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Chapter 1.1: Introduction: Agronomical

1.Introduction

1.1.The pathosystem ,,Solanum tuberosum/Phytophthora infestans”

in an agronomical context

Solanum tuberosum is the most cultivated member of the Solanaceae family. With a total
yearly production of approximately 323 million tons (source: FAOSTAT). It is after maize,
wheat and rice the fourth most important crop plant worldwide. The estimated size of the

genome is 840 Mbp which are distributed over 12 linkage groups. The natural occurring

Global Potato Cultivation

L N »
’F}/\/{
sty
7
N 4(
NG
;C?\r\;, 7
X I\;/l '
Syl ~ V)]
>“/Ag ~ /
Potato yields, in L ¥ e
tons per hectare: -
® Above 30
® 25.1-30
o 20.1-25
o 15.1-20
© 10.1-15
® 51-10
® 0-5 Each dot represents one thousand hectares.

Fig. 1.1.1: World map of the areas of potato cultivation worldwide (source:
International potato Center).

ploidy level is tetraploid, leading to a total chromosome number of 48 (source: SGN [1]).
Differing from most polyploid crop species, the segregation of these four chromosome sets
occurs independently. The major producing areas are in Asia and Europe (fig. 1.1.1).
Originating from the Andes of South America, where it has been cultivated since at least
7000 B.C., the potato has been introduced into Europe in the course of the discovery of
America in the sixteenth century. Originally it has been spread as rare ornamental plant

[2]. As cultivated plant for nutrition it was initially used at the end of the seventeenth
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Chapter 1.1: Introduction: Agronomical

century in Ireland. An additional step forward on its
way as agronomical relevant crop plant in Middle
Europe was the introduction in Prussia by law in
1756 through King Frederik Il (illustrated in fig.

1.1.2). The basic prerequisite was the adaption of

s S L%
Fig. 1.1.2: Painting with the title:
,» The King everywhere" by Robert
introduced cultivars (mainly from the subspecies Warthmiiller (1886). It presents King
Frederik of Prussia inspecting the
Potato cultivation. The original is
short day conditions [2, 3]. located in the German historic museum

the agronomically used potatoes to the Middle

European long day conditions. The originally

andigena) were adapted to the South American
The broad introduction as a major source of in Berlin.

nutrition lead to the establishment of large monocultures. These gave the breeding ground
for pathogens and associated diseases. One of the most destructive pathogens of
Solanum tuberosum and related species is the late blight causing oomycete Phytophthora
infestans [3].

At the moment, the taxon Phytophthora contains 110 classified species and additional 232,
which are not classified yet (source: NCBI [4]). Among the sequenced genomes of this
Phyllum, Phytophthora infestans has, with 240 Mbp, the largest known genome with large

expanding areas compared to the related species Phytophthora ramorum and

P. amorum (55 Mb)
scaficld 51

P, sojoe (55 Mb)
scafiold_16

Fee | — uIl *-IN\&:_
P infestans {240 Mb) \ \ SN
scaffold1.16 =

taMo 1.9 MB \ 2 Mb
* % == gy -
ki

S8 MD

;?f_‘_ﬂ o ?;7 " - Jﬁ’ﬁ-'

Fig. 1.1.3: Schematic alignment of genomic areas from the three Phytophthora species Phytophthora
ramorum (top), sojae (middle) and nfestans (bottom) [5].

EL Y U e 'T"’*\'i‘k"“-

Phytophthora sojae (fig. 1.1.3). These large intergenic spaces could provide a genetical
explanation for the high potential of this species to adapt to changing environments [5].
The life cycle of Phytophthora infestans spans three major stages (fig 1.1.4 1.1.5). The

oomycete is able to persist in form of sporangia in old infected tissue parts like tubers from

15



Chapter 1.1: Introduction: Agronomical

the previous year or in form of thick-walled oospores in the soil [6]. Mainly the oospores

are responsible for the infections of the next year [7, 8]. However, during an ongoing

Haustoria

Nature Reviews | Microbiology

Fig. 1.1.4: Scheme of the different life stages
of Phytophthora infestans [147].

epidemic, the Sporangia are the more active
part. The major reason for this is their ability
to release mobile zoospores. The released
zoospores by themselves are the major
infective and virulent element. The biflagellar
zoospores, start after recognition of host
tissue, to build hyphaea so called zoospore
cysts [9]. One of the first described stimuli is
a perception of a Ca2+*-concentration gradient
[10, 11]. From this cyst an initial hyphae is
released and an appressorium is formed
This

appressorium is the first interaction zone

under contact with the host.

between the pathogen and its host from which the infection of the plant tissue starts. Inside

the leaf tissue a mycelium with

haustoria is formed. After 5-8 days the
mycelium grows out of the plant again
and forms new sporangia, which then
infect new parts of the plant, new
plants or remain in the soil. The
reproduction of this organism is sexual
and asexual [12]. Comparable to
Saccharomyces cereviseae, this
pathogen has two mating types — the
A1 and Az type. If both types meet,
oogonia are formed and inside

recombination is performed. From

release of
v Zoospores (2n)

encystmaent
/, ‘;8 (/Z \ and infaction
ggzg o & -0 _
R S —T_2
= 5 ' 1) ]

( ASEXUAL i

=porangium (2n)
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<—~—> “/"{\-?J_“-.‘i" o n‘i
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P/,

these oogonia new oospores are
produced. One of the first and most

prominent late Dblight epidemic has

Fig. 1.1.5: Schematic picture of the life cycle of P
infestans [146].

caused the Irish famine in the 1840s [13]. After this, smaller epidemics occurred in Belgium
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Chapter 1.1: Introduction: Agronomical

and the Netherlands, leading to an increased focus on this problem [3]. Resistance
breeding and agronomic measures reduced this problem
in Europe to a minimum until the 1980s. At this time,
fields under late blight infection has been observed again.
A hypothesis with the aim to explain this phenomenon

postulates that to this date, only the A; mating type was

introduced to Europe and the resistance, mediated by

genes introgressed from the wild relative Solanum Fig. 1.1.6: Infecting zoospore

demissum, was durable. With new trading imports from cysts from the related species Phy-
tophthora cinnamonii [9].

South America, the A> mating type was introduced,
leading to an increased genomic variability and a fast breaking of the existing resistance

genes as well as a tolerance to fungicides like metalaxyl [14].

Fig. 1.1.7: Pictures of a leaf, showing symptoms of a late blight infection
(left) and of a field under disease (right) (Source: SCRI).

With its ability to infect large areas in a short time under favorable conditions (high
humidity and temperatures between 15 and 20 °C [3]) and its high adaptiveness to
environmental conditions, this pathogen is of high agronomic interest. Current estimates
calculate worldwide an economical loss of at least 5 billion US$. These include the costs

for the chemical control and the direct losses in yield [15].
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Chapter 1.2: Introduction: Molecular interaction

1.2.Molecular interaction between Phytophthora infestans and

Solanum tuberosum

1.2.1.Genetic basis of resistance of Solanum tuberosum against late blight:
Qualitative and quantitative resistance

The classic view of the gene-for-gene model assumes major single locus resistance genes
interacting with corresponding avirulence genes [16, 17]. Eleven avirulence (avr) genes in
Phytophthora infestans and accordingly eleven resistance (R) genes in Solanum
tuberosum are described (fig. 1.2.1.1). Five of these genes, R1, R2, R3, R6 and R7, have
been located on the genetic map [18, 19]. Following this categorization system, the race-

nomenclature of Phytophthora infestans strains is defined. This nomenclature follows the

R1
R2
R3
R4

R5
R6

R7
RS
R9
R10
R11

Fig. 1.2.1.1: Schematic matrix of the classical potato resistance model and the race
specification of Phytophthora infestans. R1-R11 stand for the different resistance genes in-
trogressed from Solanum demissum. Racel-11 specifies the nomenclature of Phytophthora
strains, classified after the possible interaction with an R-gene. C.I means compatible
interaction (leading to an infection of the host). In. I means incompatible interaction
(leading to an hypersensitive resistance response of the host).

virulence (or the ability to overcome the resistance gene) of the oomycete and
consequently introduces a virulence (vir) gene nomenclature. The qualitative resistance

genes are able to sense the corresponding avirulence gene. This perception of the

18



Chapter 1.2: Introduction: Molecular interaction

pathogen induces a resistance response in form of a hypersensitive cell death reaction.
This kind of defense response can be seen in analogy to the inflammation in animal
systems [20]. Formal pathology calls this type of host/pathogen interaction as
“‘incompatible interaction” between the host and the pathogen. The opposite a successful
infection of the host, what is termed as “compatible interaction®.

The genetic model of resistance is based on the resistance genes, which have been
introgressed before the A2 mating type was introduced to Europe and the complexity of
pathogen strains potentiated. The contemporary active populations in Middle Europe are
classified after this scheme and usually exist as complex or semi-complex races,
containing a mix of the known virulences or even all. At the moment the virulence
identification is carried out in an infection assay using a standard set of potato cultivars.
Current resistance breeding aims to introgress new resistance genes from wild species
other than Solanum demissum, such as the Rpi-blb genes [21] from Solanum
bulbocastanum. This will make a new classification system necessary in the future.

Due to a non-mendelian segregation of R70 and the detection that the R3 locus consists
out of the two closely linked genes R3a and R3b, the molecular basis of the R-genes stays
in discussion [22, 23].

In addition to the qualitative resistance, also the quantitative or field resistance is known
[24, 25]. The underlying physiology is rather a strengthening of the plant. This phenotype
is additionally known as horizontal resistance. The genetic basis can be genes like
StAOS2 [26], having a role in jasmonate synthesis. Jasmonic acid is involved in unspecific
stress signalling [19, 26-28].

t
-
n

i
i
|
5

B BE =
g B B =
= ‘a —

- 3, =N

Races ol pathogen Races of pathogen

Fig. 1.2.1.2: Comparative scheme of the relationship between quantitative and
qualitative resistance within the phenotype resistance as whole [146].
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Chapter 1.2: Introduction: Molecular interaction

The distribution of these phenotypes follows the rules of quantitative traits. This differs
from R-genes, which follow the distribution of qualitative traits. In plants, both traits are
acting together. On one side the horizontal resistance which mediates an unspecific
protection against a broad range of pathogens and on the other side the specific

resistance genes, which recognize specific stimuli (fig. 1.2.1.2).

1.2.2.The RXLR-Effectors of Phytophthora infestans

Any phase of the infection requires the establishment of an interaction zone between the

host and the pathogen. For this, a special

cellular structure, named as ,haustorium® is
established (fig. 1.2.2.1). Outgoing from this
the further interconnection is directed. During
the initial stage, Phytophthora secretes

various proteins and molecules, which

. Host
prepare for the further colonization. This 00 @ manipulation
progress, known as cellular reprogramming, Triggers
. . . / def
is essential to protect the pathogen against Extrahaustorial . ”,ei,;?:;

matrix

unspecific defense responses from the host.

To this belongs the secretion of antimicrobial
Fig. 1.2.2.1: General scheme of the

interaction compartment between of
and cysteine protease inhibitors and other pathogens and the plant [148].

proteins, like chitinases, bactinecin, serine-

direct attacking molecules [29, 30]. These

secreted proteins, are currently, together with traditional elicitors, summarized as effectors.
These effectors are released in the apoplastic space as well as in the cytoplasm [5, 29].
Recently, two classes of effector protein could be classified. Based on their characteristic
amino acid motif they are called RXLR (harboring the sequence RxLR) and crinkler (CRN
motif). These motifs seem to be highly conserved among secreted proteins and play a role
for the introduction into the host-cell [15, 30-33]. It is assumed that avirulence and
virulence genes are present among this genes, playing the major part of the decision

between incompatible and compatible interaction [34, 35].
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Chapter 1.2: Introduction: Molecular interaction

1.2.3.Types of resistance mediating genes

Currently, 5 different classes of gene products are known in plants, which mediate
resistance against pathogens.
These classes are built from five
different domains. The major
class, the NBS-LRR class,

combines a nucleotide binding site o I n
(NBS-domain) and leucine rich - -
repeat (LRR domain). Additionally, 1 I o o o
. . . « Cf-5 « Pto « Xaz21
the N-terminal region contains a IRRJ ILRR L cro . Fen < FLS2 RPWS
coiled-coil domain (CC) or a Toll- U

NB-LRRs
interleukin receptor like (TIR
P (TIR) Fig. 1.2.3.1: Schematic illustration of the five known

domain. The TIR- and CC-NBS- classes of resistance genes and their localization in relation
to the cellular membrane. Additionally known examples of

LRR type genes are summarized
ype g plant resistance genes are given below [39].

as NB-ARC type genes, which

share structural similarities with the NACHT-LRR or CATERPILLER family in animal
systems [20, 36, 37]. This class of genes is widely spread and early estimations
prognosed more than 200 genes of this type in Arabidopsis thaliana [38]. In addition, a
kinase domain can be found among resistance genes [34, 39]. The simplest resistance
gene, detected so far, is the pto gene from Solanum lycopersicum, which only contains a
kinase domain and is classified as serine/threonine kinase. This gene is not able to
mediate resistance on its own and needs prf as a second gene, which belongs to the NBS-
LRR type class [40-42]. One of the major differences within the resistance genes affects
the intracellular localization so far known. On the one hand genes exist, which are
associated to the cellular membrane. To this group belong the cf-genes or fls2. In the case
of fls2, it has been shown, that the gene is responsible for the extracellular recognition of a
certain kind of Flagellin (flg22) and belongs to the class of PAMP-receptors [43]. On the
other hand, the NBS-LRR genes have not been found to be anchored in the membrane
Although an indirect association might be possible [39]. Despite of this fact, it should be
remembered, that a clear differentiation of PAMP-triggered immunity and R-gene triggered

immunity should not be made as both parts belong to the higher order defense system and
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Chapter 1.2: Introduction: Molecular interaction

probably both ways stand in a clear cross-talk [44]. As outcome of both mechanisms, the
hypersensitive response remains the same [45]. The precise molecular mechanism of the
avirulence factor recognition through the NBS-LRR type genes is still unknown. Up to date
it is not clear wether it is a direct molecular interaction or a sensing mechanism via an

indirect ,guarding®“ molecule as it is proposed by the guard hypothesis [46].
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1.3.R1 is a member of the CC-NBS-LRR gene family

1.3.1.R1 and the resistance hotspot on Chromosome V

Resistance genes are often organized in clusters. In Solanum tuberosum, several of these
hot spots for resistance are known. These often co-localize with QTL regions for resistance
as well. One of the most prominent hot spots for resistance is localized on chromosome V
between the anchoring markers GP21 and GP179 [47] (for a comparison see Fig. 1.3.2.3).
In addition to the known late blight resistance gene R1, this region harbors several genes
with function in resistance to nematodes and viruses as well as QTL-regions being
involved in resistance to late blight and nematodes. Additionally, a part of a QTL-region for
resistance to bacterial diseases [48, 49] is located in this region. Beside many additional
relevant regions, other remarkably hot spots for resistance are located on chromosome llI
tagged by the markers TG134 and Pt2 [50-52], on chromosome |V tagged by TG62 and
GP180-a [48, 49], on chromosome V close to GP78 and GP22 [48, 49, 53-56] and on
chromosome XI near STM2005 and STMO0025 [50,
57].

R1 by itself has been shown to mediate qualitative
resistance [54] and the predicted gene product
encodes a protein of 1313 amino acids. Based on the
Prosite database, it contains a leucine zipper domain
and a nucleotide binding site. Additionally four

glycosylation sites, a cAMP-phosphorylations site,

various CKcasein kinase IlI- and phoshokinase c-

Fig. 1.3.1.1: Picture of the RI-
specific phenotype. Seen is a leaf of
myristilation and one amidation site can be found the potato cultivar Desirée (A) and
from a RI-transgenic Desirée plant
9 days after infection with a P. infes-

phosphorylation sites, as well as 3 sites for

(Source: Prosite database [58]). Summing up the
predicted motif information, this gene is formally tansrace 4 isolate[54].
classified as CC-NBS-LLR class gene and belong to

the group of classical single locus resistance genes.
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1.3.2.0rganization of the contigs R7 and r1
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Fig. 1.3.2.1: Map of the sequenced contig of Solanum tuberosum cv. P6/210. Two
differing orthologues regions named as R/ and r/ were identified. The R/ contig
harbors the R/ gene. On both contigs, in total 8 open reading frames have been
identified, whose putative products share a high similarity with R7 [55].

Sequencing and annotation of 10 BAC clones located in the region of the resistance hot
spot on chromosome V of Solanum tuberosum was able to unravel various open reading
frames (ORFs) (see Fig. 1.3.2.1). Among these were eight ORFs, whose predicted
products share a high degree of sequence homology to the known resistance gene R1.
These open reading frames are located on the two contigs R7 and r1, which are likely of
different origin. Differing to the r7-contig, the R7-contig originated from an introgressed
region from Solanum demissum. The six open reading frames 22, 23, 24, 44 (R1), 45, and
46 are located on the introgressed region. In the r1-contig, with number 22-1, 52 and 54,
three additional ORFs have been detected. Together, these nine open reading frames form
the R1-family [55].

The relationship between the members of the R7 gene family seems to form two homology

groups with three members each and a third group with distantly related members. The

24



first group contains the R71 gene, ORF54 and
ORF 22-1. Remarkably, both open reading
frames being most similar to R1, are located on
the r1-contig. A different observation is made in
the second group containing ORF24, ORF45 and
ORF23. All of these open reading frames are

localized on the R1-contig. The greatest similarity

ORF:52
—— ORF':54

ORF:22—1
— { ORF:44 RT1
- ORF:24
{ ORF:45

—— OQRF:23

ORF:22
ORF:46

Fig. 1.3.2.2: Phenetic tree of nine open reading
frames, sharing a high sequence homology with
the R/ gene. The tree is based on the predicted
amino acid sequences.

occurs between ORF24 and ORF45. The
genomic sequence of these loci share a
homology of almost 100% several kilobases up-
and downstream of the putative coding region. It
is most likely that the members of this family
evolved from duplication events and these two
open reading frames reflect the youngest. The
most diverse member of this group of predicted
genes is ORF 46. (see Fig. 1.3.2.2)
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Fig. 1.3.2.3: Function map of chromo-
some V of S. tuberosum. The green bars in-
dicate QTL regions for resistance to fungal

pathogens and oomycetes
(source:PoMaMo (modified) [18]).
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Chapter 1.4: Introduction: Solanum nigrum

1.4.Solanum nigrum and its role as source for resistance

Solanum nigrum, black
nightshade with common
name, belongs to the
Solanaceae family (see Fig.
1.4.1). It has its natural
habitat all around the world
among moderate climate and
humidity conditions. As an
endemic Eurasian species
[59] it grows under the same
conditions as cultivated

potato. In middle Europe it

'Solanum phureja’
'Solanum bulbocastanum’

'Solanum microdontum’

«'Solanum demissum’

p Solanum

'Solanum spegazzinii'

'‘Solanum tuberosum subsp. andigena’

«'Solanum nigrum’
'Solanum chacoense'

e 'Solanum pennellii’
'‘Solanum pimpinellifolium’

e
Lycopersicon . ,
YO RS planum peruvianum
‘e 'Solanum lycopersicum’

Fig. 1.4.1: Taxonomic overview of some members of the
Solanaceae family. The taxon Solanum tuberosum subsp. andigena
includes both subspecies tuberosa and andigena (source: NCBI).

often can be seen as weed near the potato cultivation areas. In recent times it has been

the object of health related studies [60-62]. It is examined for an anti carcinogenic effect of

polyphenols, which are present in this plant. In contrast to traditional prejudice, most parts

of this plant like the berries, seem not to be poisonous [59].

Fig. 1.4.2: Picture of a flowering Solanum nigrum
plant (Picture taken by Dr. Heibges, this labora-

tory).

Additionally, mainly due to the work of lan
Baldwin and coworkers (at the MPI for
Chemical Ecology), since a few years, this
plant is used as a model organism to study
plant-herbivore interaction in molecular
ecological studies [63, 64]. Although, it has
been reported that Solanum nigrum can be
infected by certain strains of Phytophthora
infestans [65], the general situation in the
field is an incompatible interaction with the
pathogen. For potato resistance breeding,

Solanum nigrum is with its ability to resist

late blight infections to the level of immunity, a very promising plant as genetic source for

resistance [66]. Attempts to combine both organisms by somatic hybridization have been
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made and showed that it is possible to transfer the resistance capacities of this plants.

Nevertheless, this plant also transfers unfavorable characteristics, like the lack of tuber

formation. Additionally, somatic hybrids showed a high level of sterility and therefore were

useless as pre-breeding material [67, 68].

One important question concerns the underlying mechanism of resistance and at the and

the question wether it is a host with a powerful resistance-gene-like recognition system, or

wether a PAMP-triggered immune response is the reason for the avoidance of infection.

This is not clear yet although genomic sequences with high homology to the R17 resistance

gene of Solanum tuberosum have been identified in S. nigrum (fig. 1.4.3-1.4.5).

origin recognition

Hom_6
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EST (A.th.) unknow function
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origin recognition EST (A.th) unknow function
Ac.Ph complex
_
| & & ,
< .
52500 bp 44330 bp 34500 bp
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Fig. 1.4.3: Identified region of syntheny between Solanum tuberosum and Solanum nigrum. Shown
is the organization of a genomic fragment from Solanum nigrum (upper) and a corresponding region
on BAC BA87d17 from Solanum tuberosum /middle and lower)(data from Tatjana von Frey-Jost, this

laboratory)
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Fig. 1.4.5: Results of a Southern Blot
after hybridization with a RI specific
probe. Several cultivars of Solanum
tuberosum (P3-Desirée) have been used as
well as the related species Solanum
dulcamara, Solanum mnigrum and Solanum
melongana. The BAC BA87d17 has been
used as control (data from Dr. Heibges,
this laboratory).

\ 4

=
=
2
=
w

Fig. 1.4.4: Results of a Southern Blot after
hybridization with a R/ specific probe. Seven cosmid
clones from a genomic library of Solanum nigrum have
been used (1-7)and the BAC BA87d17 from Solanum
tuberosum as control (B) (data from Tatjana von Frey-
Jost, this laboratory).

<
<

28




Chapter 1.5-7: Introduction: Methodological

1.5.Methods for expression analysis

1.5.1.Single target driven methods

The first described method for the analysis of ribonucleic acids has been published in
1977. In this approach, the 1975 published technique of the Southern Blot for the detection
of DNA fragments in a complex mixture has been modified to blot RNA onto a
nitrocellulose membrane instead of genomic DNA [69, 70]. This new method, known as
Northern Blot, was the beginning of expression analysis [70]. The next important step was
the ability to synthesize complementary DNA (cDNA) of the RNA [71] in combination with
the polymerase chain reaction (PCR) [72].

At present three different methods for the analysis of specific transcripts are known. The
method with the broadest use is the reverse transcriptase (RT-)PCR. cDNA is generated
and a specific fragment is amplified using a PCR reaction. The signal detection and further
analysis is performed using agarose gel electrophoresis. This method has been improved
by the quantitative reverse transcriptase (qRT-)PCR, where the amplified fragment
detected by a fluorometric measurement during the PCR reaction.

