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Abstract

Background The amount of information that can be drawn from one NGS run is
much greater than the binary answer provided by one ELISA test. However, the
comparatively complex analyses required, especially when a reference is not ap-
plicable, result in limited usability in a routine diagnostic environment. With ever
decreasing costs sequencing is becoming an ever more important technique in diag-
nostic medicine, especially when faced with unknown pathogens or diseases, thus
increasing the demand for a robust and easy-to-use diagnostic tool incorporating
the huge amount of data NGS provides.

Methods 48 plant specimen of two distinct species were each infected with one of
three different viruses, sequenced and subsequently analyzed to discover whether
the sample had been infected successfully, what the underlying pathogen had been
and what species the plant belonged to. The analysis was performed using the
standard approach, consisting of alignment to a reference genome, transcriptome
expression analysis and classifying the samples using the most differentially ex-
pressed transcipts. A second analysis was performed, using a profiler approach,
which is entirely independent of reference information. Each sample was trans-
formed into a profile and the most different bins among the profiles were used for
classification.

Results Comparing the two sets of results provided by the two distinct approaches it
could be shown that the novel approach performed equally well and for certain clas-
sifications even better than the standard approach. It is a generic method indepen-
dent of the host or pathogen in question and does not require assembly, alignment
and subsequent expression analysis. Moreover it is substantially faster and requires
less storage space than the standard approach. It is a fast and versatile tool which is
capable of providing the same information as NGS, while being applicable as quickly

and easily as ELISA in a routine environment without the need for substantial bioin-
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Abstract

formatic experience. It thus combines the robustness, reproducibility and generics

of NGS with the usability and ease-of-operation of a routine diagnostic tool.
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Zusammenfassung

Hintergrund Die Menge an Informationen, die mit einem NGS Lauf erzeugt wer-
den kann, ist sehr viel gréBer als die von ELISA Tests ausgegebene bindre Antwort.
Allerdings schranken die im Vergleich sehr viel komplexeren Auswertungen der Da-
ten und die um bis zu 50 Mal héheren Kosten pro Lauf, insbesondere wenn eine
Referenz nicht anwendbar ist, die Benutzbarkeit der Technologie in einem diagno-
stischen Routinebetrieb stark ein. Aufgrund der stetig fallenden Kosten erhalt das
Verfahren der NGS Analyse einen immer wichtigeren Stellenwert im Bereich der
medizinischen Diagnostik, insbesondere bei der Konfrontation mit unbekannten Pa-
thogenen und Krankheiten. Diese steigende Nachfrage erhdht die Notwendigkeit
eines einfach anzuwendenden und robusten diagnostischen Werkzeugs, das die
grof3e Datenmengen, die durch NGS erzeugt werden, verarbeitet.

Methoden Es wurden 48 Pflanzen aus zwei verschiedenen Spezies mit jeweils ei-
nem von drei unterschiedlichen Viren infiziert, sequenziert und anschlieBend ana-
lysiert um jeweils zu erkennen, ob die Infizierung erfolgreich war, welcher Erreger
verwendet wurde und welcher Spezies die einzelnen Pflanzen angehdrten. Die Ana-
lyse wurde nach dem Standardablauf durchgefiihrt, d. h. die Daten wurden gegen
eine Referenz aligned, die Transkriptomexpression berechnet und die Proben unter
Verwendung der am unterschiedlichsten exprimierten Transkripte klassifiziert. Ein
zweites Analyseverfahren basierend auf der Erzeugung von Profilen direkt aus den
NGS Daten ohne die Verwendung von Referenzen wurde ebenfalls benutzt. Aus
diesen Profilen wurden die sich am starksten unterscheidenden Bins innerhalb der
Proben verglichen, um eine Klassifizierung durchzufihren.

Ergebnisse Ein Vergleich der Ergebnisse, die durch die unterschiedlichen Verfah-
ren gewonnen wurden, zeigte, dass, verglichen mit dem Standardverfahren, das
neue Verfahren ebenso gute und in einigen Fallen sogar bessere Klassifizierungen

erzeugte. Dieser Profilansatz ist eine generische Methode, die unabh&ngig von dem
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Zusammenfassung

Wirt und dem Erreger funktioniert und keine Assemblierung benétigt. Dieser Ansatz
ist sehr viel schneller und hat geringere Anforderungen an die Infrastruktur als der
Standardansatz. Diese Eigenschaften machen den neuen Ansatz zu einem schnel-
len und vielseitigen Werkzeug, das die gleichen Informationen wie NGS produzieren
kann und dabei im Aufwandsumfang mit ELISA vergleichbar ist. Es verbindet die
Reproduzierbarkeit, die Informationsvielfalt und die generischen Eigenschaften von
NGS mit der Verwendbarkeit und der einfachen Handhabung von ELISA in einem

einzigen diagnostischen Werkzeug.
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1 Introduction

In the areas of phytomedicine and medicine at large the diagnosis of viral infections
is extremely important. Over the last few years two methods emerged as gold stan-
dard for the diagnosis of viral infection, namely enzyme-linked-immunosorbent as-
say (ELISA) and quantitative Polymerase Chain Reaction (QPCR) (Boonham et al.,
2014). For most applications those methods are well suited, however, in some cases
inherent shortcomings in both methods call for a different approach, to wit the highly

versatile method of Next-Generation-Sequencing (NGS) (Boonham et al., 2014).

ELISA is a very specific technique based on an antigen-antibody bond (Engvall
et al., 1971; Weemen et al., 1971). The assays are very robust and require only
some specific equipment. The sample preparation consists of little more than the
homogenization of the sample in buffer in order to bring the antigen or antibody into
solution. The reagents used are specific to the pathogen and are developed prior
using an independent process (Boonham et al., 2014). The signals produced by
ELISA, as read by a plate reader, can be interpreted as a yes-no answer depend-
ing on the signal strength in comparison to an afore calculated cutoff (BIOREBA
AG, 2014). As long as the number of possible viruses infecting a sample is very
limited and the viruses are known, thus the corresponding specific reagents can be
acquired, ELISA is the diagnostic method of choice (Buttner et al., 2013). However,
the method is not ideal if the number of possible viruses is great and therefore the
amount of tests required to find the pathogen is very high. Also, if the infecting virus
has not been discovered before, new specific reagents must be designed which is
an expensive and time consuming process and requires a very specific laboratory
(Boonham et al., 2014; Buttner et al., 2013). When dealing with viruses which have
a high mutation rate, possibly resulting in quasi-species, the high specificity of ELISA

can result in false negative results even for known viruses (Adams et al., 2013).
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1 Introduction

gPCR requires nucleic acid (xNA) and uses pathogen specific oligo nucleotides
(primers) to massively amplify very specific fragments of the input xNA, for instance
a part of the pathogens genome (Khan et al., 2001). The sample preparation is more
complex compared to ELISA since purified deoxyribonucleic acid (DNA) or ribonu-
cleic acid (RNA) is required. The amount of xXNA is continually measured throughout
the process of Polymerase Chain Reaction (PCR) (Boonham et al., 2014). If the
amount of xNA increases, the targeted material, which, confined by the primers,
is amplified during the PCR cycles, must have been part of the input. Like ELISA
the result of the gPCR is well interpretable and straight forward (either the material
had been amplified or not). gPCR is a lot more sensitive than ELISA (Khan et al.,
2001). Since the method also requires pathogen specific reagents, gPCR is not
ideal for pathogens which have not been discovered before. The primer design and
construction is however much less expensive and less time consuming than the de-
velopment of pathogen specific ELISA reagents (Boonham et al., 2014). While the
high specificity of the method is an advantage in most cases, like ELISA it can lead
to false negative measurements for known viruses, if those are prone to mutations

and the development of quasi-species (Adams et al., 2013).

NGS encompasses a class of methods that is becoming ever more prominent as
exploratory and diagnostic tool (Adams et al., 2009; Boonham et al., 2014; Hadidi
et al., 2016; Capobianchi et al., 2013). These methods use different techniques
to sequence the entire input xNA and provide the resulting sequences as a file to
the analyst. The great advantage of NGS is that no prior knowledge about the
pathogen is required (Selvarajan et al., 2016). Since no pathogen-specific reagents
are needed, NGS is a completely generic process. It can be used to discover viruses
and even quasi-species of known viruses that ELISA and gPCR cannot discover due
to their high specificity (Capobianchi et al., 2013; Adams et al., 2013). Moreover,
NGS can be used to describe, assemble and annotate newly discovered pathogens
(Prabha et al., 2013). The sample preparation is comparable to qPCR, since puri-

fied DNA is required as input for most NGS based methods. While currently NGS
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is expensive by comparison, the price per sequenced base is rapidly declining and
will reach competitive prices in the near future (Boonham et al., 2014). Since NGS
was first used in phytomedicine in 2009 (Adams et al., 2009; Al Rwahnih et al.,
2009; Kreuze et al., 2009) its importance increased substantially, mainly in the area
of pathogen discovery (Yanagisawa et al., 2016; Barzon et al., 2011). However,
NGS is not yet used as a routine analysis tool like ELISA or gPCR. This is due to
the complex data analysis required to interpret the results (Boonham et al., 2014).
While the analysis is independent of the pathogen, it is highly dependent on the
host reference (complete genome) (Gogol-Déring et al., 2012). Using a reference,
the host specific information can be stripped from the data and the remaining frag-
ments can be used to assemble and discover the pathogen without contaminations
from the host (Barzon et al., 2011; Studholme et al., 2011). Conversely, the abun-
dance of known pathogens within the host can be analyzed using references of the
pathogens (Nagano et al., 2015). It is also possible to measure the hosts response
to a pathogen rather than the existence of said pathogen. This is useful when no
information about the pathogen can be provided or if there is uncertainty of whether
specific symptoms are actually caused by a pathogen, furthermore, this method en-
ables the researcher to analyze the molecular mechanisms at work within the host
(Chen et al., 2016). Analyzing the host response to infection or disease can be
done very well using the transcriptome expression, providing information about the
expression of genes and, using a time series, the up and down regulation of specific
genes which allows the analysis of pathway modifications (Wang et al., 2009). This
expression analysis also requires the use of a host specific reference and transcrip-
tome annotation (host genome annotated with start and end positions of genes, ex-
ons, introns). If those reference informations are not accessible or do not exist, which
is the case for almost every plant species (Yates et al., 2016), those kinds of anal-
yses, while still being possible, become much more time consuming. The required

references must first be created. This process uses the information of the sequenc-
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1 Introduction

ing results and assembles a probable reference by constructing ever longer frag-
ments into contigs (larger fragments constructed from overlapping fragments) and
super contigs (larger contigs constructed from overlapping contigs) (Baker, 2012). A
very high coverage (fragments covering a specific location) is needed to produce a
good and trustworthy reference, which increases the cost of sequencing significantly
(Sims et al., 2014). The results of an analysis, being performed upon a newly as-
sembled reference, are not reproducible by another researcher in a straight forward
manner because any newly constructed reference is unique and in part dependent
on the parameters used for the assembling algorithm (Baker, 2012). The eventual
stability of any reference is the result of the collaboration of multiple groups and the
thorough scrutiny by the scientific community.

Using a good reference and annotation, transcriptome analyses are based on mul-
tiple steps offering many possibilities to produce differing results. The alignment
(mapping the sequencing results to the reference) can be run with different param-
eters resulting in fewer but qualitatively better results (Langmead et al., 2009; 2012;
Cox, 2007; Li et al., 2009). The transcriptome analyses can be performed using only
fragments aligned to a single location, or, in order to increase the pool of fragments,
adding those aligned to multiple locations. During the expression analyses, the ana-
lyst has to decide whether a fragment is counted twice or only in part if it is located in
two genes. Those examples show the complexity of the analyses and why it should

be run and interpreted by an experienced bioinformatician (Boonham et al., 2014).

This work proposes a novel approach, which reduces the complexity of NGS data
analysis by removing multiple, otherwise necessary, steps from the analysis work-
flow. It is based on host response rather than the existence of pathogen RNA. The
novel approach utilizes pattern classification in order to reduce the complexity within
the data and answer multiple independent questions simultaneously. It does not re-
quire a reference for the host or the pathogen. The use or assembly of a transcrip-

tome is not necessary. This has been accomplished by utilizing an alignment free
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method (Song et al., 2013; Bonham-Carter et al., 2013) based on feature-frequency-
profiles (Sims et al., 2009), an n-gram (subsequence of size n) based approach,
resulting in representative profiles which are used for classification. If the pathogen
cannot be classified directly, on account of it being undiscovered of yet, the data can
be used to assemble the new pathogen directly without the need for further wet-lab-
work. A strong automation reduces the need for significant bioinformatic expertise
and allows a competent lab technician to use the software in a routine environment.
This offers a robustness and ease-of-operation comparable to ELISA or gPCR while
offering the advantages of NGS in terms of amount and diversity of information and

generic character.

