdCo31 is involved in the
biosynthesis of GAs, using GA treatments. The alternative hypothesis, that auxin
transport is affected due to the putative role of MdCo31 in flavonoid biosynthesis,
was investigated with a gravitropism assay on Arabidopsis seedlings.
Materials and methods
Plant material
The Arabidopsis lines used in this study were of Columbia ecotype and the
tomato variety that was used is ‘Moneymaker’. Plants were grown in soil in a
-2

-1

growth chamber at 22 °C with a long photoperiod (16 h of 100 μmol m s light, 8 h
of dark). Apple trees were grown and maintained at the orchard ‘Giaroni’ belonging
to the Fondazione Edmund Mach (FEM) at the Istituto Agrario di San Michele
all’Adige (IASMA) located in Italy (latitude 46.181539°, longitude 11.119877°).
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Nucleic acids were extracted from ~100 mg plant tissue that was grinded to
a fine powder in liquid nitrogen. Genomic DNA was isolated using the DNeasy
Plant Mini Kit (QIAGEN).
Tomato transformation
pENTR/D-MdCo31 (Wolters et al. 2013) was recombined with the pK7WG2
vector (Karimi et al. 2002), using the Gateway LR Clonase II kit (Life
Technologies), to give rise to pPro35S:MdCo31_K. Tomato plants were sown on
germination medium (0.5x MS, 10% sucrose, 0.8% agar, pH=5.8).
Cotyledon

pieces

of

the

tomato

seedlings

were

incubated

with

Agrobacterium tumefaciens strain GV3101 carrying the T-DNA binary vector
pPro35S:MdCo31_K for 10-15 min and incubated for 48 h at 25 °C. Explants were
transferred to GCF10 medium (1x MS, 108.7 mg/l Nitsch vitamins, 1.5 mg/l zeatine
riboside and 0.2 mg/l IAA, 30% sucrose, 0.8% agar, pH=5.8) containing 300 mg/l
timentin and 100 mg/l kanamycin and incubated at 25 °C for 3 weeks. After this
period, the explants were transferred to fresh plates. Once formed, calli were
excised and transferred to GCF11 medium (1x MS, 108.7 mg/l Nitsch vitamins, 1.9
mg/l zeatine riboside, 30% sucrose, 0.8% agar, pH=5.8) containing 300 mg/l
timentin and 100 mg/l kanamycin. Once shoots were big enough, they were
transferred to MS30B5 medium (1x MS, 112 mg/l vitamin B5, 30% sucrose, 0.8%
agar, pH=5.8) containing 100 mg/l kanamycin. Plants with roots were transferred to
soil and grown in a growth chamber under the same conditions as the Arabidopsis
plants.
PCR
PCR amplifications were performed in a volume of 20 μl in 1x PCR buffer
containing 1 μl of DNA template, 0.2 mM dNTPs, 3mM MgCl2, 0.5 units of 5 PRIME
Taq DNA polymerase and 0.1 mM of each primer. The cycling conditions included
an initial denaturation step of 5 min at 95 °C followed by 35 cycles of 30 s. at 95
°C, 1 min at 60 °C, 1 min at 72 °C and a final extension phase of 5 min at 72 °C.
PCR cycling was carried out using an Applied Biosystems 2720 Thermal Cycler.
The primers used for amplification of MdCo31 were MdCo31f and
MdCo31r

(chapter

3).

LeActinF

(5’-CCAAAAGCCAATCGAGAGAA-3’)

and
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LeActinR (5’-GGTACCACCACTGAGGACGA-3’) were used to amplify the house
keeping gene Actin from tomato.
Phylogenetic analysis
Tomato genes coding for putative 2OGDs were identified through
phytozome (Goodstein et al. 2011) and Arabidopsis 2OGDs were taken from the
PLAZA 2.5 database (Van Bel et al. 2012). Amino acid sequences were aligned by
ClustalW (Larkin et al. 2007) and phylogenetic trees were constructed in MEGA
(Tamura et al. 2011) using the neighbour joining method (Saitou and Nei 1987). A
bootstrap test with 1000 replicates was performed to calculate confidence levels of
the tree.
Flavonoid profiling
Bud material from ‘Wijcik’ and ‘McIntosh’ apple trees was harvested in
spring in 2013. Arabidopsis plants were grown in soil in a growth chamber at 22 °C
with a long photoperiod (16 h of 100 μmol m

-2

s

-1

light, 8 h of dark) and the

complete rosettes were harvested for the analysis. Around 100 mg of plant tissue
was used for both the apple and Arabidopsis samples, which was ground to a fine
powder in liquid nitrogen using a pestle and mortar. Profiling of phenolic
compounds was carried out using the method described by Vrhovsek et al.
(Vrhovsek et al. 2012).
Auxin assay
Arabidopsis seeds were sterilised by incubating the seeds for 2 min in 70%
ethanol, followed by an incubation of 10 min in bleach solution (2-3% sodium
hypochlorite and 5 μL Tween 20 in 10 ml of H2O). After this incubation step, the
seeds were washed 5 times in water and resuspended in 0.1% agar solution.
The seeds were plated out on 0.5x MS medium (2.2 g MS, 0.5g MES, 0.1g
myo-inositol and 10 g sucrose in 1 l of H2O) containing 0.7% agar and different
concentrations of active GA, luteolin, rutin, naringenin and 1-N-Naphthylphthalamic
acid (NPA) and the plates were placed vertically in a growth chamber at 22 °C
under long photoperiod. After 10 days, the plates were turned 90 degrees and the
root length and root angle were measured.
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GA treatment
Arabidopsis plants were grown under normal conditions. After the seeds
had germinated, the plants were treated with active GA (a  WRWDO *$3,
SIGMA-ALDRICH) by spraying the plants twice per week with a 100 μM GA
solution. Control plants were sprayed with water. The internode length and final
plant height of the GA treated and control plants were measured after flowering.
E. coli protein production and purification
The pENTR/D-MdCo31 vector (Wolters et al. 2013) was recombined into
pDEST15 (Life Technologies), introducing a glutathione S-transferase (GST) tag at
the N-terminus of MdCo31, using the Gateway LR Clonase II kit (Life
Technologies),

resulting

in

pDEST15-MdCo31.

pDEST15-MdCo31

was

transformed to BL21 E. coli cells.
For protein production, BL21 was grown at 37 °C until an optical density of
0.3, after which protein expression was LQGXFHG E\ DGGLWLRQ RI ,VRSURS\O ȕ-D-1thiogalactopyranoside (IPTG) to obtain a 1 mM IPTG concentration. After addition
of IPTG, the culture was grown for 3 h at 28 °C.
Proteins were extracted from the E. coli pellets by resuspending the pellet
of 500 μl of culture in 500 μl lysis buffer (50 mM KH2PO4, pH=7.8; 400 mM NaCl;
100 mM KCl; 10% glycerol; 0.5% Triton X-100; 10 mM imidazole) and by
performing 3 subsequent freeze-thaw cycles in liquid nitrogen and a water bath at
42 °C.
Purification of MdCo31 was performed making use of the GST tag. 100 μl
of protein extract was incubated with 30 μl of GST beads for 3 h on a rotary shaker,
after which the beads were spinned down and washed 3 times with PBS buffer (10
mM Na2HPO4, 1.8 mM KH2PO4, 2.7 mM KCl, 140 mM NaCl, pH=7.3). Test
samples were taken during the protein expression and purification experiment,
which were dissolved in 2x Laemmli buffer (65.8 mM Tris-HCl, pH=6.8, 2.1% SDS,
26.3% (w/v) glycerol, 0.01% bromophenol blue) and loaded on 12% acrylamide
gels for SDS PAGE, using the Mini-PROTEAN Tetra cell system (BIO-RAD).
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Results
Effect of MdCo31 in different plants
The phenotypes of young ‘McIntosh’ and ‘Wijcik’ plants are shown next to
each other in Fig. 2a. The difference in branching is not so obvious yet, because
young apple trees show little lateral branching in general, but the typical columnar
phenotype is visible through the observed dwarfing phenotype. The ‘Wijcik’ trees
have shorter internodes than the ‘McIntosh’ trees and leaves of ‘Wijcik’ trees are
thicker and darker than leaves from ‘McIntosh’ trees.
A similar effect is observed in the Arabidopsis lines that constitutively
express MdCo31 (Pro35S:MdCo31). The phenotypes of the homozygous lines
were more pronounced than the phenotypes of the hemizygous lines that were
shown in chapter 3 and a clear difference with wildtype (WT) Arabidopsis is already
evident at the rosette stage. Three plants of a representative transgenic line are
compared to WT Arabidopsis in Fig. 2b. The transgenic lines showed a dwarf
phenotype and have darker leaves than the WT plants. The Pro35S:MdCo31
plants are delayed in flowering and senescence (data not shown).
Tomato (cv. ‘Moneymaker’) plants transformed with a similar construct for
overexpression of MdCo31 also showed a compact phenotype and darker leaves,
similar to the ‘Wijcik’ mutant and the transgenic Arabidopsis lines. Three
independent transformants are displayed in Fig. 2c, which all contain the MdCo31
gene (Fig. 2d), but that vary in their phenotype. All plants have a similar number of
internodes (8-9 at the moment the picture displayed in Fig. 2c was taken), but the
plants ranged in height from 12 cm (transgenic line #1) to 30 cm (WT). The
difference in plant height was caused by a different internode length (Fig. 2e),
similar to the columnar trees and transgenic Arabidopsis lines constitutively
expressing MdCo31. The fact that overexpressing the MdCo31 gene from apple
has a comparable effect in diverse species, suggests a conserved function of
MdCo31.
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Figure 2. Effect of MdCo31 expression on phenotypes of various plants. A. Young ‘McIntosh’ and
‘Wijcik’ trees. ‘Wijcik’ trees are dwarfed, have short internodes and darker leaves. B. Three plants of WT
Arabidopsis (Col-0) and 3 plants of Pro35S:MdCo31 Arabidopsis are shown. The transgenic lines look
dwarfed and have darker leaves than the WT plants. C. A similar effect is seen when WT Moneymaker
tomato (left) is compared to three independent tomato lines constitutively expressing MdCo31 (on the
right). D. A PCR on genomic DNA of the plants shown in (C) shows that the transgenic lines contain the
MdCo31 gene (top). The gene coding for Actin is used as a PCR control (bottom). E. The compact
phenotype of the transgenic tomato lines expressing MdCo31 is explained by a difference in internode
length.
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Genes related to MdCo31
If MdCo31 has such a conserved function, MdCo31 might be involved in a
basal process, making it likely that well conserved homologs of this gene are
present in other plant genomes. A BLAST search for the MdCo31 protein sequence
in the Arabidopsis protein database (Rhee et al. 2003) or NCBI’s refseq protein
database (Pruitt et al. 2005) showed good matches for predicted genes with
unknown functions from the refseq database, but did not result in the identification
of a well characterised homolog. All good matches to MdCo31 code for putative
2OGDs. The typical iron binding triad (HDH) (Roach et al. 1995) and the
NyYPXCXXP motif that is thought to be involved in the binding of 2-oxoglutarate by
2OGDs (Xu et al. 1995) are conserved in MdCo31 (Fig. 3)
.