Another method, with broader use in medical applications for detection of retroviruses is
the branched DNA or bDNA-assay. This method is

) AP label probeeus,  aee  aar "
mainly used to detect very low amounts of 3 B

:
=

>

transcripts in blood or tissues but generally can be
bDNA

o . " capture ’\//‘\/\/‘\/‘¥/‘§
nucleic acid is bound by an immobilized capture extender— /].-caoture probe

applied for any kind of nucleic acids. The specific

probe. Afterwards the signal of the bound

Fig. 1.5.1.1: Schematic picture of the
principle of a bDNA-assay. AP stand for
And since a few years the Northern Blot has found alkaline phosphatase which is used for
the production of a chemoluminiscence

signal [149].

molecules is amplified using of bDNA label probes.

a new application area. This was initiated by the
discovery of small RNAs for which the production
of cDNA is laborious and far away from being a
standard technique. For the analysis of this small molecule class the Northern blot has

become the standard technique.
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1.5.2.Methods for transcriptome analysis

Besides expression analysis for specific target genes, methods have been developed to
generate whole transcriptome data. One of the first approaches in this direction the
generation of cDNA-libraries and random sequencing of clones to generate EST
(expressed sequence tags) information. A first approach in a large scale has been
performed in the within the Human Genome Project [73]. In addition, using differential
display, a way has been found to compare two libraries [74]. Although being far away from
generating quantitative data, this EST-information was the basis for the first whole
transcriptome analysis method called cDNA microarray. In this method, the principle of the
Northern Blot has been turned around by immobilizing multiple probes on an array and
hybridizing this array with first a radioactive and later flourophoric labeled cDNAs. The first
generation was able to detect the presence or absence of a given transcript. The second
generation found a way to quantify the fluorometric signal [75-77]. Nevertheless, these
array based technologies were limited by the availability of sequence information.

This problem wanted to be solved by the application of an expectation independent
method, the first attempt in this direction was to raise the quantitative efficiency of EST-
sequencing. This has be done, by the generation of small 3"-sequence tags, which were
ligated into concatamers. These concatamers were subsequently cloned and sequenced.
This method called serial analysis of gene expression (SAGE) [78], was still limited by the
cloning step and the costs of traditional Sanger sequencing [79] and was not able to
generate deep transcriptome information in a cost effective manner.

The introduction of ,Next Generation Sequencing“ methods (summarized as massive
parallel sequencing) is able to multiply the number of sequenced tags per reaction and has
opened new possibilities de-novo transcriptome analysis. The major applications of these
high throughput sequencing technologies are the sequencing of whole transcriptomes
combined with an assembly and an annotation to a given reference genome. The
quantification of the amount of a certain transcript is defined by the coverage rate. This
method is known as RNAseq or transcriptome sequencing. On the other hand SAGE can
be applied in an improved manner. In this method the quantification is done by direct

counting of the number of sequenced tags , which are localized on a specific region of the
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transcript. These methods are known as Digital
gene expression, DeepSAGE, LongSAGE or
SuperSAGE [80-86].

DeepSAGE, in particular, works by creating
small ditag-libraries of cDNA fragments, which
are located close to the 3" end of a transcript. To
achieve this, two restriction enzymes are
required, which recognize the same restriction
site, but cleave different positions. One of the
most commonly used enzyme system consists of
Nialll (or Dpnll) and Mmel, which both identify a
CATG motif. Outgoing from this site, a 18-20

bases large fragment is extracted. Using this

Chapter 1.5-7: Introduction: Methodological

r———a

Fig. 1.5.2.1: Scheme of the generation of
SAGE-libraries. Immobilized double
strand cDNA 1s digested with two restric-
tion enzymes using the same CATG re-
striction site. The final ¢cDNA fragment
(red) 1s flanked by two linkers (blue and
green).

principle, it is possible to extract a specific region of a transcript. The advantage of this

method compared to whole transcriptome sequencing is that less sequenced molecules

are needed to achieve a comparable quantitative information to RNAseq based

experiments. The disadvantage is the short length of sequence information which is

associated with ambiguities.

1.6.Massive parallel sequencing

Table 1.6.2: Summary of the performance features of presently available

.INext Generation Sequencing® platforms.*

System Provider Read length No of Sequencing [Template
sequences  principle amplification
per run

454 fIx Roche app. 400 bp up to 1 x 10 PyrosequencingEmulsion

PCR

Genome [Mlumina up to 100 bp [up to 200 x  [Sanger Cluster

Analyzer 108 generation

Heliscope Helicos 25-55bp 8 —400x 10° |Sanger INot necessary

Solid Applied 50 bp up to 2 x 10° PProbe ligation [Emulsion

Biosystems PCR

*The data is based on the specifications of the providers [88-90, 150].
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At the moment four different platforms for massive parallel sequencing are available. The
most prominent ones are the ,Genome Analyzer” from lllumina, San Diego (USA) (former
Solexa) and the 454 FLX system from Roche, Penzberg (Germany) [87]. Quite new is the
Solid system from Applied Biosystems, Foster City (USA) and the most recent invented
platform is the ,Heliscope Sequencer” from Helios, Cambridge (USA). Interestingly, three
of the four different systems follow a different sequencing method. The 454 sequencing
technology delivers the longest reads and uses pyrosequencing to generate sequences
[88]. The Helicos and lllumina systems use a modification of Sanger sequencing [89]. The
Solid system uses a competitive ligation system of fluorescent labeled dibaseprobes as
sequencing system. These dibaseprobes are small single strand nucleic acid fragments
which consist of two bases at the 3"-end and additional placeholder bases. They are
labeled with a flourophoric dye which is specific for the first two bases. The speciality of
this system is a two-fold sequence detection of each base, achieving an enhanced
sequencing accuracy compared to other methods [90]. The main characteristics are

summarized in Table 1.6.2.

1.7.Small introduction to the relevant statistical tests for this study

Whenever large amounts of data have to be analysed like it is the case in transcriptomic
experiments, it is necessary to find a way to distinguish between interesting and
uninteresting observation. Statistical methods can help to characterize the data
mathematically and try to identify the most interesting values in a large amount of data.
Especial tests for significance of observation can be a useful tool for the identification of
interesting values and a help for the interpretation of results.

One of the most crucial prerequisites for statistical tests is the assessment of the proper
probability distribution. One of the most special features of data, generated by Massive
parallel sequencing methods is the discrete distribution. Unlike, most empiric data , it does
not follow the normal distribution.

During this thesis, five statistical tests, which do not require a normal distribution of the
data, have been performed and validated. Additionally some characteristics of Student’s t-
test are shown.

The G-test statistics [91] uses in principle a series of x2-distribution tests. In this analysis

method are different rules applied. Summarized these rules test the hypotheses if changes
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are within a group or between two groups. By the application of seperate tests for each
hypothesis they have to be rejected or accepted individually to pass the overall test.
Usually it is desired that differences between two grous are occurr and that no differences
within a group are detected.

Another implemented test is included in the R-package Sagenhaft and is called sage.test
[92]. This test is a variation of Fisher’s Exact test and compares the proportion of each
sequence tag in a library to the proportion of the same tag in another library (contingency
table statistic). In this test, the original Fisher’s exact test has been modified in the way
that a negative binomial approach has been used. This was necessary far an application in
large data-matrixes.

In contrast to the two established tests mentioned above, which were already used for the
analysis of traditional SAGE-libraries, edgeR, BaySeq [93, 94] and a permutation test
procedure have been used as well. The first two tests were developed specifically for the
analysis of transcriptome data resulting from massive parallel sequencing methods. At the
moment, these tests are still in an experimental stage and the permutation test had to be

developed specifically.
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1.8.Motivation for this study

The beginning of the project was the R7 resistance gene and the genomic region
surrounding it that were classified by the ORF-prediction and annotation algorithms as
Disease resistance genes. These findings implied the existence of a gene family and
showed that the R7 gene is not unique in Solanum tuberosum. This hypothesis was

supported by the identification

of putative homologues genes

in Solanum nigrum.

The idea arose that some of
these genes have similar
functions in pathogen
recognition and that among
them may be a member, which Hypersensitive

response

is involved in the quantitative

effect, observed in from the

hot spot region on Fig. 1.8.1: Model of the mechanism of the function of R/ at
Chromosome V of Solanum the beginning of this study.

tuberosum. In Solanum

nigrum, one of the homologous genes could involved in the broad resistance of this plant.
Additionally, it was necessary to face the truth, that besides the molecular structure, which
is originating from the presence of the R7-gene, little was known, and just a rough idea
about its acting mechanism existed (see fig. 1.8.1).

The prerequisite for further studies on the function of the R7 family was a further
description of the consequences, which result of the presence of this gene. To achieve
this, a comparative transcriptome analysis of R17-transgenic plants was performed. In this
approach, plants were included, which do not harbor the R7-gene. This selection has been
expanded by including plants which are transformed with the ORF45. The underlying
sequence is highly similar but the presence of this open reading frame does not mediate
resistance as R1.

Another question arose from the predicted open reading frames. Experimental evidence
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for expresion was lacking. To test the correctness of the in silico data RT-PCR experiments
have been performed.

In Solanum nigrum an additional question was urgent: Is the presence of a R-gene
mediated resistance mechanism the reason for the sensing of Phytophthora infestans or is
it due to a PAMP-mechanism? To get a hint on this, transient expression of putative
effectors of Phytophthora infestans has been performed. The aim was the localization of
the pathogen recognition event by expressing the effectors directly in the cytosol, using a
PVX-based expression system. The identification of necrosis-inducing effectors would be a
good argument for the presence of R-genes of the NBS-LRR type class in Solanum
nigrum, which detects Phytophthora infestans. The major aim of this study, was a
description of the function of R71 and the related sequences. A broad data basis was to be
generated, which can be used to generate new working hypothesis on the function of R1

and other members of the R71 family.
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2.Material and Methods

2.1.Standard conditions for plant and oomycete cultivation

Plants, originating from in vitro culture were grown under longday conditions (16h light (80
mmol photons m=2s-1), 8h dark) and 21 °C temperature in climate chambers from Brown-
Boveri Cie (now: York International), Mannheim (Germany). For race specifications of
Phytophthora infestans using the standars differential set of Solanum tuberosum cultivars
from the Scottish Crop Research Institute, the plant material was grown under comparable
conditions in the green house.

Phytophthora infestans was cultivated on rye agar plates [95], containing small leaves
from in vitro culture plants or was propagated on leaflets from susceptible potato cultivars.
The climate conditions were 16h light and 8h of darkness and 18°C for short term

cultivation (within ongoing infection experiments) or 12°C for long term storage.

2.2.Chemicals

Enzymes for RNA-extraction and modification were supplied by Ambion, Austin (USA).
Reagents for gPCR-techniques were supplied by Applies Biosystems, Foster City (USA).
Reagents for cDNA synthesis were suppllied primary by Fermentas, St. Leon-Roth (Ger-
many) and Invitrogen, Carlsbad (USA). Standard chemicals were supplied by Roth, Karls-
ruhe (Germany), Sigma Aldrich, St. Louis (USA) and BioBudget, Krefeld (Germany). Gen-
eral enzymes were primarily supplied by Fermentas, St. Leon-Rot (Germany), Invitrogen,
Carlsbad (USA), New England Biolabs, Ipswich (USA) and Roche, Penzberg (Germany).
All enzymes were used with buffers of the supplier according to the supplier’s instructions

(if not described differently).

36



Chapter 2.1-5: Materials Methods: General Molecular

2.3.Infection assays and plant cultivation

For the analysis of infected plant material, plants were grown of 6-8 weeks in a climate
chamber under standard conditions. At least one week before the beginning of infection
experiments, the plants have been transferred to a special chamber. For infections, the
Phytophthora infestans strain R208m?2 (originating from the laboratory of Felix Mauch,
University of Fribourg (Switzerland) and described in Si-Ammour 2003 [96]) was used.
During the studies the race specificity of the strain was monitored using a detached leaflet
assay and the differential set of potato lines originating from the Scottish crop research
institute (SCRI).

The detached leaflet assay was made in 12well-plates, using leaf discs of 2 cm in
diameter. The disc were laid on water-soaked Whatman paper-discs (using 300ul of
water). Inoculum was produced by washing the sporangia from infected potato leaves
(between 8-11 days after infection) using approximately 1-2 ml deionized water for 2-4
infected leaflets (depending of the degree of infection of the used source). As leaf source
6-8 week old plants and the third to fifth leaf were used. The sporangia concentration was
quantified using a Neubauer chamber and sporulation of the zoospores was induced by
incubating the sporangia suspension at 4-8°C for 3-6 hours. The climate conditions during
infections were 16h day with a temperature of 18 °C and 8 h night with 14 °C in a climate
chamber from Ehret, Emmendingen (Germany). The successful sporulation was confirmed
optically using a light microscope. Directly before infection experiments, the concentration
was adjusted to 30000-60000 sporangia/ml. Infections were done by placing a droplet of
20 pl inoculum on the leaf disc. The infection was observed optically with a binocular
microscope from the fifth to eighth day post infection. The occurrence of sporangia
harboring mycelia on the leaf was the criterion for a positive infection.

For the harvest of material used in chapter 3.1 3.2, 25 plants were grown under conditions
described in chapter 2.1 to an age of 10 weeks in case of Solanum tuberosum P6/210 and
6-10 in case of Solanum nigrum P4. Material was harvested and pooled from 5-15 plants.

Harvested material was frozen immediately in liquid nitrogen and stored at -80 °C.

2.4.Confocal microscopy
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For confocal microscopy, leaves from Solanum tuberosum v. Desirée which have been
grown for 6-8 weeks under standard conditions as described in chapter 2.1 were used.
The infections were made similar to the detached leaflet assay described in chapter 2.3
with following exceptions. Instead of leaf discs, whole leaves were used, which were
placed on moist blotting paper on a metal grid within a clear, with parafilm closed plastic
box. Infections were made by placing 25-35 droplets of inoculum on each leaflet.

For microscopy small pieces of the infected leaves at three days after infection were
stained with a solution of 0,02% diethanol for approximately 10 seconds. Pictures were
taken using a confocal laser scanning microscopy (Leica SP2 AOBS, Leica Microsystems,
Wetzlar (Germany)). For excitation of the flourescence laser light with 405 nm wavelength
was used. The detection of the flourescence emission was made using a filter for
wavelength of 420-520 nm.

Confocal microscopy pictures were taken three days after infection under aid of Dr. Elmon

Schmelzer and the Cemic group at the Max-Planck-Institute for Plant Breeding Research.

2.5.Molecular biological methods

2.5.1.Polymerase chain reaction (PCR)

The standard reaction mixture included following components:

1 pl Template-DNA (50 ng genomic DNA, 1 ng BAC-DNA)
PCR-buffer Amplikon Il

2,5 mM MgCl2

200 yM dNTP-Mix

0,25 uM Forward-Primer

0,25 uM Reverse-Primer

1 u recombinant Tag DNA-Polymerase

+H20 to final volume of 20yl

Standard PCR-program included following steps:
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2 minutes 94 °C
30 seconds 93 °C
30 seconds Ta x35
30second 72°C
5 minutes 72°C

Linear-PCR for the amplification of ORF23

The polymerase chain reaction in case of ORF23 was done under standard conditions with
the exception that the reverse primer was added to the reaction mixture after 15 cycles of

amplification.

Table 2.5.1.1: Overview of used oligonucleotides for polymerase chain reaction

Name Sequence (5°-3") Annealing Product Application
temperature size (bp)
[°Cl

TC173455 f [TGCTGGTGAACCCACAAAGCCC qRT-PCR
TC173455 r [TCCGCCTTGGTCAACCCTGC 33 306
TC180208 f TGCGCAAGGGTTTGGCCTGT qRT-PCR
TC180208 r ACCACCGCCTCCTCCGGTTT 33 337
TC173049 f (GCTCATGGCGGGGAAGGAGG qRT-PCR
TC173049 r |CGCGCCGATGGCGAGTAAGT 33 140
TC163043 f TGTGGAGGCGAGCTCTGGTGT qRT-PCR
TC163043 r (GACCTCCAGTTCCGCCGCTG 33 160
TC173953 f (GGCATTGGGGTTACATGGATGGTCC qRT-PCR
TC173953 r [TGCCATCTCACTTGTGGATTCGCC >3 200

TC165331 f [TGGCTGCAGCAGTACGGAACA qRT-PCR
TC165331 r (GCTCCACCGATGCAGGACCC 33 240

TC172861 f [TGATTGGCGTGCCAACCCCT qRT-PCR
TC172861 r (CCCCCACCTGCAGACCGAGT 33 144
TC168403 f TGGGTTGGCGAGGAAAGCGG qRT-PCR
TC168403 r AGCAGGGTAAGAGAGTGGGGGT 33 173
TC182394 f TGGTCCTCCGTCTCCGTGGTG qRT-PCR
TC182394 r (CCTCTGCTGGTCCGGTGGGA 33 378
TC170569 f ACCGCAGCAGGTCCATGCAA qRT-PCR
TC170569 r (CCCTTTCGTCTTTCCGCTCACCG >3 166
TC190958 f (CAGCTGAGCAGGGACGGCAG . L qRT-PCR

39



Chapter 2.1-5: Materials Methods: General Molecular

IO

140

TC190958 r GGAGCAGCATCAACGGGTGC
TC174692 f GGAGCGACAGCGATTTGTACGTG qRT-PCR
TC174692 r GCTTGAACCTTCCCCTCGCGT 33 200
TC173012 f GTACGGCCTTCTGCACCGCT qRT-PCR
TC173012 r GTGACCTTTGCGCCCGCTCT 33 249
TC176096 f (CTGTAGTGGCTGCCCGTGCC qRT-PCR
TC176096 r ACGCGTGCTGCTTTTCCCAT 33 169
TC190958 f (CAGCTGAGCAGGGACGGCAG qRT-PCR
TC190958 r GGAGCAGCATCAACGGGTGC 33 146
TC184597 f (GCTGGACCGCTCAAATGCTGC qRT-PCR
TC184597 r (CGGCAAAGAGGCGCAGAAGC 33 212
TC183138 f AGTGTCGATGCTGAACTGGTGGA gRT-PCR
TC183138 r TGCCTTCCCGCTGTCAAATCCT 33 191
st22-1 £ TAGGGATCAGATCAGTACC RT-PCR
st22-1 r GAAATTGAAAAAGCAGGAGAG 52 162
st23 f GTTCTAAAACCATAAATGGTACG RT-PCR
st23 r GCTACATTTGTTTGAAACAAAGC 33 348
st24/45 f CTCAAGAATCAACTTCAAGTTG RT-PCR
st24/45 r CATCTTCAAACCCAACAATTTC 33 314
st46 f CGAATGGGGTAGTTACATGC RT-PCR
st46 r GCATGTTTGGTTCATCAGTG 52 19
st52 f CCAAGCATGGCCCCCTATG RT-PCR
st52 r CCCTGTTTCCTGGAACAAAAAG 33 278
st54 f CTGTATCTTGAAAAAGTTTGGG RT-PCR
st54 r ATGCTTCTTTTGAGCTTG 33 586
RT-PCR
snR1.4 f  |ACTGCATCGATGTCAAGATCT (developed by
Tatjana von Frey-
Jost, this
laboratory)
57 320
snR1.4 r CCCTTGAGCGTTAAAGATAAC
snR1.5 f RT-PCR
AGACCTAGATTCTCTACTGAAGC (developed by
| e
CTTTTTTCTCCGTCTTTGCT laboratory)
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SnR1.6_f RT-PCR
TTATCCTCACATGCTTTTGC (developed by
57 400 [Tatjana von Frey-
SnR1. '
nR1.6.r CTCTAAGCACTCGATTTC Jost, this
laboratory)
SnR1.7 f RT-PCR
TCTTCAATTGATCAAGCTTCC (developed by
Tatjana von Frey-
55 390
SnR1.7 r Jost, this
0-83 (Pinf-F) GAAAGGCATAGAAGGTAGA Phytophthora
0-84 (Pinf-R) [TAACCGACCAAGTAGTAAA 50 258  infestans
detection [145]
Tub for ACGTATCAATGTTTATTTCAATGA 525 Amplification of
Tub_rev ATATCATATAGAGCTTCGTTGTCA >2 (cDNA) [Tubulin.
ef-1a_for ATGTTCAGGCGCAAGGTT Amplification of
ef-lo_rev TCTGCAACCGGGTCATTCAT 60 101 lef-la. RT-PCR,
qRT-PCR [144]

2.5.2.Nucleic acid extraction

RNA was extracted with the TotallyRNA-kit from Ambion, Austin (USA) according to the
suppliers instructions.

Genomic DNA has been extracted by adding the same volume of 10 mM TRIS-buffer pH
8.0 to the acidic phenol phase from the RNA-extraction, followed by vortexing and 10
minutes incubation at room temperature. Afterwards, the phenolic and the aqueous phase
were separated by 3 minutes centrifugation at maximum velocity. The aqueous phase was
then transferred to a fresh tube and residuals of RNA were digested with 1 yl RnaseA with
an incubation time of 15 minutes at room temperature. Subsequent precipitation was
performed by adding two volumes of isopropanol and incubating for at least 30 minutes at
-20 °C.

Alternatively genomic DNA was extracted by using the BioSprint 96 platform from Qiagen ,
Hilden (Germany) or other suitable commercial DNA-extraction solutions.

Quality assessment and quantifications were made by using spectrophotometric

measurements on the NanoDrop system of Thermo Scientific, Waltham (USA) and by
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separating and visualizing the samples using Agarose gel electrophoresis on a 1,5 %
agarose gel for RNA samples and a 1 % agarose gel for DNA samples. Nucleic acids were
detected by using ethidium bromide as staining reagent. For the use of gRT-PCR and prior
to the creation of ditag-libraries for DeepSAGE, the quantification was made additionally
by fluorometric measurements, using the Qubit-system of Invitrogen, Carlsbad (USA).

For subsequent PCR-applications traces of DNA were removed by using the
TurboDNAfree-Kit from Ambion, Austin (USA) according to the suppliers instructions with
the exception that for subsequent application of gRT-PCR the amount of enzyme was
doubled.

2.5.3.First strand cDNA synthesis

For first strand cDNA synthesis the RevertAid H Minus First strand cDNA synthesis kit from
Fermentas, St. Leon-Roth (Germany) was used by following the suppliers instructions with
following exceptions:

The synthesis temperature was raised to 45 °C instead of 42 °C in order to increase the
synthesis rate.

For subsequent amplification of R1 or R71-homologous genes from the cDNA RnaseH
digestion has been performed by the addition of 5 u RnaseH to the reaction mixture after
the cDNA synthesis and incubating 20 minutes at 37 °C. The reaction was terminated by
10 minutes incubation at 65 °C.

For gRT-PCR two separate reactions were made, one using a poly(dT)-primer and one
using Random Hexamer primers. Afterwards, these samples were pooled and diluted
twofold. From this diluted pool, 1 pyl was used for amplification reactions. For the
amplification of R1 or R1-homologues genes, only the poly(dT)-primer was used and the
reaction mixture was not diluted.

The quality of the cDNA was tested by amplifying tubulin (table 2.5.1.1) in a PCR-reaction.
The used primers span an intron leading to a larger amplikon after amplification of
genomic DNA. For this characteristic, the PCR was used as control for the absence of

contaminating genomic DNA in the sample as well.

2.5.4.Quantitative polymerase chain reaction (QRT-PCR)
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gRT-PCR-experiments were performed on a Mastercycler ep realplex platform from
Eppendorf, Hamburg (Germany). Expression quantification and calculation of Ct-values
was performed, using the integrated Realplex analysis software. An assay included three
biological replicates and two technical replicates, Differences of more than 10% in the
technical replicates were sorted out as failed values. For the generation of the standard
curve, a pool of all used cDNAs was used in dilutions of 1:1, 1:10 and 1:100.

Assays, with Primer efficiencies below 80% were sorted out as improper.

For the reaction mixture, Power SYBR Green PCR Master Mix from Applied Biosystems ,
Foster City (USA) was used.