This novel methods performance and accuracy is compared to a transcriptome anal-
ysis following a common workflow (Gogol-Déring et al., 2012). An experiment has
been performed, whereby 36 plants where mechanically inoculated with one of three
distinct viruses and 12 plants served as control samples. All samples were se-
quenced resulting in the input files for the NGS based analyses. ELISA tests were
performed to discover the infection state of each sample and alignments using the
pathogen references were run to measure the viral load in each sample. The results
of the sequencing runs were classified using the novel method and independently
a transcriptome approach. The resulting classifications are compared in regards to
similarity and accuracy given the results of the validation tests (ELISA and pathogen

alignment).
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2 Materials and Methods
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Figure 1: The experimental design is shown from inoculation and harvesting (A) over sample prepa-

ration for sequencing (B), sequencing (C) and subsequent data analysis resulting in pro-

files which classify the pathogens (D).
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2 Materials and Methods

After an initial growth phase the sample plants were inoculated, cultivated for three
different time spans and finally harvested (figure 1.A). The plant material was pre-
pared to arrive at complementary DNA (cDNA) libraries (figure 1.B). Those were
sequenced (figure 1.C). Using the generated reads, two independent approaches
were used to answer multiple questions, for instance which the infecting virus had

been (figure 1.D).

2.1 Plant-Viruses

Arabis mosaic virus (ArMV), Tomato spotted wilt virus (TSWV) and Cherry leaf roll

virus (CLRV) are the pathogens used in the scope of this work (tables 1 and 2).

ArMV is a positive single stranded (+ss) RNA virus and belongs to the genus nepovirus.
It was first described in 1944 (Smith et al., 1944). Schmelzer (1962) reported that 93
different plant species could be successfully infected with this virus. Its hosts include
important crops, such as hemp, raspberry, strawberry, cucumber, lettuce and more.
The genome organization is comprised of two +ss RNAs (3820 base pair (bp) and
7334 bp in size). The complete sequence was published in its current version by
Wetzel et al. (2001; 2004).

CLRYV also belongs to the positive single stranded RNA nepoviruses. Its impact was
first described in 1933, however, it was first designated CLRV in 1955 (Posnette
et al., 1955). While its host range, spanning 36 different plant families (EFSA, 2014;
Hadidi et al., 2011), is more limited than that of ArMV, new hosts are discovered
frequently. In 2007 symptoms typical for a CLRV infection have been observed in
two birch species in Finland, Sweden and Norway, while the virus could be detected
in Finland (Jalkanen et al., 2007). Genetically CLRV is described to have a high
variability on interhost as well as intrahost level (Hadidi et al., 2011), in some cases

leading to different strains of the virus within the same host (Rumbou et al., 2016).
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2.1 Plant-Viruses

In 2012 the two RNA sequences of CLRV (isolate E395), being 6360 bp and 7918
bp long, were published by von Bargen et al. (2012).

TSWYV, a negative single stranded (-ss) RNA tospovirus, was first described in 1930.
It was the pathogen that caused a disease first described in 1915 as tomato spot-
ted wilt, which in the years from 1915 to 1930 spread over all southern states of
Australia, causing great economic losses. The virus has an enormous host range
of over 900 different plant species, amongst which are important agricultural crops
such as tomato, peanut, watermelon, zucchini, tobacco and more (Rupert, 1968;
Sherwood et al., 2000). Its genome organization consists of three RNA strands.
The sequences of RNA L (large 8897 bp), RNA M (middle 4821 bp) and RNA S
(small 2916 bp) were published in 1991 (De Haan et al., 1991), 1992 (Kormelink
et al., 1992) and 1990 (De Haan et al., 1990) respectively.

Table 1: The table shows the viral isolates and their respective origins (Menzel, 2016).

Virus
ArMV TSWV CLRV
Isolate E53152 PC-0182 (L3) E395
Host Sambucus nigra  Nicotiana rustica ~ Rheum
rhabarbarum
Origin Sweden Bulgaria Germany
Year of isolation 2012 1988 1987
Supplier division Deutsche division
Phytomedicine Sammlung von Phytomedicine

Mikroorganismen
und Zellkulturen
(DSMZ)

Two of the three required virus species, ArMV and TSWV, needed to be propagated
personally, CLRV was provided. Different host species were chosen recommended
for virus propagation according to description of the respective virus as can be seen
in table 3. These hosts were mechanically inoculated (section 2.3) with the virus
species in question and then left to be infected with the virus. After 14 days, the
virus was “harvested” by choosing leaves of the host that showed strong signs of

infection.
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Table 2: The table shows a list of the three virus species used in this work (Adams et al., 2006;
Bittner et al., 2013).

Cherry leaf roll virus

Arabis mosaic virus

Tomato spotted wilt
virus

Genus
Abbreviation
Symptoms

first described

Genome
organisation

Nepovirus

CLRV

leaf patterns, blackline
disease, chlorotic
mosaic, ring patterns,
leaf rolling, chlorotic
ringspot, yellow vein
netting, dieback, plant
death

1955 (Posnette et al.,
1955)

two (+)ss RNAs (6360
bp and 7918bp)

Nepovirus

ArMV

yellow dwarf, mosaic,
yellow crinkle, stunt
mottle, chlorotic stunt,
stunting, necrosis,
yellow net

1944 (Smith et al.,
1944)

two (+)ss RNAs (3820
bp and 7334 bp)

Tospovirus

TSWV

stunting, chlorotic
rings, necrotic rings,
necrosis, seed
discoloration

1930 (Rupert, 1968)

three (-)ss RNAs (8897
bp, 4821 bp and 2916

bp)

Table 3: The table lists the respective host plants which were used for the propagation of ArMV and
TSWYV respectively.
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ArMV

Virus
TSWV

N. benthamiana,
C. amaranticolor

Host

N. clevelandii,
N. benthamiana,
N. tabacum,

C. amaranticolor
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2.2 Model Plants

The samples used in this scope are made up of two plant species, one being Ara-
bidopsis thaliana cv. Columbia (36 samples) and the other being Chenopodium
quinoa (12 samples). Those two plant species were chosen based upon their im-
portance to the fields of molecular plant pathology and bioinformatics respectively.
While Chenopodium quinoa is a model organism for plant pathology and virology,
since it is a host to numerous viruses and shows successful infection by clearly vis-
ible lesions on its leaves (Hollings, 1959; 1972), its genome is poorly explored and
thus no reference genome does exist as of yet. On the other hand, the complete
genome of Arabidopsis thaliana is well documented (Rhee et al., 2003), so much
that it is considered to be the model organism for molecular genetic experiments in
plants (Meinke et al., 1998). However, Arabidopsis thaliana shows minimal to no

signs of successful inoculation.

The Chenopodium quinoa plants were grown in a greenhouse subjected to long-day
conditions (16 hours of light), 22°C and between 20% to 40% humidity. The six-leaf
stage was chosen for inoculation. The Arabidopsis thaliana specimen were kept un-
der short-day conditions (eight hours of light), 22°C during day time and 16°C during
night time and a humidity between 20% to 40%. The inoculation was performed five
weeks after sowing. The difference in cultivation between Arabidopsis thaliana and

Chenopodium quinoa is due to the different growth and infection characteristics.

All 48 plants were divided into four groups, each comprised of nine Arabidopsis
thaliana and three Chenopodium quinoa plants, and inoculated with ArMV, TSWV
and CLRV respectively. The final fourth group is comprised of the control speci-
men, which were mock inoculated. After three different periods of time, stated as
days post inoculation (dpi), three Arabidopsis thaliana (biological replicates) and
one Chenopodium quinoa individual of each group was harvested, frozen in liquid

nitrogen and stored at -80°C (Yockteng et al., 2013). For Arabidopsis thaliana those
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periods were 0, 24 and 46 dpi, for Chenopodium quinoa it was 0, 9 and 14 dpi.
The samples and their respective infection agents are listed in tables 4 and 5. The
bioinformatical methods used were developed on Arabidopsis thaliana, since it is
the model organism for bioinformatics and has a well described reference genome.
Therefore all dpi have three Arabidopsis thaliana samples to ensure a higher degree

of accuracy during development.

2.3 Mechanical Inoculation

The process of mechanical inoculation is used to introduce a viral pathogen into
a plant by spreading the inoculum, a solution of viral particles and buffer, over its
leaves. The virus enters the damaged epidermal cells within which the replication

cycle of the virus starts (Dijkstra et al., 1998).

In this work the respective virus species were provided by means of infected leaves.
These leaves were mechanically homogenized in 10 ml of inoculation buffer (0.1 M
NaPQy, 0.2% Na,S0s3, 2% Polyvinylpyrrolidon, pH 7.0) mixed with 0.1 g celite as an

abrasive. The solution was finally rubbed on to the sample plants (tables 4 and 5).

Table 4: A table listing the Chenopodium quinoa samples, showing the sample name, the virus used
during inoculation and the isolate of the virus.

ID Species Virus Isolate
X01 Chenopodium quinoa mock  none
X02 Chenopodium quinoa mock  none
X03 Chenopodium quinoa mock  none
A01 Chenopodium quinoa ArMV  E53152
A02 Chenopodium quinoa ArMV  E53152
A03 Chenopodium quinoa ArMV — E53152
TO1 Chenopodium quinoa TSWV E53460
T02 Chenopodium quinoa TSWV E53460
TO3 Chenopodium quinoa TSWV E53460
CO01 Chenopodium quinoa CLRV  E395
C02 Chenopodium quinoa CLRV  E395
C03 Chenopodium quinoa CLRV  E395

12
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Table 5: The list of Arabidopsis thaliana samples is displayed in this table, showing the sample name,
the virus used during inoculation and the isolate of the virus.

ID Species Virus Isolate
X01.1 Arabidopsis thaliana mock  none
X01.2 Arabidopsis thaliana mock  none
X01.3 Arabidopsis thaliana mock  none
X02.1 Arabidopsis thaliana mock  none
X02.2 Arabidopsis thaliana mock  none
X02.3 Arabidopsis thaliana mock  none
X03.1 Arabidopsis thaliana mock  none
X03.2 Arabidopsis thaliana mock  none
X03.3 Arabidopsis thaliana mock  none

A01.1 Arabidopsis thaliana ArMV  E53152
AO01.2 Arabidopsis thaliana ArMV  E53152
A01.3 Arabidopsis thaliana ArMV  E53152
A02.1 Arabidopsis thaliana ArMV  E53152
A02.2 Arabidopsis thaliana ArMV ~ E53152
A02.3 Arabidopsis thaliana ArMV ~ E53152
A03.1 Arabidopsis thaliana ArMV ~ E53152
A03.2 Arabidopsis thaliana ArMV ~ E53152
A03.3 Arabidopsis thaliana ArMV ~ E53152

TO1.1 Arabidopsis thaliana TSWV E53460
T01.2 Arabidopsis thaliana TSWV E53460
T01.3 Arabidopsis thaliana TSWV E53460
T02.1 Arabidopsis thaliana TSWV E53460
T02.2 Arabidopsis thaliana TSWV E53460
T02.3 Arabidopsis thaliana TSWV E53460
T03.1 Arabidopsis thaliana TSWV E53460
T03.2 Arabidopsis thaliana TSWV E53460
T03.3 Arabidopsis thaliana TSWV E53460

CO01.1  Arabidopsis thaliana CLRV  E395
C01.2 Arabidopsis thaliana CLRV  E395
C01.3 Arabidopsis thaliana CLRV  E395
C02.1 Arabidopsis thaliana CLRV  E395
C02.2 Arabidopsis thaliana CLRV ~ E395
C02.3 Arabidopsis thaliana CLRV  E395
C03.1 Arabidopsis thaliana CLRV  E395
C03.2 Arabidopsis thaliana CLRV  E395
C03.3 Arabidopsis thaliana CLRV  E395
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2.4 ELISA

Proposed in 1971 (Engvall et al., 1971; Weemen et al., 1971), the ELISA utilizes
the highly specific antigen-antibody bond. A surface is covered with an antibody,
which is specific to the antigen in question, here a part of the virus. Upon this layer
the antigen solution, which in case of this work was a leave mechanically brought
into solution, is given. Any parts of the antigen-solution that did not bind to the anti-
body covered surface is washed off. A second antibody, specific to either the same
or another part of the antigen, is added. The antibody is marked with an enzyme.
The antibodies that did not bind to an antigen are washed off. Finally the substrate
for the marker-enzyme is introduced. This procedure results in a measurable re-
action in those areas where the antigen bond to the surface antibody, creating an
antibody-antigen-antibody-enzyme complex. Due to the utilization of an antibody at
the surface, and the resulting antibody-antigen-antibody complex, this procedure is
called a double antibody sandwich (DAS) ELISA (Voller et al., 1976; Clark et al.,
1977). A different approach relies on introducing another antibody into the reaction.
The marker-enzyme is linked to this third antibody which is specific to the second
antibody, which in turn is specific to the antigen. This procedure, resulting in an
antibody-antigen-antibody-antibody-enzyme complex, is known as a triple antibody
sandwich (TAS) ELISA (Wilson et al., 2010).

As a quality control and as a method to determine viral infection even without clear
symptoms, ELISA was used to detect the viral particles within the infected mate-
rial produced in section 2.1. For ArMV a DAS ELISA was chosen using provided
antibodies (ArMV-1gG 12/09 1.6 mg/ml and ArMV-IgG-AP 12/09 0.8 mg/ml). A TAS
ELISA was used to analyze the TSWV samples using AS-0105-0106/0116 from
DSMZ. After introducing the substrate for the marker enzymes, the complex was left

to be incubated overnight, upon which the extinction at 405 nm was measured.
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In order to produce a baseline and as validation all samples were analyzed with
ELISA tests after being stored at -80°C. The workflow for the DAS ELISAs to test
for ArMV and CLRV as well as the workflow for the TAS ELISA is shown in figure
2. The TAS ELISA was performed using the AS0205 IgG (BN: 5089) from DSMZ
and the corresponding mouse and rabbit-anti-mouse antibodies. The measurement
at 405 nm was performed after an overnight incubation at 10°C. The DAS ELISA
for the analysis of CLRV relied on the use of the in house antibodies CLRV36 and
CLRV38. The ArMV detection with DAS ELISA used the AS-0008 IgG (BN: 5676)
from DSMZ. As with the TAS ELISA the detection at 405 nm of both DAS ELISAs

was performed after an over night incubation at 10°C.