Figure 3. Amino acid sequence of MdCo31. The location of the motif that is specific for DMR6/DLO is
highlighted. This motif is not fully conserved in MdCo31. The NyYPXCXXP motif, that is thought to be
involved in the binding of 2-oxoglutarate, is indicated with ‘+’ and the iron binding triad (HDH) is
indicated with asterisks.

In an attempt to better understand the function of MdCo31, a phylogenetic
analysis was carried out using the predicted amino acid sequences of MdCo31 and
all 2OGD genes from Arabidopsis (90 genes according to the Plaza 2.5 predictions
(Van Bel et al. 2012)) and tomato (169 genes, taken from the phytozome database
(Goodstein et al. 2011)).
The phylogenetic tree displayed in Fig. 4 shows clear clustering of tomato
and Arabidopsis 2OGD genes in clades of well characterised genes such as FLS,
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LDOX, ethylene forming enzymes and the different GA oxidases. In addition to
these clades that contain genes from both tomato and Arabidopsis, clades are
visible that contain genes from a single species only. The genes from these
species-specific clades may have more specialised functions. The MdCo31 clade
is an example of a clade that contains tomato genes only. It groups closely to
another clade that includes genes from tomato together with downy mildew
resistant 6 (DMR6) and the DMR6-like oxygenases (DLOs) from Arabidopsis that
were described in the thesis of Zeilmaker (Zeilmaker 2012). DLO1 has later been
characterised as a salicylic acid (SA) 3-hydroxylase (S3H) (Zhang et al. 2013). The
DMR6/DLO motif (WRD(F/Y)LR), which is conserved in all members of the
DMR6/DLO protein family and which can be used to identify homologous genes
with the same function of DMR6/DLO (Zeilmaker 2012), is not conserved in
MdCo31 (Fig. 3).
When comparing the results of this phylogenetic analysis with the study
that was published recently by Kawai et al. in the Plant Journal, a similar picture
emerges. The names of clades that were described by Kawai et al. that contain
functionally characterised genes are indicated in Fig. 4. MdCo31 falls in the
DOXC41 clade from this classification, that contains hyoscyamine 6-hydroxylase
(H6H) and other, functionally diverse, 2OGD genes that are involved in specialised
metabolisms (Kawai et al. 2014). The closest related clade containing Arabidopsis
genes that was described in this study is DOXC38 and contains DMR6 and the
DLOs (Kawai et al. 2014). Solyc11g010400 and Solyc11g0104010, that cluster in
the same clade as MdCo31 in Fig. 4, are the closest homologs of the H6H gene
that was originally cloned from Hyoscyamus niger (Matsuda et al. 1991) in tomato.
These phylogenetic analyses give some interesting insights in the
organisation of 2OGDs in different species, but the function of MdCo31 remains
unknown. It is possible that MdCo31 has a novel function that has not been
characterised yet in other species. Although MdCo31 is not clearly clustering with
the 2OGDs involved in biosynthesis of GAs or flavonoids, a role for MdCo31 in
these pathways would be the easiest explanation for the phenotype of columnar
trees derived from ‘Wijcik’.
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Figure 4. Phylogenetic tree containing MdCo31 and all 2OGDs from Arabidopsis and tomato. The
amino acid sequences were aligned using clustalW and the tree was constructed in MEGA using the
Neighbor joining method. Bootstrap values are calculated bases on 1000 bootstraps. Tomato genes are
marked with a filled circle and Arabidopsis genes are indicated by an empty circle. MdCo31 is marked
with an arrow. The clades containing DMR6(-likes), ethylene forming enzymes, F3H, FLS, LDOX, GA2oxidases 1-6, GA2-oxidases 7-8, GA3-oxidases and GA20-oxidases are also indicated in the figure.
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MdCo31 and flavonoid biosynthesis
In order to compare the flavonoid content between columnar and standard
trees, a profiling of phenolic compounds was carried out on spur buds of standard
and columnar apple trees. The bud material was harvested in spring and analysed
according to the method published by Vrhovsek et al. (2012). The levels of the
phenolic compounds that could be detected are summarised in Fig. 5. There is
some variation between the samples, as only three replicates were used per
sample, but the rutin levels seem to be a lot higher in columnar trees. A similar
analysis was performed on tissue from the complete rosettes of 5-week old WT
Arabidopsis plants and Pro35S:MdCo31 Arabidopsis plants (Fig. 6). No rutin was
detected in the Arabidopsis assay, but luteolin levels were significantly increased in
the Pro35S:MdCo31 plants (P<0.01) instead. Additionally, elevated levels of
vanillic acid were found in Pro35S:MdCo31 plants (P<0.01).

Figure 5. Profiling of phenolic compounds in apple. A phenolic compound profiling experiment on 3
bud samples of standard progeny trees (white bars) and 3 bud samples of columnar progeny trees from
a segregating population revealed an increased level of rutin in columnar buds. Error bars indicate
standard deviations of the mean.
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As hypothesised before, if flavonoids are indeed responsible for the
columnar phenotype of ‘Wijcik’, this would probably be through their effect on auxin
transport. In order to see if rutin and luteolin can affect auxin transport, a
gravitropism assay was performed on seedlings of WT Arabidopsis and
Pro35S:MdCo31 Arabidopsis lines. Arabidopsis seedlings were grown in vitro, on
media containing different concentrations of luteolin or rutin (the flavonoid
compounds for which elevated levels were found in columnar trees and
Arabidopsis plants constitutively expressing MdCo31) and on plates containing the
auxin transport inhibitor NPA, or naringenin (a precursor for flavonoids that can
inhibit auxin transport (Brown et al. 2001)). As auxin transport is necessary for a
proper gravity response, the effect of these compounds on auxin transport was
investigated through measuring the root angle after turning the assay plates 90
degrees. Additionally, root length was measured.

Figure 6. Profiling of phenolic compounds in Arabidopsis. The graph shows the result of a phenolic
compound profiling experiment on 15 samples of Col-0 (white bars) and 15 samples of a transgenic
Pro35S:MdCo31 line. The levels of vanillic acid and luteolin are significantly increased in the
Arabidopsis plants constitutively expressing MdCo31 (Student’s t test, P<0.01, marked with asterisks).
Error bars indicate standard deviations of the means.
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Figure 7. Root length of Arabidopsis seedlings. WT and Pro35S:MdCo31 Arabidopsis seedlings are
grown on 0.5x MS medium containing different concentrations of 1-N-Naphthylphthalamic acid (NPA),
luteolin, rutin and naringenin. Root length is measured after 10 days. Higher combinations of NPA and
naringenin in the growth medium negatively affect the root length, but luteolin and rutin do not seem to
affect root length. Pro35S:MdCo31 plants have shorter roots than WT plants in most cases. Error bars
indicate errors of the mean.