The assessment of the specificity of the PCR-reactions was done by a subsequent melting
curve analysis.

Samples with Ct-values above 35 were discarded and not used for further analysis.

A reaction consisted out of following components:

1 pl template DNA

2,5 ul Forward Primer (10 yM)

2,5 ul Reverse Primer (10 yM)

12,5 pl 2x Power SYBR GreenPCR Master Mix
6,5 ul High pure H20

Viina=25 pl

Standard PCR Program was like following:

2 minutes 95°C

30 seconds 95 °C

30 seconds Ta x40

30 second 68 °C

15 seconds 95°C

15 seconds 60°C

20 minute ramp 60°C-95°C (melting curve analysis)

2.5.1.Transient expression of effector proteins in Solanum nigrum

For the expression of effectors of Phytophthora infestans in Solanum nigrum a set of

cloned effectors in a PVX-based expression system was used. This set originated from the
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laboratory of Dr. Sophien Kamoun, Sainsbury Laboratory (UK) and uses the vector
pGR106 ,which is transformed to Agrobacterium tumefaciens LB4404. This set has been
described in Oh et al 2009 [97]. For the transient expression, Solanum nigrum plants were
grown to an age between 4-5 weeks in a climate chamber under conditions described in
chapter 2.1. For the local transformation of plant leaves two methods were used. The first
was a toothpick inoculation method. For this, the Agrobacteria containing YEB-Medium
plates were incubated over night at 28 °C. At the following day small wounds were made to
the Solanum nigrum leaves and a small amount of bacterial material was placed on the
wound. 8-11 days after the inoculation, the area around the wound was examined for
necrotic symptoms, which exceeded those from the negative control. For this negative
control a Agfp-construct in the same vector was used.

Plants, which were scored positive, were verified by the infiltration of Agrobacterium
suspension.

For this, Agrobacteria were grown for 1-2 days in liquid LB or YEP-medium at 28 °C.
Before infiltration the cells were harvested by centrifuging 10-15 minutes at 4000 rpm. The
supernatant was decanted and the bacterial pellet was resuspended in Infiltration
solution“ (10 mM MgCl., 1mM MES, 100 yM Acetosyringone) to an optical density of 1
(ODs00=1,0). A small amount of this bacterial suspension was infiltrated to the plants
leaves with a 1 ml syringe without tip. This was assessed by a wet area inside the leaf.
Afterwards the plants were transferred back to the climate chamber. Eight to eleven days
after the infiltration the plants were examined for the occurrence of necrotic symptoms at

the infiltrated area.
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2.6.DeepSAGE

2.6.1.Biological material and generation of infected tissue

For the DeepSAGE transcriptome analysis, five different lines originating from the cultivar

Desirée were used:

Solanum tuberosum cv. Desirée 10-23/2 containing R1 (genomic) [54]
Solanum tuberosum cv. Desirée 10-2/4 containing R1 (genomic) [54]
Solanum tuberosum cv. Desirée P4H5K3S2 containing the ORF45 (genomic)
Solanum tuberosum cv. Desirée wild type

Solanum tuberosum cv. Desirée LV41 empty vector control

The transgenic lines 10-23/2 and 10-2/4 have been shown to be single locus
transformants by crossing experiments [98]. In the case of the ORF45 transgenic plant
P4H5K3S2 the number of loci is not known. In addition, untransformed plants of the
cultivar Desirée were used and the line Desirée LV41, which is transformed with an empty
vector. This line was produced during the complementation analysis of R7 and is
transformed with the empty vector pcld04541 [99].

For late blight infection, the Phytophthora infestans strain R208m2 was used [96]. This
strain is a race 4 and and originally has been transformed with GFP, although this ability
has been lost throughout the cultivation.

The characteristic of harboring only vir4 was able to induce the R1 specific hypersensitive
response. It was possible to harvest tissue during the incompatible interaction from lines
containing R1 and material during the compatible interaction from the other lines.

Plants of these lines were propagated in tissue culture and were grown to an age of 5-7
weeks as described in chapter 2.1. At least one week before starting an infection
experiment, the plants were transferred to a climate chamber from Vétsch Industrietechnik,
Balingen (Germany) with similar light and the same day length conditions. Differing from
standard conditions, the temperature was adjusted to 18°C during daytime and to 14°C
during night. This was necessary to create favorable infection conditions.

For infections, the inoculum was produced like described in chapter 2.3 with the exception

that additionally infected rye agar plates (containing leaves from in vitro plants) ware used
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as source. Directly before infection experiments, the concentration was adjusted to 30000
sporangia/ml.

Infections were made by infecting

4 leaves with four drops of
inoculum of 12,5 ul at the corners
of each leaf (fig. 2.6.1.1).
Infection- and harvesting times
were at late afternoon to early
evening (approximately between
16:30 - 20:00). Infections started
from the third leaf from the top

downwards. In total the third to

the sixth leaf was infected (in
Fig. 2.6.1.1: Overview over the infected positions and the

exceptions, depending on the ,pca of sample harvesting for the transcriptome analysis.
growth shape of the plant, the The blue dots represent the place of inoculum. The dark

) _ area indicates the harvested area.
second to fifth leaf was infected).

During the infection the plants were covered with a clear plastic bag to standardize the
humidity conditions. As material for further transcriptome analysis, the third to fifth leaves
were harvested at zero, one and three days post infection. For this from the central area
(between the four infection points) a leaf disc from 2 cm diameter was punched out. These
three discs were pooled to one sample and frozen in liquid nitrogen immediately. The
exclusive use of the middle area was chosen to avoid Phytophthora infestans content
inside the sample material. Three samples in one timeline, but from the same batch of
plants and with the same inoculum were declared as one independent experiment. For the
generation of 0 days post infection samples - the leaves were infected and harvested
directly after - with an estimated contact time of one to three minutes. The fourth infected
leaf remained at the plant and was harvested after eight days as a control for a successful
infection. The content of Phytophthora infestans in the fourth leaf was verified by
performing a semiquantitative PCR on the genomic DNA of the sample using the Primers
0-83 and 0-84 for the detection of Phytophthora infestans and the primers ef-1a_f and

ef-1a_r for the amplification of elongation factor 1a as standard (table 2.5.1.1).
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The creation of 3'-tag libraries and the sequencing has been made by the group of Kare

Lehmann Nielsen at the department of Biotechnology, Chemistry and Environmental

Engineering at Aalborg University (Denmark). A detailed protocol for generation of 3’-tag

libraries is given in the Appendix.

2.6.3.Bioinformatical methods for the analysis of transcriptome data

2.6.3.1.Creation of the Standard data set

For the generation of a standard data set, a number of scripts written in the programming

language Perl were applied. In a first step, singleton sequences were removed in order to

exclude possible sequencing and pcr based errors. This was achieved by applying the

script “CutOffLibsV3.plI” and defining a
cutoff value to 2. Afterwards the data of
all libraries was combined to one matrix
using the script “compareSageV9.pl”.
Then the tag-counts were transformed to
the relative unit counts/million by using
the script “NormaliseTagTable.pl”. With
the application of this script, the final
cutoff was defined, which was a
minimum detection in three samples
based on the presence of three biological
replicates or a summed up minimum
expression level of 110 counts/million
which is derived from the average
expression density distribution. The basis
is the assumption of a least detection in

two samples with a relative expression of

Density plot of the mean expression
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Fig. 2.6.3.1.1: Density Plot of the logarithm of th av-

erage expression levels of all samples. The additional
line indicates the border of the cutoff value of 55
counst/million which is the lowest accepted expression
value if a tag was observed less than three times.
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55 counts/million. This level exceeds the majority (Density 10 %) of the detected
expression levels and was not ignored - even if not frequently detected (fig. 2.6.3.1.1). In
parallel a combined multiple fastafile was created by using the Potato gene index available
from the Dana Faber Institute [100-102] and the available genomic sequence of
Phytophthora infestans from the Broad institute [5]. This combined multiple fasta file was
used for the tag identification under implementation of the script “GlobalSageMap-V14.pl”.
Considering the high DNA polymorphism of Solanum tuberosum, one nucleotide mismatch
was allowed for a successful identification. The perl-scripts for the generation for the data
matrix were developed by Mads Senderkeer from the group of Prof. K. Lehmann Nielsen at

the University of Aalborg (Denmark).

2.6.3.2. General procedures and sample composition for statistics

For the subsequent calculations all values, which belong to the same phenotypic class,
whether containing the R1 gene (lines 10-2/4 and 10-23/2), containing the ORF45 (line
P4H5K3S2) or having no introduced gene (Desirée wild type and LV41) at a certain
timepoint (0 dpi, 1 dpi or 3 dpi) were declared as one replica group. Additionally for the
calculation of Fisher’s exact test and the logfoldchange values, it was necessary to work
with single values. In these cases, time series as they belong to the time series of
independent experiments were used. In this experiment, all harvested timepoints in a
testing row originated of the same batch of plants and inoculum and for this were declared
as independent experiment. This is summarized in table 2.6.3.2.1.

In test statistics, where the original tag counts were necessary, the relative tag count val-
ues were calculated back by reconstructing the factor which was used to transform the
data to the relative unit ,count/million“ from the internal Stat-files and applying it back-
wards. This was necessary due to the large size of the data matrix which is available be-
fore the transformation into the relative unit and applying the final cutoff criteria. Calcula-
tions with this matrix exceed the capacities of most standard computer systems. The origi-
nal tag counts were necessary for the calculation of the G-test, sage.test and BaySeq.

The Permutation test, edgeR and Student’s t-test were done by using relative tag counts.
For all testings and calculations, values of 0 were replaced by 1 except for the calculation

of G-test, which uses an internal replacement factor [91].
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After test calculations all p-values were corrected for the False discovery rate (FDR) after
the method of Benjamini Hochberg [103]. This was done by implementing the command

p.adjust of the Software R (on the raw p-values with at least 20 decimal places).

Table 2.6.3.2.1: Definition of the samples, the replica groups and the independent
experiments*

Sample Odpt | 1dpt |3dpi

DesiR1(10-2/4) Repl -> independend experiment
DesiR1(10-2/4) Rep2 -> independend experiment
DesiR1(10-2/4) Rep3 -> independend experiment
DesiR1(10-23/2) Repl -> independend experiment
DesiR1(10-23/2) Rep2 -> independend experiment
DesiR1(10-23/2) Rep3 -> independend experiment
Desirl(wt) Repl -> independend experiment
Desirl(wt) Rep2 -> independend experiment
Desirl(wt) Rep3 -> independend experiment
Desirl(LV41) Repl -> independend experiment
Desirl(LV41) Rep2 -> independend experiment
Desirl(LV41) Rep3 -> independend experiment
DesiORF45(P4H5K3S2) Repl -> independend experiment
DesiORF45(P4H5K3S2) Rep2 -> independend experiment
DesiORF45(P4H5K3S2) Rep3 - -> independend experiment

*Each colored box represents one sample. The term ,,Sample* indicates the sample nomenclature
used 1n this study (expanded by the timepoint of infection (Odpi, 1dpi, 3dpi); the timepoint of infec-
tion 1s indicated by the colum 0 dpi, 1 dpi, 3 dpi. Each row represents the samples of an independ-
ent experiment. Each group of the same color indicates a replica group. The green samples contain
the RI/-gene, the red sample are untransformed, The yellow samples contain ORF45. The black
box represents the sample DesiORF45(P4H5K352)_3dpi_Rep3, for which the sequencing reaction
failed.

For higher order plots, like the generation of Venn-diagrams, box-plots or plots and histo-

grams, which underly a great amount of data the software R was used. For low level plots
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and the calculations of Student’s t-test (two-sided paired) the softwares NeoOffice Calc or
Iworks Numbers were used.

For the principal component analysis the R command princomp under default settings was
used and the results from principal component 1 to six were extracted.

The calculation of the correlation coefficients in chapter 3.4.4 was made on the basis of Ds
values of significant tags as they are described in the chapters 2.6.3.3-7. For the imple-
mentation the Software R in combination with the package ,Rcommander* was used. For

the calculation the pearson correlation coefficient was applied.

2.6.3.3.G-test

The application of G-test was done using the Software G-test [91] and Microsoft Excel.
This test evaluates significance within replica groups and between replica groups sepa-
rately. Only tags showing no significance within a replica group (FDR = 0,05) and signifi-
cance between both tested replica groups (FDR < 0,05) were accepted as significantly dif-

ferent.

2.6.3.4.Fisher’s exact test (sage.test)

For the calculations of p-values after a modified version of Fisher’s exact test through the
command ,sage.test” the software R in combination with the package ,Sagenhaft* [92] was
used. The test was done for each experiment as they belong to independent experiments
(table 2.6.3.2.1) separately and the FDR-corrected p-value was connected with the crite-
rion of a least twofold expression change (corresponds to a logfoldchange of 0,3). The
number of comparisons in a replica group which were assessed as truly significant (FDR <
0,05; 0,03 logfoldchange -0,3) were counted. Those tags, which were evaluated as true
significant in at least four of six cases in the wildtype and R17-transgenic lines and in at
least two of three or two of two cases (at 3dpi) in the ORF45 transgenic line were declared

as significantly regulated.
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2.6.3.5.edgeR

For implementation of edgeR the Software R and the corresponding package ,edgeR*“ was
used. The calculations were done by Dr. Ulrike Gébel from the Bioinformatics group of Dr.
Heiko Schoof at the Max-Planck-Institute for Plant Breeding Research. Tags with FDR <

0,05 were accepted as significant.

2.6.3.6.BaySeq

For implementation of BaySeq the Software R and the corresponding package ,BaySeq”
was used. The calculations were done by Dr. Ulrike Gébel from the Bioinformatics group
of Dr. Heiko Schoof at the Max-Planck-Institute for Plant Breeding Research. As signifi-
cance output, BaySeq tests directly for the presence of two different groups and generates
logP values as degree of significance. A logP = -0,02 was accepted as significant (corre-

sponding to the criterion p < 0,05).

2.6.3.7.Permu

The computation of the permutation test Permu was done using the Software R. For this
test no package was available and it was developed by Dr. Ulrike Gébel from the Bioinfor-
matics group of Dr. Heiko Schoof at the Max-Planck-Institute for Plant Breeding Research.
This test begins with a ranking of the tags in most homogeneous groups and a comparison
to the comparing condition. Afterwards a p-value is allocated by the test depending on the
probability distribution of the imputed data. In the case of the this test, it turned out, that
the expression of significance of this test is just weakly comparable to tests. In total just
462 different p-values were generated, leading to an overcorrection for the False discovery
rate. This was adjusted, by dividing the p-value through the number of samples. This leads
to the acceptance of a FDR-corrected p-value of smaller than 0,3 corresponding to raw-p

(without correction) < 0,0065.
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2.6.3.8.Calculation of the Dr and logfoldchange values

The logfoldchange values were calculated in comparison to the Odpi value after the equa-

tion Ifc = log(ti/to); in this equation Ifc stands for logfoldchange value, t; for a tested time-

point (1dpi or 3 dpi) and to for the O dpi value. Primary single independent experiments

were calculated like defined in chapter 2.6.3.2. The calculation of the Average logfold-

change values was done by calculating the arithmetic mean from the logfoldchange values

of the independent experiments.

Alternatively, a second assessment of the group differences was made by calculating the

linear regressions of the coordinates of both groups according to their behavior in

independent experiments.
A correction for probable
lower amounts of
differences in higher
values and for negative
differences was made via
the forced regression
through the origin. In
order to achieve the
comparability of all
calculated values, the
data was converted to
absolute logarithmic
values (fig. 2.6.3.8.1 for
illustration).

If the slope of the origin

Example of group difference
assessment(StET026425)

ideal even

regression with 300
y=x y = 0,2654x + 3,8071
\ R? = 0,087 .
T 225 %
= \ K linerar regression line
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Fig. 2.6.3.8.1: Example of the theory behind the alternative

evaluation of differences in replica groups. The values are expressed
as coordinate corresponding to their relative expression levels. The
slope of the linear regression expresses the differences between both
groups.

forced linear regression is defined as ri the differentiation factor is defined as:

Dr = |log(ro) |
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2.6.3.9.Cluster analysis

Hierarchical clustering and k-mean clustering was performed based on the logfoldchange
values using the web-based services CarmaWeb and GenesisWeb (available under

https://carmaweb.genome.tugraz.at/carma). For the k-mean clustering a subset of the

standard data set was used. This subset contained only those tags which were annotated
with grade A or grade B and contained 10323 tags. For the analysis 63 clusters have been
calculated. For clustering methods the pearson correlation coefficient was used.

The extraction of relevant clusters in chapter 3.4.5 was made in two rounds. In a first
attempt, the selection was made by eye and all Clusters with a diffuse pattern and no

tendency were sorted out.

After this, the clusters were 13
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2.6.3.10.Go-term analysis

The GO-Term analysis was made using the Software Cytoscape v2.6.3 and the extension
BinGO v2.3. As annotation file, the annotation information, available from the Dana faber
institute (DFCI) was transformed to a readable format (this was done by Rico Basekow
and Maren Imhoff from the group of Dr. Kersten at the MPIMP, Golm). For the assessment
of significance of overrepresentation, the included hypergeometric test has been
performed and the valid significance level was set to p < 0,05 after FDR-correction using
the Benjamini Hochberg method. As input for the GO-analysis, tags have been used,
which showed a significant change after analysis with the R-package ,Sagenhaft® like
defined in chapter 2.6.3.4.

2.6.3.10.1.Summary of used Softwares

A comprehension of the used softwares during this project is given in table 2.6.3.11.1.
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Table 2.6.3.11.1: Overview of the used softwares durong this project

Name Application Kind of Software Cut-off values
CutOffLibsV3.pl Singleton removal Perl-script 2
compareSageV9.pl Matrix-creation Perl-script -
NormaliseTagTable.pl raw counts to relative Perl-script 110 minimum total
counts transformation expression
3 number of detec-
tions
GlobalSageMap-V14.pl Annotation of tags Perl-script -
G-test G-test statistic Excel communicat- FDR <0,05*
ing program
Microsoft Excel Basic statistics Stand-alone Soft- -
ware
Sagenhaft sage.test statistic R package FDR <0,05; **-
0,31fco,3
R base FDR-correction of p- R-package -
values (p.adjust)
R stats Principal component R-package -
analysis (princomp)
edgeR significance statistic R-package FDR <0,05
BaySeq significance statistic R-package logP>-0,02
gplots Venn-diagrams R-package -
Calculati f la-
Rcommander alet ? ono fzorre a R-package -
tion matrix
CarmaWeb Cluster analysis Web-source -
GenesisWeb Cluster analysis Web-source -
Permu significance statistic R computed FDR < 0,05%**

This table shows the name of the software, the application are, type and Cutofls.

*1n case of G-test, homogeneity and differnces were tested separately, for the assessment of homo-

geneity FDR=>0,05 was applied

** For Fisher’s exact test each independent experiments was tested separately and true significance

was connected with multiple significant observation (chapter2.6.3.4)

*#% FDR was corrected by a group size factor as described in chapter 2.6.3.7




3.Results

Chapter 3.12: Results: Expression analysis

3.1.Expression analysis of R1-homologous genes of Solanum tube-

rosum

Fig. 3.1.1: Overview of the results of the verification of the specificity of the primers used for
the amplification of R/-homologous genes present on the contig R/ and r/. Each lane (a-f)
represents the product after PCR-reaction with a different BAC, using a primerpair designed,

to be specific for a certain ORF (table 2.5.1.1) .

BA213cl4, e: BA76011, f: BA11105)

(a: BC93cl2, b: BA132h9, c: BA87d17, d:

RI

22 2324 44 (RI) 45 46
BC93c|2 ~ BA2I13cl4 ~
3 ‘,‘ <« > : > > <« — > ~
Ba47f2 Ba27cl BAI132h9 BA87d17
22-1 52 54
rl
BAI22pl3 BAIlllo5
BA760l |

Fig. 3.1.2: Schematic view of the BAC-composition of the contigs R/ and 7/. The blue
arrows show the approximate position of the BAC and the green triangles indicate the po-

sition of the open reading frames which form the R/ family.
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Chapter 3.12: Results: Expression analysis

The development of gene-specific primers (table 2.5.1.1) for the amplification and

detection of the R71-homologoues genes in Solanum tuberosum was a first prerequisite for

further analysis. Due to the very high degree of sequence similarity among NBS-LRR

genes and of the members of the R7 and r1 locus
in particular, an assay of different BACs,
containing specific members of the R71 gene family
was used to validate the specificity of the primers.
This assay showed a specific amplification for
ORF 23, ORF 46, ORF 22-1, ORF 52, ORF 54
(fig. 3.1.1 and 3.1.2). In the case of ORF 24 and
45 it was only possible to generate primers, which
are specific for both ORFs (due to almost 100%
sequence homology). Using cDNA from different
tissues of the diploid clone Solanum tuberosum
P6/210. The expression of the ORFs 22-1, 23, 46,
52 and 54 could be demonstrated in leaf tissues of
different ages. Additionally, expression in flowers
could be shown for ORFs 22-1, 23, 46 and 52. For
ORF 54 no expression in flowers was detected
(fig. 3.1.3).

ORF 22-1 —— e

N

ORF 23

e

ORF 46 SRS S

ORF 54 e S —

Ubiquitin | = s—— e

Fig. 3.1.3: Expression of five RI-
homologoues genes in different tissues. a)
leaf” pool b) first leaf c¢) third leaf d)
fourth leaf e) flower. The PCR has been
turned out using 35 cycles.
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3.2.Expression analysis of R7-homologous genes of Solanum nig-

rum

For the detection of R7-homologues in Solanum nigrum, primers have been used which
are specific for four different
putative homologous genes o Sy
(table 2.5.1.1). As template two - gDNA Leaf Flower

different tissue pools from snR 1.4 snR1.5

Solanum nigrum P4 were used. —
gDNA Leaf Flower gDNA Leaf Flower
oy

Detection was possible in the

cases of snR1.6 and snR1.7

snR1.7 Actin

clone number from which the Fig. 3.2.1: Picture of a RT-PCR using cDNA from leaf and
sequence was obtained, corre- floral tissues as well as genomic DNA from Solanum nigrum.

(the names indicate the cosmid

sponding to fig. 1.4.4). Tran-

scripts of both clones were detected in leaf tissue as well as in flowers. For snR1.5only a
faint band was detected in floral tissues. The detection of a transcript of snR1.4 was not
possible (fig. 3.2.1).