In order to differentiate between negative and positive reactions a cutoff co was
calculated (BIOREBA AG, 2014) using

co=(u+(3-0))-1.1. (2.1)

The mean u and the standard deviation o in this formula are calculated by sort-
ing the measured extinction values and using only those values following a linear

regression.

The material showing the most significant distance from the cut off was used to

inoculate the model plants.
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Figure 2: The ELISA workflows for the TAS ELISA testing for TSWV (left), the DAS ELISA testing for
CLRV (middle) and the DAS ELISA testing for ArMV (right) is shown.
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2.5 Sequencing

Ever since Sanger et al. (1977) published the first feasible method of sequencing

DNA molecules using chain-terminating inhibitors many new discoveries resulted in
an ever faster and affordable technology to uncover a DNA sequence. One class of
these was named Next-Generation-Sequencing (NGS) technologies, as those are
considered to be the next generation after Sanger sequencing. Nowadays these
technologies are also called second generation sequencing, since new technolo-
gies are being developed, capable of single molecule sequencing which themselves
are called next generation or third generation sequencing. These High-Throughput-
Sequencing (HTS) technologies are developed mainly by companies and are incor-

porated into commercial sequencers.

In this study a HTS-technology developed by illumina Inc. called sequencing by
synthesis (SBS) was used. This method is comprised of several steps and requires
DNA. In order to arrive at the cDNA the total RNA was extracted from plant tissue
(randomly chosen leaves) using innuSPEED Plant RNA Kit from Analytik Jena AG
(Analytik Jena AG, 2010). The extracted RNA concentration was measured using
Qubit RNA HS assay as well as independently with a NanoDrop RNA measurement.
Ribosomal RNA was removed from the total RNA and the remaining RNA was tran-
scribed into cDNA using ‘TruSeq Stranded Total RNA with Ribo-Zero Plant kit’ from
illumina Inc. (illumina Inc., 2015). During this step two adapter sequences are added
to the sample DNA, one adapter for the 3’ and one for the 5’ end. The complemen-
tary strands to those adapter sequences are covalently bound to a surface, called
flowcell. The concentration of cDNA was measured using Qubit as well as LabChip.
Finally the prepared cDNA was sequenced using illumina’s NextSeq500 sequencer
and ‘NextSeq reagent kit V2 (300 cycles)’ (illumina Inc., 2016) also from illumina
Inc. This process begins by introducing the prepared DNA to the flowcell, where

it will bind to the complementary adapter sequences. Polymerases form the com-
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plementary strand to the sample DNA, using the surface adapter oligo as a starting
point. These double stranded sequences are denatured and the original strand is
washed off. The strand is amplified using a process called bridge amplification. The
DNA sequence, now bound to the surface, bends to hybridize its second adapter
sequence to its complementary sequence on the flowcell forming a bridge. Poly-
merases form the complementary strand, using the second adapter sequence as
a starting point. The hybridized strands are denatured, leaving the original strand
and its complementary counterpart. Both strands can now be used for amplifica-
tion. These steps are repeated several times forming clusters on the surface of
the flowcell. The 3’ ends of these sequences are protected to suppress unwanted
hybridizations. During the next step all reverse sequences are removed from the
flowcell. The sequencing itself is performed by adding primers which bind to parts
of the adapter sequence. This step is followed by injecting fluorescently tagged nu-
cleotides onto the flowcell, one of which hybridizes to the strand. The fluorescent tag
prohibits the hybridization of any further nucleotides to the sequence. It is excited
and the emitted wavelength is recorded. To allow for the next nucleotide to hybridize
the fluorescent tag is cleaved off. The process of hybridizing one nucleotide, exciting
it and measuring its emitted wavelength is repeated until a predefined readlength is
reached. The newly formed strand is washed off. After deprotection of the 3’ end of
the sequence, it folds over forming once again a bridge. Polymerases form the com-
plementary strand. After denaturing, the original strand is washed off leaving only
the newly formed strand behind. The sequencing steps performed on the original
strand are now repeated for its reverse complement (illumina Inc., 2014; 2010). This
procedure results in two sequences per original DNA molecule, one forward and one
reverse. Depending on the length of the original DNA molecules and the readlength,
these paired-end reads may either overlap (in part or completely) resulting a double
determination of either part or all of the original DNA, or be a number of bases apart

resulting in the start- and end-sequences of larger regions.
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The intensity of the emitted wavelength is recorded in multiple bcl basecall files and
converted into a fastQ file for later analysis. The fastQ format is a widely used
American Standard Code for Information Interchange (ASCII) file, holding both the
sequence and per base quality. One sequence, also known as a read, is repre-
sented by four lines, a header line, starting with ‘@’, the read itself, a ‘+’ and a

quality per base string (Cock et al., 2010), see example listing 1 for clarification.

Listing 1: The listing shows an example excerpt of a fastQq file.

Q@example Read
ATCGGAAGAGCACACGTCTGAACTCCAGTCACTTCGGAGAATCTCGTATGCCGTCTTCTG
+

CCCCCGEEGFAFCFGGCFGGGGGGGGCFEFFF@,C6,00: CCEOFFGGGGG<K@BQFF5@C

The per base quality is the ASCII encoded PHRED score and is defined as

Opurep = —10-1og1o(P.) , (2.2)

where P, is the probability of the base being called erroneously (Ewing et al., 1998).
This score is added to 33 (lllumina 1.8+ Phred+33) and the resulting number is
represented by its ASCII value (Cock et al., 2010). Thus a base being called with a
probability of being wrong of P, = 0.01, so being 99% accurate, has a PHRED score
of 20, adding this to 33 results in 53 which encodes the ‘5’ in ASCII. If a base is called
with an error probability of 0.0004, its PHRED score would be —10-10g10(0.0004) =
33.9 which is added to 33 and transformed into a character using ASCII encoding
ASCII

67 —— ‘C’. This is done for all bases and the resulting characters are the quality

string as shown in line four of listing 1.
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2.6 Transcriptome Analysis

The transcriptome of a given individual is a collection of all RNA molecules tran-
scribed from those genes being active at a particular point in time either in a single
cell or a conglomerate of cells (Brown, 2006). Unlike the exome, which is a static
representation of all genes on a DNA, the transcriptome can be used to analyse
expression changes over time (Wang et al., 2009; Chen et al., 2016), i.e. the up-

/down-regulation of specific genes.

In RNA-Sequencing, there are multiple ways to clean up the RNA in order to only
retain those kinds of RNAs which are of particular interest. Capturing only RNA
molecules which have a polyadenylated (poly(A)) tail ensures that only RNA tran-
scribed from protein coding genes is later sequenced. This method, however, is
not ideal when working with degraded RNA or when the molecules of interest do
not show the characteristic of a poly(A) tail (sSRNA, microRNA, non-eukaryotic RNA,
lincRNA, etc). Another method is based on removing only the highly prevalent ri-
bosomal RNA (80% of a cell’'s RNA (Lodish et al., 2000)), leaving all other RNA
molecules to be sequenced. This procedure retains a lot of information crucial for

further analysis and was thus chosen.

After the total RNA has been depleted of either ribosomal RNA or all non-poly(A)-
tail-RNA, it is reverse transcribed into cDNA and further handled like normal DNA

during sequencing (see section 2.5) (Wilhelm et al., 2008; Nagalakshmi et al., 2008).

2.7 Data Analysis
With the sequencing finalized and the fastQ files generated using bc12fastq v2.15,

the analysis of the large dataset commences. While there are numerous approaches

of how to deal with the data, a common workflow is to first filter the reads by quality
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using the PHRED scores. Following this filtering the reads are mapped to a refer-
ence genome (Gogol-Déring et al., 2012). This alignment can be done using differ-
ent programs (i.e. bowtie (Langmead et al., 2009; 2012), eland (Cox, 2007), bwa
(Li et al., 2009)). By mapping a read onto a reference genome, the alignment fur-
ther classifies said read into one of three categories: a read that could be mapped
to the reference in exactly one position (uniquely matching read (UMR)), multiple
positions (multiply matching read (MMR)) or no position at all (nonmatching read
(NMR)). Utilizing the information of where a given read stems from, its position on
the reference, missmatches and alignment quality, many different analysis steps can
be performed. The UMRs and MMRs can be used to discover differences between
the reads and the reference, pointing to single nucleotide polymorphisms (SNPs) or
other variations within the sample DNA. Using an annotated reference, which holds
the information about start and end positions of all known genes, exons and tran-
scripts, the UMRs and MMRs can be utilized to uncover copy number variations or,
in case of transcriptome sequencing (section 2.6), the amount of RNA molecules
belonging to a specific transcript, gene or exon can be counted, effectively measur-
ing the expression of said transcript, gene or exon. Doing this measurement over
all known transcripts, exons and genes can thus be used to create a transcription
profile of an individual at a given point in time. The NMRs can be matched to other

references, pointing for example to infections (section 2.8).

Without the alignment, the reads can be used to assemble a new genome or use
the n-gram based sequence profiler (srProfiler) approach to gain further insights

into the data.

All reads were aligned using bowtie2 v2.2.6 (Langmead et al., 2009; 2012). The
alignment was first performed against the reference of Arabidopsis thalianatair v10.29
(Berardini et al., 2015), followed by the alignment against the references of the three
viruses (section 2.1). UMRs were used for further analysis of viral load as well as

transcriptome expressions in the samples.
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Moreover, the reads were transformed according to section 2.9 and the resulting
profiles were used to run multiple statistical comparisons. Figure 3 shows the major
steps being performed starting with the separation of the sample pool into a test and
a training set. The sets were constructed using only the odd reads of each sample
for the training set and only the even reads for the test set. The training set was
used to create classifiers for different questions. The newly formed classifiers are
run against the independent test set. In addition one sample was chosen at random
and deliberately left out of any pathogen related calculations in order to simulate an
entirely independent sample. A3.2, an Arabidopsis thaliana individual successfully
infected with ArMV, so unanimously diagnosed by ELISA and pathogen alignment,
was chosen to be said sample. The left side shows the steps required to gather
the necessary information using the reference alignment, whereas the right side
depicts the steps performed using the srProfiler approach. The feature vectors
both approaches result in are the basis for independent classifiers, which are used

to classify the test set.

The classification was performed using the groupings shown in table 6. The group-
ing for the single classifiers was determined by the experimental design, however,
based on the results of the validating steps (ELISA and pathogen alignment) the
groupings for the infectant classifiers had to be adapted. Since a definitive infection
state (infected, not infected) could not be declared for all samples, multiple plants

were removed from the groupings to ensure a bias free classifier.
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sample pool

—

training set test set

I
v v

align A. thaliana against reference genome transform into profile X

v

expression analysis of known genes

.

compare expression among samples compare profiles among samples

iffi iall . l . .
use most di erentla. Y ex.pressed genes use most different bins for classification
for classification

statistical analysis to determine best features for specific classification
|
v v v v
species age infectant infection
build classifier (A) build classifier (S) build classifier (B) build classifier (C)
[ | | |
v

run classifiers against test set
Figure 3: The major data analysis steps in Arabidopsis thaliana are shown. Before the analysis
starts the data set is devided into a test and a training set. The training set is analysed
using a reference genome (left side) and using srProfiler (right side). Both approaches
arrive at specific feature vectors upon which designated classifiers are build. Those clas-
sifiers are used to classify the test set.
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Table 6: The table shows the groupings according to the chosen classifiers. The symbol 'NA’ repre-
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sents samples that were not used during the respective classification. The symbol '’ means
'NOT’. The abbreviation TP stands for time point and represents the respective harvest dpi.
The infectant classifiers are shown in two versions ('in Theory’ and 'in Praxis’). The first
version, ’in Theory’, represents the grouping as it should have been based on experimental
design. The second version, ’in Praxis’, lists the groupings as they were used based on the
results of ELISA and pathogen alignment.

sample Species | Age Infectant (in Theory) Infectant (in Praxis)
A S B B1 B2 B3 B4 B B1 B2 B3 B4