Increased concentrations of NPA and naringenin negatively affected the root length
of the Arabidopsis seedlings (Fig. 7), as would be expected when auxin transport is
inhibited. The effect on the Pro35S:MdCo31 lines seems slightly larger. No effect of
luteolin or rutin on root length is observed. A similar effect is observed for root
angle (Fig. 8). The response to gravity is impaired in the seedlings that were grown
on plates containing 1 μM NPA and 100 μM naringenin, but not in seedlings that
were grown on media containing luteolin or rutin. The root length of
Pro35S:MdCo31 lines is smaller than the root length of WT Arabidopsis in most
cases, but there does not seem to be a clear difference in root angle between WT
Arabidopsis and Arabidopsis plants constitutively expressing MdCo31.
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Figure 8. Gravity response of Arabidopsis seedlings. Col-0 and Pro35S:MdCo31 Arabidopsis
seedlings are grown on 0.5x MS medium containing different concentrations of 1-N-Naphthylphthalamic
acid (NPA), luteolin, rutin and naringenin on square petri dishes that are placed vertically. After 10 days,
the plates are turned 90 degrees. The gravity response of the roots (measured by the angle of the root
to the original growth direction) is measured after 3 days. NPA, and to a lesser extent naringenin,
diminish the gravity response of the Arabidopsis seedlings, but no clear difference between Col-0 and
Pro35S:MdCo31 Arabidopsis plants is observed. Error bars indicate errors of the mean.

MdCo31 and GA biosynthesis
If MdCo31 is involved in GA biosynthesis, the most likely explanation for
the columnar phenotype would be a shortage of active GAs. WT Arabidopsis plants
and Pro35S:MdCo31 Arabidopsis plants were sprayed with a solution of 100 μM
active GA twice per week throughout their development and compared to untreated
plants.
The experiment shows that GA treated plants are almost indistinguishable
from untreated WT plants. The untreated Pro35S:MdCo31 still show a compact
phenotype and look very different from WT (Fig. 9). These results suggest that
there is a GA deficiency in the Pro35S:MdCo31 plants that can be solved by GA
treatments.
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Figure 9. GA treatment on Col-0 and Pro35S:MdCo31 plants. Col-0 (top) and Pro35S:MdCo31
(bottom) plants are treated with 100 μM gibberellin solution (GA, left) or water (H2O, right). Untreated
Pro35S:MdCo31 plants look dwarfed compared to untreated Col-0 plants. GA treatment seems to
slightly accelerate flowering in WT-Arabidopsis, but restores the phenotype of the Pro35S:MdCo31
plants to normal.

Producing the MdCo31 protein
Both the flavonoid profiling experiment and the GA treatment on
Arabidopsis plants give some support to the hypothesis that GAs or flavonoids
could be involved in the columnar phenotype of ‘Wijcik’ apple. More evidence is
needed to establish the function of MdCo31.
Availability of the MdCo31 protein would allow us to test the activity of the
protein on different substrates and to identify the converted products. To achieve
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this goal, MdCo31 was cloned in the pD15 vector, introducing an N-terminal GST
tag to the protein. The construct was transformed to E. coli and a protein
purification experiment was performed to see if the protein could be produced. The
first results show that MdCo31 protein is produced upon IPTG induction and that it
is possible to purify the protein using glutathione agarose beads (Fig. 10). We have
not been able yet to confirm a function for MdCo31 in the biosynthesis of
flavonoids, GAs, or other compounds, but these experiments are planned in the
future.

Figure 10. MdCo31 protein expression and purification in E. coli. The marker lane and the sizes of
the bands are indicated on the left. In the first lane, the soluble (sol.) proteins from an uninduced (ui.)
culture are loaded. The next lane shows the insoluble (ins.) protein fraction of an uninduced culture.
Then, the soluble fraction of an induced (i.) culture is loaded, followed by the insoluble fraction of the
same culture. Finally, the proteins resulting from the protein purification experiment using GST agarose
beads are loaded (pur.). Upon induction with IPTG, a band appears around 60 kilodalton (kDa),
matching the size of MdCo31 (38.4 kDa) fused to the GST-tag (26 kDa). The GST purification step
results in an increased intensity of this band (indicated with an arrow), demonstrating that MdCo31 is
correctly produced in E. coli.

Discussion
MdCo31 similarly affects the development of diverse plant species,
suggesting a role for this gene in a conserved process. The phylogenetic analysis
performed in this chapter contradicts this supposed conserved function of MdCo31,
placing it in a clade that contains genes with supposed specialised functions. One
of the genes clustering with MdCo31 is H6H, that acts in the biosynthesis pathway
for tropane alkaloids in Solanaceae, via hydroxylation of hyoscyamine to produce
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scopolamine (Matsuda et al. 1991). Hyoscyamine and scopolamine are tropane
alkaloids specific for Solanaceae (Griffin and Lin 2000), making it unlikely that the
MdCo31 gene from apple is involved in the biosynthesis pathway of such
compounds. MdCo31 might have a similar origin as H6H, but must have adopted a
different function in apple.
The closest clade containing 2OGDs that are conserved between species
includes DMR6 and DLO1/2 from Arabidopsis. DMR6 is responsible for
susceptibility of Arabidopsis to downy mildew (van Damme et al. 2008), through a
salicylic acid dependent mechanism (Zeilmaker 2012). DLO1 and DLO2 can
complement the dmr6 Arabidopsis mutant. The substrate for DMR6 is unknown,
but it was shown that DLO1, or called S3H in that study, is associated to
senescence and involved in the catabolism of salicylic acid (Zhang et al. 2013).
Functional homologs of DMR6 were identified in several crop species, including
tomato, which can complement DMR6-mediated resistance in the Arabidopsis
dmr6 mutants. (Zeilmaker 2012).
The delayed senescence phenotype and the increased chlorophyll content
in the Arabidopsis plants overexpressing S3H (Zhang et al. 2013) show some
interesting similarity to the Arabidopsis plants overexpressing MdCo31. However,
no effect of S3H on plant architecture was reported by Zhang et al. (2013) and van
Damme et al. also state that plant development is not affected in dmr6 Arabidopsis
mutants (van Damme et al. 2008). Zeilmaker proposed a 6-amino acid motif in his
thesis, that shows high conservation among homologs of DMR6 and DLOs in other
species and that could be used to identify genes with a similar function (Zeilmaker
2012). This 6-amino acid motif is not well conserved in the predicted MdCo31
protein. Together with the reported role of DMR6 in the loss of downy mildew
resistance in Arabidopsis plants, these data suggest a different function for
MdCo31.
There are multiple possible explanations for the dark colour of 'Wijcik' and
of the tomato and Arabidopsis plants constitutively expressing MdCo31. It is
possible that the darker leaf colour is caused by an increased chlorophyll content,
like was found for the Arabidopsis plants overexpressing S3H (Zhang et al. 2013).
If decreased cell expansion is responsible for the compact phenotype of the plants
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that constitutively express MdCo31, this might result in increased concentrations of
chlorophyll in the cells. Alternatively, the levels of anthocyanins, that are produced
as part of the flavonoid pathway (Cheng et al. 2014), could be elevated in tissues
expressing MdCo31. Additionally, dark green foliage is commonly observed in
gibberellin deficient plants (Sun and Kamiya 1994; Helliwell et al. 1998; Busov et
al. 2003). Although dark foliage was observed in 'Wijcik' and columnar trees
derived from 'Wijcik', we did not find elevated expression of MdCo31 in the leaves
of these trees.
No direct evidence for the function of MdCo31 was provided in this study,
but we showed that the increased expression of MdCo31 is correlated to increased
levels of specific flavonoids in apple and Arabidopsis. Higher levels of rutin were
found in columnar trees than in standard trees, but rutin could not be detected in
Arabidopsis. The levels of the flavone luteolin were about 4-fold increased in
Pro35S:MdCo31 plants compared to WT. Rutin is produced from quercetin in the
flavonol part of the flavonoid biosynthesis pathway, whereas luteolin is derived
from apigenin in the flavone part of this pathway. Both branches depend on
naringenin and eriodictyol at the start of the flavonoid biosynthesis pathway
(Martens et al. 2010). The different genetic backgrounds in Arabidopsis and apple
could be responsible for the fact that increased expression of MdCo31 leads to
higher levels of rutin in apple, but higher levels of luteolin in Arabidopsis.
In the introduction, we hypothesised that increased levels of flavonoids
could result in a columnar phenotype through their inhibitory effect on auxin
transport. The effect of the flavonoids rutin and luteolin on auxin transport was
investigated in a gravitropism assay, using WT Arabidopsis seedlings and
Arabidopsis seedlings that constitutively express MdCo31. No effect of these
flavonoids on the gravity response of roots of these plants was demonstrated. Also,
no difference between the gravity responses was observed when comparing WT
Arabidopsis with Pro35S:MdCo31 plants, undermining the hypothesis that the
effect of MdCo31 on plant development is explained through inhibition of auxin
transport.
Alternatively, the effect of MdCo31 could be explained through a role in the
GA biosynthesis pathway. The increased expression of a GA2-oxidase is
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responsible for the columnar-like phenotype of stumpy poplar (Busov et al. 2003)
and plants with a reduced response to GA show compact phenotypes (Peng et al.
1997; Peng et al. 1999; Boss and Thomas 2002). Deactivation of GAs is mainly
mediated by GA2-oxidases. To test this hypothesis, WT Arabidopsis plants and
Pro35S:MdCo31 Arabidopsis plants were treated with active GA. The results of this
experiment strongly support the hypothesis that MdCo31 is involved in the
deactivation of GA. Untreated Pro35S:MdCo31 plants showed a clear dwarf
phenotype,