58



Chapter 3.3: Results: Effector-screen

3.3.Transient expression of effectors from P. infestans in Solanum

nigrum

A transient expression screen using a PVX-system was performed with 68 clones, which

contained sequences of putative secreted Phytophthora infestans proteins in Solanum

nigrum P4. Six necrosis inducing clones were identified (see Fig 3.3.1). A comparison of

the sequences of the tested clones using nucleic acid sequence alignment and a

neighbour-joining method based tree [104] showed that all hypersensitive response

eMH2 Qe &

E1 (RD39/40-9)

D39 (RD39/40-5) D12 {(RD39/40-8) E7 (RD39/40-15) D3 (RD40/170-1) E6 (RD39/40-14)

Fig. 3.3.1: Picture of Solanum nigrum P4 leaves 7 days after infiltration with different A.
tumefaciens straines containing secreted proteins of Phytophthora infestans. The right half was
infiltrated with a put. effector clone. The left half with a Agfp-construct as control.

inducing clones share a high degree of similarity (the sequence information was kindly

provided by Dr. Kamoun) (see fig. 3.3.2 and fig. 3.3.3). A comparison of the translated

RD39/40-8
RD39/40-9
RD39/40-5
RD40_170-1
RD39/40-14
RD39/40-15

RD39/40-8
RD39/40-9
RD39/40-5
RD40_170-1
RD39/40-14
RD39/40-15

------ MSRPLSKTSPDTVATRSLRVEAQEVIQSGRGDGYGGFWKNIIPSTNKIIKKPDI
------ MSRPLSKTSPDTVATRSLRVEAQEVIQSGRGDGYGGFWKNIIPSTNKIIKKPDI
—————— MSRPLSKTSPDTVAPRSLRIEAQEVIQSGRGDGYGGFWKNIIPSTNKIIKKPDI
MFPIPDESRPLSKTSPDTCGATRSLRVEAQEVIQSGRGDGYCGFWKNVFPSTSKIIKKPDI
------ MSRPLSKTSPDTGATRSLRVEAQEVIQSGRGDGYGGFWKNVAQSTNKIVKRPDI
------ MSRPLSKTSPDTVAPRSLRIEAQEVIQSGRGDGYGGFWKSVAQSTNKIVKRPDI

Khkkkkhkkhkkh Kk hhkkokhhAkhhh Ik hh kI hkhhx 3 Kk _Fhkgkghkx

KISKLIEAAKKAKKK====
KISKLIEAAKEAKKK= ===
KISKLIEAAKKAKKK= ===
KISKLIAAAKKAKAKMTKS
KIGKLIEAAKKAKAK= ===
KIGKLIEAAKKAKAK= ===

Xk kkk Kk gkEx K

Fig. 3.3.2: Alignment of the amino acid sequences of six effector clones, which induced a
hypersensitive response in Solanum nigrum.
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Chapter 3.3: Results: Effector-screen

amino acid sequences of the necrosis phenotype inducing clones with the NCBI-database
by using the blastp-algorithm, showed, that all clones share high sequence similarity to the
known avrblb2 family effectors ( Acc. EEY54134.1) (see Table 3.3.1) which is highest in
the cases of RD 40 170-1, RD39/40-8, RD 39/40-9 and R39/40-15.

Table 3.3.1: Comparison of the similarity values of the amino acid sequences com-
pared to avrblb2

Clone Coverage* E-value**
RD 40 170-1 97% | 7 e-%0
RD39 /40-5 86% | Se??
RD39 /40-8 98% | 1 e-3
RD39 /40-9 98% | 2 e-33
RD39 /40-14 86% | 2 e-*8
RD39 /40-15 98% | 2 e-3

*defines the overlapping sequence in of the blast alignment
**ndicates the error probability
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Fig. 3.3.3: Phenetic neighbor-joining tree based on the sequences of tested
effector clones. The clones with a positive result are marked with a blue frame
(note that one of the frames spans two effectors).
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Chapter 3.4: Results: Transcriptome analysis

3.4. Comparative transcriptome analysis of Solanum tuberosum

plants during the early phase of Phytophthora infestans infection

3.4.1.Validation of infected Material

Prior to the application of DeepSAGE, several quality assessments were made on the

material, which finally was used for the generation of 3"-tag-libraries. One approach was to

achieve an overview of the progress of infection at three days post inoculation. For this,

leaves of the susceptible line Solanum tuberosum cv. Desirée LV41 were infected with the

P. infestans strain R208m?2 in a detached leaflet assay. Subsequent confocal laser

microscopy pictures showed the initial phase of infection and the formation of appressoria.

In figure 3.4.1.1 a layer from the confocal microscopy is displayed. The large blue

structures are germinated zoospore
cysts of Phytophthora infestans. Visible
is the original cyst, an initial infection
hyphae and in the lower germinated
cyst the formation of an appressorium
(visible as dense blue round structure).
The red dots are plastids, which are
under this wavelength (405 nm)
autoflourescing. The occurrence of
autoflourescing phenolic compounds
was almost not visible.

Visually, without microscopical help, an
infection phenotype was just detectable
in exceptional cases during the
experiments. To assess the growth of P.
infestans, the content of genomic DNA
of Phytophthora infestans was amplified

in the infected samples. This was done

Fig. 3.4.1.1: Confocal laser microscopy picture of a
leaf from the line Solanum tuberosum cv. Desirée LV41
three days post infection with P. wmfestans strain
R208m?. The cell walls have been stained using
Fuchsin. The scale is given by the bar in the lower
right corner.

using primers specific for the pathogen (table 2.5.1.1) from a control leaf which was
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Chapter 3.4: Results: Transcriptome analysis

harvested eight days post infection.

This semiquantitative PCR detected in the majority of the tested leaves a PCR-product of
the correct size of app. 300 bp (not shown). Additional, in most of the tested samples
originating from the compatible interaction (Desirée LV41 and P4H5K3S2) an increased
band intensity was detected. In some samples originating from the incompatible interaction
(lines 10-23/2 and 10-2/4), a faint band was detected, too. From this tested samples it was
possible to extract complete testing series as defined in chapter 2.6.3.2 for the further
application of DeepSAGE. The corresponding PCR-bands are shown in table 3.4.2.1 in
chapter 3.4.2.

3.4.2.Technical results

The application of 3’-tag-library sequencing using the lllumina Genome Analyzer platform
generated 82314474 sequences. After removal of tags lacking the appropriate CATG-
identification key, 51162679 tags remained as high quality reads (for comparison of the
sequence quality, please see the file /Raw-data/STATS-Gabor_Lee_AHP/All.htm on the
supplemental data disc). Of these 47189809 sequences belonged to the experiment
described in this study (the difference originates from a positive control which was
sequenced within the same sequencing run and a few samples of another experiment).
After Singleton-sequences have been removed, 37115611 sequences were used for
further analysis.

The data was transformed to the relative unit counts/million and a data-matrix with the
values of all 44 samples was constructed. Furthermore, sequences were excluded, which
showed an expression of less than 110 counts/million after summing up all samples or
which were detected less than 3 times and which contained only adenosine. From the
remaining sequences a data set was composed consisting of 44 samples and a total
number of 30858 different sequences. The number of unitags per sample varied from
7312 to 24316 (see Fig. 3.4.2.1). The exact number of sequenced tags per sample and

the group compositions are summarized in table 3.4.2.1.
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Table 3.4.2.1: Overview of the results of the ,,Next Generation Sequencing*

. . No.
:-n;”g ‘:’; ) th;);(inal Sample No sigu:nced Phe?:;cype sanilrp:les
trol bands S SO
group
- - DesiR1(10-2/4) 0dpi_Repl 500356
. D DesiR1(10-2/4) 0dpi_Rep2 1251400 2
i i transgenic 0
. EI DesiR1(10-2/4) 0dpi_Rep3 1404362 s [0
. ) infection 6
E - DesiR1(10-23/2) 0dpi_Repl 1034900 (incompati-
ble interac-
| - E DesiR1(10-23/2)_0dpi_Rep2 532597 tion)
= I I DesiR1(10-23/2) 0dpi_Rep3 1082820
. E DesiR1(10-2/4) 1dpi_Repl 1240453
. I:] DesiR1(10-2/4) 1dpi_Rep2 795622
RI-
= m DesiR1(10-2/4) 1dpi_Rep3 1113138 | transgenic 1
day post in- 6
-] E DesiR1(10-23/2) 1dpi_ Repl e R
compatible
= D DesiR1(10-23/2) 1dpi Rep2 | 1ea030 | oroction)
= - DesiR1(10-23/2) 1dpi Rep3 1503866
. m DesiR1(10-2/4) 3dpi Repl 844095
. I' » l DesiR1(10-2/4) 3dpi_Rep2 474425 2
i i transgenic 3
= E DesiR1(10-2/4)_3dpi_Rep3 1089643 s [0
. ) infection 6
: E DesiR1(10-23/2) 3dpi Repl 1084268 (incompati-
ble interac-
= E DesiR1(10-23/2)_3dpi_Rep2 1376621 tion)
: - DesiR1(10-23/2) 3dpi Rep3 1098444
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' ' No.
S I e Rl
trol bands : =
group
. D Desirl(wt)_0dpi_Repl 646687
= D Desirl(wt)_0dpi_Rep2 862680
rl 0 days
- D Desirl(wt)_0dpi_Rep3 860094 post infec-
tion (com- 6
u : Desirl(LV41) 0dpi Repl 1159899 patible in-
teraction)
n m Desirl(LV41) 0dpi Rep2 1192837
u E Desirl(LV41) 0dpi Rep3 584721
: D Desirl(wt)_ldpi_Repl 1695177
u D Desirl(wt) 1dpi Rep2 1188842
. : rl 1 day
= D Desirl(wt)_ldpi_Rep3 474688 post infec-
' : tion (com- 6
u E Desirl(LV41) 1dpi Repl 1186772 patible in-
teraction)
u : Desirl(LV41) 1dpi Rep2 1003347
u I—I Desirl(LV41) 1dpi_Rep3 659091
u D Desirl(wt) 3dpi Repl 1022565
= D Desirl(wt) 3dpi Rep2 1133194
. : rl 3 days
: : Desirl(wt)_3dpi_Rep3 1090592 post infec-
' : tion (com- 6
n m Desirl(LV41) 3dpi Repl 919803 patible in-
teraction)
u D Desirl(LV41) 3dpi Rep2 1334477
u D Desirl(LV41) 3dpi_Rep3 1191982
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. . No.
gn;n]cp f)i- Rﬁ;{)liﬁ;nal Sample No siaqusenced Phe?(:ﬁype sanillll)les
trol bands < S
group
] — DesiORF45(P4HSK3S2) 0d-
L 1 u pi_Repl ISR ORF45f
transgenic 0
DesiORF45(P4H5K3S2 - t
- N+ | DeSIORFAS(PAHSKIS2) Od- | g)379, | davspos 3
pi_Rep2 infection
_ (compatible
: l ] De31ORF45(P4H5K3 S2) 0d- 750830 interaction)
pi_Rep3
- DesiORF45(P4HSK3S2) 1d-
{ } pi_Repl VBES ORF45f
transgenic 1
’ DesiORF45(P4H5K3S2) 1d- day post in-
‘ E pi_Rep2 2065877 fection 3
_ (compatible
L 1 D De31ORF45(P4H5K3 S2) 1d- 897277 interaction)
pi_Rep3
DesiORF45(P4HSK3S2) 3d- ORF45-
- o ( )- 385086 .
- pi_Repl transgenic 3
) days post
DesiORF45(P4H5K3S2) 3d- infection 2
. :
- E pi_Rep2 1144661 | (compatible
interaction)

* N.T. = no picture available
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Library size vs number of detected Unitags
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Fig. 3.4.2.1: Scatterplot of the library sizes (the number of total sequenced tags
without normalization) of all sequenced samples and the corresponding number of
detected unitags.

The annotation of these tags using a combined reference sequence file consisting of the
potato gene index [100-102] and the genomic sequence of Phytophthora infestans [5] was
successful for 21329 unique tags (8844 with perfect match (grade A) at the 3"-end, 1479
on the 57-end of the reference sequence but with 100% identity (grade B) and 11006
inside the sequence or with one mismatch (grade C)). This data corresponds to 12185
different transcripts and represents 19,85% of the potato gene index. Another 32 tags
have been annotated to the genome of P. infestans and for additional 14 tags the origin

could be either Solanum tuberosum or the pathogen.
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Proportions of possible annotations in the transcriptome data set

Qo 1 o2 34 05 006 7 O 8 9
® 10+

Fig. 3.4.2.2: Pie chart of the proportion of possible annotations for the
annotated tags. The legend indicates the number of possible annotations while
the chart shows their proportion within all annotated tags. The number is the
percentage value.

The majority (69%) of the tags were unique in annotation, 18 % could be matched to two
transcripts, the remaining 12 % have three and more potential target sequences (see Fig.
3.4.2.2).

Vice versa to the possibility that one tag is allocated to multiple targets, more than one tag
is matched to the same transcript as well. Tag TC183365 is an extreme example. For this
tentative consensus sequence, 585 different tags matched to this gene, which is
annotated as 26S protease subunit 6. The majority of the detected tags shows an average
expression of less than 10 counts/million (see Fig. 3.4.2.3).

The three highest expressed tags (referring to mean expression levels) with expression
levels of 27183,66 counts/million, 10739,95 counts/million and 8221,83 counts/million are
StET008016, StET20889 and StET015186. These tags are annotated as a Cell wall
protein (TC177374), Photosystem 1l 10 kDa Polypeptide (TC178472) and Ribulose
bisphosphate carboxylase small chain 1 (TC167578).
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Histogram of average expression levels
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Fig. 3.4.2.3: Histogram showing four different categories of
expression levels and the corresponding quantity of tags in
this category based on the average expression values of all
samples.

3.4.3.Expression levels of indicator-genes

In order to verify the quality of the experiment and to get an idea about the infection state
of the samples (see chapter 3.4.2 and fig. 3.4.2.1 for reasons), genes with a putative
function in defense response were analyzed separately. To achieve this, all tentative
consensus sequences and expressed sequence tags with a gene ontology annotation of
defense response (GO:0006592) were extracted from the data set, resulting in the
identification of 232 different tags matching to 45 different transcripts. For the majority of
the observed transcript assemblies it was possible to identify at least one tag which was
under regulatory control. This means that at least four of the six values of a replica group
showed a logfoldchange value above 0,3 or below -0,3 (equivalent to approximately two
fold increase or reduction). For 14 reference transcripts no obvious up- or downregulation
has been was found. An overview of the changes in expression levels is given in fig.
3.4.3.1 (a more detailed version is given on the supplementary data disc within the data

browser).
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Fig. 3.4.3.1: Overview of the results of a hierarchical clustering of all tags present in the
data set matching to transcripts classified by DFCI as involved in defense response (GO:
0006592)

Beside the validation of a successful response to infection, it is necessary to assess the
degree of transcriptional background. For this, the housekeeping gene ef-1a was
examined in more detail. For this gene one grade A annotated tag was identified
(StET018993). The expression dynamic of this tag during the time course does not exceed
a twofold change. But the comparison of the expression levels of the genotypes showed
that the expression level at one day post infection in R1-transgenic plants was more than

two times higher than in plants transformed with ORF45 (fig. 3.4.3.2).
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Fig. 3.4.3.2: Histogram of the mean expression levels of a tag
annotated as elongation factor la. Given is the average relative
expression and the standard deviation as error bars.
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3.4.4.Validation of significance statistics

During data analysis, five different statistical tests which do not assume a normal

distribution were examined. As orientation, some criteria of Students t-test were included,

although the results are not valid for analysis. The valid tests were the G-test, Fisher’s

exact test, Bayseq, EdgeR and a permutation based test called Permu. The tests were

applied exemplary to the comparison
of wild type plants one day after
infection to wild type plants at zero
days post infection. The first test
implemented was the G-test, which is a
more criteria exclusion test (see
chapter 1.7 and 2.6.3.3 for details).

The application of this test resulted in a
very high number of tags with small p-
value (see Fig. 3.4.4.1) in the FDR-
value calculations between groups.
Nevertheless, after it has been filtered
for all criteria which are recommended
by the developer [91], 898 tags were

left. These tags passed all criteria and

Histogram of calculated FDR-values by G-
test
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| |
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Fig. 3.4.4.1: Histogram of Ftlljllz number of raw p-
values for the criteria of differences between com-
pared groups. The first bar reflects all FDR-values
even or lower than 0,05.
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were considered as truly significant. Calculated FDR-values vs Ifc after G-test

After comparison of the calculated

FDR-values and the corresponding
expression change values (based on -

the average logfoldchange), it was

logfoldchange

obvious that a high proportion of

those tags with high expression o

changes were rejected by the test

(see Fig. 3.4.4.2). Moreover, the 00 02 0s a6 an 10

tags which showed the highest FDR

differences were evaluated as not Fig. 3.4.4.2: Distribution of calculated FDR-values in

lation to th logfoldchange.
significant. Additionally a FEATOn 1o The average fogloldehanse

Fisher's Exact based test,
Calculated FDR-values vs Ifc after

called ,sage.test, which is Fishers exact test

included in the SAGE-data

analysis package

»~oagenhaft® was performed.

Due to the lack of the ability

of this test to perform group
comparisons, single

experiments were compared

logfoldchange

as they belong to

independent experiments

(described in chapter
2.6.3.2). Subsequently to the
calculation of the FDR-

values, these values were

_ ] _ to logfoldchanges. The results of Desirl(LV41)Rep2 are shown
combined with the logical ;; more detail as example

parameters described in
chapter 2.6.3.5. In all
replicates compared, the main characteristics, like p-value distribution over the
logfoldchanges were comparable (see fig 3.4.4.3). In the example of Desir1(LV41)Rep2, it

is shown that this test, similar to the G-test, rejects a large number of tags, showing a high
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span of average logfoldchange values. A further similarity to the G-test was observed in a
high number of low raw FDR-values. In total, almost 14000 tags had a FDR < 0,05. These
tendencies were not as strong as in the results of the G-test, and the variation span in
those tags with a high FDR-value is not higher than in those with low FDR-values. This
leads to the observation that at least genes showing a high differential expression are not

excluded per se as it was observed in

the G-test. Calculated FDR-values vs Ifc after
Student’s t-test

After combining the FDR-value
estimation with the criterion of an at
least two fold expression change the
number of valid observations was
counted (as described in 2.6.3.2). After

logfoldchange

this testing procedure 34 tags were

classified as significant upregulated in

6 of 6 replicates and additional 252

tags showed an upregulation in 5 of 6 00 0o 04 08 08 0

FDR

replicates.

Another 63 tags were classified as Fig. 3.4.'4.4: Plot of the p-values and the
significant downregulated in 6 of 6 Slf)el;l::spondmg logfoldchange values after Students T-
replicates and 205 tags showed a

significant downregulation in 5 of 6 cases.

The G-test and Fisher’s exact test procedures showed no correlation between the FDR-
value estimation and the average logfoldchange values. In addition, Student’s t-test was

performed in order to compare the results with a test, which compares the results to a t-
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probability distribution. After correlating

Calculated FDR-values vs Ifc after edgeR
the calculated FDR-values to the

N e

logfoldchange values in this test a clear
correlation of increasing FDR-values
with decreasing logfoldchange values

was observed (fig. 3.4.4.4).

logfoldchange
0
]

The application of the three more
complex tests, edgeR, BaySeq and the

in-house developed permutation test

,Permu” showed a similar correlation of

the average logfoldchange values to the
Fig. 3.4.4.5: Plot of the FDR-values and the corre-

p-values comparable to the results of s
sponding logfoldchange values after edgeR.

Student’s t-test. With increasing FDR-

values, a shift of the logfoldchange values towards zero becomes visible and values
around zero were not connected with low FDR-value estimations. This tendency was
present in all three tests being strongest in the results of BaySeq (fig. 3.4.4.5-7). Please
note for the interpretation of the results, that Bayseq generates as significance
assessment criterium a logP-value which tests the hypothesis of the presence of two
groups. The interpretation of the results is therefore exact the opposite compared to the
classical p-value. A result corresponding to a p-value < 0,05 or lower is a logP-value =
-0,02 (maximum = 0). However, in all cases remains the variance in the logfoldchange
values at a certain FDR-value high.

One feature of the Permu-test is visible after these plotting procedures. In the area of low
FDR-values exists a kind of stuttering. The FDR-values make small jumps toward more
rough classes of significance. With higher FDR-values the gap becomes smaller and
finally disappears (fig. 3.4.4.6). The main characteristics of each applied test and the

number of tags assessed as significant is summarized in table 3.4.4.1.
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A comparison of the 100 most

Calculated FDR-values vs Ifc after Permu

significant tags from the five tests,

which do not use the normal
distribution as presumption,
resulted in a low overlap of
results. The highest congruency
existed between BaySeq and
edgeR. These both test evaluate
49 tags as high significant in

common (see fig. 3.4.4.10).

The implemented test with the 004 006 008

N e

logfoldchange

N

most unique tag-list was the G-

test. The results showed that 85 of

I I T T
0.10 0.12 0.14 0.16

FDR

Fig. 3.4.4.6:Plot of the FDR-values and the correspond-

ing logfoldchange values after Permu.

the tags assessed as significant

were not among the top 100 in the

results of any other test.

Table 3.4.4.1: Summary of the main characteristics of the applied statistical tests

Name assumed p robgbility distribu- Number of significant
tion
G-test G-distribution (X?-based) 898
sage.test (Fisher’s exact test) negative binomial 2355
edgeR negative binomial 361
BaySeq negative binomial 1779
Permu none (permutation procedure) 710

Due to the diverse groups of tags among those with the highest significance, boxplots

were created. This opened the possibility to visualize the characteristics of tags, which

have been evaluated as significant by each test.
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In case of Fisher’'s Exact test, those tags are presented, which were at least four times

significantly different (see
chapter 2.4.3.2 for details). For
the other tests the p-value had
to be smaller or even to 0,05. In
cases of Bayseq, the logP-
value had to be at least -0,02
(the equivalent to p < 0,05) (see
fig. 3.4.4.5-7). For the creation
of the box-plots. The absolute
values of the average
logfoldchange values were
used.

These box-plots showed that
the values of the G-test differ
remarkably from the other tests.
This group shows the highest
tendency to smaller logfold-

change values from all applied

Calculated logP vs Ifc after BaySeq

logfoldchange
0
|
2

T T T T
8 6 -4 2
logP-value

Fig. 3.4.4.7: Plot of the logP-values and the corresponding
logfoldchange values after BaySeq. Given are the logP-values
of -8 and more. Above this are a few outliers present, which
are not shown for reasons of illustration (please see the sup-
plemental data disc for details).
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Boxplots of the absolute average
logfoldchange values of the significant

tags after each test
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Fig. 3.4.4.8: Boxplots of the average logfoldchange values of those tags,
which have been assessed as significant by each test. FE stands for Fisher’s
exact test.

tests. The highest values are present in the results of edgeR. The results of BaySeq, Fish-

er's Exact test and Permu are comparable concerning to the logfoldchange behavior (see

Table. 3.4.4.2: Matrix table of the correlation coefficients of the as significant as-

sessed tags by each test*

BaySeq edgeR FE G-test Permu
BaySeq 1 0,16998041 -0,03564558 | 0,027161840 | -0,042954454
edgeR 0,16998041 1 -0,01965870 | 0,016193407 | -0,106884208
FE -0,03564558 | -0,01965870 1 -0,039782073 | 0,075920921
G-test 0,027161840 | 0,016193407 | -0,039782073 1 0,005975535
Permu -0,042954454 | -0,106884208 | 0,075920921 | 0,005975535 1

*this table indicates the correlation coefficiant values calclulated as described in chapter 2.6.3.2
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fig. 3.4.4.8).

In order to find describing character for group differences other than the average
logfoldchange, the differentiation factor Ds was introduced and calculated as described in
chapter 2.6.3.8.

The value of the differentiation factor increases with increasing difference.

It turned out that the group of significant tags predicted by edgeR and Bayseq showed the
greatest internal differences. In general, the analysis of these alternative values
corresponds to the comparisons with the logfoldchange values. The only exception is
noticed in the results of BaySeq. These corresponded more to this newly introduced factor

than on the average logfoldchange values (for comparison see fig. 3.4.4.8 3.4.4.9).

Average Df of the as significant assesed groups by each test
2,0

1,5

1,0

0,5

FE G-TEST PERMU edgeR BaySeq

Fig. 3.4.4.9: Histograms of the average D¢-values of the significant tags by each
test. FE stands for Fisher’s exact test.