AO01 C. quinoa |TP1 |ArMV  ArMV ICLRV ITSWV IControl |[ArMV ~ArMV ICLRV NA IControl
A02 C. quinoa |TP2 |ArMV  ArMV ICLRV ITSWV IControl |ArMV ~ArMV ICLRV NA IControl
A03 C. quinoa |TP3 |ArMV ArMV ICLRV ITSWV IControl |ArMV ~ArMV ICLRV NA IControl
Al A. thaliana |TP1 |ArMV ~ ArMV  ICLRV ITSWV IControl |[NA NA ICLRV NA NA
Al1.2 A. thaliana |[TP1 |ArMV ~ ArMV  ICLRV ITSWV !Control |NA NA ICLRV NA NA
A1.3 A. thaliana |[TP1 |ArMV ~ ArMV  ICLRV ITSWV !Control |NA NA ICLRV NA NA
A2.1 A. thaliana |TP2 |[ArMV ~ ArMV  ICLRV ITSWV IControl [ArMV ~ ArMV  ICLRV NA IControl
A2.2 A. thaliana |TP2 |ArMV ~ ArMV  ICLRV ITSWV IControl [ArMV ~ ArMV ICLRV NA IControl
A2.3 A. thaliana |TP2 |ArMV ~ ArMV  ICLRV ITSWV IControl |[NA NA ICLRV NA NA
A3.1 A. thaliana | TP3 |ArMV ~ ArMV  ICLRV ITSWV IControl [ArMV ~ ArMV  ICLRV NA IControl
A3.2 A. thaliana | TP3 |ArMV ~ ArMV  ICLRV ITSWV IControl |[NA NA ICLRV NA NA
A3.3 A. thaliana | TP3 |ArMV ~ ArMV  ICLRV ITSWV IControl |[NA NA ICLRV NA NA
Co1 C. quinoa |TP1 |CLRV IArMV CLRV ITSWV IControl [NA IArMV  NA NA NA
Co02 C. quinoa |TP2 |CLRV !ArMV CLRV ITSWV IControl |CLRV !ArMV CLRV NA IControl
Co3 C. quinoa |TP3 |CLRV !ArMV CLRV ITSWV IControl |CLRV !ArMV CLRV NA IControl
C1.1 A. thaliana |TP1 |CLRV |ArMV CLRV ITSWV IControl |[NA IArMV  NA NA NA
Ci1.2 A. thaliana |[TP1 |CLRV |ArMV CLRV ITSWV !Control |[NA IArMV  NA NA NA
C1.3 A. thaliana |TP1 |CLRV !|ArMV CLRV ITSWV IControl |[NA IArMV  NA NA NA
Cc2.1 A. thaliana |TP2 |CLRV |ArMV CLRV ITSWV IControl |[NA IArMV  NA NA NA
C2.2 A. thaliana |TP2 |CLRV |ArMV CLRV ITSWV !Control |[NA IArMV  NA NA NA
Cc2.3 A. thaliana | TP2 |CLRV |ArMV CLRV ITSWV IControl |[NA IArMV  NA NA NA
C3.1 A. thaliana | TP3 |CLRV |ArMV CLRV ITSWV IControl |[NA IArMV  NA NA NA
C3.2 |A. thaliana |TP3 |CLRV IArMV CLRV ITSWV IControl |NA IArMV  NA NA NA
C3.3 A. thaliana |TP3 |CLRV |ArMV CLRV ITSWV [Control |[NA IArMV  NA NA NA
TO1 C. quinoa |TP1 |TSWV IArMV ICLRV TSWV [Control |[NA IArMV  ICLRV NA NA
T02 C. quinoa |TP2 |TSWV IArMV ICLRV TSWV I[Control |[NA IArMV  ICLRV NA NA
TO3 C. quinoa |TP3 |TSWV IArMV ICLRV TSWV [Control [NA IArMV  ICLRV NA NA
T1.1 A. thaliana |TP1 |TSWV |ArMV ICLRV TSWV [Control [NA IArMV  ICLRV NA NA
T1.2 A. thaliana |TP1 |TSWV |ArMV ICLRV TSWV IControl [NA IArMV  ICLRV NA NA
T1.3 A. thaliana |TP1 |[TSWV |ArMV ICLRV TSWV !Control [NA IArMV  ICLRV NA NA
T2.1 A. thaliana |TP2 |[TSWV |ArMV ICLRV TSWV [Control [NA IArMV  ICLRV NA NA
T2.2 A. thaliana | TP2 |TSWV |ArMV ICLRV TSWV [Control |[NA IArMV  ICLRV NA NA
T2.3 A. thaliana | TP2 |TSWV IArMV ICLRV TSWV I[Control |[NA IArMV  ICLRV NA NA
T3.1 A. thaliana |TP3 |TSWV |ArMV ICLRV TSWV IControl |[NA IArMV  ICLRV NA NA
T3.2 A. thaliana | TP3 |TSWV [ArMV ICLRV TSWV [Control |[NA IArMV  ICLRV NA NA
T3.3 A. thaliana |TP3 |TSWV |ArMV ICLRV TSWV IControl |[NA IArMV  ICLRV NA NA
X01 C. quinoa |TP1 |Control !ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X02 C. quinoa |TP2 |Control 'ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X03 C. quinoa |TP3 |Control 'ArMV ICLRV ITSWV Control |Control !lArMV ICLRV NA Control
X1.1 A. thaliana | TP1 |Control !ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X1.2 A. thaliana | TP1 |Control !ArMV ICLRV ITSWV Control |[NA IArMV  NA NA NA
X1.3 A. thaliana | TP1 |Control !ArMV ICLRV ITSWV Control |Control !'ArMV ICLRV NA Control
X2.1 A. thaliana |TP2 |Control !ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X2.2 A. thaliana |TP2 |Control !ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X2.3 A. thaliana | TP2 |Control !ArMV ICLRV ITSWV Control |NA IArMV  NA NA NA
X3.1 A. thaliana | TP3 |Control !ArMV ICLRV ITSWV Control |Control !ArMV ICLRV NA Control
X3.2 A. thaliana | TP3 |Control !ArMV ICLRV ITSWV Control |NA IArMV  NA NA NA
X3.3 A. thaliana | TP3 |Control !ArMV ICLRV ITSWV Control |Control !'ArMV ICLRV NA Control
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2.8 Pathogen Alignment

2.8 Pathogen Alignment

Section 2.6 explained that in order to purify the sample RNA only the rRNA had
been removed. Hence, if an infection did in fact occur in a given sample, the viruses
are still discoverable after purification, since, as described in section 2.1, all three
viruses are RNA-viruses and are not removed with the rRNA. Aligning the sample
data from section 2.5 against the reference sequences of the three viruses respec-
tively (section 2.1), is thus a method to describe the presence of the pathogen as

well as the amount of viral RNA present within a given sample (Nagano et al., 2015).

2.9 n-Gram Based Sequence Profiling for Alignment Free

Transcriptome Analysis

In many cases the transcriptome analysis of organisms for which a reference genome
has not been described is a time consuming, multi step approach that includes the
alignment to the reference of a relatively similar species and a subsequent den-
ovo assembly (Collins et al., 2008; Ward et al., 2012). In order to classify a set of
plants based on different criteria, a complete transcriptome analysis is not required
if the data can be harmoniously transformed into a unique, representative profile.
Thus neither the alignment nor the denovo assembly is needed (Song et al., 2013;
Bonham-Carter et al., 2013). A unique and representative profile can be constructed
using a window of length » moving over a given sequence. The occurrence of each
possible n-sized subsequence (n-gram) within a sequence is counted, resulting in a
profile X of & counts (bins), where a is the size of the alphabet within the underlying
sequence. Here a is 4 since the alphabet is A :={A,T,G,C} (Sims et al., 2009). The
srProfiler constructs those n-gram frequency profiles and, additionally, transforms
the single n-grams into binary strings, each consisting of n-2 bits (Amberg, 2014)

as shown in figure 4. This not only reduces the size of the resulting profile (2n bits
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2 Materials and Methods

rather than 8n bits), it also markably increases the speed with which the profiles can
be handled.

A ..ATGCGCGTAGGCITGATCGCCGATGCGCGTAGCGGCTGA...

+1

-| 1110011001101100101001 |

+1
1001100110110010100111

B +1
f—{ 0110011011001010011110 }7

+1
1001161160016010601111000

C H
i

Figure 4: Using a window size n of 11 the sequence (A) is transformed into multiple binary n-grams
(B), each consisting of n- 2 bits with an offset of 2 bits to the previous n-gram. Each time a
specific n-gram is encountered its count is increased by 1 resulting in the profile X depicted
as a histogram (C).

2.10 Statistical Analysis

The statistical analyses are used to first reduce the dimensionality of the sample
vectors (33.605 dimensions using expression vectors and 4.194.304 dimensions
using srProfiler vectors) and then build classifiers to differentiate between differ-
ent groupings of sample properties (i.e. species, pathogen, age). The workflow is
shown in figure 5. The first step is to find those candidates amongst all dimensions
which can best distinguish among the given groups using ANOVA (section 2.10.2)
and Student’s t test (section 2.10.1) and thus building a candidate vector. A clas-
sification is possible using those candidate vectors, however, due to the complex
nature of the underlying processes, a combination of multiple dimensions produces

clearer results. Therefore the best 25 candidates are used to calculate the principal
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2.10 Statistical Analysis

components (section 2.10.3). These components can be utilized to project the high
dimensional candidate vector (25 dimensions) into an x-dimensional space, where
x << 25. Reducing the dimensionality of the original sample vectors removes in-
formation that has no relevance for the particular classification. It is not a useful
information that a sample is infected with a pathogen if the classification is sup-
posed to differentiate the species of the samples. Reducing this background noise
from the sample vectors allows for a better classification. Moreover, using only a few
dimensions for the classification results in a faster response and less computational
requirements (i.e. storage or CPU). Once a classifier is constructed the only input it
requires for differentiation are the lower dimensional candidate vectors of the sam-
ples in question and not the high dimensional sample vectors.

For each classifier (table 6) the procedure of reducing dimensionality was repeated
until each dimension was weighted with a pValue unique to the classifier being used.
The calculations were performed on dimensions that were greater than zero in all
training samples involved in the construction of a given classifier. Therefore only
genes with an expression value greater than zero and bins which were counted at
least once in all training samples making up a classifier group were used. On the
dimensions weighted with the lowest pValue, thus having a high probability of differ-
entiating between the classifier’s groups, Principal Component Analysis (PCA) was

performed.

2.10.1 Welch’s unequal variances t-test

Student’s t-test was first published in 1908 (Student, 1908) and can be used to
determine whether the sample means x, of two samples g € {1,2} with sample sizes
ranging from i = 1...N, and elements x;, are significantly equal to one another, which
is defined as the null hypothesis H :: x; = x,. This is done by calculating the t-value
by using the mean of each sample x,
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2 Materials and Methods

training set
|
v v
expression vector profile vector
(33.605 dimensions) (4.194.304 dimensions)
| |
v

ANalysis Of VAriance test
find most probable candidates to divide
groups

!

Student’s t test
find most probable candidates to divide two
groups

}

Pearson correlation of top 25 candidates

}

Principal Component Analysis
calculating principal components

!

build classifier on top x principal components

Figure 5: The statistical workflow is shown. The goal of these analyses is to reduce the high dimen-
sionality inherent to each sample vector, independent of the method this vector was pro-
duced by. The sample vectors derived from either transcriptome analysis or srProfiler
approach are grouped corresponding to their properties (i.e. species). ANOVA testing is
used to find probable candidates among all dimensions which differentiate the groups. The
probable candidates are run through Student’s t test to discover which two groups those
candidates effectively differentiate. The best 25 dimensions differentiating the groups in
question are Pearson correlated and a Principal Component Analysis is run upon the re-
sulting matrix. Using the first x principal components the classifiers are designed.
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2.10 Statistical Analysis

1Y
)Eg = ]vgizzlxl‘g (23)

and the sample standard deviation s, of each sample g using Bessels’s correction

1 N

Sg = Ne— 1 i:Zl(xig —Xg). (2.4)

In 1947 Bernard L. Welch proposed an adaptation for a more robust t-Test with sam-
ples of unequal variances and sample sizes (Welch, 1947). The value ¢ according
to Welch is calculated using

f— M’ (2.5)

2 2
NEE
Np Ny

with the corresponding degrees of freedom d being

2 2\ 2
S_1+S_2
N TN

2.10.2 ANOVA-Test

Introduced in 1925 by Ronald Fisher, the analysis of variance (ANOVA) test is used
to determine whether the means x of multiple samples g € 1...G comprised of the
elements x € 1...X are significantly equal (Fisher, 1925). It does so by comparing
the sample variation, or sum of squares, ss, within sample g of sample size N, with
the variation between samples ss;,. Calculating the mean x of a given sample g as in
equation 2.3 and the corresponding variance ss, with

N

SSg = ;(xi—)fg)z, (2.7)
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2 Materials and Methods

the variation within all samples ss can be calculated as
G
§Syy = Z SSg . (2.8)
g=1

Further, the variation between samples ss;, is calculated by first joining all samples

g1.--g¢ into one sample g;,,.; With group size

G
Niotal = Z Ng (29)

g=1
and calculating the mean for said sample %, analogous to equation 2.3 and its
variance ss;,; as in equation 2.7 using N, and all elements x from all samples

with

l ]Vtotal
X = ; 2.10
Xtotal Nioral ,:Zi Xi ( )
and
Ntoml
SStotal = Z (xi _)Etotal)2 . (21 1 )

—_—

=

Now ss;, can be calculated by subtracting the total variation ss;,,,; from the variation

within all samples ss,, arriving at

SSp = SStoral — SSw - (2.12)

With these values an f-test can be performed to evaluate whether the null-hypothesis
Hy :: X; = X; (the means of all samples are significantly equal) can be rejected. The
degrees of freedom for ss;, are defined as the number of samples G subtracted by
one and the degrees of freedom for ss,, are given by the amount of elements X
subtracted by the amount of samples G, thus
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2.10 Statistical Analysis

F((G-1),(X-G)) =51, (2.13)

2.10.3 Principal Component Analysis

PCA, proposed by Pearson (1901), is a method that converts a vector of obser-
vations into a vector of linear combinations, so called principal components. The
number of principal components is smaller or equal to the number of original ob-
servations. Amongst all principal components the first one describes the largest
possible variability of the given observations. The second principal component de-
scribes the second largest variability and so forth. It is thus possible to describe a
given data set using principal components instead of all dimensions. Depending on
the required correlation between original data set and resulting principal component
set fewer components can be used allowing for a significant reduction of dimension-
ality.