but plants

that

were

treated

with

active GA

were almost

indistinguishable from WT Arabidopsis. However, the conserved domains that are
normally present in GA2-oxidases (or other GA oxidases) are not present in the
amino acid sequence of MdCo31. If MdCo31 is indeed involved in GA biosynthesis,
it has to belong to a previously uncharacterised class.
The GA experiment is no direct proof for a role of MdCo31 in GA
biosynthesis. It is possible that MdCo31 has a different function, but that GA
deficiency is a downstream effect of the action of MdCo31. To prove that MdCo31
is involved in GA catabolism, the enzyme that was produced in E. coli could be
purified and tested on GA substrates, similar to the assay that was performed by
Giacomelli et al. to characterise GA oxidases from grape (Giacomelli et al. 2013).
Such an assay could also be used to test other potential substrates of MdCo31 (for
example flavonoid compounds).
Because the amino acid sequence of MdCo31 does not look like a typical
GA oxidase, it is well possible that MdCo31 belongs to a different class of
enzymes. To investigate alternative roles of MdCo31, it would be interesting to
perform an untargeted metabolite profiling experiment on tissue from columnar and
standard apple, or from the wildtype tomato or Arabidopsis plants and the
Pro35S:MdCo31 transformants. Additionally, an RNA-seq or microarray experiment
could be carried out, to look at transcriptomic changes that are due to MdCo31
expression, to get more clues about the function of the gene.
A number of RNA-seq experiments have already been carried out by
others in order to try to understand the cause for columnar growth in apple (Krost
et al. 2012; Zhang et al. 2012; Krost et al. 2013), but these experiments were
always based on the comparison between standard trees and columnar trees
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derived from ‘Wijcik’ and not on the direct comparison between 'Wijcik' and
'McIntosh'. These studies have not resulted in the identification of the cause for
columnar growth, but showed that several hormones are likely involved in the
phenotype of columnar trees. It is not surprising to find differences for multiple
hormones. Because hormones are part of complex and interconnected pathways,
changes in the level of a certain hormone will likely affect the level of other
hormones as well.
To identify transcriptomic changes that are solely due to the mutation in
‘Wijcik’, and not due to other genetic differences, and to identify subsequent
downstream effects, it would be better to perform a direct comparison between
‘McIntosh’ and ‘Wijcik’. A transcriptome study would probably be easier to perform
in Arabidopsis because of its small and well annotated genome. The Arabidopsis
plants could be grown in vitro to reduce environmental variation. The analysis of
Arabidopsis lines transformed with an alcohol inducible construct for expression of
MdCo31 is currently in progress. By using an inducible promoter, the expression of
MdCo31 can be induced shortly before taking samples for the analysis in order to
look at direct transcriptomic changes of MdCo31 expression and to reduce
secondary effects. Further proof for the role of hormones or mobile signals
identified in these studies could be provided by performing grafting experiments
(Turnbull et al. 2002) or complementation studies in Arabidopsis.
Besides being responsible for columnar growth in columnar trees derived
from 'Wijcik', MdCo31 should have a biological function in standard apple trees as
well. We were unable to find expression of MdCo31 in diverse apple tissues at
different time points, so the normal function of MdCo31 remains unknown. It would
be interesting to silence the MdCo31 gene in normal apple trees to see if the
phenotype of those trees can help understand the function of MdCo31.
Combining these different approaches it should be possible to unravel the
mechanism that leads to columnar growth in apple.
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Columnar growth in apple
The columnar trait, which was discovered in a mutant of the apple cv.
‘McIntosh’ called ‘Wijcik’, has many properties that make it an interesting study
topic. When the 'Wijcik' mutant was first discovered in 1964, initial studies
discussed the use for columnar trees in commercial growing systems and aimed to
characterise the ‘Wijcik’ mutant (Fisher 1969; Looney and Lane 1984; Tobutt
1985). These studies recognised the very sturdy and compact growth of ‘Wijcik’
and observed that spurs (that bear fruits) are often formed instead of branches.
The 'Wijcik' mutant was regarded to be a promising genotype for improving the
efficiency and yield of apple orchards in high density planting systems (Tobutt
1985).
Later studies analysed progeny populations, derived from ‘Wijcik’, for the
development of molecular markers and to study the heritability of the columnar trait
(Hemmat et al. 1997; Kim et al. 2003; Tian et al. 2005; Silfverberg-Dilworth et al.
2006; Zhu et al. 2007; Moriya et al. 2009). These studies showed that columnar
growth is caused by a single, dominant locus that is mapping on chromosome 10 of
apple. The columnar trait is a stable trait, as no revertants of columnar trees have
been identified until today. It seems likely that the 'Wijcik' mutation is genetic
mutation rather than an epigenetic mutation.
All these properties make the Co trait a remarkable trait, with a high
potential in apple breeding programs. The molecular markers that are available for
the Co locus could be used to specifically target the columnar trait, while helping to
avoid the introduction of undesirable alleles when breeding for columnar trees.
Despite their potential benefits, no commercial columnar apple trees have been
developed yet. Therefore, it still remains to be seen if columnar trees can meet up
with the high expectations on the scale of a commercial apple orchard.
Columnar growth is not only interesting from a commercial point of view, it
is also surprising to see such a dramatic effect from a somatic mutation. Most
mutations lead to a loss of gene function and result in recessive inheritance. The
dominant character of the columnar trait suggests a gain-of-function mutation in
'Wijcik'. Such gain of function mutations are often caused by increased expression
of a gene, like was found for the MYB10 gene, that was due to a rearrangement in
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its upstream regulatory region and that resulted in red-fleshed apple (Espley et al.
2009). In 'Wijcik', we expected to find a similar mutation in a regulatory region that
would lead to increased expression of the gene responsible for columnar growth in
apple.
Fine mapping Co
The ‘Golden Delicious’ genome, which was published in 2010 (Velasco et
al. 2010), has been a great resource to speed up the search for the molecular
basis for columnar growth. The results that are presented in this study highlight the
relevance of genome sequencing projects in studies of agronomically important
traits in non-model species. Because the development of molecular markers was
greatly facilitated after the 'Golden Delicious' genome became available, it became
possible to saturate the Co region with markers and to screen large apple
populations segregating for the columnar trait, in order to reduce the Co region.
This resulted in three fine mapping studies, which were published shortly after each
other (Bai et al. 2012; Moriya et al. 2012; Baldi et al. 2013).

Figure 1. Overview of the different regions in the fine mapping studies published by Baldi et al.
(2013), Moriya et al. (2013) and Bai et al. (2012). A region of 700 kb (from 18500 - 19200 kb) of
chromosome 10 from ‘Golden Delicious’ is shown at the top of the figure, together with the positions of
the markers that delimit the different Co regions in these studies. The corresponding Co regions are
displayed below. The location of marker C7629-22009 (italics) is an estimation, because this marker
was found in an unanchored contig of the ‘Golden Delicious’ genome assembly.