The calculation of a correlation matrix between the test based on this factor in the
significant groups resulted in almost no correlation. The highest consensus was found for
the values of edgeR and BaySeq. A small congruency can also be seen between the
groups resulting from Fisher’s exact test and the permutation test. In addition, the resulting

lists of edgeR and Permu showed a weak negative correlation.
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Venn diagram of a comparison of the 100 most
significant tags of each test

G-Test

Fig. 3.4.4.10: Venn diagram of a comparison of the 100 most
significant tags calculated by each valid test. FE stands for Fisher’s
exact test. The number inside the overlapping fields show the con-
sensus between the groups.
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3.4.5.Results of global statistical analysis: Cluster and Principal component

analysis

As method to arrange data in similar groups, cluster analysis methods are the standard
tools for the identification of genes, whose response to a certain condition is similar. This

study included a k-mean clustering as well as hierarchical clustering.

Table 3.4.5.1: This table summarizes the relevant characteristics of identified clus-
ters after a k-mean clustering*

Cluster name Number of genes Tendency
Cluster 9 28 (115 1) R1(up), wt(1 dpi down)

Cluster 21 35(4;1) R1(up), wt (1 dpi up)
Cluster 39 58 (36; 0) wt(down), ORF45(down)
Cluster 54 57 (23; 4) wt(down)
Cluster 56 47 (19; 0) R1(1 dpi up), wt(down), ORF45 (down)
Cluster 62 46 (11; 1) wt(up), ORF45(down)
Cluster 67 57 (18; 0) wt(up), ORF45(up)
Cluster 74 45 (11; 2) wt(down)
Cluster 79 56 (29; 0) R1(down)
Cluster 99 39 (15;0) R1(down), wt(up), ORF45 (down)
Cluster 103 54 (21;0) R1(down), wt(up), ORF45 (down)
Cluster 106 57 (29; 1) wt(3 dpi down), ORF45(down)
Cluster 114 61 (27; 1) R1(up), wt(3 dpi up), ORF45 (down)
Cluster 135 87 (57; 8) wt(3 dpi up)
Cluster 145 68 (30; 0) wt(up)
Cluster 147 95 (68; 16) R1(3 dpi up), wt(up), ORF45 (up)
Cluster 180 34 (13; 1) R1(down), wt(up), ORF45 (down)
Cluster 187 40 (8; 1) wt(down), ORF45 (up)

*Given is the genotype group (RI indicates R/-transgenic lines; wt the wild type and the mock-
transformed line; ORF45 the line transformed with ORF45) and the time point. If no time point is
given, both time points are affected. Additionally the direction of the expression level change is
specified by up (meaning an upregulation) or down (meaning downregulation). The middle column
gives the number of tags in the cluster. In parentheses is given first the number of meaningful anno-
tated tags and second the number of tags classified as responding to stress, wounding or defense.
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Cluster 147 [ T
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Cluster 21
uster Cluster 9
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Cluster 145
Cluster 67
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Cluster 114
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!O 11 =20

Cluster 79 Cluster 106

Cluster 187

| I n v VvV VI | I 1} v vV

Cluster 39 Cluster 54
Cluster 56

| 1l 1] v VvV | " 11} v V VI | 1 Il v vV

Cluster 74

Fig. 3.4.5.1: Overview of the extracted clusters after k-mean cluster analysis. The roman
numbers indicate the different replica groups: I = R1 1 dpi; II = R1 3 dpi; III wt 1 dp1; IV —wt
3 dp1; V— ORF45 1 dpi; VI— ORF45 3 dpi.

In the k-mean cluster analysis , 216 clusters were calculated. The number was chosen
according to the given data. The criteria finally consisted of (6 possible phenotypic
groups)3 possibilities for regulation - Ag phenotypic groups were defined R7 at 1dpi, R1 at 3 dpi, wt
at 1 dpi, wt at 3 dpi, ORF45 at 1 dpi and ORF45 at 3 dpi. The values are the result of a
comparison to the corresponding 0 dpi value. The three possibilities for regulation were
upregulated, downregulated and not regulated. According to this, in the non-hierarchical k-
mean clustering 18 clusters were identified which show, based on the mean-cluster
characteristics, a tendency towards a common expression response under a specific test

condition. (For an overview of extracted clusters see Tab. 3.4.5.1 and Fig. 3.4.5.1 and
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chapter 2.6.3.9 for details of the cluster validation, a full list of the 216 clusters is given on

the supplemental data disc within the data browser). Within these 18 clusters, the R1-

transgenic lines showed an upregulation in five clusters and a downregulation in four. For

the wild type lines, tags were detected as upregulated in ten clusters and downregulated in

six. The ORF45 containing line showed a downregulation in eight clusters and an

upregulation in three. The two largest clusters are ,Cluster 135" (87 unitags), which just

shows upregulated genes in wild type plants three days after infection and ,Cluster

Apertures of the tree

Fig. 3.4.5.2:
image of the hierarchical clustering of
the k-mean clustering extracted genes.
The as highly relevant observed re-
gions are marked by a colored bar.
Green indicates a R/-line specific re-
gion, red a region responding specifi-
cally in wild type plants and blue marks
a region, which is upregulated in all
infected lines. The arrangement of the
samples is comparable to fig. 3.4.6.1. (A
larger view of the whole clustering is
given on the supplemental data disc.)

147 (95 unitags), in which all tested lines show an
upregulation in at least one of the measured time
points. The smallest cluster is Cluster 9 (28 unitags).
The genes present in this cluster show an
upregulation in R7-transgenic plants and are
downregulated in wild type plants one day after
infection. The proportions of meaningful annotations,
what means a match to an enzyme or gene vary
from 11% in Cluster 21 to 72 % in Cluster 147. The
proportions of genes with a gene ontology term
Lfesponse to stress, wounding or defense“ vary from
0 % in Cluster 39, 56, 67, 79, 99, 103 and 145to 17
% in Cluster 147.

These 18 clusters contained together 935 tags. In
order to avoid the methodological bias, which occurs
by the predefinition of the cluster-number in k-mean
clustering methods, and to extract the most
interesting groups, the genes of these clusters were
combined into one data set and a hierarchical
cluster analysis was performed. This enabled the
identification of more clearly responding gene
groups. By hierarchical cluster analysis, 4
extraordinary tag groups could be identified. One
group of genes, which seems to be upregulated in

all genotypes (blue; 1V), one in which the wild type
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Table 3.4.5.2: Comprehension of tags identified by hierarchical clustering*

number of | Annotations (without NA and references to chromosomal

Specific region tags scaffolds)

-At4g33100

-EXS, C-terminal

-Polyubiquitin

-Ethylene signaling protein

-Proline-rich protein family-like

-Protein fIbE

-91A protein

-28 kDa small subunit ribosomal protein;

wt, upregulated 26

- Carbonic anhydrase

Proteinase inhibitor 1

- Pectate lyase

Proteinase inhibitor 1

- Non-symbiotic hemoglobin 2
Pherophorin-C1 protein precursor
- Predicted protein

wt, downregulated 12

Patatin-like protein

Sec61beta family protein

- Avr9/Cf-9 rapidly elicited protein 140
Xyloglucan endotransglucosylase-hydrolase XTH3
Nicotianamine synthase

EDA16 (embryo sac development arrest 16)
Avr9/Cf-9 rapidly elicited protein 65
Phenylalanine ammonia-lyase 1

Phenolic oxidative coupling protein Hyp-1
Ubiquitin carboxyl-terminal hydrolase
Mitochondrial import receptor subunit TOM20

R1, downregulated 18

- Calmodulin-binding protein
Citrate binding protein
- Delta-tonoplast intrinsic protein;
Glucan endo-1.3-beta-D-glucosidase precursor
- WRKY-type DNA binding protein
Polyphenol oxidase
- Non-specific lipid-transfer protein
Pathogenesis-related protein 10
- Uncharacterized Cys-rich domain
ParA family protein
- Non-specific lipid-transfer protein
- TATA-box-binding protein
- Lipid desaturase-like protein
- pathogenesis related protein 10
39 - Alpha-DOX1
- Wound-induced protein WIN1 precursor
- Ethylene-responsive proteinase inhibitor 1
- PR-1
- TMV-induced protein I
- Osmotin-like protein (2x)
- Wound-induced protein WIN2 precursor
- Kunitz-type protease inhibitor
- Hypoxia-responsive family protein
- Peroxidase
- Sesquiterpene synthase
- Probable glutathione-S-transferase
- Extensin-like protein
- Formate dehydrogenase. mitochondrial precursor
- Osmotin-like protein OSMLI15 precursor
- TMV-induced protein I

all, upregulated

*Given 1s the expression behavior, the number of coregulated tags and a shorter version of mean-
ingful annotated tags inside the cluster arm.
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plants specifically are downregulated (red; 1), one in which the wild type plants specifically
are upregulated (red; Il), and one region, which contains genes, downregulated in R17-
transgenic lines (green; lllalllb). For ORF45 no clear group which indicates specific
behavior was identified.

The main results of the hierarchical clustering are summarized in Table 3.4.5.2 (the full
information is given on the supplemental data disc within the data browser). This table
gives the information of the number of detected tags and the annotations given inside
these cluster arms. The information of tags lacking an annotation or which are referred as
»genomic scaffold of Vitis vinifera® were filtered out. The largest group consisted of 39 tags
and showed an upregulation in all genotypic lines. In this group, 30 of 39 tags were
annotated meaningful, corresponding to 76,9 %. This was the most successful annotation
rate. The other groups showed smaller annotation rates, with 30% in the upregulated wild
type plants being the smallest value.

In addition to the cluster

analysis, which is able to Plot of PC1 and PC2

: : - 50000
identify groups of similar

expression values,
principal component
analysis was performed.

The method was used to

PC2
o
>
L
>

comprise the whole *
transcriptome data
composition from each

sample. This analysis

resulted in a very rough -50000 .
-30000-20000-10000 0 10000 20000 30000 40000

grouping of the samples by PC1

the infection time course in

the principal component 1. A R1 0dpi A wt Odpi ORF45 0dpi
With the exception of R1 1dpi ¢ wt1dpi ORF45 1dpi
R1 3dpi B wt 3dpi ORF45 3dpi

outliers, the majority of the

samples grouped over the Fig. 3.4.5.3 Biplot of the principal component 1 (PC1) and the
principal component 2 (PC2) of a principal component analysis
based on the transcriptome expression data of all measured sam-

(negative values) to right ples.

infection time from left
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(positive values). A separation between the tested lines does not occur clearly, although a
weak tendency can be seen between the wild type lines and the R17- transgenic line in
principal component 2 after three days post infection towards negative values in the wild
type samples. An independent grouping of ORF45-transgenic plants was not detected (fig
3.4.5.3).

3.4.6.Results of significance of observation after Fisher’s Exact Test

Table 3.4.6.1: Table of summarized results of tags which show independent
significant expression changes in R/ transgenic plants*

Tag-ID prim. An- |min | max | A.dfe.*** | mi.lfc*** | ma.lfc***| time |prim.Annot. name
not. ID p** | p** point

StET029144 | TC163636 o 0,01 -0,92 -1,35 -0,5 | 1dpi | Tuber specific and sucrose-
responsive element binding
factor

StET027738 | TC172763 | 0 | 0,04 -1,18 -0,62 -0,39 3 dpi |Cluster: EIN3-binding F-box
protein

StET027737 | unknown 0 | 0,03 -1,98 -0,71 -0,32 3dpi |NA

StET018266 | CV475279 | 0 | 0,02 -1,94 -0,78 -0,36 3 dpi [Chromosome chr7 scaffold 20

StET004373 | TC165739 | 0 | 0,04 -1,2 -0,86 -0,51 3 dpi |Chromosome chr3 scaffold 8

StET010841 | TC176453 | 0 | 0,02 -1,56 -1,15 -0,65 3dpi | Fibrillin 8

* Given are those tags, which showed a significant expression level change in 6 of 6 replicates
and in maximum one replicate under wild type condition.

** The columns min p or max p give the lowest or the highest calculated significance value(after
multiple testing correction).

*#*A lfc gives the average logfoldchange; mi.lfc gives the minimum logfoldchange and ma.lfc in-
dicates the highest logfoldchange (please note, that minimum and maximum is given mathemati-
cally, so in downregulated tags, the mi.lfc value indicates the strongest response).

As significance test, which deals most flexible with the biological variance, Fisher’s exact
test was performed to estimate the significance of observation for all comparison of the
infection progress. A comparison between the genotypes was not performed due to the

observed uncertainties in the expression of ef-1a (see chapter 3.4.3). This test was

87



Chapter 3.4: Results: Transcriptome analysis

performed individually for each independent experiment over time as described in chapter
2.6.3.2 2.6.3.4.

In table 3.4.6.1-3.4.6.3 the results of these tests are summarized. Shown are those tags,
which showed a significant change in 6 of 6 experiments and at maximum one significant
change in the corresponding control. This control consisted of the expression
characteristics of the wildtype in cases of both transgenic lines and of the expression
characteristics of R7-transgenic lines in cases of the wildtype plants. (For example six
significant observations in R1 transgenic plants and one in wildtype plants.) For reasons of
illustration for ORF45 transgenic plans, only those are given which were significant in all
cases and showed a logfoldchange of one or above. The supplemental data disc contains
the full lists of significant tags up to four of six valid observation (two of three and two of
two in case of ORF45). By listing these top significant and unique tags, it turnes out that
for the R1-transgenic lines, six tags fulfilled the mentioned criteria. Five of the significant
changes were observed three days after infection and were downregulated. This
represents the smallest group of genes.

In wildtype plants, in total 31 tags were identified. 16 were significant at one day post

infection and 15 at three days post infection.

Table 3.4.6.2: Table of summarized results of tags which only showed significant

expression value changes in wild type plants*

Tag-ID prim. | min [ max | A.lfc.*** [ mi.lfc.*** | ma.lfc.** | time |prim. Annot.
Annot. | p** | p** point |name
ID
StET017962 | TC176177| O 0,01 1,28 1,04 1,58 Idpi |NA
StET030331 | TC173012| O 0 1,49 1,04 1,71 ldpi |CBL-interacting pro-

tein kinase 25

StET013338 | TC165752( O 0,01 1,18 0,39 1,5 Idpi |Chromosome chrl7
scaffold 12

StET002687 | TC164231| O 0 1,24 0,55 1,48 Idpi [Cap-binding protein
CBP20

StET020154 |CV504927] O 0,01 1,33 0,42 1,47 ldpi |T4012.27

StET014099 | TC188521| O 0 1,46 0,42 1,7 Idpi [NA
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Tag-ID prim. | min | max | A.lfc.*** | mi.lfc.*** | ma.lfc.** | time [prim. Annot.
Annot. | p** | p** point [name
ID
StET019871 | TC167304( O 0 1,4 0,42 1,88 1dpi | Chromosome chr5 scaf-
fold 2
StET018100 | TC190958| O 0,02 1,19 1 1,86 1dpi |Proton pump interactor
StET025630 | CK853475| O 0 1,18 0,39 1,95 Idpi |Serine/threonine pro-
tein kinase
StET009293 [ TC191591( 0 0 -0,54 -1,23 -0,37 Idpi | Chloroplast 50S ribo-
somal protein L2
StET025786 | TC173026| O 0 -0,58 -3,24 -0,32 Idpi |Ribulose bisphosphate
carboxylase small chain
3
StET027128 | TC179956( O 0 -0,49 -0,61 -0,31 Idpi |Chromosome chrl8
scaffold 61
StET009803 | TC191566| 0 0 -0,66 -1,18 -0,44 Idpi |[AGAP011901-PA
StET029662 | TC163337| O 0 -0,51 -0,83 -0,33 Idpi |Oxygen-evolving en-
hancer protein 2
StET023638 | unknown 0 0,02 -0,94 -1,76 -0,5 Idpi [NA
StET005170 | TC177397] O 0,01 -1 -1,46 -0,64 1dpi | Tonoplast intrinsic pro-
tein
StET027779 | TC175508 | O 0 -1,33 -1,79 -0,98 3dpi | Phospholipase A2 pre-
cursor
StET006445 | unknown 0 0,02 -1,31 -2,01 -1,01 3dpi |NA
StET020200 | TC189194| O 0,02 -1,27 -1,76 -1,01 3dpi |Pherophorin-C1 protein
precursor
StET015408 | BQ115199| 0 0 -0,77 -2,14 -0,51 3dpi |50S ribosomal protein
L27
StET001709 [ DN90666 | 0 0,01 -0,84 -2,26 -0,33 3dpi |Ribulose-1,5-
0 bisphosphate
carboxylase/oxygenase
small subunit
StET027958 | TC174667( O 0 1,97 0,53 2,45 3dpi |Salicylic acid-induced

protein 19
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Tag-ID prim. | min | max | A.lfc.*** | mi.lfc.*** | ma.lfc.** | time [prim. Annot.
Annot. | p** | p** point [name
ID

StET025045 | TC176398| O 0,04 2,2 0,87 2,41 3dpi |Glucan endo-1,3-beta-
D-glucosidase precur-
sor

StET005812 | TC168480| O 0 2,26 1,15 2,63 3dpi |Chromosome chrl8
scaffold 1, whole ge-
nome shotgun sequence

StET029512 | TC167849| 0 0,01 2,24 0,93 2,69 3dpi |Pathogenesis related
protein PR-1

StET026244 | TC190950| O 0 0,78 0,3 1,41 3dpi | 14-3-3 protein

StET005539 | unknown 0 0,01 1,82 0,59 2,3 3dpi [NA

StET006462 | TC173953| O 0,02 1,27 0,32 1,69 3dpi |Chromosome chrl8
scaffold 1

StET006606 | TC163449( O 0 1,46 0,64 1,79 3dpi |Cytosolic ascorbate
peroxidase 1

StET017601 | DR034844| 0 0,04 1,34 0,38 1,54 3dpi |Gamma-aminobutyrate
transaminase subunit
isozyme 3

StET016400 | TC190641 0 0,02 1,4 1,14 1,63 3dpi | Chromosome chrl scaf-
fold 84

* Given are those tags, which showed a significant expression level change in 6 of 6 replicates and in
maximum one replicate under R/-transgenic conditions.

**The columns min p or max p give the lowest or the highest calculated significance value.

**ALlfc gives the average logfoldchange; mi.lfc gives the minimum logfoldchange and ma.lfc indi-

cates the highest logfoldchange (please note, that minimum and maximum is given mathematically,

so in downregulated tags, the mi.lfc value indicates the strongest response).

In the case of the line transformed with the ORF45, for reasons of illustration, only those
tags are presented in this chapter which showed a logfoldchange of at least 1. In total after
one day of infection 86 tags were downregulated and 196 at three days after infection.
Additional 117 tags are significantly upregulated after one day and 334 after three days
post infection (table 3.4.6.3).

For the subsequent GO-Term analysis, all tags included in lists on the data disc were
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Table 3.4.6.3: Table of summarized results of tags which showed significant ex-

pression value changes only in ORF4) transgenic plants*

Tag-ID prim. | min |max | A.lfc.*** [mi.lfc.*** | ma.lfc.*** | time |prim. Annot. name
Annot. | p** [ p** point
ID

StET009055| unknown 0 0 -1,32 -1,46 -1,17 ldpi [NA

StET008298 | unknown 0 0 -1,16 -1,3 -1,09 ldpi [NA

StET017921 | TC174507 0 0 -1,34 -1,54 -1,24 1dpi |Chromosome undeter-
mined scaffold 235

StET002612| unknown 0 0 1,31 1,05 1,57 ldpi [NA

StET004795| unknown 0 0 -1,48 -1,74 -1,31 3dpi |NA

StET020395| unknown 0 0 -1,4 -1,66 -1,24 3dpi [NA

StET001931| unknown 0 0 -1,34 -1,74 -1,14 3dpi [NA

StET006171 | unknown 0 10,01 -1,29 -1,41 -1,19 3dpi [NA

StET006494 | unknown 0 0,03 -1,29 -1,34 -1,25 3dpi [NA

StET000419| unknown 0 10,01 -1,36 -1,42 -1,3 3dpi [NA

StET000382| unknown 0 0 -1,28 -1,56 -1,11 3dpi |NA

StET014937| BQ114945 | 0 | 0,03 -1,2 -1,34 -1,09 3dpi |RuBisCO large subunit-
binding protein subunit
beta

StET014228| unknown 0 0 -1,3 -1,48 -1,18 3dpi [NA

StET001869| TC165118 | 0 0 -1,5 -1,69 -1,37 3dpi [Isocitrate lyase

StET018528 | TC188425 | 0 | 0,01 -1,27 -1,42 -1,16 3dpi [Chromosome chrl3
scaffold 17

StET014906 | unknown 0 10,01 -1,21 -1,41 -1,07 3dpi [NA

StET005005 | unknown 0 0 -1,22 -1,6 -1,02 3dpi [NA

StET029630 | TC172868 0 0,03 -1,21 -1,34 -1,11 3dpi | Probable transposase

StET024994| unknown 0 0 1,29 1,02 1,46 3dpi [NA

StET009052 | unknown 0 0 1,76 1,23 1,99 3dpi |NA

StET025031 | CV477637 0 0 1,51 1,09 1,72 3dpi Cyt'ochrome dl  heme
region precursor

StET016441 | TC187954 0 0 1,59 1,12 1,81 3dpi | Predicted protein

StET019804 | TC166407 [ 0 0 1,08 1,08 1,09 3dpi |Induced stolen tip pro-
tein TUBS8

StET018535| unknown 0 0 1,61 1,06 1,85 3dpi |NA

StET022115| unknown 0 0 1,46 1,15 1,64 3dpi [NA

StET016928 | TC180376 0 0 1,61 1,02 1,85 3dpi |[Chromosome chr4 scaf-
fold 162

StET002242 | TC171485 0 0 1,48 1,02 1,69 3dpi |Chromosome chrl3
scaffold 210

StET024123 | DR037288 | 0 0 1,14 1,09 1,19 3dpi |NA
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Tag-1D prim. | min | max | A.lfc.*** | mi.lfc.*** | ma.lfc.*** | time |prim. Annot. name
Annot. | p** | p** point
ID
StET029144 | TC163636 0 0 1,61 1,04 1,85 3dpi |Tuber-specific and

sucrose-responsive
element binding factor

StET013479| unknown 0 0 1,54 1,09 1,76 3dpi [NA

StET008045| TC177374 | 0 | 0,04 1,05 1,02 1,09 3dpi [ Cell wall protein
StET004533 | TC182782 0 0 1,68 1,24 1,89 3dpi |Chromosome undeter-

mined scaffold 310

StET002188| unknown 0 0 1,8 1,22 2,04 3dpi |NA

StET006157 | TC177490 [ 0 | 0,04 1,04 1,02 1,06 3dpi [NA

StET010511 | unknown 0 0 1,51 1,09 1,72 3dpi [NA

StET013632| unknown 0 0 1,6 1,09 1,83 3dpi [NA

StET026236| TC174826 | 0 0 1,47 1,09 1,67 3dpi [NA

*Given are those tags, which showed a significant expression level change in all replicates and no
replicate under wildtype conditions.

*The columns min p or max p give the lowest or the highest calculated significance value.

*#*Allfc gives the average logfoldchange; mi.lfc gives the minimum logfoldchange and ma.lfc indi-
cates the highest logfoldchange (please note, that minimum and maximum is given mathematically,
so in downregulated tags, the mi.lfc value indicates the strongest response). To decrease the number
of relevant tags this table just shows those tags, which at least showed a tenfold increase or decrease.

considered (the exact criteria are given in chapter 2.4.3.2). An identification of over
represented GO-categories was possible for all conditions except one day after infection
during the incompatible interaction. The results of the GO-term analysis are illustrated in
fig. 3.4.6.1-5. And in more detail on the supplementary data disc. This analysis unraveled
following major processes. At three days post infection during the incompatible interaction,
it can be seen, that among the significant genes, those are over represented, which are
considered to have a function in vesicle formation and vesicle trafficking and in this case
membrane bound vesicles are affected as well as cytoplasmatic vesicles. One day post
infection during the incompatible interaction no significant overrepresentation of ontology
terms has been found.