The observation vectors are joined into a matrix M(n,d) with n rows (samples) and
d columns (dimensions). By means of double centering M is transformed into the Z
matrix. Each element Z, ; is calculated using M; ;, being part of dimension i € 1...d
and sample j € 1...n. M, ; is subtracted from the mean of its dimension x; and then

divided by its dimensions’ standard deviation s;

Zj=—21 " (2.14)

The pearson correlation matrix of Z is calculated followed by the calculation of the
eigenvectors of said correlation matrix. The double centered sample vector Z ; is
multiplied with the first eigenvector to arrive at the first dimension of the scaled sam-
ple vector. Multiplying Z ; with the second eigenvector yields the second dimension

of the scaled sample vector. This step is repeated depending on the intended di-
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2 Materials and Methods

mensionality of the final scaled sample vector. The matrix of scaled sample vectors
M can be regarded as a map within which the scale and rotation can be ignored,
solely the distance of the points relative to one another matters and represents the
same distance relations as the original higher dimensional space D.

As a measure of the goodness of fit of the scaled space, Kruskal (1964) proposed
the STRESS. This value uses the distance of the original points and the scaled

points.

. 2
Y (dij—dij)

i<j
2
L di

i<j

STRESS = (2.15)
Where d is the distance matrix of the double centered matrix Z and d is the distance
matrix of the final scaled matrix M. In order to interpret the STRESS value table 7

shows a reference as proposed by Kruskal (1964).

Table 7: The table shows the reference values to interpret the STRESS value as proposed by
Kruskal (1964).

STRESS Fit
0.20 Poor
0.10 Fair
0.05 Good
0.02 Excellent

As a further measure the squared Pearson Correlation r? between d and d can be

used.
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3 Resulis

After inoculation the sample plants where divided into three groups. The Arabidop-
sis thaliana groups grew for 0, 24 and 46 days respectively after inoculation before
being harvested. The Chenopodium quinoa groups were harvested after 0, 9 and
14 days respectively after inoculation. Figures 6 through 13 show specimen of each
group at the day of harvesting.

Arabidopsis thaliana control samples, which were mock inoculated, are shown be-
fore or directly after harvesting in figure 6. Figure 7 shows the Chenopodium quinoa
control samples directly before harvesting. The samples depicted show no obvious
signs of viral infection.

The CLRYV infected Arabidopsis thaliana samples can be seen in figure 8. The sam-
ple harvested 24 dpi shows necroses on some leaves. The sample harvested 46
dpi shows no obvious symptoms. The Chenopodium quinoa samples infected with
CLRYV are shown in figure 9. The samples harvested 9 and 14 dpi show strong signs
of infection. The sample harvested 9 dpi is wilting and shows leaf rolling as well as
chloroses. The chloroses in the sample harvested 14 dpi are less obvious, however
the wilting and leaf rolling are more prominent, all but two leaves are completely
withered.

The ArMV infected samples are shown in figures 10 and 11. The Arabidopsis
thaliana samples harvested 24 and 46 dpi show necroses on several leaves. The
Chenopodium quinoa samples harvested 9 and 14 dpi show strong chloroses on all
leaves as well as strong signs of wilting.

The samples depicted in figures 12 and 13 were inoculated with TSWV. Obvious

symptoms of viral infection cannot be observed in any of the samples.
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3 Results

Figure 6: Arabidopsis thaliana control samples harvested 0 dpi (A), 24 dpi (B) and 46 dpi (C). The
samples harvested 0 and 9 dpi are shown directly before, while the sample harvested 46
dpi is shown post harvesting.
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Figure 7: Chenopodium quinoa control samples harvested 0 dpi (A), 9 dpi (B) and 14 dpi (C) are
shown.
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3 Results

Figure 8: Arabidopsis thaliana samples infected with CLRV harvested 0 dpi (A), 24 dpi (B) and 46 dpi
(C) are shown. The sample harvested 46 dpi is shown post harvesting while the samples
harvested 0 and 9 dpi are depicted shortly before harvesting. The sample depicted in B
shows necroses on two leaves (white arrows).
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Figure 9: Chenopodium quinoa samples infected with CLRV harvested 0 dpi (A), 9 dpi (B) and 14 dpi
(C) are shown. The sample shown in B shows chloroses on multiple leaves and presents
signs of wilting. The plant in C shows strong signs of wilting in all but two leaves.
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3 Results

Figure 10: Arabidopsis thaliana samples infected with ArMV harvested 0 dpi (A), 24 dpi (B) and 46
dpi (C) are displayed. The plants harvested prior 46 dpi are shown before harvesting,
the remaining sample is depicted after harvesting. The sample harvested 24 dpi displays
necroses on multiple leaves (white arrows). The sample depicted in C also shows signs
of necroses (black arrows).
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Figure 11: Chenopodium quinoa samples infected with ArMV harvested 0 dpi (A), 9 dpi (B) and 14
dpi (C) are shown. The specimen harvested 9 dpi presents chloroses on multiple leaves.
The plant shown in C shows signs of wilting as well as chloroses.
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3 Results

Figure 12: Arabidopsis thaliana samples infected with TSWV harvested 0 dpi (A), 24 dpi (B) and 46
dpi (C) are shown. The sample harvested 46 dpi is shown after harvesting. The samples
collected 0 and 24 dpi are shown before harvesting. Neither one of the specimen shows
obvious signs of viral infection.
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Figure 13: Chenopodium quinoa samples infected with TSWV harvested 0 dpi (A), 9 dpi (B) and
14 dpi (C) are displayed. The plants present no discernible symptoms associated with
infection.
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3 Results

3.1 ELISA-detection

In this section the results of the ELISA detections used in section 2.4 are shown. As
described the propagated viruses were detected using a DAS ELISA for ArMV and
CLRV and a TAS ELISA for TSWV.

3.1.1 DAS-ELISA for the detection of ArMV

Figure 14 shows that the inoculation and subsequent propagation of ArMV was suc-
cessful. All but one inoculated samples had clearly detectable levels of the virus.
The highest optical density (OD) for ArMV isolate E53152 was measured in sample
3.1, which was then used to inoculate the Arabidopsis thaliana and Chenopodium

quinoa samples.

The DAS ELISA detection for ArMV on all samples is shown in figure 15. Using
equation 2.3 a cutoff of 0.13 was calculated. The buffer and negative controls are
below that cutoff. The positive control as well as samples A01, A02, A03, A2.1,
A2.2, A3.1 and A3.2 are above the cutoff.

3.1.2 DAS-ELISA for the detection of TSWV

The DAS ELISA was used to detect TSWV in the propagation samples. However,
the results reveal (figure 16) that the method did not work as expected, since the
positive control was measured as negative and one of the negative controls was
defined as positive. Further analysis revealed that the antibody-enzyme complex

used for the reaction showed almost no activity.
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3.1 ELISA-detection
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Figure 14: The ELISA results for the ArMV propagation are shown. The sorted E4os5 values as well

as their distance to one another is shown. A clear peak is visible in the distance graph
(dot-dashed line), showing that values 1 through 9 can be used for cutoff calculation

(light gray). The cutoff is 0.1229 (solid line). Sample 3.1 was chosen for further use in
inoculation. Samples 6.1 and 7.1 are negative controls and 5.1 is the positive control.
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3 Results
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Figure 15: The ELISA results for ArMV are shown. The sorted E4s values as well as their distance
to one another is shown. A clear peak is visible in the distance graph (dot-dashed line),
showing that all values up to AO1 can be used for cutoff calculation (light gray). The
cutoff is 0.13 (solid line). The buffer shows the lowest E4y; value. The positive control
and samples A01, A02, A03, A2.1, A2.2, A3.1 and A3.2 are above the cutoff.
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Figure 16: The sorted E4o5 measurements resulting from the DAS ELISA TSWV detection including

their respective distances are shown. In sample point MOCK (12.1) a jump in distance
can be seen, thus sample points 1 through 46 have been used to calculate a cutoff of

0.0961 (solid line). The positive control (sample 7.1) is below the cutoff.
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3 Results

3.1.3 DAS-ELISA for the detection of CLRV

Figure 17 shows the results of the DAS ELISA detection for CLRV on all samples.
A cutoff of 0.78 could be calculated using equation 2.3. The buffer and negative
controls are below that cutoff. The positive control as well as samples X1.2, C02
and C03 are above the cutoff. The positive control as well as the samples C02 and
C03 are Chenopodium quinoa samples and show a significantly higher extinction
value compared to sample X1.2, which, while classified as positive, has an E4gs of
1.01 compared to 4.25 (positive control), 4.27 (C02) and 4.43 (C03). The distance
between respective sample extinction values show multiple smaller peaks. Since the
first peak is between the buffer and the sample with the lowest E4ys value (X01) and
further peaks are between control samples and the negative control, thus indicating
a significant auto fluorescence, the distance that clearly surpassed those smaller

peaks was chosen as linearity boundary.

3.1.4 TAS-ELISA for the detection of TSWV

The TAS ELISA results for the TSWV detection after propagation are summarized
in figure 18. The positive and negative controls were categorized correctly and re-
vealed sample 6.1 to be a good candidate for further use. Although the propagation
samples were chosen from the Nicotiana and the Chenopodium families, only Nico-

tiana samples are represented among the positives.

The TAS ELISA detection for TSWV on all samples is shown in figure 19. Using
equation 2.3 a cutoff of 0.418 was calculated. The buffer and negative controls
are below that cutoff. The positive control is above the cutoff. Since the buffer,
the buffer with antibody, the negative control and the positive control have been
categorized correctly and the highest extinction value after the positive control is
buffer with antibody, the ELISA test did perform within the expected parameters and

shows that the infection with TSWV did not succeed in any sample.
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Figure 17: The ELISA results for CLRV are shown. The sorted E4o5 values as well as their distance
to one another is shown. A clear peak is visible in the distance graph (dot-dashed line),
showing that all values up to X1.2 can be used for cutoff calculation (light gray). The
cutoff is 0.78 (solid line). The buffer shows the lowest E4y; value. The positive control
and samples X1.2, C02 and C03 are above the cutoff.
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Figure 18: The results of the TAS ELISA TSWV detection after virus propagation is shown. The E4s

measurements are shown in sorted order. Also the distance between the sample points
is shown. The distance between sample points 5.2 and 6.2 shows the first peak, thus the
first 27 sample points were used to calculate a cutoff of 0.1037 (solid line). Sample 7.1 is

the positive control, samples 8.1, 9.1, 10.1 and 11.1 are negative controls. Sample 6.1,

showing the highest E4s value, was used for further inoculation.
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Figure 19: The ELISA results for TSWV are shown. The sorted E4o5 values as well as their distance
to one another is shown. A clear peak is visible in the distance graph (dot-dashed line),
showing that all values up to the positive control can be used for cutoff calculation (light
gray). The cutoff is 0.418 (solid line). The buffer shows the lowest E,5 value. The positive
control is above the cutoff. The remaining samples are below the cutoff.
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3 Results

3.2 Sequencing

262.281.477 paired end reads were sequenced, ranging up to 14 million reads per
sample with an average read length of 133.5 bases (table 9). After all Arabidopsis
thaliana samples were aligned, the Chenopodium quinoa samples yielded a four fold
decrease in UMRs and a three fold decrease in MMRs in the alignment against said

reference genome, compared to Arabidopsis thaliana.

3.3 Bioinformatical Analysis

The PCA maps being shown in the next subsections are based on two remaining
dimensions. The components which were used to arrive at these maps were chosen
based on the lowest 25 pValues from the training set (solid shapes in the maps). The
pValues were not corrected against multiple testing, because the value of the pValue
was not considered, just the order which is not effected by multiple testing. Using
those components from the test set allowed the projection of those samples into the

existing maps (hollow shapes in the maps).

3.3.1 Transcriptome Analysis

The expression analysis was performed on arabidopsis thaliana core v29.82.10,
which contains 33.602 gene models (protein coding genes, transposable elements
and rcRNA). The expression value for each of those 33.602 entities was used to
construct the sample vectors. Those were used to calculate the PCA maps shown

in figures 20 through 26.

The map in figure 20 shows the samples grouped by their species. The best 25
genes for this classification, having a pValue smaller than or equal to 1.96- 1074,

were used to construct this classifier. Two distinct and narrowly spread point clouds
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can be seen. The Chenopodium quinoa samples are located to the right of the plot
and range from quadrant | to quadrant IV. The point cloud formed by the Arabidopsis
thaliana samples is located in the left part of the plot intersecting with quadrants I1,llI
and IV. The test samples and respective training samples show a small distance.
According to the STRESS plot, the three dimensional representation is the ideal
trade off. Using two dimensions a STRESS of smaller than 0.3 and an r* value of

0.85 can be calculated.