The three different fine mapping studies point to a narrow location for the
Co region on chromosome 10, but the different regions are not exactly coinciding.
The region that was described by Baldi et al. (2013) overlaps with the majority of
the region that was described by Moriya et al. (2012), but the region that is
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described by Bai et al. (2012) lies just outside that region. The results of these
different studies are compared in Fig. 1.
Bai et al. (2012) used four segregating populations and three collections of
columnar trees for their analysis. These columnar collections include trees with
diverse genetic backgrounds that are not directly descendant from ‘Wijcik’, but
have inherited the columnar trait from ‘Wijcik’ in crosses performed up to two
generations earlier. The trees that were analysed vary in age and are located at
different geographical locations in the US, UK and China. Many different
populations were used in the study that was published by Moriya et al. (2012).
All the trees used in our analysis had a clear genetic background, as they
were all direct descendants of ‘Wijcik’. We made use of three older populations for
initial mapping and two large progeny populations for the fine mapping experiment.
Especially young plants can be difficult to phenotype (plants with intermediate
phenotypes are common in young populations), but the phenotypes of the older
progeny trees are very reliable. We tested the markers that were used by Bai et al
in their study on the older segregating populations that were developed by us (that
had very clear phenotypes) and found three different recombinants that support our
previous findings and that contradict the findings of Bai et al. We conclude that the
results published by us and Moriya et al. are the most reliable, a view that is shared
by Otto et al. in their publication studying the difference between ‘McIntosh’ and
‘Wijcik’ (Otto et al. 2013).
Candidate Co genes
In chapter 2 of this thesis, we described a number of potential candidate
genes for Co, which all code for transcription factors with putative roles in plant
development. Other candidate genes have been proposed in the fine mapping
study performed by Bai et al. and in the studies where the transcriptomes of
columnar and standard apple were compared (Krost et al. 2012; Zhang et al. 2012;
Krost et al. 2013). Zhang et al. highlighted the potential role for GRAS (the name is
derived from the GAI, RGA and SCR gene members) transcription factors, which
are involved in the response to gibberellic acid (GA), in columnar growth, whereas
Krost et al. identified many differentially expressed genes, including several genes
with roles in hormonal pathways. MdCo31 was never marked as a candidate gene
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in these studies. An explanation for this is the fact that MdCo31 was not annotated
in the consensus gene set of apple. Studies that only took these gene annotations
in consideration (Bai et al. 2012; Krost et al. 2013) could therefore not have
resulted in the identification of MdCo31. MdCo31 was absent in the GenScan gene
predictions presented in chapter 2 and annotated as a hyoscyamine 6dioxygenase-like gene in the predictions from the Augustus gene prediction
program in that chapter.
Identification of differences between ‘McIntosh’ and ‘Wijcik’
Although the fine mapping studies have not resulted in the identification of
the Co gene, they have been a great step forward in identifying the cause for
columnar growth in apple. In order to identify the mutation that led to columnar
growth of ‘Wijcik’, the most straightforward way is to make a direct comparison
between ‘McIntosh’ and ‘Wijcik’. Because the Co region was sufficiently narrowed
down during the fine mapping studies, it became possible to make such a
comparison. The markers that were developed in these studies are not only useful
for application in MAS, they could also be used to screen BAC libraries prepared
from genomic DNA of ‘McIntosh’ and ‘Wijcik’, to isolate and sequence the Co
region of ‘McIntosh’ and ‘Wijcik’ and perform a direct sequence comparison. This
sequence comparison was described in chapter 3 of this thesis.
The direct comparison of the Co region between ‘McIntosh’ and ‘Wijcik’
resulted in the identification of a single genomic difference, an insertion of 1956 bp
in ‘Wijcik’. Because the identification of this insertion does not directly explain the
change in tree architecture of the ‘Wijcik’ mutant, the expression of genes predicted
in a region of 50 kb around the insert site was compared between ‘McIntosh’ and
‘Wijcik’ in leaf and bud tissue. This expression analysis resulted in the identification
of a putative 2-oxoglutarate-dependent dioxygenase (2OGD), MdCo31, whose
expression is specifically up regulated in bud tissue of all columnar trees tested
and not in buds of standard trees. The insertion of 'Wijcik' may be the direct cause
for columnar growth in apple through increased expression of MdCo31, as
presence of the insertion was found to be associated with increased expression of
MdCo31 and columnar growth in all progeny trees derived from 'Wijcik' that were
tested. The observed increased expression of MdCo31 supports our earlier
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hypothesis that increased expression of a gene is the cause for the dominant
inheritance of the columnar trait.
The ‘Wijcik’ insertion was initially described as a 1956 bp sequence in this
thesis, which lacks the elements that are common for mobile elements. We
compared our findings with the results that were reported later by Otto et al. (2013)
and concluded that the ‘Wijcik’ insertion was assembled incorrectly by Wolters et
al. (2013). The 1956 bp sequence corresponds to the long terminal repeat (LTR)
and target site duplication (TSD) of a bigger retrotransposon with a complete length
of 8.2 kb. The big length of the LTRs of this retrotransposon made it possible for
the assembly to collapse on this LTR, explaining why the internal part of the
retrotransposon was missing in the assembly and was also responsible for the
PCR artefact that led to amplification of the LTR only. This explains why the size of
the insertion was initially misinterpreted.
More detailed analysis of the ‘Wijcik’ mutation
Analysis

of

the

‘Wijcik’

insert

region

revealed

that

the

‘Wijcik’

retrotransposon inserted into the 5’ LTR of another retrotransposon. Both elements
look like non-autonomous versions of LTR retrotransposons because they contain
the typical components that characterise such elements (primer binding site,
polypurine tract, LTRs and TSD (Wicker et al. 2007)), but they do not contain
functional ORFs. Transposable elements (TEs) are commonly present in plant
genomes, and TE movement has led to many changes in plant gene expression
and function (Lisch 2013), but such effects are often caused by TEs that insert
close to, or even into, genes (Greene et al. 1994; Naito et al. 2009).
Although nested TEs are not uncommon (Kronmiller and Wise 2008), it is
surprising to find that the insertion of a TE into another TE can lead to such
dramatic effects as observed in the 'Wijcik' mutant. This observation shows once
more that the classification of TEs as ‘junk’ DNA is highly out-dated.
Many similar copies of both retrotransposons are present in the ‘Golden
Delicious’ genome, but we were unable to identify their autonomous partners, so it
is still unclear how they are moving around in the apple genome. To be able to
properly characterise the elements and to propose a correct name, it would be
necessary to find out from which autonomous elements they are derived. Because
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the autonomous partners were not found in the apple genome and as the ‘Wijcik’like retrotransposons were also often misassembled, a PCR based approach could
be useful to identify these elements. Using one primer designed on the LTR and
another primer designed on the conserved sequences of ORFs that would be
expected to be present in autonomous partners, it might be possible to amplify and
sequence the autonomous retrotransposons from which the ‘Wijcik’ and ‘McIntosh’
retrotransposons are derived.
It is not clear if the effect of the insertion on the expression of MdCo31 is
directly caused by the ‘Wijcik’ retrotransposon or a consequence of the disruption
of the retrotransposon that was already present in the Co region in ‘McIntosh’.
Reporter assays, where different parts of the two retrotransposons are cloned in
front of a reporter construct, could help to clarify the contribution of the two
elements to the columnar phenotype of ‘Wijcik’. This is highly relevant, as we were
unable to find examples in literature of how a TE insertion into another TE can lead
to such dramatic effects as observed in 'Wijcik'.
Because it can be difficult to work with long DNA fragments (the complete
disrupted retrotransposon from ‘Wijcik’ is more than 10 kb in length), it could be
convenient to employ a recombination system (Yu et al. 2000). BAC plasmids
containing more than 100 kb of Co region, including the ‘Wijcik’ retrotransposon
and MdCo31, are already available. Different modifications could be made to the
insert site and MdCo31 could be replaced with a reporter gene. BAC clones can be
converted to binary vectors for transient expression assays (Takken et al. 2004).
Modifying BAC clones with large inserts of Co region would be especially useful
because it is not known if a larger genomic context around the insert site is
required for the effect of the ‘Wijcik’ insertion. Such BAC clones could also be used
for transformation experiments, to introduce the columnar trait to other apple
cultivars or to study the apple Co region in a model species. It is important to
realise that DNA methylation is lost in BAC clones, though, in case epigenetic
effects play a role in columnar growth in apple.
Relationship between the ‘Wijcik’ insertion and MdCo31 expression
We did not expect to find that the mutation that was identified in 'Wijcik'
would influence the expression of a gene at a distance of more than 15 kb, while
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leaving the expression of neighbouring gene unaffected. However, examples of
enhancers that can affect the expression of genes at much greater distances can
be found in literature. An example of such a distal enhancer is found in mouse for
the sonic hedgehog gene, at a distance of more than 1 Mb (Lettice et al. 2003).
Until the ENCODE project, not much attention was given to such long-range
interactions, but the importance of long-range interaction and the threedimensional context of genes and regulatory elements starts to be appreciated now
(Sanyal et al. 2012).
It is possible that the change in expression of MdCo31, from repression in
buds of standard trees to increased expression of MdCo31 in buds of columnar
trees, is due to the change in genomic context of MdCo31, which could be caused
by the retrotransposon insertion in ‘Wijcik’. For example if the expression of
MdCo31 is normally repressed in standard trees. In such a scenario, integration of
the MdCo31 gene at a different genomic location could lead to a similar change in
expression of MdCo31 as is observed in 'Wijcik' and would possibly also result in
columnar growth. This situation would be ideal for cisgenesis, because the native
promoter of MdCo31 can be maintained in this approach.
Alternatively, modern genome editing techniques, for example using
engineered zinc finger nucleases or the CRISPR system (Urnov et al. 2010;
Pennisi 2013), could be used to reproduce the effect of the ‘Wijcik’ retrotransposon
in apple trees to obtain columnar trees. Such experiments could also be used to
clarify the relation between the retrotransposon insertion in ‘Wijcik’ and the
increased expression of MdCo31.
It would be of interest to compare the retrotransposon content of different
apple cultivars, to see if differences can be found for the two elements that were
identified in this thesis. This would not only give information about the evolution
and the history of these elements, but these results could also be used to look at
the effect of both elements on the expression of neighbouring genes. By comparing
the expression of genes in a region surrounding the retrotransposons, the
presence/absence of such elements can be correlated to the expression of these
genes to assess their effect on gene expression.
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To gain further insights into the organisation of the region surrounding the
‘Wijcik’ mutation, we proposed to investigate the chromosomal conformation of the
Co region in apple using 3C (-derived) assays. In a preliminary analysis, using the
EcoRI restriction enzyme to digest cross-linked genomic DNA of buds of columnar
and standard trees, the ligation frequency of putative interaction sites in the Co
region was tested (see Fig. 2 for the steps for template preparation), but further
optimisation is required to obtain results for this experiment.

Figure 2. Steps required for 3C template preparation. Undigested (u.), cross-linked genomic DNA
isolated from buds of standard and columnar trees is visible on the gel as a distinct band of high
molecular weight on an agarose gel. Digestion of this DNA with the EcoRI restriction enzyme results in
many small DNA fragment, as is clear from the DNA smear in the digested (d.) lane. After religation of
these restriction fragments, a clear band is visible again (l., religated restriction fragments).