During the incompatible interaction in wild type much more active processes were
observed. In summary, these processes are mainly involved in plastidic activity and carbon
fixation one day after infection. Three days after infection the overrepresentation of these
gene ontologies is still present and expanded by more defined processes like stroma

activity. In addition some new processes were detected for instance response to stress,
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systemic acquired resistance and like in the R7-transgenic pants, vesicle trafficking
processes are active.

The ORF45 containing plant reacted comparable to the wild type plants with two major
exceptions. The analysis of these plants, shows in addition two remarkably ontologies. In
these plants, an enhanced response to hormones (in detail to gibberelic acid) was
detected as well as the ontology term ,response to fungus® and ,incompatible interaction®.
Common, after the analysis of all lines in the GO-term analysis is that at three days post
infection the number of overrepresented categories increased compared to one day post

infection.
5.00E-2 < 5.00E-7

Gene_Ontolog

Fig. 3.4.6.1: Result of the GO-Term analysis of the significantly up and downregulated tags
in R/ containing plants three days after infection. The size of the circles reflect the number of
tags present and the color represents the significance of overrepresentation.
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5.00E-2 < 5.00E-7

i

gtabolites and energy

k)

light reaction

ght harvesting

photosynthesis, light h sting in photosystem |

Fig. 3.4.6.2: Result of the GO-Term
analysis of significantly up and down-
regulated tags in wildtype plants at one
dpi. The size of the circles reflects the
number of tags present and the color
represents the significance of overrepre-
sentation. Shown 1is the whole analysis
and two relevant regions in close-up.
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5.00E-2 < 5.00E-7

|

“ ytoplasmic part™
Hrafg!iular organg part J
o)

chloroplast thyJakoid lumen

Fig. 3.4.6.3: Result of the GO-Term
analysis of the significantly — up and
downregulated tags in wildtype plants
three days after infection. The size of the
circles reflect the number of tags present
and the color represents the significance
of overrepresentation. Shown 1is the
whole analysis as overview and three
relevant regions in close-up.
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5.00E-2 < 5.00E-7

Fig. 3.4.6.4: Result of the GO-Term
analysis of the significantly up and
downregulated tags in ORF45 plants one
day after infection. The size of the circles
reflect the number of tags present and
the color represents the significance of
overrepresentation. Shown is the whole
analysis as overview and two relevant re-
gions in close-up.
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5.00E-2 < 5.00E-7

|

prastogigoure
akoid lumen 4

Fig. 3.4.6.3: Result of the GO-Term
analysis of the significantly up and
downregulated tags in ORF45 plants
three days after infection. The size of the
circles reflect the number of tags present
and the color represents the significance

_ of overrepresentation. Shown 1is the
response to bne stimulus

responsle t{ungus whole analysis and three relevant regions
defense response, impatible'# . .
in close-up view.

[itamin

signall
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3.4.7.Comparison of DeepSAGE-data with semi-quantitative RT-PCR

A subset of 17 genes was chosen from the transcriptomics data set and the expression of
this genes was measured in an independent experiment using normalized gRT-PCR. A list

of this genes is given in table 3.4.7.1 and the used primers in table 2.5.1.1.

Table 3.4.7.1: Summary of the tags which have been examined using gRT-PCR

Tag-ID R1 R1 wt wt | ORF45 [ ORF45 prim. Annot. Name (partially)
1dpi* | 3dpi* | 1dpi* | 3dpi* | 1dpi* | 3dpi*
StET013932 | 0,45 0,5 -0,32 0,61 0,99 0,03 | Sulfoquinovosyldiacylglycerol synthase type
2

StET030529 | 0,22 -0,04 0,2 0,09 0,4 0,66 | Splicing factor-like;

StET014686 | 0,81 1,01 0,45 0,35 0,35 -0,53 | Auxin-repressed protein;

StET030029 0,6 0,81 -0,62 -0,33 -0,35 -0,59 | Outer envelope protein;

StET014759 | -0,26 | -0,15 0,64 -0,47 | -0,35 | -0,05 [SGTI1-2

StET018100 | -0,83 -0,62 1,28 0,5 0,29 -0,18 |Proton pump interactor;

StET030331 | -0,33 0,26 1,48 1,34 0,24 1,02 | CBL-interacting protein kinase 25
StET011957 | -0,46 -0,38 0,18 0,68 -0,13 0,3 | Chromosome chrl4 scaffold 9

StET007124 | 1,12 0,39 -0,04 -0,4 -0,58 -0,83 | Cluster: T8F5.5 protein

StET025959 | 0,88 0,87 -0,08 0,11 -0,03 -0,61 | Glutathione reductase

StET009643 | 0,95 0,52 0,04 -0,14 0,33 -0,2 | Transaldolase ToTAL2

StET030411 | 0,94 0,88 0,22 -0,22 0,77 1,26 | Chromosome undetermined scaffold 383,
StET021458 | 0,63 0,73 0,34 0,25 -0,02 0,28 |GmCK3p

StET001659 0,1 0,18 0,15 0,34 -1,02 -0,75 | Chromosome chr18 scaffold 1

StET001804 | 0,45 -0,04 | -0,16 -0,6 1 -0,14 |CYP72A56

StET006462 | 0,13 0,1 0,33 0,91 -0,26 -0,42 | Cluster: Chromosome chrl18 scaffold
StET029853 | 0,06 0,13 0,77 0,95 -0,38 0,32 | Polyubiquitin;

* describes the replica group as defined in chapter 2.6.3.2.2

The relative expression value after normalization to the housekeeping gene ef -1a can be
seen in Table 3.4.7.2. In this table the average values of the biological and in case of the
gRT-PCR the technical replicates and the according standard deviations are listed. The
basis of these values are the results from the DeepSage experiments on the one hand and

from the qRT-PCR experiment on the other hand. To compare the results of both methods
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the average logfoldchanges were calculated and the data of both experiments was
categorized in three classes. Values below -0,3 were classified as down- and values above
0,3 were classified as upregulated. Logfoldchange values between -0,3 and 0,3 were
classified as “no regulatory control”. These three classes were compared and an
agreement or disagreement between these classes was determined as class 1 (no
agreement) or class 3 (agreement). Due to the fact of possible shifts in the infection
progress and the connected shifts in expression response, the intermediate class 2 (partial
agreement) was introduced. The results of this comparison are given in figure 3.4.7.1.
These comparisons of methods showed just a weak overlap of the results of both
experiments. The greatest consensus can be seen in the results for SGT1-2 (TC180208),
a glutathione reductase (TC173455) and an auxin-repressed protein (TC173049). In these
genes only one disagreement has been noticed The rest of the tested genes, showed a
less amount of overlapping expression behavior, ranging to no agreement at all in T8F5.5
protein (TC183138). In total 102 measurements were compared. Of these, 49 did not show
any overlapping tendency, 14 times class 2 has been observed and 39 times congruency
has been figured out. The results of this comparision are summarized as matrix in table
3.4.8.3.

Table 3.4.7.2: Summary of the ¢/~/a normalized expression values of the gRT-
PCR and the DeepSAGE experiment*

wt wt wit R1 R1 R1 ORF45 ORF45 ORF45

0dpi** 1dpi** 3qpj*** O0dpi**  1dpi**  3dpi** 0dpi** 1dpi** 3dpi**

ID Method rel. + rel. + rel. =+ rell. + rel. + rel. + rell + rel. £ rel. =+
R expr. expr. expr. expr. expr. expr. expr. expr. expr.

StET030529 | SAGE 0,12 10| 017 |0] 0,15 0| 0,07 | O 032 02| 026 |0,1| 0,11 01| 0,13 |0,1| 0,09 | 0
TC163943

RT-PCR 14 11,09 |1} 13 0| 1,48 03| 0,85 |0,7| 097 0,8 1,35 |08 1,4 0,1 1,76 [0,5

StET014686 SAGE 0,19 0 022 0 02 0 02 02 045 0,1 006 0,1 0,03 0 0,12 0,1 025 0,2

TC173049
RT-PCR 099 1 09 1 149 0 132 03 1,32 1 0,85 1 1,09 1,1 1,41 01 291 0,6

StET030029 SAGE 0,08 0 003 0 005 0 004 O 0,04 0 0,01 0,1 0,02 0 0,04 0 008 O

TC168403
RT-PCR 105 1 126 1 152 1 138 07 08 06 1,14 06 161 03 1,66 02 195 02

StET014759 SAGE 0,02 0 005 0 0 0 0,01 0 0,01 0,1 0,01 0 0,01 0 0 0 0 0

TC180208
RT-PCR 037 1 081 1 161 1 135 0,7 0,62 1 093 1,1 0,78 1,1 0,6 4 133 09

StET018100 SAGE 0 0 006 0 003 0 001 0 019 0 0 0,1 0,03 0 0,01 0 001 O

TC190958
RT-PCR 1,07 1 1,82 1 141 0 1,11 08 225 08 1.4 09 1,27 04 1,57 03 282 0,6
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StET030331
TC173012

StET011957
TC172861

StET007124
TC183138

StET025959
TC173455

StET009643
TC165331

StET030411
TC184597

StET021458
TC174692

StET001659
TC170569

StET001804
TC190995

StET006462
TC173953

StET029853
TC182394

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

SAGE

RT-PCR

0

1,73

0,93
0,09
1,42
0,07
0,64
0,02
1,62
0,04
1,64
0,42

1,53

2,12

0,08

0,01
0,83
0,03
0,86
0,07
121
0,02
1,13
0,04
0,75
0,34

0,63

1,26
0,03
1,08
0,09
1,04
0,12

1,22

0,08
1,44
0,03
0,96
0,04
121
0,1
2,5
0,02
1,51
0,06
134
0,42
2,27
0,01
1,28
0,004
2,11
0,25
0,89
0,15

1,91

0,03
2,55

0,04
1,16
0,09

1,08

0,02

0,07
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0,3

0,3

0,6
0,1

1,3

0,2

0,5
0,2

1,1

0,4

1,1
0,1
0,4
0,1

0,4

0,09
1,09

0,04

1,41
0,02

1,07

1,38
0,05
1,22
0,17

1,62

0,1

0,4

0,1
0,1
0,7
0,2

2,9

0,2

0,5

0,3

1,1

0,4

1,2

0,4

0,2

0,5

0,04
1,43
0,04

0,93

1,5
0,02
0,7

0,01

0,01
1,68
0,01
1,96
0,01
1,76
0,06

1,02

0,1

0,3

0,1

0,7

33

0,2

0,3

0,1

0,5

0,4

1,1

0,3

0,5

0,08
1,32
0,18
1,24
0,01
2,03
0,1

1,49
0,01
2,15
0,07

1,72

0,3

0,1

0,3

4,6

0,3

0,1

0,6

0,2

0,1

0,5

0,3

0,04
2,29
0,02
1,57
0,02
23
0,06
2,09
0,03
1,96
0,09
1,79
0,26
2,49
0,01

1,95

1,95
0,01
2,93

0,09

0,2

0,2

0,5

0,4

0,2

0,1

0,4

0,3

0,6

2,6

1,1

0,3

0,5

* given are the average expression values (rel. expr.) and the standard deviation (%) of the different
genotype classes and timepoints.

**describes the replica group as defined in chapter 2.6.3.2.2

**data originating from the DeepSAGE experiment is given in rows named as SAGE; adatas
from the gRT-PCR experiment in given the row named as RT-PCR

A comparison of values from the DeepSage experiment of the class 1 and those in class 2

and 3 showed that the logfoldchange values of both groups differ significantly (p=0,0498).

As can be seen in the boxplots of both groups (fig. 3.4.7.2), the median and both quantile-

values show a shift towards smaller values in the group, which leads to an assessment of

class 1.
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Boxplot of the groups of class 1 and
polled class 2 and 3
= c
i
|
;- s
Class 2&3 Class1

Fig. 3.4.7.2: Boxplots of the logfoldchange values from the
DeepSage experiment, which lead to a classification 2 or 3 and of
those values, which lead to a classification 1.
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4.Discussion

4.1.Evidence for the expression of predicted R7-homologous genes

in Solanum tuberosum

The first step to analyze the R7-homologues on the contigs R71 and r1 was to generate
locus specific primer pairs. This was successful for of ORF23, ORF46, ORF 22-1, ORF52
and ORF54 (chapter 3.1). Additionally it was possible to develop one primer combination,
which amplifies ORF24 as well as ORF45 (table 2.5.1.1). Together with the existing R1-
specific primers (table 2.5.1.1), it is now possible to examine the expression of most of the
putative R7-homologous genes. This was demonstrated by the occurrence of the correct
PCR-bands on BAC's, which only harbor the target sequence. In the cases analyzed, no
cross-amplification using the PCR-assay was observed. The reason to develop those
primers, was given by the high degree of homology of this genes. This high similarity
among this genes forced a BAC-assay driven verification. Even with sequence information
it was not possible to distinguish completely between all of the members of this family.
Moreover in the cases of ORF 22-1 and 46 it was necessary to amplify just small
fragments for the specific detection of these genes. This additionally smallered the
methodological power of Sanger sequencing. Only in cases of ORF22, the development of
those primers failed. Using cDNA of the diploid breeding clone Solanum tuberosum P6/210
it was possible to detect transcripts of some R7-homologues. This was possible in the
cases of ORF22-1, 23, 46, 52 in leaf tissue in different developmental stages and in floral
tissues. In the case of ORF54 only in leaf tissue a transcript was detected (chapter 3.1).
Although the experiments have been designed a in semiquantitative manner, the
interpretation of the results should remain qualitative with respect to the amplification
efficiencies (75%) of the used primers (data not shown). Nevertheless in the given cases it

was possible to detect transcripts, indicating that the ORF prediction was correct.
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4.2.Evidence for the expression of genomic predicted ORFs in

Solanum nigrum

The verification of transcripts in Solanum nigrum was successful in the case of three puta-
tive R71-homologous genes. The results in chapter 3.2 showed the possibility to detect
transcripts in cDNA samples for the homologues snR1.5, snR1.6 and snR1.7 (chapter 3.2).
Especially snR1.6 which shares the highest sequence similarity to the R71 gene is a good

candidate as late blight resistance gene in Solanum nigrum.

4.3.Hypersensitive reaction of Solanum nigrum in response to tran-

sient expression of effectors of Phytophthora infestans

The transient expression of cloned effectors of Phytophthora infestans in Solanum nigrum
showed a clear hypersensitive response after infiltration with the effectors, which have
been presented in chapter 3.3.

This is a decisive hint to answer the question, wether the recognition of Phytophthora
infestans in Solanum nigrum is R-gene driven. This information is derived from the
localization of the expressed effector protein. In PAMP-triggered mechanisms, the
pathogen is recognized before effectors are secreted in the cytosol and as far as known,
the PAMP-receptors are localized the plasma membrane [105, 106]. The phenotype
induced by these receptors is not differentiable from the response of NBS-LRR type R-
genes. In both cases, a hypersensitive response is observed. In this transient expression
system, the PVX-based vector components are transferred to the plant cell and with them
the effector sequence. The expression of the effector occurs directly inside the cell. This is
crucial for an assessment of this process and allows a differentiation of both processes.
Although these results do not exclude a PAMP-triggered immunity system in Solanum
nigrum, they give a strong argument for the existence of an internal R-gene driven
mechanism, which is able to recognize effectors from Phytophthora infestans. A
remarkable feature of the positive effectors is their high degree of similarity to each other
on the one hand and the high degree of similarity to the avrblb2 family effectors. So it is
possible, that Solanum nigrum as well as Solanum bulbocastanum are able to target a

class of molecules, whose structure is important for the pathogen and mutations are

104



Chapter 4.1-3: Discussion: Expression analysis Effector screen

therefore under higher selection than in other avr factors.

Another possibility, which is always thinkable in cases of possible resistance genes from
wild species, arises from the ecology. In natural populations there is a complex mixture of
a resistant and non-resistant environment. A mutation, which is physiologically not
beneficial for the pathogen, but leads to recognition of a new hosts, might not be
necessary, due to the fact, that nearby a recognizable host is present - this decreases the
selective pressure of the environment. This ecology obviously drastically changes after the
introgression of a certain resistance gene into a crop monoculture. In such an environment
the adaptive pressure on the pathogen is much higher what following leads to a forced
adaption to overcome the resistance even under physiological non-beneficial conditions
due to the lack of alternatives for survival of the local pathogen population.

During the comparative analysis of the effector sequences it has been observed that
clones were included in this set, which did not induce a necrosis but had the same
translated amino acid sequence to clones which induced the hypersensitive response.
This indicated that these experiments do not allow interpretations in form of exclusions.
For a clear identification of sequence motives, which are responsible for a recognition of
the effector this distinctive criterion is a prerequisite. It has to be concluded that this
effector-set contains clones, which do not work properly and therefore does not allow to
interpret negative results. The observation of positive necrotic phenotypes supports the
conclusion that in Solanum nigrum a R-gene driven resistance mechanism exists, which is
able to perceive avirulence factors of Phytophthora infestans. This mechanism should be
at least in part highly similar to the one of Solanum bulbocastanum. To which extend this
mechanism correlates to the identified R7-homologues has to be clarified by further
studies.
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4.4.Comparative DeepSAGE-analysis of R7- and ORF45-transgenic

Solanum tuberosum plants with wildtype

4.4.1.DeepSAGE as method for transcriptome analysis without a reference

genome — performance features and uncertainty factors

The application of DeepSAGE as massive parallel sequencing supported method for
transcriptome analysis was successful. With an annotation of almost 20 % of the potato
gene index, a large number of transcripts have been detected and identified. It was
possible to annotate 69 % of all sequence tags (chapter 3.4.2). There are still many
sequence tags which currently lack any information but can be a valuable source in the
future, when such information is available. The precision of annotation, in general was
satisfying. 69 % of all annotated tags, had just one possible target inside the used data set
of reference sequences. Due to the heterozygosity in Solanum tuberosum, it was
necessary to allow one mismatch. The number of tags with 100% match, with 10323, was
half of the total number of annotated tags (chapter 3.4.2). It should be mentioned that a
prerequisite for reaching this annotation-rate was the precise definition of the reference
sequences and the tag identification via a tag-extraction-and-matching algorithm (chapter
2.6.3.1). Attempts, to annotate against genomic sequences or using the BLAST algorithm
often resulted in various numbers of possibilities and random hits (data not shown).

The currently available TIGR (JVCI)-cDNA microarray chip of potato contains 32448 spots
but only 16058 have an annotation [107]. After removing the duplicates 5344 are left. In
this context a quality assessment of the DeepSage experiment can be made. With an
identification of more than 12000 genes, the performance in terms of information is more
than doubled. Additionally 30 % of the sequenced tags, have not been identified, yet. A
new annotation of these tags with new sequencing information can easily be done in the
future.

One special observation was made during this experiment, which arose from the new
technical possibilities. This was the matching of multiple tags on one target. In this quality
this was not anticipated from microarray experiments before and will make a discussion of

comparability to the hybridization driven data necessary. Although hard to examine

106



Chapter 4.4: Discussion: Transcriptome analysis

systematically in the given data set, it was noticed that several tags have been annotated
more than once, with the extreme example of 26S protease subunit 6 given in chapter
3.4.2. The reason for this multi-tag-families are on the one hand allelic variants of one
gene, which might have been detected and on the other hand, gene families where several
genes encode homologous transcripts and which are very similar in sequence. In
comparison to hybridization and PCR-based methods, it is hard to imagine that these
methods are able to reach this resolution at a single base. The quantitative sequencing
have the potential to detect such differences. But with this new insights and the new
possibility to analyze these findings it is necessary to think about possibilities how this
problem can be treated. In our analysis, we decided to use each single tag and its
quantitative behavior for searching significant differences in expression. Afterwards, the
annotation information has been taken into account - leading for example to a number of
upregulated tags, which coded for the same gene. On the contrary, it was observed that a
gene was detected by significantly and as well by not significantly regulated tags.

An alternative approach for the analysis could be the pooling of the expression level
measurements of annotated EST's’s and subsequent analysis of levels for significance of
pooled observation. This new insights can also be seen as uncertainty factor in the sense
that the complete secure allocation of these tags remains open as long as no reference
genome is available. Even then, this genome has to be from the same cultivar to avoid
ambiguities caused by the allelic states.

In addition no broad experience concerning the sequencing accuracy exists. In studies,
where alleles have been cloned and sequenced by traditional Sanger sequencing, only
those were accepted, which were detected at least two times [108]. The same criterion is
used in the acquisition of massive parallel sequencing and in this approach this criteria has
been expanded to a threefold detection. It is not clear yet, wether this is really sufficient.
Not much is published about the general error rate of this sequencing technique, and only
first approaches to this question exist [109]. Further evidence has to be obtained by a
broader application of this methods and the corresponding sequencing platforms.
Nevertheless, comparing our general results to other studies, an overlap can be noticed.
One of the published experiments, which fits best to our approach has been done by
Restrepo et al [110] and achieved comparable results in terms of the identification of
protease inhibitors or the Glutathione reductase [110]. Even in silico modeling approaches

showed an indication in this direction [111]. But beyond the rather general results which
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are presented in these studies, we find a much more complex situation in our experiment.
For example, through the identification of ethylene responsive proteins we have good hints
for the involvement of this hormone in the defense response (this will be discussed in the
following chapters in more detail). This is in accordance with studies observing Oryza
sativa upon infection with the bacterial pathogen Xanthomonas oryzae [112]. It has been
observed, that different genes, which respond to ethylene are showing expression

changes whether in the wild type plants or in R1 transgenics.

4.4.2 Evaluation of statistical methods — the normal distributed world

The comparison of different statistical tests for significance gave surprising results. On the
one hand, it turned out that tests, which have been originally designed for the analysis of
traditional SAGE-libraries did generate a high number of significant tags in the FDR-value
estimation and further criteria were needed for correction (details are given on the
supplemental data disc). In case of the G-test this is achieved by the multiple criteria,
which are applied like the in-group significance for example and in the case of Fisher's
exact test, we introduced modifying criteria manually (see chapter 2.6.3.4).

Another interesting observation was made when comparing the top 100 significant tags of
the different tests with each other. In contrast to expectations, there was almost no overlap
between the results of the tests.

This is additionally confirmed by the calculation of the correlation coefficiencies based on
the expression differences of the significant tags. As it seems, each test evaluates the
behavior of the data values completely different. There was almost no correlation, just a
weak tendency of overlap for the results of BaySeq and edgeR, and between Permu and
Fisher’s exact analysis. Nevertheless, for an interpretation of this result it has to be
considered that these tendencies just describe the nearest similarities in a group of
unequal ones.

Another interesting feature of the G-test and Fisher’s exact test was the correlation to the
logfoldchange values. There was no clear decrease in the expression change with
increasing FDR-value. This, in contrast, was observed when applying Student’s t-test.
These results followed the intuitively expected correlation of lower expression changes
with increasing FDR-values. The hypergeometric tests do not follow this logic. The G-test

decided in extremes. As it seems, the results fall mainly in the category ,yes“ with
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extremely low FDR-values or the significance category ,no“ with a FDR-value of 1. Even
more remarkably is the fact that the tags with the highest expression changes fell were
assessed as not significant. These characteristics were similar in the results of Fisher’s
exact test although the scattering of logfoldchange values between 0-1 was larger and the
number of raw FDR-values below 0,05 was reduced. This correlation was different in the
result of Permu, edgeR and BaySeq. These tests showed a similar tendency in correlation
like the t-test.