In figures 21 through 23 the PCA maps of the age classification can be seen. A
multi stage approach shows the classification of Time Point (TP) one and two (S1:
figure 21), one and three (S2: figure 22) and two and three (S3: figure 23). The S1
PCA map shows two, partly overlapping, narrowly spread point clouds. The majority
of TP1 samples are located in quadrant Il and Ill, while most of the TP2 samples
are spread through quadrants | and IV. The greatest overlap is among samples
belonging to Chenopodium quinoa. The corresponding STRESS plot shows an ideal
trade off using three principal components rather than two. The best 25 genes being
used for the construction of this classifier had a pValue of smaller or equal to 1.16-
10791, S2 shows two sample groups with minimal overlap in quadrant I. The TP3
samples are located in the left area of the plot. The TP1 samples can be found in
the right area of the plot. The test and training samples are positioned relatively
close to one another. The STRESS using two dimensions is above 0.3 and the
corresponding 2 value is 0.82. A pValue equal to or smaller than 9.25-10~% was
calculated for the 25 used genes. The map for S3 shows a STRESS of greater than
0.3 and an 2 value of 0.84. The TP2 samples are located close to the positive side
of the PC1 axis. The TP3 samples are wide spread through quadrant Il and Ill. An
overlap of three points and their respective test samples are located within the TP2
grouping. The genes used to construct this classifier have a pValue of 2.59-107°% or

smaller.
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3 Results

The classification of infecting virus is based on a multi stage construct as well. The
classifiers differentiate between ArMV infected samples and all others (B1: figure

24), CLRV infected samples and all others (B2: figure 25) and infected samples
against all others (B3: figure 26). A subset of samples (cross in figures) has been
removed from the initial calculations, since, due to the partially conflicting results
of ELISA and pathogen alignment, the true infection state was uncertain. Those
samples were considered additional test samples in this scope. B1 shows the ArMV
infected samples in the east quadrants, mainly in quadrant IV. The not ArMV infected
samples are spread over quadrants |, Il and Ill mainly. Two training points and
three test points of the ArMV infected samples are located very close or within the
area occupied by the other group. Among those points is the test sample A0S,
however the training counter part is located in the lower right corner with a great
distance. A pValue equal to or smaller than 3.53-107°> was calculated for the 25
genes constructing this classifier. The > value using two dimensions is 0.87 with a
corresponding STRESS of less than 0.3. The classifier B2 shows the CLRV infected
samples at the outer right edge of the point cloud produced by the not CLRV infected
samples. The genes used for this classifier have a pValue smaller than or equal to
7.0-10792. The STRESS for this map is lower than 0.25 and the > value is 0.9.
The classification of not infected vs. infected samples shows two wide spread point
clouds. The not infected samples are located at the right end of the plot, while the
infected samples can be found in the center and left area of the plot. The STRESS
is greater than 0.3 and the > value is 0.835. The 25 best genes showed a pValue of

smaller than or equal to 1.04-10791,
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3 Results

3.3.2 n-Gram Based Sequence Profiling

The sequencing data was transformed into 4.194.304 profiles of size 11. The count
set of each profile was used to arrive at a 4.194.304 dimensional sample vector.
These sample vectors were the basis for the analyses resulting in the PCA maps

depicted in figures 27 through 33.

The classification in figure 27, grouping Chenopodium quinoa and Arabidopsis thaliana,
shows two distinctly different point clouds. The points representing Arabidopsis
thaliana samples (circles) are widely spread over all quadrants with a relatively
big distance amongst individual points. The points representing the Chenopodium
quinoa samples (squares) are tightly grouped in a narrow band located to the far
center right of the graph. One sample (C1.1) is erroneously located in this group-
ing. All other sample points, training and test, can be found within the area clearly
defined by their respective group. With a pValue smaller than or equal to 2.56-10~13
25 components were used to construct the depicted two dimensional PCA map with

a STRESS of under 0.1 and a r? value of 0.985.

In figures 28 through 30 the PCA maps of the age classification can be seen. A multi
stage approach shows the classification of TP one and two (S1: figure 28), one and
three (S2: figure 29) and two and three (S3: figure 30). S1 (figure 28) shows the
majority of TP2 samples in quadrant I, while the TP1 samples are spread mainly
over quadrants | and IV. The test samples are located relatively close to the training
samples and are within the area defined by the corresponding group. The 25 utilized
components had a pValue of smaller than or equal to 8.88-10~%. The STRESS at
the ideal trade off of two dimensions is below 0.25 and the r? value is 0.915. Figure
29 shows the PCA map based on the best 25 components (pValue: 1.16-107% or
smaller) for classifier S2. The TP1 samples show a wide vertical spread through
quadrants Il and Ill. The TP3 samples are spread horizontally around the PC1 axis.

An overlap can be seen in samples A1.2 (test), T1.2 (test) and T3.2 (test). The
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STRESS is 0.16 and the r* value is 0.96 at the ideal trade off of two dimensions.
The classification shown in figure 30 has been produced by the 25 best components
for classifier S3 (pValue: 1.08-107%4). The TP3 samples are spread in an arch over
quadrants Il and Il with sample X3.1, located at the bottom of the graph, having
the greatest distance within the group. The TP2 samples are positioned in two
distinct groupings. The majority of samples can be found at center right of the graph,
however a subset, made up of all Chenopodium quinoa samples, is located at the
top middle of the graph. An overlap of two test samples (T02 and A02) can be
seen in this subset. The STRESS of 0.225 and > value of 0.92 can be seen at two

dimensions, however the ideal trade off is calculated to be at three dimensions.

The classification of the infecting virus is based on a multi stage construct as well.
The classifiers differentiate between ArMV infected samples and all others (B1: fig-
ure 24), CLRV infected samples and all others (B2: figure 25) and infected samples
against all others (B3: figure 26). Here too, a subset of samples (cross in figures)
has been removed from the initial calculations because of an uncertain infection
state due to the partially conflicting results of ELISA and pathogen alignment. Figure
31 represents the two dimensional PCA map, with a STRESS of less than 0.25 and
a r? value of 0.95, of the 25 best components (pValue: 1.95-10~!4) of B1. The not
ArMV infected samples are grouped into two point clouds. The majority of samples
are spread vertically over quadrants |l and lll. A subset, made up of Chenopodium
quinoa samples exclusively, can be found in a more condensed area in the center
of the map. The ArMV infected samples are positioned in a confined area to the far
center right of the map. Two test samples (AO1 and A3.1) have a big relative dis-
tance to their group. The independent sample A3.2 is located relatively close to the
ArMV infected sample set. The PCA map in figure 32 is based on the 25 best com-
ponents (pValue: 2.96 - 10~1%) derived from classifier B2 and has a STRESS value
less than 0.25 and a 2 value of 0.955. The CLRV infected samples are located to

the center left of the map. All other samples are spread mostly in quadrants | and
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IV. The samples X1.1, TO3, X03 and T02 (test and training) follow a narrow band,
crossing quadrants Il and Il and show a relatively big distance to the other sam-
ples. The classifier differentiating between infected and not infected samples (B4)
is represented in figure 33. The PCA has a STRESS value of less than 0.3 and a

value of 0.925. The majority of not infected samples are spread over quadrants |
and IV. Sample X03 is relatively far away from the other samples within this set. The
infected samples are located in two groupings. Most of the samples are in a tight
cluster to the far left of quadrant Il. Samples C02, CO3 and A01 make up a distinct

grouping located around the left PC1 axis.
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3 Results

3.4 Validation by means of Pathogen Alignment

As described in section 2.8 the sequencing results were aligned against the refer-
ence genomes of the three used viruses to measure the viral load in each sample
at the time of harvesting. Figure 34 shows the results of this alignment by depicting
how much of the sequenced reads belong to the respective virus (see table 10 for per
sample values). The changes over time in Arabidopsis thaliana and Chenopodium
quinoa are similar considering that the Arabidopsis thaliana samples were grown
over a much longer period. For ArMV the viral load increases and reaches a plateau
after a time, in the Arabidopsis thaliana graph a slight reduction can be seen. The
CLRV concentration in Chenopodium quinoa rises over the first time period and de-
creases after that. In Arabidopsis thaliana the concentration first declines slightly
and then drops more significantly over the second time period. The TSWV concen-
tration could not be measured in Arabidopsis thaliana and in Chenopodium quinoa
the concentration drops significantly during the first period and cannot be measured
at all after the second period. The results suggest that the inoculation with ArMV
was successful in Arabidopsis thaliana and Chenopodium quinoa. However the
declining measurements of CLRV in Arabidopsis thaliana, which are orders of mag-
nitude smaller than the load measured for ArMV suggests that the inoculation of
CLRV was successful in Chenopodium quinoa only. Furthermore the TSWV inoc-
ulation appears to have been unsuccessful in both species, since no load could be
measured in Arabidopsis thaliana and the load in Chenopodium quinoa dropped

significantly from measurement one towards measurement two.
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Figure 34: The viral load, as measured by means of sequence alignment against the individual vi-
ral reference genomes of ArMV, CLRV and TSWV in %RNA of Chenopodium quinoa
and Arabidopsis thaliana samples over time is shown. The measurements of the
Chenopodium quinoa samples were taken 0, 9 and 14 dpi. The Arabidopsis thaliana
measurements were taken 0, 24 and 46 dpi. TSWV could be measured in Chenopodium
quinoa samples only at time points 1 and 2, in Arabidopsis thaliana samples TSWV was
not detectable.
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4 Discussion

A major issue of transcriptome analysis is the requirement of highly specialized per-
sonnel and a lot of time, especially if a reference genome to the sample in question
is not provided (Baker, 2012). The introduced srProfiler approach addresses this
issue and shows that, in addition to being faster and easily handled, the results
produced are similar and even better in direct comparison with the conventional

methods (section 3.3).

Biological Assay The proliferation and movement of a virus introduced to a plant
strongly depend on the initial titer. The more viral particles were successfully intro-
duced into a plant, the faster the virus reaches a high titer and the faster it spreads
through the plant. Localized defensive systems like the hypersensitve response of
Chenopodium quinoa reduce the titer and the subsequent spread of a virus by se-
lective apoptosis of infected cells (Pontier et al., 1998). Therefore the distribution of
a given virus within a sample plant is uneven. While in one leaf the titer is very high
and can be measured clearly, a different leaf of the same plant can show no mea-
surable titer (Hull, 2013). Similarly a defensive response of the host can be highly
localized. The tissue amount required for NGS is comparatively small, a 0.5 cm?
piece is enough to run the sequencing (section 2.5). Considering the uneven dis-
tribution of the virus and the response markers, as well as the small tissue amount
used for analysis, rather than using random leaves as input - as was done here
- or even using only leaves showing strong symptoms, using multiple parts of the
sample plant, homogenizing those parts and using an aliquot of the resulting ho-
mogenate would significantly reduce the possibility of under or over representation

of viral particles or response markers during the analyses.

The results of Rumbou et al. (2009) suggest that CLRV isolate E395 has a com-

paratively low infection rate in Arabidopsis thaliana compared to other isolates. The
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results of this work agree with those findings, since neither of the nine Arabidopsis
thaliana samples inoculated with CLRV could be identified as infected, while two of
the three inoculated Chenopodium quinoa samples could be clearly classified as
such (section 3.1). A different possible reason for the unsuccessful inoculation is
the use of different source materials for the inoculum, due to the different dates the
inoculation was performed on Chenopodium quinoa and Arabidopsis thaliana re-
spectively (section 2.3). The source plant was the same, however different leaves
were used, possibly being subject to the same uneven dissemination of viral parti-
cles as described earlier. A different titer in the inocula could account for the varying
success of the inoculations. The apparent CLRV infection of an Arabidopsis thaliana
control sample (X1.2), as shown by the ELISA (section 3.1), would dispute this the-
ory, however this apparent infection could not be corroborated by the pathogen align-
ment (section 3.4). Furthermore the E,4ys value of this sample is considerably lower
compared to other positive samples. The biological replicates of X1.2 show no signs
of infection. Considering those contradictions a false positive measurement is prob-

able.

The ELISA (section 3.1) as well as the pathogen alignment (section 3.4) show that
the inoculation with TSWV did not succeed in any of the samples. While the prop-
agation worked well, as shown by the TAS ELISA performed on the proliferation
samples (figure 18), subsequent inoculation using material from the propagation
sample showing the greatest titer failed entirely. It can be seen from said ELISA
that although the proliferation of the virus was successful, it was so in Nicotiana
spp. samples only. The TSWV isolate was used on multiple propagation samples
including Chenopodium spp. samples, none of which could be infected successfully.
Additionally, the origin host of the isolate was a Nicotiana rustica (Menzel, 2016).
This could be an indicator that this isolate (PC-0182(L3)) is of a particular strain

which has a very low infection rate in samples other than Nicotiana spp..
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It is also possible that, even though the material for the inoculum showed strong
signs of infection, the viral titer was too low for further infection. Since, however, two
distinct inoculi were used (one for Chenopodium quinoa samples and later another
for Arabidopsis thaliana samples) (section 2.3), the probability of choosing a low-
titer-leaf twice, given a sample so clearly infected, is low.

With three RNAs TSWV is more complicated to spread using manual mechanical
inoculation, since all three RNAs have to be introduced into the cell. Due in part to
this problem Mandal et al. (2008) proposed a new method of applying the inoculum
using a high pressured (4.1 bar) spray. However, while the probability of successful
infection of a sample using mechanical inoculation is lower compared to ArMV or
CLRYV, it is not impossible as could be seen during propagation. Therefore it is un-
likely, even given this circumstance, that none of the 12 samples inoculated would

be infected.