Although we would expect to find an interaction between the insertion site
and MdCo31, it would also be interesting to see if other locations in the Co region
show an interaction with MdCo31. In addition, the effect of the ‘Wijcik’
retrotransposon insertion on the expression of MdCo31 could also be due to
epigenetic changes in the Co region that are induced by the retrotransposon
insertion. Information about chromatin methylation of the Co region could be
investigated through chromatin precipitation experiments and DNA methylation
could be investigated by performing digestions on genomic DNA of ‘Wijcik’ and
‘McIntosh’ using methylation sensitive/insensitive restriction enzymes followed by
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PCR analyses using primers flanking the corresponding restriction sites (Wong
2006).
Conserved function of MdCo31?
The function of MdCo31 needs further investigation. Transformation
experiments that resulted in constitutive expression of MdCo31 in tomato and
Arabidopsis support the role of MdCo31 in plant development, but the underlying
mechanism is still unknown. The comparable effect of MdCo31 that was observed
in Arabidopsis, tomato and apple (short internodes and dark foliage), suggests a
role for MdCo31 in a conserved process, but the phylogenetic analysis that was
carried out in chapter 5 suggests that MdCo31 has a more specialised function.
When interpreting the phenotypes of the Arabidopsis and tomato plants
constitutively expressing MdCo31, it is important to keep in mind that they are
different from apple. Dwarfing is a commonly observed phenotype in mutant
screens, so it might not be such a specific phenotype. No structures homologous
to apple spurs are present in Arabidopsis and tomato, making it impossible to
assess the effect of MdCo31 overexpression on the development of spurs in these
species. Also, the constitutive expression of MdCo31 in Arabidopsis and tomato
differs from the bud specific expression that is observed for that gene in columnar
apple. It would be interesting to see what the developmental effects are of
transforming tomato and Arabidopsis with a construct containing MdCo31 under
control of its native promoter.
No Arabidopsis genes are present in the clade containing MdCo31 and the
closest Arabidopsis genes are involved in susceptibility to downy mildew and
salicylic acid catabolism (van Damme et al. 2008; Zhang et al. 2013). The MdCo31
clade from the phylogenetic tree displayed in Chapter 5 contains several tomato
genes. It would be interesting to silence these genes in tomato, to see what the
developmental effects are and to investigate if there is a homolog of MdCo31 in
tomato.
The classification of MdCo31 as a 2OGD suggests that MdCo31 has a role
in a metabolic pathway. The 2OGD gene family is large and contains well
characterised genes with conserved functions as well as specialised members of
which the function is often unknown (Kawai et al. 2014). Of the different processes
142

General discussion

in which 2OGDs are involved, the pathways leading to the biosynthesis of GAs and
flavonoids appear the most interesting concerning the function of MdCo31. Both
possibilities are explored in chapter 5 and discussed below.
Potential role of MdCo31 in flavonoid biosynthesis
Flavonoids can negatively regulate auxin transport (Brown et al. 2001;
Peer and Murphy 2007) and the short internodes that were found in apple trees
after silencing the chalcone synthase genes were explained by the inhibitory effect
of flavonoids on auxin transport (Dare et al. 2013), providing a link between
flavonoid content and plant architecture.
In order to investigate the effect of MdCo31 expression on flavonoid
content, a phenolic profiling experiment was carried out on Arabidopsis plants and
on columnar and standard apple. This analysis showed higher levels of the
flavonoids luteolin and rutin in plants with increased expression of MdCo31.
However, we were unable to find an inhibitory effect of luteolin and rutin on auxin
transport in Arabidopsis seedlings using a gravitropism assay. Moreover, no
difference in gravity response was observed when WT Arabidopsis was compared
to Arabidopsis plants that constitutively express MdCo31, undermining the
hypothesis that auxin transport is affected in plants with increased levels of
MdCo31 transcription.
Potential role of MdCo31 in GA biosynthesis
Plants with decreased active GA content or decreased GA sensitivity show
dwarf- or columnar-like phenotypes (Peng et al. 1999; Busov et al. 2003; Zhu et al.
2008), suggesting a possible role for GAs in columnar growth. To see if application
of GAs can reduce the effects of MdCo31 expression in Arabidopsis, we sprayed
Arabidopsis plants that constitutively express MdCo31 with a GA solution. This GA
treatment resulted in plants that were almost indistinguishable from WT plants,
whereas untreated plants showed a clear compact phenotype. This effect suggests
that plants that express MdCo31 are indeed deficient in GA.
Columnar trees could similarly be treated with GA, to see if long branches
are formed instead of the short spurs that are normally produced by such trees.
The trees would probably needed to be treated for an extended time, as apple
143