Concerning the differences in the significant genes by each test, the results of the G-test
were not coherent. In both assessment criteria, the characterization via the logfoldchanges
and the differentiation factor (via the linear regression), it turned out that those tags which
have been evaluated as significant by the G-test showed the least differences compared to
those calculated by all other tests. In addition, among the significant tags, it was observed
that some expression differences were not conclusive (data not shown, please see the
supplemental data disc). This leads to the conclusion that the FDR-value estimations
made the G-test is not applicable on such large-scale data.

In contrast, EdgeR and BaySeq showed the greatest pairwise differences within groups of
significant tags, and it is likely that these tests are more suitable for the significance
analysis of massive parallel sequencing data. At the moment, a disadvantage of these test
is their exclusive availability as R-package. The software R demands certain
computational skills. Another disadvantage is that these tests (this includes the Permu test
as well) are computationally intensive and need corresponding computer capacities. The
permutation test, although the results are good especially in terms of homogeneity, has a
special problem with the calculated p-values. It is not really clear to which extend the
estimated p-values are comparable to those from other tests. One problem affecting this,
is the dependency on the group size. As test, identifying primary homogeneous groups
against each other, it is more difficult to achieve a similar result the more replicates are
present within a group. Finally, it was necessary to introduce a group-size correction factor
to achieve a comparability. This factor was introduced intuitively and it is not clear to which
degree this affects the total assessment. One origin of this problem is the low number of
diverse p-values resulting from this test. In total, only 462 different values have been
calculated. This influences the subsequent FDR-correction after Benjamini & Hochberg
drastically because this method has a ranking factor included as well which compares the

ranking position of the p-value to the number of all values [103]. This is driven out in the
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manner that the lowest p-values are less corrected than the highest. If now blocks of equal
p-values exist, this influences the ranking and therefore the results of the correction
method. Until this problem is solved, it is recommended to interpret the results in the way
of ranking lists.

According to this and with similar characteristics in expression differences within the group
of significant comparisons as observed in the permutation test, we decided to use the
Fisher’s exact test statistics for our main analysis. However, this was only possible with
the arrangement of replicates in this study. The test procedure was performed in the way
of independent experiments. Independent time courses were compared. Whether this kind
of significance statistic is suitable for other experiments, in which independent groups are

compared, is doubtful.

4.4.3.Validation and characterization of the early stages of infection as pheno-

type

Confocal microscopy showed, that 3 days post inoculation the symptoms of infection, are
not very distinctive in the given combination of pathogen and host. After three days it
became visible that a true infection had occurred although the internal state can not be
figured out (see fig. 3.4.1.1). These results correspond to the observation of an almost
invisible phenotype during the infection experiments at three days after infection (data not
show). On the expression data, this can be correlated to the results of the principal
component analysis. Although a gradient in the principal component 1 over the time of
infection was detectable, the splitting of the samples and their grouping was not very strict.
(see fig. 3.4.5.3) This indicates, that the observed time of the initial phase of the infection
reflects a highly variable phenotype, in which environmental factors, which cannot be
excluded completely under the artificial conditions of climate chambers, play an important
role. Eight days after infection, we were able to detect an increased amount of
Phytophthora infestans in the samples, especially compared to the incompatible
interacting genotypes (see table 3.4.2.1). This PCR-test provides evidence that the plant,
which has been used as samples has been infected successfully. However, the individual
progress in the early stages was not clear and not measurable without influencing the
transcriptome response of the sample. One factor, which can not be influenced, is the local

physiological strength of each leaf. This observation is supported by having a closer look
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at the expression levels of the gene Pr-1b, which was chosen as indicator due to the
shown upregulation of PR-1 genes during the compatible interaction [113, 114]. The data

of this gene shows a strong expression change in four of six replica, a weak in one and no

Prb-1b expression levels in during the incompatible interaction
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Fig. 4.4.3.1: Expression levels over time of the tag StE'T002234. This tag is grade A-annotated
for the gene Prb-16 (TC169959).

clear visible in another one. This is a good indicator for the variability of infection
processes during the initial phase which had to be taken into account for the interpretation

of the generated data.

4.4.4.Using Cluster analysis as tool to find coregulated units

The Cluster analysis was performed to find groups of coregulated genes. It was desirable
to find groups of genes, which show specific tendencies under the different conditions.
This was possible in two approaches. In the non-hierarchical k-mean cluster analysis,

groups were identified, which show a trend towards a common response. For both R1-
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transgenic lines the number of specific clusters was quite low. This observation can be
seen as an alternative expression of the results of the PCA, which already indicated that
the inter-line differences are rather low compared to the general transcriptomal activities
during the infection events. In this chapter four clusters from the k-mean clustering which
show specific tendencies will be presented in more detail. With Cluster 79 and 9, two small
clusters were identified, which show a different expression pattern in the R7-transgenic
lines. Cluster 9 shows a specific upregulation and Cluster 79 a downregulation at one and
three dpi. Cluster 145 shows the strongest specific upregulation in the wild type plants and
Cluster 114 contains genes, which show a specific downregulation in the line harboring the
ORF45.

After having a closer view on the tags present in the clusters, it can be seen, that in
Cluster 9, for 8 tags GO-information was available (data not shown, please see the data
browser for details). Among these were terms like ,vesicle®, ,nucleic acid binding“ or
,Golgi-apparatus“ (GO: 31988, 3676 and 5794).

Besides this, two genes involved in ethylene signalling were within this cluster. One is
presented by the tag StET007682 and is matched to TC175466 as Ethylene-responsive
transcription factor 7. The other (StET002032) is matched to TC184207 as EIL3
(ETHYLENE-INSENSITIVE3-LIKES3). This gene first has been described in A. thaliana in
the context of the Sulfur metabolism and in mutants reduced glutathione levels have been
detected [115].

The cluster 79 with a specific behavior for the R1-transgenic lines did show an involvement
of multiple GO terms, among them genes involved in hormone signalling, especially with
StET021234, a gene, which is annotated as TC16055 (1-aminocyclopropane-1carboxylase
oxidase). The product of this gene is listed as catalyzing the reaction mechanism
EC1.14.17.4. This reaction is present in two reference pathways in the KEGG database
[116]. One is the ,cysteine and methionine metabolism“ (ec00270) and the other one is
,Biosynthesis of plant hormones® (ec01070). The reaction is directly involved in the
synthesis of ethylene in plants. A reduction of this enzyme would lead to a decrease of the
ethylene levels.

This would support the hypothesis of a crosstalk between Absidic acid (ABA) and Ethylene
during infection events [117] although genes which are known to response specifically to
Absidic acid were not identified.

The Cluster 147, which contains tags which show a specific upregulation in wild type
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plants, is one of the largest clusters with a large number of

identified gene ontologies. Among others, hormone related ON/L/\?*@A“
genes were identified. With reference to CV504466, an . o o
Ethylene-responsive small GTP-binding protein was observed SAM

(StET017849) as well as TC174667, a gene (annotated as

»alicylic acid-induced protein 19%). Both genes are referred to

regulating genes upon influence of the hormones ethylene or

Salicylic acid (source: Uniprot [118]). The first gene contains a Ngio
Ras-domain and might be involved in phosphorylation events. LCC
The other gene contains a DNA-binding domain and is listed

as regulator of transcription (source: Interpro). l
Another gene (StET008480) has been identified as TC164814,

annotated as Centrin, a member of the Ef-hand Superfamily Ethylene
(source: Interpro). HaoCzCke
The Cluster 114, in which the wild type is upregulated and Ethylene

ORF45 is downregulated contains a broad number of gene

Fig. 4.4.4.1: A selected-
step of the pathway
disc). Additionally to more general ontologies, in this cluster ec01070 from the KEGG
database. The red arrow
shows the putative reaction
StET019390, which led to the identification of TC16680. The catalyzed by the product of

TC16055.

ontologies (data not show, please see the supplemental data

,chromatin binding“ is present. This is due to the presence of

annotation for this tentative consensus sequence is F6A14.10

protein. This protein is a member of the nucleosome assembly protein family. This
indicates chromatin remodeling events occurring during the infection in this transgenic line.
After pooling the genes from 18 clusters and implementing a hierarchical clustering, it was
possible to detect smaller, but more clearly identifiable groups. One has been detected to
be upregulated in in all genotypes upon infection.

This group contains mainly genes, which are traditionally described as being upregulated
upon infection events [119], for instance, genes encoding WIN1 and WIN2 (StET029943
and StET016648). The Uniprot database predicts a chitinase activity for the proteins
encoded by the transcripts. It is likely that these genes belong to the group of chitinases,
which are likely involved in the general antimicrobial response. In addition, with PR-10 and
PR-1 pathogenesis related genes were present. One gene, which responded most clearly,

was annotated as lipid desaturase and has been shown to be upregulated after virus
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infection in tomato [120].

In the incompatible interaction some genes were found to be jointly downregulated. Among
them is a tag annotated as Hym-1. This gene originally has been characterized in
Hypericum perforatum (St. John’s wort) [121]. As has been shown biochemically, the
product of this gene is able to catalyze a conversion step in the biosynthesis of the
secondary metabolite hypericin. An occurrence of this substance in potato is not known.
Another gene belongs to the family of PAL-genes (phenylalanine ammonia-lyase) which
have been widely characterized [122] in potato and are upregulated upon wounding and
similar stress conditions in potato tubers [123, 124]. Interestingly the transcriptomics
experiment shows a clear downregulation during the incompatible interaction. Similarly
surprising is the detection of two members of the avr/c-9 gene family among the
downregulated genes. These genes have been shown to be upregulated during infection
of tobacco with Cladosporium fulvum [125]. However for a comparison with our results, it
has to be kept in mind, that in this study different timepoints have been observed. The
used material in the referred study consisted of elicitor induced cell-cultures. So it is
doubtful wether these findings reflect the natural situation similar to the observations in the
natural interaction system like it has been studied in these experiments.

A third gene is annotated as ,Patatin-like“. In addition to the known function as storage
protein, this class has been initially found in Nicotiana tabacum and connected with
phospholipase activity. An accumulation upon infection with Tobacco Mosaic Virus has
been detected [126].

About the other members identified in these cluster arms, no clear hints on studies with
pathologic background were given. Taking these findings together, we have to notice that
during the incompatible interaction experiments, we identified four genes as
downregulated, which have been published in similar experiments as upregulated. The
only difference is the interaction - in the case of the PAL genes, which is the most
comparable example, we find an accumulation during the compatible interaction.
Interestingly, upon the response in R1-transgenic plants it is not only the case, that a
member of this family is not responding. It has been found that the reaction is the opposite,
indicating that the role of the PAL gene family in pathogen interaction is not fully explored,
yet.

Among the downregulated genes in wildtype plants, a carbonic anhydrase was detected,

supporting the results of Restrepo et al [110] who had comparable results and even
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demonstrated a role of this enzyme in the compatible interaction by transient silencing
experiments [110]. Additionally two proteinase inhibitors were identified. This class of
proteins is involved in the interaction process and targeted during the reprogramming
process by the pathogen [35, 127-131]. A gene which is annotated as pectate-lyase is
also present in the clusters. These genes have a role in cell wall modifications. Studies on
Soybean roots upon inoculation with nematodes demonstrated expression changes in

response to infection [132].

4.4.5.1dentification of candidate genes for a function in the compatible and in-

compatible interaction with Phytophthora infestans

After the statistical analysis for significance was implemented in comparisons over time
after infection, it turned out that the large transcriptional changes measured during the
incompatible interaction were smaller than in compatible interaction. The number of
specifically regulated tags in the R7-transgenic lines showing a clear significant response
was rather low. Only six tags were identified as highly significant and showing no response
in the wildtype plants. Remarkably, all these tags were downregulated. At one day post
infection, only StET029144 was detected. This tag is annotated as , Tuber-specific and
sucrose-responsive element binding factor and matches to a gene called tsf (EMBL
AAG05959.1). The putative gene product is a 364 amino acid protein which is predicted to
be localized in the cell nucleus and carries various transcription factor specific domains
(source: Interpro database). The domain architecture indicates strongly its classification as
myb-type transcription factor. Following domains are identified in this protein: two
homeodomains (IPR009057, IPR012287) and four different types of Myb-domains
(IPR0O17930, IPR014778, IPR015495, IPR0O01005). In the databases, tsf has been
detected in Solanum tuberosum leaves, callus, roots and tubers (Source: DFCI). A role in
disease related processes has not been shown yet.

Another gene, which was identified after 3 days of infection through the tag StET027738 is

annotated as EIN3-binding-F-box protein. In Solanum tuberosum, not very much is known
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about this gene. In Arabidopsis thaliana, the
related genes ebf-1 and ebf-2 have been shown to
play a role in ethylene signalling and EIN3 itself is
thought to be in crosstalk with the 26S
proteasome [133].

The third identifiable gene (StET010841) is
annotated as Fibrillin-8. This gene was identified in
Solanum tuberosum in roots, tubers, flowers and
leaves (source: DFCI). Almost nothing is known,
which could give a hint for a putative function.
Only its role in cytoskeleton organization, together
with the observations of nucleus movement and
cytoplasmatic traffic in the early nineties [134],

gives a possible explanation for the significant

Expression levels of StET009643 (ToTAL2)

ORF45

0 dpi 1 dpi B 3dpi

Fig. 4.4.5.2: Expression levels of StET009643. The bars show the
average relative expression levels. Shown are the values for each
timepoint in the order Odpi,1 dpi, 3dpi. The standard error is given

for each bar.
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changes in the expression
changes of this gene. The
other three identified tags
have wether no matching
target (StET027737) or are
referred to chromosomal
scaffolds of Vitis vinifera
(StET018266 and
StET004373) and lack any
functional information.

Another gene, which is not
listed in the high
significance list shall be
discussed here additionally

(please see the data

browser or the additional file /Raw-data/FE-Results/Sig_upgenes_FE_cleared.xIs). Among

the tags showing significant changes in the incompatible interaction at 1 day post infection,

one (StET009643) rises remarkably, beings significantly upregulated in six of six

experiments. This tag is annotated as Transaldolase ToTAL2. The product of this gene s
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likely to have an enzymatic activity (EC.2.2.1.2). In the KEGG database [116, 135, 136] it
is connected to five enzymatic pathways (ec0030, ec01061, ec01063, ec01070, ec01100).
It catalyzes the reversible conversion from Erythrose-4P to Glyceraldehyde-3P (see Fig.
4.4.5.1). In plants, no involvement of this gene in disease related processes has been so
far shown. But in humans, an expression increase of the TAL gene has been observed in
response to oxidative stress. These processes have been connected to an enhanced
sensitivity to apoptotic pathways [137-139]. Interestingly, this tag, only is significantly
upregulated at 1 dpi, what is true for the results of ORF45 as well (although not as strong
and just significant in 2 of 3 replicates). This gene is probably no key player in innate
immunity responses but likely a part of correlated processes and a good candidate as
quantitative resistance gene.

In a more generalized view the GO-term analysis has been implemented in order to
characterize the processes with the most significant changes. It was observed that in the
incompatible interaction only 3 days after infection over represented GO-categories were
identified. In addition, the number of GO-categories was reduced when compared to the
compatible interaction. This phenomenon was already implicated by the PCA analysis and
the characterization of the phenotype in chapter 4.4.3 and an additional support for the
hypothesis of a soft phenotype. For an interpretation of the results of GO-term analysis, it
is important to know that this method is depending on database knowledge. When in a list
of genes, the information about the function of these genes is not available, the analysis
has no possibility to allocate these genes to the function terms. Here it has to be noticed
that the GO-Term ,defense response to fungus, incompatible interaction“ (GO:0009817)
contains one tentative consensus sequence whereas the higher order gene ontology term
defense response to fungus (GO:0050832) contains 131 tentative consensus sequences
and includes the compatible interaction. This example reflects the current database
situation. Although a couple of genes have been characterized as resistance genes
genetically, on the level of molecular functions, these process have often been left behind.

Nevertheless, at three days post infection, it was possible to identify four gene ontologies
as overrepresented. These can be assigned to the formation of vesicles. The formation of
membrane-bound vesicles as well as cytoplasmatic vesicles is present. These processes
have been first recognized microscopically [134] and were later on studied on the
molecular level in Arabidopsis thaliana, leading to the identification of genes like the
SNARE-superfamily or PEN1 [140-142].
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4.4.6.Comparability of DeepSAGE-data with qRT-PCR

The comparison of the expression data from the DeepSAGE experiment with gRT-PCR as
second method resulted in only a small overlap between the results. One problem
concerns the different methodological resolutions. After comparing the results it became
obvious, that a difference in resolution of both methods exist. Surprising was the fact, that
there was no correlation between the logfoldchange-value originating from the DeepSAGE
data, and the reproducibility in qRT-PCR (see the supplemental data disc for details). It
might be, that the genes chosen for a test in a second experiment did not show sufficient
expression changes. The chosen criteria of a minimum two-fold expression change is an
ad-hoc criteria and has up to now, due to the lack of a broad application in complex
experiments no empiric basis.

One problem might be given by the data resolution generated by both methods. A strong
argument for this idea results when the raw values of the housekeeping gene ef-1a were
compared. The measured expression rates in both methods varied clearly, leading to a
decreases normalized expression value in the DeepSAGE data of 10-fold and more. This
fact is based on the observation, that the expression levels of this gene (represented by
the tag StET018993) with an average expression of 445,09 counts/million is remarkably
higher than the expression levels of the other measured genes. This span reflects the
resolution of the DeepSAGE method. And as it has been shown in the gqRT-PCR-
experiments that the expression differences between the housekeeping gene and the
other genes were smaller than in the quantitative sequencing data. This is expressed by
the values relative to the genes (see chapter 3.4.8.). This might be a possible factor
explaining the different results.

Another factor, which scaled down the original measured values was the necessity to
reconstruct the logfoldchange values. To get comparable results, two factors are made -
on the one hand, the data is expressed in the unit ,x-fold ef-1a“, afterwards. To achieve a
value comparable to DeepSAGE, the data was expressed in a form log((t1/(n x ef-1a)w),
where (n x ef-1a) describes the normalized expression value in a n-times ef-17a and t1 and
t> indicate the two compared timepoints. The application of this formula influences the
initial relationship of values, which have been used for the estimation of significance.

However, an expression of the results in form of expression differences is necessary to
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compare results when dealing with different units.

Besides technical difficulties uncertainty factors exist. The gRT-PCR experiment was
designed in a very challenging manner. Unlike other transcriptomics experiments, a
second independent test series with different biological material was used. It is possible
that the poor reproduction of results is due to biological variance. With a tag-length of 17
bases, there is also a degree of uncertainty in annotation. With StET029853, annotated as
polyubiquitin, one tag was included, which shows this uncertainties as it has two possible
target sites. It is possible, that the selected tag does not match the amplified gene.
Nevertheless, given the broad involvement of the genes referred to defense as indicator
genes (given in chapter 3.4.4) and the involvement of processes, which have been shown
in studies, there is no doubt that a response of the sample tissue to the infection occurred.
It has to be admitted, that the molecular phenotype and the transcriptional activities during
this event have a high biological variance. It is possible that many of the measured

expression changes are of a short lifetime and are very distinct in their occurrence.

4.4.7.Concluding remarks - the extraordinary role of the plant hormone syn-
thesis pathway (KEGG ec01070)

Throughout multiple analysis methods, many processes like mRNA-processing and many
transcription factors (please see chapter 3.4.6 and 3.4.7 and the supplemental data disc
for details) have been detected as responding to the infection. Also expression changes in
proteinase inhibitors, chitinases and glucanases have been observed. This indicates a
vast transcriptomal rearrangement under stress conditions particularly in lines showing a
compatible interaction. Wether these huge changes are due to the reprogramming of the
pathogen is speculative, but at least in parts probable.

Among the transcriptomal changes, some responding processes have been observed in
multiple analysis whether direct or indirect. These processes seem to be correlated to the
influence of plant hormones.

In plants, hormone signalling under stress conditions is known and well described,
especially the involvement of jasmonic acid and salicylic acid [114, 143]. With our data, we
provide further evidence for an intensive involvement of plant hormone signalling as
response to host pathogen interaction. For example, the role of auxin as a side-arm of the

salicylic acid synthesis is strongly indicated. Additionally, multiple observations support the
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hypothesis of ethylene as responding stress hormone, whether it is passive via the
proposed cross-talk with absidic acid or under active modulation can not be concluded by
expression data. Additionally a wide involvement of the TCA-cycle was detected in both
interactions.

In this context the regulatory changes in the RubisCo subunits and photosynthetic active
enzymes can be explained as well (see fig. 4.4.7.1). The initial interpretation of the findings
thought of a phenotypic artifact, but in the context of the synthesis of hormones it becomes
clear that energy recruitment and carbon fixation are the basis for the synthesis of
secondary metabolites. This can explain the observed significances of the plastidiar
processes in the GO-analysis.

A summarizing sentence which expresses the view of a cell under infection can be: ,Fight

and warn the others”.
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Summary (english)

The major disease for Solanum tuberosum is the foliage and tuber blight caused by the
oomycete Phytophthora infestans. Defeat of this pathogen is often connected with the ap-
plication of pesticides, which are toxic and increase production costs. However plants dis-
pose over a class of genes which are able to mediate resistance to existing pathogens
known as R-genes.

These genes play a key-role in effector-induced resistance responses which finally result
in a form of programmed cell death (PCD), the hypersensitive response (HR).

R1 belongs to a major class of resistance genes (NBS-LRR class genes) and is known to
mediate race-specific resistance to P. infestans. The chromosomal region around R17 has
been sequenced and revealed eight open reading frames (ORFs) with high homology to
R1. These genes are part of a cluster of resistance genes on S. tuberosum chromosome
V. The nine ORFs share higher sequence similarity with each other than with any other re-
sistance gene in S. tuberosum known so far and are therefore considered as the R7-
family. Within this project the molecular characterization of the R7-family and the response
genes was performed.

The major goal of this study was the molecular characterization of the R7-mediated resis-
tance phenotype. To achieve this, a complex comparative transcriptome analysis of trans-
genic plants was performed in the initial stages of late blight infection. Different Desirée
lines either with or without the R7-gene were used in this study. In addition, transformants
with the R71-homologous gene ORF45, which shares high homology to R7 but does not
confer resistance was analyzed.

To generate the highest possible output rate, one of the new Next Generation Sequencing
methods was used in combination with the DeepSAGE-technology. Performance parame-
ters were validated. Various data analysis techniques were evaluated and at the end a
pipeline was composed, which was able to process the data and leads to a state-of-the-art
statistical data assessment.

The data analysis was able to provide further evidence for an intensive role of plant hor-
mone signalling during the early stages of infection. Moreover in these key-processes dif-
ferent expression behaviors were observed in the incompatible versus the compatible in-

teraction.
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In addition it was possible to give experimental evidence for the expression of five of the
members of the R7-family and cytosolic resistance mechanism in Solanum nigrum which

is able to sense the presence of effector molecules from Phytophthora infestans.

Zusammenfassung (deutsch)

Bei dem fur Solanum tuberosum primér relevanten Krankheitserreger handelt es sich um
den Kraut- und Knollenfaule verursachenden Oomyzet Phytophthora infestans. Die Be-
kdmpfung dieses pilzéhnlichen Schadlings ist primar mit dem Einsatz von toxischen Pflan-
zenschutzmitteln verbunden, die die Produktionskosten erhdéhen. Allerdings ist die Pflanze
diesem Erreger nicht schutzlos ausgeliefert. Sie verflugt Uber eine Klasse von Genen, die
in der Lage ist, Resistenz gegenlber dem Pathogen zu vermitteln. Diese Gene werden als
R-Gene bezeichnet und spielen eine Schllsselrolle in dem durch Effektoren induzierten
programmierten Zelltod, der so genannten Hypersensitiven Antwort.