Genetic Analyses All transcriptome based classifications were performed without
a reference for Chenopodium quinoa, which would have allowed for a better fea-
ture selection. This decreased the accuracy of the transcriptome based classifiers,
since only genes being expressed in Chenopodium quinoa and Arabidopsis thaliana
could be used. Chenopodium quinoa has no reference as of this time. In order to
overcome this obstacle a reference could have been assembled. A time consum-
ing process, which requires a deep sequencing coverage (Baker, 2012; Sims et al.,
2014), which was not provided here. Furthermore, building a reference every time a
new plant is analyzed, updating local references and exchanging those references
with all collaborating labs is a strong reason not to use NGS in a routine environ-
ment (Boonham et al., 2014), especially considering reproducibility using unstable,
temporary references. In order to reproduce realistic circumstances during the anal-
yses a reference was used which fit very well to one species and only partly to the
second species (Collins et al., 2008; Ward et al., 2012).
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The species classification performs very well using the expression profiles (section
3.3). The srProfiler profiles also perform well using components with a much
lower maximal pValue. The two dimensional map using a reference and expression
values shows a better, more condensed, clustering of the two groups (figure 20),
while the profiles without any reference background produce minimally overlapping
clusters with a substantially different behavior (figure 27). While the clustering using
the expression profiles appears to be better, the underlying methodology produces a
markable bias in this case. Since the reference for Arabidopsis thaliana was used to
discover differentiating genes in both species and the expression of any given gene
had to be greater than zero, the method can only utilize genes which are homologous
in both species. The impact of this constraint can be seen in the higher STRESS and
r? values in the expression map compared to the srProfiler map. A further result
of this bias can be seen in the high spread of the Arabidopsis thaliana samples com-
pared to the Chenopodium quinoa samples in the srProfiler species map. While
the input to the expression map is based solely on homologous genes which were
expressed by both species, thus resulting in the representation of few large entities
of the host expression profile of all samples being covered (section 2.6), the input for
the srProfiler map is based on many small entities being covered (section 2.9). If a
certain gene is diversely expressed in one species, its impact is comparatively minor
since only one value is representing said gene. On the other hand, the same gene
using the srProfiler approach is covered many times, resulting in multiple values
representing this diversity. Therefore the Arabidopsis thaliana samples, having three
times the input amount compared to the Chenopodium quinoa samples, are repre-
sented with a much larger diversity. This over representation of one species results
in the bias in the srProfiler map. With increasing sample numbers, resulting in an
equal representation of all species, the map will show a similar spread area for the
represented species (Whitley et al., 2002). This bias is only present in the species
classification, since in all other classifications the species properties are immaterial

and are thus removed during the dimensionality reduction (section 2.10).
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The age related classifications show mostly well defined clusters throughout all
maps. The srProfiler maps, however, are clearer. The overlaps are fewer in num-
ber and the pValues are smaller. In the S3 classification, dividing samples harvested
at time points two and three respectively, the time point two samples are spread in
two distinct clusters (figure 30). The clusters are made up of only Chenopodium
quinoa samples and only Arabidopsis thaliana samples respectively. This behav-
ior indicates a species related difference not present in time points one and three.
Since, however, the species related properties have been removed for this classifi-
cation, the clustering must be caused by an age related property. The Chenopodium
quinoa samples were harvested 9 dpi (TP2) and 14 dpi (TP3) (section 2.3), having
a temporal distance of five days or 36%. The Arabidopsis thaliana samples were
harvested 24 dpi (TP2) and 46 dpi (TP3), having a temporal distance of 22 days or
47%. The subgrouping of Chenopodium quinoa samples is closer to the time point
two samples, which can be caused by the smaller temporal distance of 36% between
samples harvested at time point two and time point three compared to 47% temporal
distance in Arabidopsis thaliana samples. Figure 35 illustrates the difference of the

two time spans.

TP1 TP2 TP3

. | 123 |
C. quinoa | , .

A. thaliana | | :

TP1 TP2 TP3

Figure 35: The dates of harvesting, referenced by TP1, TP2 and TP3, are shown relative to the
absolute duration of the experiments. The distance between TP2 and TP3, referenced
as dr»3, is highlighted.

In the B classifications, differentiating between samples infected with a given pathogen
and all other samples, an additional grouping of samples was introduced. During the
analysis of the samples conflicting results were provided by ELISA (section 3.1) and
pathogen alignment (section 3.4). While, for instance, sample X1.2 was diagnosed

as infected by CLRV using ELISA, no significant amount of reads aligned to the
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pathogen reference. To ensure that the classifications were calculated without a
possible bias, only samples which could be diagnosed by both validating method-
ologies as being in agreement with their respective treatments, were used. Samples
not being in agreement with the underlying treatment, or producing conflicting results
during validation were disregarded from the training set and placed in a second “test”

set, the actual state of which is unknown.

The B classifications are significantly better using the srProfiler profiles. The clas-
sification between ArMV infected and other samples (figure 31) shows a tight cluster
of infected samples which is positioned a great distance from the other samples.
In the expression map (figure 24) two overlapping clouds can be seen overlapping
mainly in samples of TP1 and TP2, with a distance increasing apparently depending
on host-virus interaction time. However, the test set AO3 seems to dispute this the-
ory. Since this point behaves remarkably different from the other test set samples,
which are positioned relatively close to their training set counterparts, it is probable
that AO3 is an outlier in this scope. The independent sample A3.2 is very close to
the not infected samples. While it is classified correctly the distance to the not in-
fected samples should be considerably greater. Considering the amount of reads
aligning to the pathogen (table 10) a relatively small distance to A3.1 is expected.
The srProfiler map shows a different behavior. Sample A3.2 is clearly positioned
in relative proximity to the other infected samples and closest to sample A3.1.

The classification of samples infected with CLRV and those that are not infected
with CLRV did work poorly using expression profiles (figure 25). A differentiation is
not recognizable. Using the srProfiler profiles on the other hand (figure 32), the
map shows a great distance between infected samples and all others. Considering
however, that only two samples could be used in the CLRV infected group to con-
struct the classifiers, both resulting maps must be regarded as highly circumstantial.
The small amount of information usable, could have resulted in a classifier which

differentiates Chenopodium quinoa samples being older than a few days and any

77

Dieses Werk ist copyrightgeschutzt und darf in keiner Form vervielféltigt werden noch an Dritte weitergegeben werden.
Es gilt nur fur den personlichen Gebrauch.



4 Discussion

other sample. This is in part corroborated by the relative small distance to other
Chenopodium quinoa samples of TP2 and TP3 (T03, T02, X03).

The classification of infected versus uninfected samples worked well in both scenar-
ios (figure 26, 33). The maps show a clear split of uninfected samples to the right
and the infected samples to the left. Moreover, both maps show that samples with
prolonged host-virus interaction have a larger distance to the uninfected samples. In
these maps a clear difference in response quality can be seen regarding the inde-
pendent sample. In the expression map A3.2 is very close to the uninfected group,
which is in agreement with the expression ArMV classification. However, consider-
ing the results of ELISA and pathogen alignment this sample should be clearly in
the infected group. In this case too the srProfiler map is considerably closer to the
expectation. The sample is positioned well within the infected group and relatively
close to sample A3.1. So, while the individual maps are in agreement with the re-
spective independently calculated ArMV classifications, the srProfiler maps show

a much clearer result, which behaves analogously to the expectation.

In all classifications which were unrelated to species (S1, S2, S3, B1, B2 and B4)
the srProfiler outperforms the expression profiles. This can be seen in table 8,
which lists the sensitivity, specificity and accuracy for all classifiers. Furthermore,
the clustering is cleaner and the overlaps are less. The pValues of the used entities
are significantly smaller using the srProfiler profiles. Additionally the STRESS
plots show that the two dimensional representation is more strained for the expres-
sion profiles. A higher dimensional space is needed for the expression based maps
to achieve similar scores to the srProfiler based maps. The better performance
of the srProfiler approach can be credited to the much higher amount of usable
entities. The pool of genes which can be used to perform the classification, genes
having an expression greater than zero in all training samples, is much smaller than
the pool of bins which could be used, bins showing a count of greater than zero

in all training samples. The differentiation using genes is less significant than the
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srProfiler method. Moreover, while the expression values are very host specific,

due to the specificity of the reference, the srProfiler can be regarded as a generic

system, much like NGS itself (Selvarajan et al., 2016). While the srProfiler uses

all sequenced reads, including NMR and MMR, the transcriptome approach uses

only UMR. This ensured a consistently higher amount of usable data in every clas-

sification. Figure 36 shows the distribution of entities covered by any given number

of samples. It can be seen that only very few transcripts are covered by all samples,

whereas the vast majority of bins is covered by all samples.

Table 8: The table lists the sensitivity, specificity and accuracy of each classifier using either the
transcriptome approach (TA) or the srProfiler approach (n-Gram).

Classifier Classifier ID Sensitivity Specificity Accuracy
TA n-Gram TA n-Gram TA n-Gram
Species A 1,000 1,000 1,000 0,972 1,000 0,981
Age (TP1 vs TP2) S1 0,688 1,000 0,875 1,000 0,781 1,000
Age (TP1 vs TP3) S2 0,875 0,938 0,938 0,875 0,906 0,906
Age (TP2 vs TP3) S3 0,813 1,000 0,938 0,875 0,875 0,938
Infectant (ARMV) B1 0,500 1,000 1,000 1,000 0,929 1,000
Infectant (CLRV) B2 0,000 1,000 1,000 1,000 0,943 1,000
Infectant (Control) B4 1,000 1,000 0,875 1,000 0,938 1,000
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Gold Standard Comparison The information, which can be gained from a tran-
scriptome analysis is many times greater than the information acquired from either
ELISA or gPCR, however the resources, in form of time, personnel and money,
needed to properly analyze the numerous reads are vastly higher compared to the

gold standard methods (Boonham et al., 2014).

In the field of routine diagnostics ELISA has been established as the gold stan-
dard. It is cheap, comparatively easy to use, robust, scalable, highly automizable
and provides the user with a well interpretable result. However, the test has inherent
shortcomings. It answers only one query at a time, it produces false negatives if the
antigen is slightly changed (Capobianchi et al., 2013; Adams et al., 2013) and the
design and establishment of new antibodies is expensive both financially and tempo-
rally (Boonham et al., 2014; Bittner et al., 2013). On many routine diagnostics those
shortcomings have very little impact. In these areas ELISA will continue to be the
method of choice (Buttner et al., 2013). However, in some areas or for some queries
the impact of those shortcomings is substantial. For instance, a symptomatic sam-
ple is analyzed, yet the underlying pathogen is not obvious (Buttner et al., 2013).
Multiple ELISA tests must be run to find the pathogen, presuming that the analyzing
lab has the corresponding antibodies. The price per sample rises significantly if the
pathogens cannot be limited to only a few candidates. If the pathogen is new or
a new quasi species of a known strain, a different method must be used or a new
antibody must be designed. The sample could be analyzed using gPCR or NGS.
At this point multiple tests were run without any usable information being produced.
Those cases are well suited for NGS analyses because after the investment the in-
formation provided will most likely include the underlying pathogen (Boonham et al.,
2014). The problem arising now is carving the information from the plethora of data
without a clear idea what the underlying pathogen might be. An assembly must
be performed and the resulting contigs must be compared to multiple pathogens to

discover the perpetrator (Baker, 2012). This method assumes that the pathogen
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has been sequenced along with the host and was not removed prior. Otherwise
a search for markers within the data begins hinting to the pathogen. Instead of
multiple ELISA tests followed by NGS, time and money can be saved starting with
NGS. After the sample has been sequenced, the data can be screened for multiple
properties before starting the time consuming, in depth analyses. This screening,
performed by the srProfiler tool, can severely reduce the number of possibilities a
subsequent analysis has to consider. In cases of quasi species, the tool being less
specific than ELISA (Capobianchi et al., 2013; Adams et al., 2013), could provide
the answer right away, further providing the bases to assemble the new pathogen
(Prabha et al., 2013).

In the near future the price for an NGS run will reach the level of the gold standard
tests (Wetterstrand, 2013), at which point it would be preferable to run NGS because
the resulting data can be used for many independent analyses afterwards and the
run itself will be faster than the ELISA test. If, of course, the subsequent analysis
requires a lot more time by comparison, the advantages of the superior technology
will pale (Boonham et al., 2014). The srProfiler method circumvents this problem.
Using this tool the sequenced sample can be run against every pathogen of interest
in the same time an ELISA test is run on a single pathogen. Moreover, the tool
can provide information about more general properties such as the species of the
pathogen (i.e. RNA virus, fungi, bacteria) or the age of the sample, reducing the

complexity of the following analyses.

A strong automation is a helpful aspect in a routine environment (Boonham et al.,
2014). ELISA and NGS provide such an automation for all wet-lab steps. The
subsequent analyses strongly depend on the queries. While the analyses and inter-
pretation of ELISA plates are standardized and straight forward (the plate is given
into a reader which is connected to a computer running a software that can interpret
the extinction information and provide the user with a clear answer), the analyses

and corresponding interpretations of NGS runs are less so. In this work the tran-
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scriptome analysis was used, following a more or less strict work flow (Baker, 2012).
A different possibility would be an exome analysis, following its own work flow. This
multitude of analyses which can be based on any NGS run, are the reasons why sub-
stantial bioinformatic expertise is needed throughout the process (Boonham et al.,
2014; Baker, 2012).