Molecular aspects of columnar growth in apple

trees develop a lot slower than Arabidopsis plants. The developmental fate of
apple buds might be decided already during their formation, so it is not clear if long
shoots can still be formed from axillary buds that are already present on the tree.
The effect of the GA treatment on the development of the Arabidopsis
plants constitutively expressing MdCo31 looks convincing, but it is not a proof that
MdCo31 is involved in GA catabolism. It would be useful to measure GAs in
Arabidopsis and apple, but both the different levels of flavonoids that were found in
plants with increased levels of MdCo31 expression and the apparent GA deficiency
in Arabidopsis plants expressing MdCo31 can be downstream effects of another
unknown mechanism that is affected by MdCo31.
Further experiments
Apart from being responsible for columnar growth in apple, MdCo31 must
be involved in a biological process in standard trees as well. However, no
expression of MdCo31 was detected during different conditions in different kinds of
tissue collected from standard trees, failing to give us a clue about the function of
MdCo31 in normal plants. It would be interesting to see if silencing of MdCo31 has
an effect on the development of normal apple trees. Such an experiment would
give information about the biological role of MdCo31 in normal apple trees.
Silencing MdCo31 in ‘Wijcik’ trees should result in loss of columnar growth and
would be a good test to prove that MdCo31 is indeed the Co gene.
It would be interesting to perform a more extensive analysis to see if there
are other changes in plants expressing MdCo31 besides flavonoid levels and the
observed effect of GA application. For example by performing a metabolite profiling
targeting plant hormones, or by performing an untargeted metabolite profiling
experiment. Combined with a transcriptome analysis, such an approach would give
a better understanding of all the changes in the plant due to MdCo31 expression
and might provide information about the role of MdCo31 even if the gene codes for
a protein with a novel function.
Ideally, a direct comparison between ‘McIntosh’ and ‘Wijcik’ should be
made, instead of comparing genetically diverse columnar and standard trees as
was done in the transcriptome studies that were published previously (Krost et al.
2012; Zhang et al. 2012; Krost et al. 2013). Alternatively, the function of MdCo31
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could be studied in a transcriptome study using Arabidopsis. The analysis of
transcriptome data in Arabidopsis would be easier due to its small and wellannotated genome
Grafting experiments should give information about the type of hormones
that are involved in columnar growth, as the production site and direction of
transport is different for different hormones. Grafting is easy in apple, but it might
take a while to obtain conclusive results because of its slow growth. Although a bit
more challenging, such experiments could also be carried out in Arabidopsis
(Turnbull et al. 2002). As 'Wijcik' was found on top of a 'McIntosh' tree, and as
columnar trees derived from 'Wijcik' are often grafted onto rootstocks, we already
know that grafting columnar trees onto standard trees does not affect the columnar
trees. The effect on the lower part of the tree and the opposite graft (a standard
tree on top of a columnar tree) is not yet investigated.
If the results from grafting experiments would enable us to develop a model
for explaining the effect of MdCo31 on plant architecture, this model could be
further tested by crossing the Pro35S:MdCo31 line with Arabidopsis mutants for
the appropriate genes, to see if MdCo31 can complement the mutation or to see if
the MdCo31 effect is still present in the mutant background. Finally, MdCo31 can
be produced and purified in E coli to test the activity of the MdCo31 protein on
substrates of interest to provide additional proof for MdCo31 function.
Conclusion
A large number of trees directly descendant from ‘Wijcik’ and segregating
for the dominant columnar trait were analysed in this thesis. New SSR markers
were developed for the columnar trait and the Co region was sufficiently reduced to
enable a direct sequence comparison between the Co region of ‘McIntosh’ and
‘Wijcik’. With the use of two BAC libraries that were prepared from genomic DNA of
both genotypes, a single difference was identified, an insertion in ‘Wijcik’.
The discovery of the insertion in ‘Wijcik’ enabled us to develop a
convenient presence/absence marker that is 100% linked to Co. Considering that it
takes a few years before tree architecture can be reliably scored, such a marker
will be very useful for selecting trees in an early stage when breeding columnar
apple trees.
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The 'Wijcik' insertion corresponds to an 8.2 kb retrotransposon in the 5´
LTR of another retrotransposon of 4.0 kb that was already present at that position
in 'McIntosh' apple. This was a surprising observation, as we expected to find a
mutation in, or close to, a gene. An expression analysis of all genes predicted in a
region of 50 kb surrounding this insertion revealed the upregulation of a single
gene, MdCo31, in bud tissue of columnar trees. Remarkably, the expression of
other genes, closer to the insertion of 'Wijcik' than MdCo31, is not affected.
Constitutive expression of MdCo31 in Arabidopsis and tomato results in
compact plants that bear resemblance to the ‘Wijcik’ mutant, supporting the role of
MdCo31 in the columnar phenotype of ‘Wijcik’. Identification of MdCo31 as a Co
gene candidate opens possibilities for introducing the columnar trait to apple trees,
or other plant species, without the need for performing crossing experiments, using
gene technology. A transformation experiment with a construct for constitutive
expression of MdCo31 is currently in progress for apple, but it is not yet possible to
evaluate the effect of constitutive expression of MdCo31 on the development of
apple. The bud-specific expression of MdCo31 that was observed in columnar
trees might in fact be essential for the desired phenotype, so constitutive
expression of MdCo31 could have other developmental effects in apple. If
introduction of MdCo31 in a different context would result in a similar increase in
expression as is observed in columnar trees, the columnar trait could be introduced
to any apple cultivar using cisgenesis. Introducing the gene in other species, or
constitutive expression of the gene in apple, would require a transgenic approach.
The relationship between the retrotransposon insertion in ‘Wijcik’ and the
increased expression of MdCo31 needs further investigation. The conformation of
the chromatin could play a role, or the retrotransposon insertion may have an effect
on the epigenetic marks of the Co locus. Considering the recent attention for the
functional role of the non-coding part of the genome, this is an interesting topic for
further research. We proposed a number of experiments to investigate this in more
detail.
MdCo31 codes for a putative 2OGD with a function that is currently
unknown. The results presented in this thesis support a role for MdCo31 in GA or
flavonoid biosynthesis, but it is also possible that MdCo31 is involved in a pathway
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that has yet to be discovered. A transcriptome or metabolite comparison between
standard plants and plants expressing MdCo31 would help identify the function of
MdCo31. The Arabidopsis plants constitutively expressing MdCo31 could be a
valuable resource for these analyses.
All in all, a lot of progress has been made in our understanding of the
cause for the mutant phenotype of 'Wijcik'. We identified a single genomic
difference between 'McIntosh' and 'Wijcik' and isolated a strong candidate gene. To
understand the full mechanism leading to columnar growth in apple, more research
is still needed.
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Summary
Trees in modern apple orchards are grafted onto growth controlling
rootstocks. The trees are planted close to each other and pruned extensively in
order to obtain high density apple orchards containing compact trees in which
apple production is highly optimised. Apple cultivars that naturally show such
compact growth are of interest, because those trees would need less maintenance
from apple growers.
In 1964, a compact shoot of the apple cultivar 'McIntosh' was discovered in
an apple orchard in Canada, which was named after its discoverer Anthony Wijcik.
This 'Wijcik' shoot was further propagated and showed a very interesting ‘columnar’
growth. 'Wijcik' trees have a thick stem, short internodes and they show very little
branching. Instead of branches, short, fruit-bearing ‘spurs’ are formed, resulting in
a sturdy, compact and fructuous tree.
Because of its promising characteristics, 'Wijcik' trees, and columnar trees
derived from ‘Wijcik’, have been subject to many studies since their discovery.
When columnar trees are crossed with normal growing apple trees, half of the
progeny is also columnar, meaning that columnar growth is a dominant trait. The
columnar locus (Co) was mapped on chromosome 10.
Due to the traits of the parental cultivar ‘McIntosh’, ‘Wijcik has undesirable
traits, such as biannual bearing, low sugar content, soft fruit flesh and susceptibility
to apple scab. When using conventional crossing to introduce the columnar trait
into new apple cultivars, both these linked and unlinked negative properties will be
transferred to the progeny as well. Molecular breeding techniques, such as marker
assisted selection (MAS) and genetic engineering, could help to deal with this
problem.
Using molecular markers for the Co locus, the precision and efficiency of
apple breeding programs aiming to breed columnar trees could be greatly
improved. Using MAS, it would be easier to pick the right parents for performing
crosses. Promising progeny plants could be selected at an early stage already,
based on their genotype. This is especially useful in case of breeding columnar
apple, because the reliable evaluation of tree architecture and fruit quality can take
several years after sowing.
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Identifying the mutation in 'Wijcik', or identifying the gene responsible for
the phenotype of columnar trees, would enable the development of columnar apple
varieties using genetic engineering. As columnar growth is a trait that is found in a
mutant of apple, we expected that it would be possible to use cisgenesis. Using
this technique, genes of interest can directly be transferred to the apple variety of
choice. In this way, a specific dominant trait like columnar growth could be directly
targeted, while avoiding the introduction of undesirable traits due to genetic drag.
The goal of this thesis is to identify the mutation in 'Wijcik' and to isolate the
gene responsible for the phenotype of columnar trees. These results will help the
development of columnar apple varieties through MAS or through genetic
engineering. Moreover, identifying the Co gene will improve our understanding of
the physiological background of columnar growth.
In chapter 2 of this thesis, we described the fine mapping of the Co region
in apple. We used 5 progeny populations (in total more than 1500 individuals)
segregating for the columnar trait, which are directly descendant from 'Wijcik', to
reduce the Co region to 393 kb in the homologous region from 'Golden Delicious'.
Several new SSR markers were developed in the Co region, including an SSR
marker that co-segregates with Co in all individuals from our segregating
populations. This marker could facilitate breeding of future columnar varieties and,
in addition, the high density map for this trait is an essential condition for cloning of
the Co gene. Although a number of interesting transcription factors is present in the
homologous Co region in 'Golden Delicious', it was not yet possible to identify a
single Co gene candidate.
In chapter 3, the SSR markers that were described in chapter 2 were used
to screen BAC libraries of 'McIntosh' and 'Wijcik'. BAC clones covering the Co
region of 'McIntosh' and 'Wijcik' were sequenced and the resulting sequences were
compared. A novel non-coding DNA element of 1956 bp was reported in this
chapter, which was found to be inserted in an intergenic region of 'Wijcik'. This
single genomic difference was used to develop a new presence/absence marker
that is 100% linked to Co. Because the presence of the insertion in 'Wijcik' is no
direct explanation for its columnar phenotype, the genes in a region of 50 kb
surrounding the insertion were compared in leaf and bud material of 'McIntosh' and
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'Wijcik'. This expression analysis revealed the upregulation of a single gene,
MdCo31, in axillary buds of 'Wijcik'. MdCo31 codes for a putative 2OG-Fe(II)
oxygenase and is located at 15.6 kb downstream of the insertion in 'Wijcik'.
Surprisingly, the expression of other genes surrounding the 'Wijcik' insertion was
found to be unaltered in 'Wijcik' trees. Transformation of Arabidopsis plants with a
construct for constitutive expression of MdCo31 provided additional evidence for
the role of MdCo31 in columnar growth of apple.
In chapter 4, the 'Wijcik' mutation is characterised in further detail. Our
findings were compared with a second study that was recently published by
another group, who identified the insertion of a retrotransposon at the exact same
location as was reported by us, but who stated that this retrotransposon measured
8.2 kb in size instead of the 1956 bp mentioned in chapter 3. After a review of our
previous analyses, we found that the sequence of the insertion that was identified
by us is in fact the LTR of a bigger retrotransposon of 8.2 kb. Due to the long LTRs,
our assembly collapsed on this LTR sequence and the PCR that should have
amplified the full insertion produced a product for the LTR only, as a PCR artefact.
We concluded that the mutation in 'Wijcik' is an 8.2 kb retrotransposon that inserted
into the 5’ LTR of another retrotransposon that was already present in 'McIntosh',
resulting in a nested transposon in 'Wijcik'. Many copies of similar transposons
were found to be present throughout the 'Golden Delicious' genome, and nested
transposons are not unusual, but it is striking to find such a dramatic phenotypic
effect of the insertion of a retrotransposon into another retrotransposon.
In chapter 5, we showed that MdCo31 has a comparable effect in diverse
plant species, suggesting a conserved function for MdCo31. The phylogenetic
analysis that was carried out in this chapter points to a more specialised function of
MdCo31. Because flavonoids and gibberellins are both interesting compounds that
could possibly be involved in the columnar phenotype of 'Wijcik', we investigated a
potential role for MdCo31 in the biosynthesis pathways for these compounds. The
levels of specific flavonoid compounds were found to be elevated in columnar trees
and in Arabidopsis plants that constitutively express MdCo31, but we were unable
to show an effect of these compounds on the development of Arabidopsis
seedlings. Conversely, application of gibberellin on Arabidopsis plants that
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constitutively expressed MdCo31 abolished the phenotypic effect from MdCo31,
leading to plants that were almost indistinguishable from wildtype Arabidopsis. This
suggests a role for gibberellins in explaining the effect of MdCo31 expression.
In Chapter 6 of this thesis, we discuss the results presented in this thesis.
The effect of the insertion of a transposon into another transposon on the
expression of MdCo31 is intriguing and the function of MdCo31 is still unknown.
We propose a number of experiments to address these questions.
The results described in this thesis are a big step forward in the research of
columnar growth in apple. We identified the mutation leading to columnar growth in
'Wijcik' and we were able to develop a new molecular marker that is 100% linked to
Co. A very likely Co gene candidate was also identified, which may be used to
improve the architecture of apple trees and other plant species. The biochemical
function of MdCo31 and the relation between the 'Wijcik' retrotransposon insertion
and the expression of MdCo31 are both very interesting topics for further
investigation
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Samenvatting
De appelbomen in moderne appelboomgaarden worden geënt op
onderstammen die de groei van de ent onder controle houden. De bomen worden
dicht op elkaar geplant en flink gesnoeid, zodat een boomgaard ontstaat met een
hoge dichtheid aan appelbomen, waarin de productie van appels gemaximaliseerd
is. Appelbomen die uit zichzelf zo’n compacte groeiwijze hebben zijn interessant,
omdat dit soort bomen minder onderhoud nodig hebben dan normale appelbomen.
In 1964 werd een compacte scheut van het appelras ‘McIntosh’ ontdekt,
die naar de ontdekker Anthony Wijcik werd genoemd. Deze ‘Wijcik’ scheut werd
verder vermeerderd en bleek een interessante ‘kolomachtige’ groeiwijze te hebben.
‘Wijcik’ appelbomen hebben een dikke stam, een kleine afstand tussen de
internodiën en ze vertakken heel weinig. In plaats van laterale takken worden korte
uitlopers gevormd die vrucht dragen. Op deze wijze ontstaat een stevige,
compacte, boom die veel vrucht draagt.
Vanwege deze interessante eigenschappen was ‘Wijcik’ het onderwerp
van vele studies sinds de mutant voor het eerst ontdekt werd. De groeiwijze van
‘Wijcik’ vererft dominant, wat betekent dat de helft van de nakomelingen van een
kruising tussen ‘Wijcik’ en een normale appelboom op dezelfde wijze groeit als
‘Wijcik’. Onderzoek heeft verder aangetoond dat de oorzaak voor de groeiwijze van
‘Wijcik’ op chromosoom 10 ligt, in het ‘columnar’ (Co) locus.
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Moleculaire