R1 gehdrt zu der Hauptklasse dieser Resistenzgene, den NBS-LRR Genen. Es ist be-
kannt, dass dieses Gen in der Lage ist, eine rassenspezifische Resistenz zu vermitteln.
Durch Sequenzierung des chromosomalen Bereichs um R71 wurden acht offene Leseraster
entdeckt, die eine groBe Sequenzéahnlichkeit zu dem R1 Gen aufweisen und Teil des Re-
sistenz-Clusters auf Chromosom V von Solanum tuberosum sind. Die mit R1 insgesamt
neun Gene zeigen untereinander eine gréBere Sequenzahnlichkeit als zu jedem anderen
Resistenzgen in Kartoffel auf und werden als die R7-Familie bezeichnet. Innerhalb dieses
Projekts wurde eine molekulare Charakterisierung dieser Familie und der durch R17 indu-
zierten Abwehrgene durchgefihrt.

Das Hauptziel bestand darin, den R17-vermittelten Phanotyp molekular zu beschreiben. Um
dieses Ziel zu erreichen, wurde eine vergleichende Transkriptomanalyse der Sorte Desirée
in der Anfangsphase der Infektion mit Krautfaule durchgefiihrt. In diesem Zusammenhang
wurden verschiedene transgene Linien getestet die entweder das R7-Gen enthielten oder
nicht. Zudem wurde eine transgene Linie miteinbezogen, die das Gen ORF45 erhielt.
ORF45 teilt eine hohe Sequenzéhnlichkeit mit dem R7-Gen, vermittelt aber nicht den be-
kannten Resistenzphanotyp.

Um den héchstmdglichen Datendurchsatz zu generieren, wurden eine neue Sequenzier-
methode der nachsten Generation eingesetzt in Kombination mit der DeepSAGE-Metho-

de. Die Leistungsparameter dieses technischen Ansatzes wurden validiert. Im Verlauf die-
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ses Projekts wurden verschiedenste Verfahren zur Datenanalyse getestet, letztendlich
wurde eine Auswerte-Pipeline zusammengestellt, die in der Lage ist, die gewonnen Daten
nach aktuellem Erkenntnisstand aufzubereiten und auszuwerten.

Die Analysen zeigten, dass in dieser ersten Phase der Infektion hormonelle Signale in der
Pflanze eine groBe Rolle spielen. Zudem konnten innerhalb dieser Schlisselprozesse Un-
terschiede zwischen der kompatiblen (anfalligen) und der inkompatiblen Interaktion (resis-
tenten) beobachtet werden.

Darlber hinaus gelang es innerhalb der durchgeflhrten Arbeit, den experimentellen Be-
weis fur die Expression von funf der offenen Leseraster der R1-Familie zu erbringen und
einen cytosolischen Resistenzmechanismus in Solanum nigrum zu beweisen, der in der

Lage ist, Effektormolekile von Phytophthora infestans zu erkennen.
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Protocol for the creation of Ditag-libraries

(the protocol has been kindly provided by Prof. K. Lehmann Nielsen)

Binding mRNA to Magnetic Beads

1. Thoroughly resuspend the oligo(dT) beads and transfer - - :A'fA'fTTAA 0
10 pl to well of a 96-well microtiter plate.

2. Place the plate on plate-magnet until beads are located along the sides and carefully remove
the sup. and discard it.

3. Wash beads by resuspending them in 100 ul of Lysis Buffer.

4. Place plate on plate-magnet beads are located along the sides.

5. Prepare RNA sample for binding to the beads.

Use 2 pg total RNA and adjust the volume to 150 pl with Lysis Buffer

6. Carefully remove the sup and immediately add your RNA sample to the beads

mRNA Binding

1. After loading the entire 150 pl of RNA sample to oligo(dT) beads equilibrated with Lysis
Buffer. Seal plate.

2. Mix beads and RNA sample by slowly vibrating plate on a vibrating platform for 30 min at
RT and 650 rpm.

3. Place plate on plate-magnet until beads are located along the sides and carefully remove sup.

4. Wash three times with 100 ul Wash Buffer B.

5. Wash beads 2 times with 50 pl 1X First Strand Buffer by placing the plate on plate-magnet
for 1 min and removing the sup between washes. On the second wash, DO NOT remove
supernatant.

10 ml 1X First Strand Buffer:
2 ml  5X First Strand Buffer
8 ml DNAH0
6. Before removing sup prepare the first strand cDNA reaction mix.

Mix the following reagent on ice per sample:

96 samples (x110):
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ul 5X First Strand Buffer 264  ul
ul RNase inhibitor (40 U/ul) 143 ul
ul DEPC H20 836 ul
ul 0.1 MDTT 132 ul
ul dNTP Mix (25 mM) 264 ul

7. Incubate the mix at 37°C for 2 min to equilibrate the reagents.

8. Add 47.3 ul SuperScript™ III Reverse Transcriptase (200 U/pl) to the mix.

9. Remove the sup after the second wash and proceed to First Strand Synthesis.

First Strand cDNA Svnthesi

In the 1%t strand synthesis of cDNA, reverse transcriptase transcribe

S AAAAA mRNAs (gene transcript, light blue)into single stranded DNA (Dark
TTTTT blue).

1. Resuspend beads containing mRNA sample in 12 pl first strand cDNA reaction mix.

2. Mix gently and incubate at 37°C for 1 h. Mix gently at every 15 min by moving plate over

plate-magnet.

3. Chill the first strand reaction on ice for 2 min and proceed to Second Strand cDNA Synthe-

Sis.

nd Stran

DNA Svnthesi

RNase H cleaves the 3°-O-P bond in the RNA-DNA duplex. DNA po-

AAAAA 0 lymerase replicates the single stranded DNA into double stranded cDNA.
TTTTT DNA ligase link together the DNA strands.

1. Mix the following second strand reagents in order and add 80 pl of mix to each well con-

taining 12 pl of the first strand reaction:

Mix for 96 samples (x 100)

59
17
0.75
0.65
2.5
0.25

pl
ul

DNA HxO 5900 pl
5X Second Strand Bufter 1700 pl
dNTP (25 mM) 75 ul
E. coli DNA ligase (10 U/ul) 65 ul
E. coli DNA polymerase (10 U/ul) 250 pl
E. coli RNase H (5 U/ul) 25 ul
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2. Incubate reaction mixture at 16°C for 2 h, mixing gently every 30 min by moving plate over
plate-magnet. During incubation, preheat Wash Buffer C to 75°C.

3. Place plate on ice and add 30 ul 0.1 M EDTA to stop the reaction.

4. Place plate on plate-magnet for 1 min and carefully remove sup. Add 50 pul warm Wash
Buffer C to inactivate the E. coli DNA polymerase.

5. Mix well and heat the sample to 75°C for 10 min with intermittent mixing to completely in-

activate the polymerase.

6. Place plate on plate-magnet for 1 min. and remove sup.

7. Wash again with 75 pl warm Wash Buffer C. Perform the wash quickly to prevent precipita-
tion of SDS which may trap the beads.

8. Wash sample four times with 75 ul Wash Buffer D.

9. Place plate on plate-magnet until beads are located along the sides and carefully remove sup.

10. Add 25 pul 1X Buffer 4 to each sample well and gently resuspend beads. Transfer the con-
tents to a new well to avoid any traces of exonuclease activity from E. coli DNA po-
lymerase. Wash the wells of the old plate with 25 pl 1X Buffer 4 and transfer the contents to
the new well containing the reaction mix.

10 ml 1X Buffer 4:
I ml 10X Buffer 4
9 ml DNA H20
11. Place plate on plate-magnet until beads are located along the sides and remove sup.

12. Wash plate once with 50 pl 1X Buffer 4.

13. Remove sup. and proceed to Nla III Digestion.

Nla I1I Digestion

e D — 5AAA 0 Nlalll recognizes the 4 bp sequence, CATG, which occurs approximately for every

. T 256 bp in a transcript. Nlalll digests to the 3’ most recognition site. Transcripts, which

At do not, containing the recognition site, are omitted from the analysis. Nlalll and
-

I AAAAA cDNA released from Oligo(dT) beads are removed during washing of beads.
GIAC W TTTTT
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. Resuspend mag. beads in 25 pl of the following mix:
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Mix for 96 samples (x104)

21.5 pl  LoTE 2236 pul
0.25 pul 100X BSA 26 ul
2.5 ul 10X Buffer 4 260 pl
0.75 pl  Nla HI (10 U/pl) 78 ul

. Incubate for 1 h at 37°C. Mix occasionally.

. Meanwhile heat Wash Buffer C to 37°C to prevent SDS precipitation.

. After the reaction is complete, place plate on plate-magnet until beads are located along the
sides and carefully discard sup.

. Inactivate Nla III by washing each sample twice with 75 pul warm Wash Buffer C.

. Wash sample three times with 75 ul Wash Buffer D.

. Proceed to Ligating Adaptors to the cDNA or store plate at 4°C ON.

Ligating Adaptor A to the cDNA

TEETCCGACHN I AAAAA
. T EESE = TTEEs TTTTT

Biotinylated Adaptor-1 is ligated to GTAC overhang.

Adaptorl is common for all samples and contains the
recognition site of Mmel, TCCGAC.

. Place plate on plate-magnet for 1 min and carefully remove sup.
. Wash beads twice with 50 ul of 1X T4 DNA Ligase Buffer.

10 ml 1X T4 DNA Ligase Buffer:
1 ml 10X T4 DNA Ligase Buffer
9 ml DNA H>O
. Place plate on plate-magnet until beads are located along the sides and carefully remove sup.

. Transfer the plate to ice and add the following reagent to the beads on ice:

Reagent 1 Sample Mix for 96 samples (x 104)
Adaptor A (90 ng/nl) 1 ul 104 pl
LoTE 12.5 ul 1300 pl
10X T4 DNA Ligase Buffer 1.5 ul 156 pul

. Add 15 pl of mix to each well.

. Resuspend the beads by moving plate over plate-magnet. Heat the plate for at least 2 min. at

50°C.

. Cool plate for 15 min at RT and then chill on ice.
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8. Mix the following:

Reagent 1 Sample Mix for 96 samples (x104)
LoTE 11.5 pl 1196 pul
10X T4 DNA Ligase Buffer 1.5 ul 156 ul
T4 DNA Ligase (5 U/ul) 2 ul 208 ul

9. Add 15 pl of T4 DNA ligase mix to each well and mix well.
10. Incubate ON at 16°C.

11. The following day wash each sample three times with 50 ul of Wash Buffer D.

Cleaving with Tagging Enzyme

Prepare 10X SAM:
2 ul  32-mM SAM (New England Biolabs)
158 ul  DNA HxO

Vtot: 160 },tl

Prepare 10 ml 1X Buffer 4/1X SAM:

1 ml 10X Buffer 4
9 ml DNAHO
12.5 I 32-mM SAM (New England Biolabs)

Mmel Digestion

Mmel binds to its recognition site in Adaptor-1 and cleavages

%MO the cDNA 20-18 bp downstream. Biotinylated-Adaptorl-
TTTTS monotag with NN overhang is released from Oligo(dT) beads.

S-adenosylmethionine (SAM) must be present for optimal

cleavage of cDNA. After incubation, Mmel is inactivated by

TCCGACT NN EDTA.

Q
——
-@

1. Place plate on plate-magnet until beads are located along the sides and remove sup.
2. Wash each well twice with 50 pl 1X Buffer 4/1X SAM. Carefully remove and discard the
sup and place plate on ice.

3. Add 15 pl of the following to each sample: Mix for 96 samples (x104 )
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10.5 I LoTE 1092 pl
1.5 ul 10X Buffer 4 156 ul
1.5 ul 10X SAM (400 uM) 156 ul
1.5 ul  Mmel (2 U/pl) 156 pul

Incubate plate at 37°C for 2.5 h with occasional gentle mixing.

20 pl 50 mM EDTA.

Place plate on plate-magnet until beads are located along the sides. Do not discard the su-
pernatant!

Prepare Streptavidin beads.

Binding linker-monotag to Streptavidin Bea

® 2 kW

9.

TEELTCCGACHEN BENINN
A TWEEme.

Biotinylated Adaptor-1-monotag is bound to streptavidin beads and inactivated Mmel is removed by wash-
ing.

. Thoroughly resuspend the Streptavidin beads and transfer 5 pl to each well in a new plate.

Place plate, on plate-magnet until beads are located along the sides and carefully remove the
sup.

Wash beads by resuspending them in 50 pl 2X Binding and Washing Buffer.

Place plate on plate-magnet for 1 min and remove sup.

Add 35 pl 2X Binding and Washing Buffer.

Add 35 pl linker-monotag sample to well with 35 pl 2X Binding and Washing Buffer.

Add 50 pl 1X Binding and Washing Buffer.

Mix beads and linker-monotag sample by vibrating the plate on a vibrating platform for 15
min at RT and 600 rpm.

Place plate on plate-magnet until beads are located along the sides and carefully remove sup.

10. Wash twice with 50 pul 1X Binding and Washing Buffer
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Ligating LS Adaptor B LinkerA-Monotag

12.
13.

14.
15.

16.

17.

18.
19.

20.
21.
22.
23.
24.

NS TCCGACTEN EEESCNNCGKEY
. TOmEEAE.  INNGCYAA
Adaptor-2 is ligated to biotinylated-adaptor-1-monotag NN overhang.

Adaptor-2 is unique to each sample and contains a identification key of 3 bp.

Place plate on plate-magnet for 1 min and carefully remove sup.
Wash beads twice with 50 ul of 1X T4 DNA Ligase Buffer.

10 ml 1X T4 DNA Ligase Buffer
I ml 10X T4 DNA Ligase Buffer
9 ml DNA H20
Place plate on plate-magnet until beads are located along the sides and carefully remove sup.

Transfer plate to ice and add the following reagent to the beads on ice:

Reagent Sample Mix for 8 samples (x10)
Adaptor B (90 ng/ul) 1 pl 10 pul
LoTE 12.5 ul 125 ul
10X T4 DNA Ligase Buffer 1.5 ul 15 ul

Add 15 pl of mix to each well. Remember to change Adaptor B (max 8 samples per adap-
tor B per plate)!!!

Resuspend the beads by moving plate over plate-magnet. Heat plate for at least 2 min. at
50°C.

Cool plate for 15 min at RT and then chill on ice.

Mix the following:
Reagent 1 Sample Mix for 96 samples (x104)
LoTE 11.5 ul 1196 pl
10X T4 DNA Ligase Buffer 1.5 ul 156 ul
T4 DNA Ligase (5 U/ul) 2 ul 208 ul

Add 15 pl of T4 DNA ligase mix to each well and mix well.

Incubate ON at 16°C.

The following day ( ) wash each sample three times with 50 pl of Wash Buffer D.
Wash twice with 50 ul LoTE.

Resuspend beads in 20 pl LoTE.
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PCR Amplification of linker-monotag-linker

A

6.

Before PCR amplification make the following dilution of the sample: 1/100.
Use the following PCR mix for each reaction (RXN):

Add 10 pl cold DNA H2O to each well

Add 1 pl of template (1/100)

Make the following master mix and add 40 pl to each sample:

Mix for 96 samples (x104)

27.5 ul  cold DNA H>O 2860 upl cold DNA H20O

5 pul  DreamTaq Buffer 520 pl 10X PCR Buffer

1 pul  Primer mix (SOL 1+2) 104 upl  Primer mix (SOL 1+2)
4 ul - MgClz (25 mM) 416 pl  MgClz (25 mM)

1 pl - ANTP mix (25 mM) 104 pl dNTP mix (25 mM)

0.5 ul  DreamTaq polymerase (5 U/ul) 52 upl DreamTaq polymerase
(Dreamtaq bufter contains 2 mM MgCl)

Use the following PCR program (DIT2):

Temperature  [Time Cycles
94°C 1 min 1
94°C 30 sec

53.5°C 1 min 78
70°C 1 min

4°C ~ ~

Analyze the PCR Product

A

Use a 15% polyacrylamide/bis gel.

Load 2 ul 25 bp DNA ladder.

Load 5 ul PCR sample + 1 pul loading buffer.

Load 2 pul 25 bp DNA ladder.

Gel electrophoresis was performed in 1X TAE (Running buffer):
Stain the gel for 5 min in 25 ml 1X TAE + 5 ul EtBr.

144



Appendix

Instructions for the supplementary data

Go-Term analysis:

Bingo-output architecture:

A 8 c [5) E F G \ H 1 )
File created with BINGO (c) on 07.05.2010 at 11:14:56

ontoleqy: all
curator: GO

e
1
2
Internal  |:
. 5
calculation |& seected ontology file - jar:
7
8
9
10
1
12

v2.8.3/ingo_annotation_file

Discarded evidence codes :

Overrepresentation

Selecled statistical test : Hypergeometric test

Selected correction : Benjamini & Hochberg False Discovery Rate (FDR) correction

Selected significance level : 0.05
esting op Test cluster versus whole annotation

Selected annotation file : /P
parameters

Tentative
consensus, which ;
were in the Toto0as

tested list GB|X03564

J/

23(No annotations were retrieved for the following entities: N\

. . (24| TC187473  TCA71985  CV409228  TC187366 TC188117
Not identified 5 ¢ s

sequences
p-value corr p-value  x nX N Description Genes in test set
44435 2,03E-015 5,20E-012 90 268 se1 4527 plastid part T 0/TC187144|TC1
A4434 3,62E-015 5,20E-012 a4 242 681 4527 chloroplast pa TC187144|TC1
9507 5,98E-015 5,72E-012 98 207 681 4527 chloroplast T TC187144|TC1
31984 2,4CE-014 1,72E-011 67 177 681 4527 organelle subo TC187144|TC172110(TC1
31978 4,89E-014 2,24E-011 [ 175 681 4527 plastid thylakoi TC: TC172110|TC1
9524 4,69E-014 2,24E-011 66 175 681 4527 chloroplast thy! TC172110|TC1
9535 9,49E-014 3,02E-011 €3 165 se1 4527 chloroplast thy! TC172110|TC1
558035 949E-014 3,03e-011 B3 165 681 4527 plastid thylakoi TC172110|TC1
42851 9,49E-014 3,03E-011 €3 165 681 4527 thylakoid meml TC172110|TC1

9579 1,06E-013 3,05E-011 €9 190 681 4527 thylakoid TC187144)TC172110|TC1
44435 1,72E-013 4,49E-011 €5 175 681 4527 thylakoid part TC172110|TC1

Information about the GO-term identifier, the p-value before and after
multiple testing correction, the number of TC's identified for a term,
the size of the GO-term, the number of tested TC’s, the number of

TC’s in the GO-annotation file, the Go-term description and the TC's

in the category

Tables of Cluster analysis:

This table contains following informations:

Rowname Description

UniquelD StET-identifier

Name Annotation

Sample names (29x) contains the logfoldchange values (to the 0
dpi value of the sample)
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Expression-data of the DeepSAGEexperiment:

This table contains following informations:

Rowname Description

Tag-1D StET-identifier

Sequence The sequence inforamtion

Sample name (44x) measured rel. expression (in counts/milli-
on)

Mean_All Average expression value (over all
samples)

prim. Annot. ID primary identified TC or EST number

prim. Annot. name primary annotation

poS. position within the identified sequence

No tags Number of identified genes for this se-
quence

All. Annot Annotation of all possible genes

No Mismatch Number of mismatches in the identified tag

grade grade of identification (A= perfect match
3’end; B= perfect match 5’end; C=internal
position or 1 not perfect match)

strand information about the identified strand of
the identified sequence)

Fisher's exact test results:

This table contains the same information like the expression data table and is expandet by
following:
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Rowname Description
min p lowest calculated p-value in a replica
group
max p highest calculated p-value in a replica

group

Average fold change

The mean value of the fold changes

min fold change

the lowest observed fold change value

max fold change

the highest observed fold change value

No TRUE (tested line)

The number of significant comparisons as
described in the thesis

No TRUE (tested line2)

For comparison the result of an opposite
indicator line, in case of transgenics, the
wildtype results are given and in case of
wildtype the results of R7-transgenic line
are given

Comprehensive table of all calculated p-values for the comparison of statistical

tests:

This table contains the same information like the expression data table for wildtype lines at
0 dpi and 1 dpi and is expanded by following information:

Rowname Description
BaySeq; logP logP values after calculation of BaySeq
edgeR; FDR FDR-corrected p-values after implementa-

tion of edgeR

Permu; rawP and FDR

calculated p-values of the permutation test
before and after multiple testing correction

Fisher’s exact test; R1-R6

the calculated (corrected) p-values after
analysis with sagenhaft for each replica

G-test; Intern, Within Odpi, 1 dpi and 0 dpi,
Within 1dpi

The calculated p-values of G-test for each
rule - meaning overall significance, within
the group of values for 0dpi, between the
group of 1 dpi and 0 dpi and within the
group of 1 dpi

T-Test; p

the (corrected) p-values after application of
Student’s t-test
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Rowname

Description

Logfoldchange values; Ifc1-Ifc6, A.lfc

The logfoldchange values for each replica
and the average logfoldchange between 0
dpi and 1 dpi

Locations of raw data files:

Folder

Filename

Description

/Raw-data/adds

Bingo_outputs.xls

Output files of the GO-term analysis in
form of an excel sheet

GO0006952_Genes.xls

List of all tags identified for the GO-term
“defense response”

Hierarchical Cluster.png

Picture of the hierarchical cluster heat-
map, which has been calculated for all
tags with grade A and B annotation

PCA_Principal components1-6.xls

Results of the principal component analy-
sis for the Principal components 1-6

Potato_Phytophthora.fasta

Multiple fasta file, which contains the used
Potato gene index sequences and the
published genomic sequence of Phy-
tophthora infestans (basis file for the tag
annotation)

ReferenzdatensatzPoMaMoedit. x|
s

Table file of all relative expression values
gained from the DeepSAGE experiment
(in counts/million)

SUPERPEXRDV3.1sequences.xls

Sequences of the putative Effectors,
which have been used in the transient
expression screen in Solanum nigrum

/Raw-data/FE-Results

Sig_downgenes_FE_cleared.xls

Table of all significant downregulated tags
after Fisher’s exact test

Sig_upgenes_FE_cleared.xls

Table of all significant upregulated tags
after Fisher’s exact test

/Raw-data/Hierarchical
clustering_Clusterextract

Selected Clustertreearms.xls

Table of all marked cluster areas after the
hierarchical clustering of the contents of
selected k-mean clusters

/Raw-data/k-mean-tables

Cl...xls

Collection of excel sheet which the con-
tents of the clusters calculated during k-
mean cluster analysis

/Raw-data/Stat eval

All significantwithDf and alfc.xls

excel sheet containing the data of the
wildtype lines at O dpi and 1 dpi of all as
significant calculated tags — additionally
the Df-values and the average logfold-
change values are given
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Referenzdaten-
satz_wildtyp_1dpi_with all
p-values.xls

excel sheet containing the expression va-
lues and all calculated p-values for the
comparison of 0 dpi and 1 dpi in wildtype
lines. The table is expanded with the log-
foldchange values.

/Raw-data/STATS-Ga-
bor Lee AHP

All.htm

please open just this file — leads to a col-
lection of overall pherogram scores of e-
ach section of the lllumina sequencing
(note that the irritation in the graphs at the
end originate from the CATG-Key). The
number behind the “s” indicates the lane
(up tp 8). The following number gives the
measured section,
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