The srProfiler method, in contrast, can be fully automatized, allowing for a stan-
dardized routine workflow. Moreover, because it is classification based, the tool can
work with all data NGS produces as long as the classifiers are designed accord-
ingly. The results produced are of an easy to interpret nature. The output is a list of
probabilities, stating the likelihood of the analyzed sample belonging to any provided
class. A cutoff calculation as for ELISA (BIOREBA AG, 2014) is not necessary.

Data-reusability is a minor aspect in diagnostic analyses. The data produced by
ELISA is discarded once the results are produced because all information within
the extinction data is depleted. NGS presents a very different form of data. The
information within the data is massive and can be accessed even years after the
initial run (Capobianchi et al., 2013). This is a very positive property. A sample
analyzed with ELISA cannot be analyzed by any other procedure again, no further
information can be gained. A negative side effect is the increasing need for storage
to save the NGS reads for future analyses. While the srProfiler profiles can not
entirely solve this need, they are substantially smaller than either basecall or fastQ
files (section 2.9). Like the original files the profiles do retain the information for

future analyses and can be run against any kind of classifiers designed in the future.

A major disadvantage of NGS analyses are the requirements regarding computa-
tional infrastructure. Storage is not the only hardware needed. In order to run any
analyses in an acceptable time frame multiple strong CPUs and a lot of memory is
required. Millions of reads being aligned to multiple very long fragments preferably
stored in memory is a computationally expensive process (Langmead et al., 2009;

2012). ELISA is the opposite in this regard. Apart from the plate reader and a con-
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ventional computer, it requires no substantial infrastructure. Even if the data would
be stored, the original files are very small. The srProfiler again presents itself as
a middle path. As described earlier it requires storage and the analyses are more
expensive than ELISA analyses. Those requirements are however significantly less
compared to the standard NGS methods. While all bins of a profile are stored for
further use, only very few are used for classification (25 in this work). So instead of
handling millions of reads, a computer running a srProfiler analysis handles only
25 bins at a time, comparable in bit size to a read comprised of four bases. The tool

could effectively be used on a standard laptop in the field.

The greatest advantage the srProfiler method has compared to ELISA is that
it can run many classifications simultaneously in a very short time. Even if after
an analysis new information should come to light, demanding further or different
analyses, the tool can simply be run with the corresponding classifiers. While for
every query a new ELISA test has to be run, a new NGS run or new preprocessing

of the data is not required.

The usability of the srProfiler based classifications is dependent on the existence
of classifiers, much like ELISA is dependent on the existence of specific antibodies
(Buttner et al., 2013) or qPCR is dependent on the existence of specific reference
primers. While the design and production of antibodies is a time consuming and
expensive process which needs to be run independently of the analyses that require
them (Boonham et al., 2014), the construction of new classifiers can be done using
the same NGS data that call for them. In these cases a manual classification is
needed to train a new classifier for the desired properties, which can be used for
further routine analyses subsequently. Classifier design is automated and requires,
depending on the input sample amount, up to a few hours. This process is much
faster than creating new primers for gPCR or designing new antibodies for an ELISA.
Possibly most importantly, the creation of a new classifier is financially neglectable.

This possibility to create classifiers quickly and cheaply can be used in highly versa-
tile screening processes, which can be quickly adopted to new challenges.
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Further Work Due to time and financial constraints the amount of samples for this
work was kept comparatively small. It would be very beneficial if further analyses
would be run using a much larger sample set (Whitley et al., 2002). A greater num-
ber of individual samples would allow for the creation of biologically independent test
sets and training sets. Currently the sets are designed using different reads from all
samples. While this methodology results in sufficiently independent sets for the
comparison of two NGS based analyses, as was done here, further insights could
be gained concerning the classification of entirely independent samples. During the
analyses performed in this work, a single sample (A3.2) was treated as biologically
independent (sections 2.7) and the results (section 3.3) suggest that the srProfiler
approach classifies such a sample well and better than the transcriptome approach.
However, these results, being produced with only one sample, cannot be regarded
as statistically significant and require further research on a much larger sample set.
Using more samples would also allow for time series analyses. While single sam-
ples were taken at different time points, the amount of samples for each time point
is too small for time series analyses. Having a larger amount of samples per time
point would provide the means to analyze the changes of the samples during the
course of infection. The results of the pathogen alignment (section 3.4) suggest
that the course of infection is different among different viruses. Assuming, therefore,
that specific bins change differently over the courses of different infections, Hidden
Markov Models (HMMs) (Baum et al., 1970) could be designed, emitting the ob-
served bins per state. Using those virus specific HMMs, it would be possible to not
only classify the current state of the host but rather the complex changes over time
undergone by the host in response to a specific infection. Further time series anal-
yses could be run using one single host, for instance a member of the Betula spp..

This host would be sampled over a prolonged period of time, giving insights into the

infection specific changes over time within one distinct host.
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The tool itself is dependent on the classifiers provided. Further experiments should
be undertaken to construct more classifiers. Using public NGS data, it would be
possible to design classifiers for a multitude of pathogens without the high initial se-
qguencing costs. Consolidating new and improved classifiers in a public database
would allow the scientific community to use and improve the srProfiler approach
on a multitude of different experiments.

In order to validate the functionality of the srProfiler approach in a human diagnos-
tic setting, the experiments should be repeated using mammalian hosts as samples

or NGS patient data released for research purposes.

Future Prospects The potential of a generic diagnostic tool, that can utilize the
huge amount of data produced by NGS without simultaneously being dependent on
reference information such as reference genome or gene annotation, is enormous.
In the areas of quality control, food security and market transparency a tool running
many, in part custom, diagnoses in a single run is particularly interesting (Fox et al.,
2015; Mumford et al., 2016; Bittner et al., 2013). However, those fields that, to this
day, suffer from the limited number of publicly accessible reference information and
are confronted with numerous changing and new pathogens regularly, can utilize
the enormous potential of NGS only slowly and with great effort. Using NGS based
diagnostics will become continuously less expensive (Wetterstrand, 2013) and, uti-
lizing technologies like minlON (Jain et al., 2016), accessible directly in the field. At
this point preliminary analyses must be applicable quickly and directly, without prior
in depth preprocessing and without the need for substantial bioinformatic expertise
(Boonham et al., 2014). Analyzing the quality of plant material should ideally result
in a list of multiple pathogens tested in short succession after sequencing. This
list should be quickly adaptable and new pathogens should be easily addable to be

constantly up to date. The in depth analyses which will be required in the minority of
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samples, i.e. assembling newly discovered pathogens, is done afterwards in a prop-
erly equipped lab with fewer time and infrastructure constraints. The srProfiler is
the tool with which those preliminary, quickly accessible results can be generated. It
will allow the personnel in the field to quickly screen many samples for many proper-
ties simultaneously and send only those samples to further analyses which fall into
specific classes. The tool can be updated quickly with new classifiers, which were
designed to screen for further properties of interest. Those new classifiers can be
introduced to the tool directly in the field using, for instance, an email attachment.
A public database holding an ever growing number of classifiers will increase the

productivity and efficiency of the tool.

The amount of queries being run during an analysis is solely dependent on the
amount of classifiers used. This scalability and modularity makes this tool usable
for different areas, i.e. agricultural and pharmaceutical industry as well as basic
research. While in an agricultural screening process the focus might lie on proper-
ties such as the resistance to certain chemicals, a pharmaceutical screening would
be concentrated on the production of certain substances. A screening for basic
research could be based on the search for new pathogens, thus finding all those
samples infected with something that can not be classified to any known pathogen.
Eventually the construction of classifiers for different fields and queries might result

in the routine screening of any sample for every known pathogen.

Moreover, the generic nature of the tool makes it applicable to any genetic diag-
nostic, entirely independent of species. Designing specific classifiers will allow the
screening of plants, while the same tool provided with different classifiers can be
used to screen human patients for a multitude of properties, in a fast and straight

forward manner.

Conclusion The PCAs show that the classifications can be done as well with the

srProfiler, in some cases even better than using transcriptome expression pro-
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files, mainly due to the use of all sequenced reads including NMR and MMR and
the utter independence from host or pathogen related references. This proves that
the srProfiler can be used to arrive at similar information as the transcriptome
approach, while being entirely generic, faster and less computationally expensive
(sections 2.9 and 3.3.2). The use of srProfiler based classifications can be en-
tirely automated, arriving at an easy to use system reporting many information in a

short time.

The gold standards for screening processes are ELISA and gPCR because both
systems are reliable, versatile and comparatively easy to perform. The interpreta-
tion of the results is quick and straightforward (Boonham et al., 2014). Even though
NGS can provide a lot more information and the cost per sample is steadily de-
creasing, so far it is not used for routine analyses. As a major reason Boonham
et al. (2014) regard the challenge of data analysis. On the other hand Adams et al.
(2013) showed that in many cases qPCR and ELISA are too specific to discover a
virus. This is a problem for new viruses but also for quasi-species of already known
viruses (Capobianchi et al., 2013). A fully automated screening process which can
be quickly adopted to new information and is capable of general findings, such as
the sample is infected with some virus, is very useful when the infection state of a
sample cannot be directly observed due to the absence of symptoms or the sample
being a seed (Fox et al., 2015). In the areas of quality control and food-security,
which are based on the routine analysis of many samples per day, this new system
can greatly improve the detection of especially new or mutated pathogens which
ELISA and gPCR are to specific for.

It was the development of real-time PCR that effectively turned PCR, a technique
that was prone to contamination and required experienced molecular biologists, into
a routine diagnostic tool that was robust and required a similar level of skill as did
ELISA (Boonham et al., 2008). The skills needed for NGS are already similar to

ELISA, since ever new and increasingly automated sequencer designs are devel-
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oped. So far it required experienced specialists to perform the bioinformatic inter-
pretation. The use of the srProfiler requires a level of skill also required by real-
time PCR and ELISA. Therefore NGS in concert with srProfiler could be for NGS
what the development of real-time PCR was for PCR and help establish NGS as a

robust and straight forward diagnostic tool in a routine setting.
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A.2 Pathogen Alignment

A.2 Pathogen Alignment

Table 10: The table shows the results of the pathogen alignment. The percentages of reads being
sequenced per sample which aligned to the respective pathogens is given.

% Reads % Reads % Reads

Sample Ino;:ljllon aligned in  aligned in  aligned in
ArMvV TSWV CLRV
AO1 ArMV 0,00611271 0 3,5782E-08
A02 ArMV 0,46591602 0 3,6049E-07
A03 ArMV 0,50614392 0 9,6058E-09
AlAd ArMV 0,02850755 0 2,0793E-05
Al.2 ArMV 0,00772373 0 8,5821E-06
A1.3 ArMV 0,0043374 0 9,8622E-06
A2.1 ArMV 0,46875624 0 0
A2.2 ArMV 0,50531034 0 9,3302E-06
A2.3 ArMV 0,00094264 0 2,8106E-06
A3.1 ArMV 0,45243521 0 1,2041E-05
A3.2 ArMV 0,35900543 0 3,9933E-05
A3.3 ArMV 0,00173678 0 2,3458E-06
Co1 CLRV 0,00060436 0 0,00090573
Co2 CLRV 0,00020776 0 0,15294738
Co3 CLRV 0,00018586 0  0,0534406
C1.1 CLRV 0,00031066 0 0,00094895
C1.2 CLRV 9,8583E-05 0 0,00461201
C1.3 CLRV 0,00017594 0 0,00188847
C2.1 CLRV 0,0003358 3,7915E-05  0,0044042
c2.2 CLRV 0,00030455 0 0,00038027
Cc2.3 CLRV 5,425E-05 0 0,00111832
C3.1 CLRV 0,00016775 0 0,00013372
C3.2 CLRV 0,00018474 0 0,00142288
C3.3 CLRV 0,00502864 0 0,00018522
TO1 TSWV 1,1824E-05 0,00087498 0,00015192
T02 TSWV 2,2715E-05 4,1535E-06 3,3941E-05
T03 TSWV 0,0008638 0 0,0001178
T1.1 TSWV 0,00024195 1,1765E-06 0,00020649
T1.2 TSWV 3,066E-05 0 1,6786E-06
T1.3 TSWV 4,8818E-05 0 7,4245E-06
T2.1 TSWV 6,4237E-05 0 3,9656E-06
T2.2 TSWV 6,523E-05 0 1,4165E-08
T2.3 TSWV 9,357E-05 0,00011489 1,4918E-06
T3.1 TSWV 0,00020004 0 0
T3.2 TSWV 0,00043954 0 1,3009E-06
T3.3 TSWV 0,00059402 0 2,001E-06
X01 Control 5,7861E-05 0 0,00144467
X02 Control 0,00011902 0 5,8034E-05
X03 Control 7,3236E-05 0 4,5475E-05
X1.1 Control 0,00151415 0 1,0103E-05
X1.2 Control 0,0001017 0 8,8079E-07
X1.3 Control 0,00020818 0 3,8235E-07
X2.1 Control 0,00031411 0 1,2323E-05
X2.2 Control 8,8172E-05 0 4,5033E-07
X2.3 Control 0,00048675 0 3,4232E-06
X3.1 Control 0,0011842 0 1,5163E-05
X3.2 Control 0,00124124 0 3,8237E-08
X3.3 Control 0,00030074 0 4,9458E-09
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