veredelingstechnieken, zoals marker assisted selection (MAS) en genetische
modificatie kunnen helpen om dit probleem te omzeilen.
De precisie en efficiëntie van veredelingsprogramma’s om appelbomen
met kolomgroei te ontwikkelen kan enorm verbeterd worden door gebruik te maken
van moleculaire merkers. MAS kan gebruikt worden om de juiste ouders te kiezen
voor de kruisingen. Bovendien kunnen nakomelingen van de kruising al in een
vroeg stadium geselecteerd worden, op basis van hun genotype. Dit is erg nuttig,
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aangezien het jaren kan duren voordat eigenschappen als vruchtkwaliteit en
groeiwijze van de boom op een betrouwbare manier beoordeeld kunnen worden.
De ontwikkeling van appelbomen met kolomgroei zou met behulp van
genetische modificatie kunnen gebeuren wanneer de mutatie in ‘Wijcik’, of het gen
dat verantwoordelijk is voor de speciale groeiwijze, geïdentificeerd zou zijn.
Aangezien kolomgroei voorkomt in een mutant van appel, verwachtten we dat dit
via cisgenese zou kunnen. Specifieke eigenschappen, zoals kolomgroei, kunnen
met cisgenese doelgericht overgebracht worden, terwijl de overbrenging van
ongewenste eigenschappen wordt vermeden.
Het doel van dit promotieonderzoek is om de mutatie in ‘Wijcik’ op te
sporen en om het gen dat verantwoordelijk is voor kolomgroei te identificeren.
Deze resultaten zullen de ontwikkeling van appelbomen met kolomgroei
vergemakkelijken. Daarnaast zal de identificatie van het Co gen ons begrip van het
mechanisme dat tot kolomgroei in appel leidt verbeteren.
Het fine mappen van het Co locus werd beschreven in hoofdstuk 2 van dit
proefschrift. Door gebruik te maken van 5 nakomelingenpopulaties (in totaal meer
dan 1500 individuen), die direct afstammen van ‘Wijcik’, konden we het genomisch
gebied voor Co verkleinen tot 393 kb in de homologe regio van ‘Golden Delicious’.
Nieuwe SSR merkers werden ontwikkeld in dit Co locus, waaronder één merker die
altijd

gekoppeld

bleek

aan

kolomgroei

in

de

individuen

uit

onze

nakomelingenpopulaties. Deze merker zou goed gebruikt kunnen worden in
veredelingsprogramma’s voor het ontwikkelen van appelbomen met kolomgroei en
de genetische kaart die ontwikkeld werd in dit hoofdstuk is noodzakelijk als
uitgangspositie voor het kloneren van he Co gen. Een aantal interessante
transcriptiefactoren bleken aanwezig te zijn in het Co gebied van ‘Golden
Delicious’, maar het was nog niet mogelijk om één enkel kandidaatgen aan te
wijzen.
De SSR merkers die in hoofdstuk 2 werden beschreven, zijn in hoofdstuk
3 gebruikt om een BAC library van ‘McIntosh’ en een BAC library van ‘Wijcik’ te
analyseren. BAC klonen die het Co gebied van ‘McIntosh’ en ‘Wijcik’ beslaan
werden gesequenct en de sequenties werden vergeleken. Op deze manier werd
een nieuw, niet-coderend, DNA element van 1956 bp beschreven, die geïnserteerd
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bleek in een intergenisch gebied van ‘Wijcik’. Dit genomische verschil werd
gebruikt om een nieuwe merker te ontwikkelen die 100% gekoppeld is aan het Co
gen. Omdat de insertie geen directe verklaring is voor het fenotype van ‘Wijcik’,
werd de expressie van alle genen in een gebied van 50 kb om de insertie
vergeleken tussen ‘McIntosh’ en ‘Wijcik’, in knop- en bladmateriaal. Deze analyse
leidde tot de identificatie van één enkel gen, MdCo31, waarvan de expressie
specifiek verhoogd was in knoppen van ‘Wijcik’. MdCo31 codeert waarschijnlijk
voor een 2OG-Fe(II) oxygenase en bevindt zich op een afstand van 15,6 kb van de
insertie in ‘Wijcik’. De expressie van andere genen in de buurt van de insertie bleek
verrassend genoeg onveranderd te zijn. Aanvullend bewijs voor de rol van
MdCo31 in kolomgroei van appel kwam van een transformatie-experiment, waarbij
MdCo31 uit appel tot expressie werd gebracht in Arabidopsis.
De ‘Wijcik’ mutatie werd verder gekarakteriseerd in hoofdstuk 4. Onze
eerdere bevindingen werden vergeleken met de resultaten van een onderzoek dat
recent
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door
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ons

werd
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werd
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als

een

retrotransposon met een lengte van 8.2 kb, in plaats van de 1956 bp die
beschreven werd in hoofdstuk 3. Na herziening van onze eerdere analyse,
concludeerden we dat de insertie die door ons werd beschreven overeenkomt met
de LTR van een groter retrotransposon van 8.2 kb. Door de grote lengte van de
LTRs werd het middelste gedeelte van het retrotransposon gemist in de
beschrijving van de insertie in ‘Wijcik’, en de PCR die het complete retrotransposon
had moeten laten zien produceerde slechts de LTR als artefact. De insertie bleek
dus inderdaad 8.2 kb in lengte te zijn en bleek bovendien geïnserteerd in de 5’ LTR
van een tweede retrotransposon die al eerder aanwezig was in het genoom van
‘McIntosh’. In het genoom van ‘Golden Delicious’ bleken veel kopieën van beide
elementen aanwezig te zijn en het gebeurt wel vaker dat een retrotransposon in
een ander transposon terecht komt, maar het is verrassend om hiervan zo’n groot
effect op de ontwikkeling van een plant te vinden.
In hoofdstuk 5 lieten we zien dat MdCo31 een verglijkbaar effect heeft op
de ontwikkeling van verschillende plantensoorten, wat mogelijk op een basale rol
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voor MdCo31 duidt. De fylogenetische boom die in dit hoofdstuk gepresenteerd
werd lijkt echter op een meer gespecialiseerde functie voor MdCo31 te wijzen. In
dit hoofdstuk gingen we verder in op een mogelijke rol voor MdCo31 in de
productie van flavonoïden, of gibberellines. We vonden een verhoogd niveau van
bepaalde flavonoïden in appelbomen met kolomgroei en in Arabidopsis planten
waarbij MdCo31 tot overexpressie werd gebracht, maar we zagen geen effect van
deze flavonoïden op de ontwikkeling van zaailingen van Arabidopsis. We zagen
wel een effect van gibberelline op de ontwikkeling van deze Arabidopsis
zaailingen. Het toedienen van gibberelline aan Arabidopsis planten waarin
MdCo31 tot expressie wordt gebracht, zorgt ervoor dat het effect van MdCo31
nagenoeg teniet gedaan werd. Mogelijk zijn gibberellines dus betrokken bij het
effect van de expressie van MdCo31.
De resultaten die beschreven worden in dit proefschrift worden verder
bediscussieerd in hoofdstuk 6. Het effect van de insertie van een transposon in
een ander transposon is interessant en de functie van MdCo31 is nog steeds niet
opgehelderd. We stellen een aantal experimenten voor om deze zaken verder uit
te zoeken.
Het onderzoek dat beschreven is in dit proefschrift is een grote stap
voorwaarts in het onderzoek naar kolomgroei in appel. We beschreven de mutatie
die verantwoordelijk is voor kolomgroei in appel en konden een nieuwe merker
ontwikkelen die 100% gekoppeld is aan het Co gen. We identificeerden een zeer
aannemelijke kandidaat voor het Co gen, die gebruikt zou kunnen worden om de
groeiwijze van appelbomen, en andere plantensoorten, te beïnvloeden. Het zou
erg interessant zijn om de biochemische functie van MdCo31 en het verband
tussen de insertie in ‘Wijcik’ en de expressie van MdCo31 verder uit te zoeken in
de toekomst.
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